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METAL

•  Examples of these chelates have been known 
for some time1'2, and the synthesis and spectral 
properties summarized3 for the Cr, Co, Rh, Al, 
G a , In, Mn and Fe complexes.

•  Solvent extraction studies of Zr and Hf have 
been  rep o rted 4-5, and the extractability  of Cu, 
Fe, Al, Ni, Mn, Cr. Mg and Zn from aqueous 
solution studied6 *.

•  GLC elution of trifluoroacetylacetonates of 
Be (II), Al (III), G a  (IIS), In (III), Sc (III), Cr (III), 
Fe (III), Cu (II), Rh (III), Zr (IV) and Hf (IV), has 
been reported  by Sievers, Moshier, and others 
7'8, and the efficient resolution of multicomponent 
mixtures dem onstrated. Quantitative aspects of 
tri- and hexafluoroacety lacetonate gas chro
m atography have been exam ined by Hill and 
G esser9, and Ross and others10-11. A thorough 
study of this promising new method of metal 
analysis will be found in “G as Chrom atography 
of M etal Chelates” by R. W . Moshier and 
R. E. Sievers . 12

•  The ra re  earth  chelates a re  expected  to be 
of interest in laser studies. G as phase reduction 
of others shows promise in the vapor deposition 
of metals a t modest tem peratures; as an 
exam ple, copper is p la ted  satisfactorily a t 
only 250°C .13

1. R. A. Staniforth, Doctoral Dissertation, Ohio State Univ., 1943. 2. H. W. Crandall, J. R. Thomas, and J. C.
Reid, U. S. At. Energy Comm. CN 2657 (1945). 3. R. C. Fay and T. S. Piper, JACS 85 500 (1963). 4. E. M.
Larsen and G. A. Terry, JACS 75 1560 (1953). 5. B. G. Schultz and E. M. Larsen, JACS 72 3610 (1950).
6 . William G. Scribner, private communication. 7. R. W. Moshier, J. E. Schwarberg, M. L. Morris, and R. E.
Sievers, Pittsburgh Conference, March 1 963. 8 . R. E. Sievers, B. W. Ponder, M. L. Morris, and R. W. Moshier,
Inorganic Chemistry, 2 693 (1963). 9. R. D. Hill and H. Gesser, J. Gas Chromatog. 1 10 (1963). 10. W. D.
Ross, Anal. Chem. 35 1 596 (1 963). 1 1. W. D. Ross and G. Wheeler, Anal. Chem. 36 266 (1 964). 1 2. Pergamon
Press, Oxford; to be published Summer, 1965. 13. R. E. Sievers, R. W. Moshier and L. B. Spendlove, private
communication.

These trifluoroacetylacetonates are prepared in high 
purity, and are suitable as standards for gas chromato
graphy:

Fe (III), Cu (II), Co (II), Ni (II), Al (III), or Mg (II): $ 2 0 /2 5 g .
6 0 /1 OOg.

Kit M TFA-6, 5 grams each of the above: $25.00

PIERCE CHEMICAL COMPANY
P.O. Box 117 Rockford, Illinois
PHONE 8 1 5 - 9 6 5 - 8 0 1 3  TWX 8 1 5 - 3 9 8 - 0 0 0 6

The following fluorinated /3-Diketones are offered in the 
highest ava ilab le  purity:

25g. 100g.
Benzoyltrifluoroacetone (BTA) $ 4.50 $ 10.00
Ethyl Trifluoroacetoacetate (ETAA) 12.00 36.00
Hexafluoroacetylacetone (HFA) 12.00 36.00
2-Naphthoyltrifluoroacetone (NTA) 60.00 1 80.00
Thenoyltrifluoroacetone (TTA) 5.00 11.00
Trifluoroacetylacetone (TFA) 12.00 36.00
Kit TFL-6 25g. each of the above $80.00

(References cited imply no approval or endorsement by 
the investigator.)
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Please write or call the Analytical Instrument office nearest you for complete information.

V -4531 MULTI-PURPOSE CAVITY.
Will accept sample tubes with diam
eters up to 11 mm. Permits experiments 
with accessories such as aqueous sam
ple cell, liquid mixing chamber, liquid 
nitrogen Dewar, electrolytic cell, and 
variable temperature accessory. Samples 
can be irradiated continuously with 
either u-v or visible light.

V -4 5 3 2  DUAL SAMPLE CAVITY.
Allows simultaneous observation of two 
samples. Provides a method for deter
mining precise g value and line widths 
as well as hyperfine splittings and the 
relative and absolute number of electron 
spins in an unknown.

V -4534 OPTICAL-TRANSMISSION 
CAVITY. Allows simultaneous observa
tion of changes in sample optical den
sity, and observation of paramagnetic 
resonance, as well as simultaneous ir
radiation of the sample from two light 
sources of different wave lengths.

V -4533  ROTATING CAVITY. Par
ticularly useful in single crystal studies 
with a rotating electromagnet. Compatible 
with Varian liquid nitrogen and variable 
temperature accessories. Irradiation is 
possible from above or below this cavity. 
Provides improved sensitivity for many 
types of samples.

ANALYTICAL INSTRUMENT DIVISION 
611 HANSEN WAY, PALO ALTO, CALIF. 
In Europe: Varian A. G., Zug, Switzerland
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Low-Temperature Thermodynamic Properties of n-Propyl-, n-Butyl-, 

and n-Decyl-Substituted Cyclopentanes

by John F. Messerly, Samuel S. Todd, and Herman L. Finke

Contribution No. 135 from  the Therm odynam ics Laboratory o f the Bartlesville Petroleum Research Center, 
B ureau o f M ines, U. S . D epartm ent o f the Interior, Bartlesville, Oklahoma (Received October 1, 1964)

The heat capacities in the range 12-370°K., heats of fusion, triple points, and purity of 
u-propylcyclopentane, n-butylcyclopentane, and w-decylcyclopentane were measured in an 
adiabatic calorimeter. From these data the thermodynamic functions, (Ga — H °0) /  
T , (H8 — H °0)/T , Hs — H °o, *Ss, and C3, were calculated for the solid and liquid states at 
selected temperatures in the range 10-370°K. The entropies of these compounds in the 
ideal gas state at 298.15°K. were calculated using a Cox equation fitted to vapor pressure 
data from the literature. The average entropy increments per methylene group from n- 
butyl- through n-decylcyclopentane in the liquid and ideal gas states were found to be 
7.76 and 9.33 cal. deg. " 1 2 mole-1, respectively, in close agreement with the constant value 
for higher members of the normal alkane series of hydrocarbons.

Introduction
In the continuing program of thermodynamics re

search on hydrocarbons and related substances con
ducted in this laboratory, the lew-temperature thermal 
properties of a number of homologous series of com
pounds have been determined. Because the effects of 
systematic errors can be minimized by utilizing the same 
apparatus and methods in all the measurements, the 
low-temperature studies yield incremental results of 
greater precision than those derivable from the deter
minations of a number of different investigators. Meas
urements on nine n-paraffins by Finke, et al.,1 and on 
seven selected 1-olefins from C6 to Cu by McCullough, 
et al.? have shown that the entropy increment per 
methylene group in the liquid state at 298.15°K. is a 
constant within the limits of precision of the meas

urements. Person and Pimentel3 have shown the same 
relation to hold for the ideal gas state for the n-paraffins 
C8 through Cie. From the entropy of n-heptane , 4 the 
entropies of the n-alkanes from C8 to C« , 1 and unpub
lished data on n-pentane, n-hexane, n-heptadecane, and 
n-octadecane, the entropy increment per methylene 
group in n-alkanes from C5 to Cw has been found to be 
essentially constant. With the view of verifying the

(1) H. L. Finke, M. E. Gross, G. W addington, and H. M. Huffman, 
J . A m . Chera. Soc., 76, 333 (1954).
(2) J. P. McCullough, H. L. Finke, M. E. Gross, J. F. Messerly, and 
G. W addington, J . P hys. Chem., 61, 289 (1957).
(3) W. B. Person and G. C. Pimentel, J . A m . Chem. Soc., 75, 532 
(1953).
(4) J. P. McCullough and J. F. Messerly, U. S. Bureau of Mines 
Bulletin 596, U. S. Governm ent Printing Office, Washington, D. C., 
1961.
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constancy of the value of the entropy increment for 
higher members of other n-alkyl series, studies were 
undertaken on several series of n-alkyl-substituted ring 
compounds. The results of the first of these investiga
tions on the substituted cyclopentanes are presented in 
this paper. As the first members of the series show ir
regular increments in both the liquid and ideal gas 
states, the n-propyl, n-butyl, and n-decyl substituents 
were chosen for these studies.

Discussion
From the heat capacities and heats of fusion of the 

three compounds studied, the entropies in the liquid 
phase at 298.15°K. were calculated. From these 
values, together with the vapor pressure and the en
tropy of vaporization, the entropies of the compounds 
in the ideal gas state at 1 atm. were calculated. These 
entropy values are presented in Table I with the average 
entropy increment per methylene group, AS/CH2.

Table I: Molal Entropies a t 2 9 8 . 1 5 ° K .  (cal. deg. 1 mole ')

-------------L i q u i d -------------. ---------- I d e a l  g a s --------- >
C o m p o u n d S ° A S / c m S ° A S / C H î

ri-Propylcyclopentane
n-Butylcyclopentane
n-Decylcyclopentane

74.29
82.18

128.71

7.89
7.76

99.06
108.46
164.45

9 .40
9.33

I t will be noted in Table I that the increment from 
n-propyl to n-butyl, 7.89 cal. deg. - 1  mole-1, is some
what larger than the average increment from n-butyl 
to n-decyl, 7.76 cal. deg. - 1  mole-1. This latter value 
agrees quite well with the average increment of 7.74 
cal. deg. - 1  mole- 1  found for the liquid n-paraffins from 
C5 to Cis in this laboratory. For the ideal gas, the 
average methylene increment from n-butyl- through n- 
decylcyclopentane is 9.33 cal. deg. - 1  mole-1, in close 
agreement with the average value of the methylene in
crement of 9.31 cal. deg. - 1  mole- 1  calculated for the 
Cs to Ci6 normal paraffins in the ideal gas state by Per
son and Pimentel. 3 For alkyl cyclopentanes lower than 
n-butylcyclopentane in both the liquid and ideal gas 
states, the entropy differences per CH2 group at 
298.15°K. are irregular.

Experimental
Apparatus and Physical Constants. The low-tem

perature calorimetric measurements were made with 
apparatus described by Huffman and co-workers.5 6 The 
“ 1951 International Atomic Weights” 6 and values of 
the fundamental physical constants7 8 were used. Meas
urements of temperature were made with platinum re

sistance thermometers calibrated in terms of the Inter
national Temperature Scale of 1948s from 90 to 400°K., 
and Celsius temperatures were converted to Kelvin 
temperatures by the addition of 273.15o.9 From 11 to 
90°K., temperature measurements were made in terms 
of the provisional scale of the National Bureau of 
Standards . 10 Energy was measured in joules and con
verted to calories by the relation, 1 calorie = 4.184 
(exactly) joules. Measurements of mass, electrical 
potential, and resistance were made in terms of stand
ard devices calibrated at the National Bureau of 
Standards.

Some of the results in this paper were originally cal
culated with physical constants and temperatures re
lated to the definition 0° = 273.16°K. Temperatures 
reported here are in terms of the newer definition, 9 but 
only part of the experimental results were recalculated; 
however, numerical inconsistencies less than the pre
cision of the experimental data may have been intro
duced by this procedure.

Materials. All of the samples used in this study 
were American Petroleum Institute Research hydro
carbons. 11 The samples were frozen in the ampoules 
as received, and the liquid just above the melting point 
was found to show no traces of ice. Each sample was 
transferred to the calorimeter without exposure to 
oxygen or water.

Results
Heat Capacities in the Solid and Liquid States. The 

heat capacities of n-propylcyclopentane and n-butyl- 
cyclopentane were measured in the solid and liquid 
states over the approximate range 1 2  to 370°K. The 
values of heat capacity in the liquid and solid states 
for n-decy 1 eye 1 opentatie were measured from 1 2  to 
320°K. The observed values of heat capacity at 
saturation pressure, Ca, are recorded for each com
pound in Table II. The temperature increments used 
in the measurements were small enough to obviate

(5) H. M. Huffman, Chem. Rev., 40, 1 (1947); H. M. Huffman, 
S. S. Todd, and G. D. Oliver, J . A m . Chem. Soc., 71, 584 (1949); 
D. W. Scott, D. It. Douslin, M. E. Gross, G. D. Oliver, and H. M. 
Huffman, ibid., 74, 883 (1952).
(6) E. Wichers, ibid., 74, 2447 (1952).
(7) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling, and 
G. W. Vinal, ibid., 74, 2699 (1952).
(8) H. F. Stimson, J . Res. N atl. B ur. Std., 42, 209 (1949).
(9) H. F. Stimson, A m . J . P hys., 23, 614 (1955).
(10) H. J. Hoge and F. G. Brickwedde, J . Res. N atl. B ur. Std., 22, 
351 (1939).
(11) These samples of American Petroleum Institu te  Research hydro
carbons were made available through the  American Petroleum In
stitu te  Research Project 44 on the “Collection, Analysis and Calcula
tion of D ata on Properties of Hydrocarbons” and were purified by the 
American Petroleum Institu te  Research Project 6 on the “Analysis, 
Purification, and Properties of Hydrocarbons.”
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corrections for nonlinear variation of Cs with T and were 
omitted, except as noted in Table II. The precision 
uncertainty of the results was, in general, less than 
0.1%, and above 30°K. the accuracy uncertainty should

Table II : Heat Capacity (cal. deg. 1 mole *)

pa C.h T a C,1 rpa C,1’

n-Propylcyclopentane

Crystal
12.12 0.873 28.39 5.748 93.84 20.084
12.37 0.936 29.56 6.114 94.37 20.168
13.16 1.124 32.58 7.078 99.59 20 900
13.52 1.203 36.00 8.129 105.61 21.719
14.32 1.415 39.64 9.180 111.40 22.498
14.82 1.552 43.86 10.335 117.43 23.287
15.62 1.763 48.56 11.551 119.73 23.568
16.26 1.941 53.35 12.687 123.71 24.087
17.08 2.189 55.78 13.244 124.85 24.193
17.88 2.412 58.43 13.828 125.05 24.226
18.76 2.679 60 90 14.369 129.78 24.841
19.57 2.935 66.20 15.444 130 04 24.843
20.68 3.282 71.55 16.419 135.08 25.490
21.55 3.563 77.01 17.380 135.67 25.564
23.41 4.159 82.61 18.363 141.79 26.389*
23.96 4.334 88.36 19.284 144.46 26.730*
25.81 4.934 88.38 19.303 149.13 27.83T
26.70 5.210

Liquid
162.15 41.560 220.45 44.474 300.27 51.912
166.52 41.702 230.96 45.257 302.37 52.147
168.15 41.768 241.73 46.137 310.88 53.103
173.51 41.934 252.32 47.C57 321.68 54.337
175.10 41.997 262.70 48.018 332.26 55.544
181.44 42.251 272.89 49.C31 343.00 56.792
189.76 42.628 282.90 50.C50 353.89 58.061
199.82 43.166 292.72 51.109 364.57 59.367
210.21 43.780

n-Butylcycloper tane

Crystal
11.34 0.884 28.31 6.216 102.73 23.936
11.80 1.020 28.73 6.363 108.67 24.851
12.47 1.170 32.48 7.669 114.39 25.724
13.14 1.353 36.44 9.001 119.91 26.555
13.83 1.532 42.93 11.059 125 17 27.311
14.41 1.704 49.70 13.039 125 70 27.419
15.43 1.978 53.83 14.146 132.25 28 361
15.74 2.065 54.46 14.308 132.70 28.445
17.26 2.519 58.55 15.349 132.79 28.442
18.11 2.775 63.85 16.651 139 07 29.366
19.00 3.065 69.45 17.875 140.14 29.561
20.90 3.696 75.11 19.033 140.62 29 630
20.93 3.693 80.81 20.188 140.77 29.636
23.10 4.431 86.03 21.205 145.14 30.359
23 10 4.440 86.59 21.298 147.92 30.800
25.61 5.307 91.68 22.163 150.48 31.286*
25.62 5.298 97.06 23.027 154.28 32.152“'

Table II C o n tin u ed

pa C,h pa c3b Ta C,b

Liquid
167.87 48.315 229.71 51.688 298.75 58.699
173.24 48.471 239.51 52.516 307.68 59.788
181.25 48.795 249.16 53.392 317.35 60.967
190 45 49.158 259.09 54.340 327.43 62.200
190.91 49.197 269.26 55.384 337.31 63.454
199.88 49.653 279.26 56.464 347.58 64.763
209.65 50.248 289.09 57.568 357.66 66 026
219.76 50.928 298.24 58.654 367.57 67 262

n-Decylcyclopentane

C rystal
11.30 1.148 78.55 30.720 171.21 53.102
12.68 1.616 85.11 32.852 171.37 53.202
12.79 1.641 86.26 33 180 171.53 53.188
14.38 2.214 88.72 33.911 172.72 53.463
14.75 2.359 91 90 34.789 175.07 54.043
16.15 2.919 92.79 34.993 179.97 55.201
16.75 3 160 94.68 35.446 180.24 55.306
18.08 3.741 99.05 36.646 183.65 56.127
19.01 4.168 99.47 36.726 186.36 56.644
20 44 4.853 106 26 38.483 188.43 57.266
21.44 5.356 114.00 40.354 188.67 57 376
23.17 6.206 122.20 42.291 193.97 58.629
23.77 6.510 128.82 43.654 197.02 59.484
25.90 7.602 130.42 44.157 200.55 60.414
26.19 7.744 137.18 45.577 201.46 60.676
28.54 8.953 139.04 46.061 203.42 61.374
28.78 9.088 144.72 47.262 208.74 62.869
32.05 10.830 147.33 47.903 209.49 63.149
35.99 12.943 147.42 47.818 215.79 65.120
39.99 15.037 152.47 49.029 223.11 67.779
44.51 17.454 154.99 49.608 223.76 68 007
49.54 19.856 155.05 49.470 227.41 69.350
54.71 22 140 158.64 50.192 229.40 69.227
54.77 22.112 159.97 50.719 229.73 70.518
55.04 22.258 162.85 51.369 233.07 71.952*
59.79 24.063 163.15 51.488 239.04 74.934*
60.71 24 419 166.18 51.972 241.07 76.553*
65.43 26.238 169.10 52.566 246.41 82.426*
71.83 28.450

Liquid
258.18 97.041 271.95 98.228 299.44 102.107
258.37 97.070 273.87 98.446 301.64 102.534
264.82 97 506 282.67 99.591 311.43 104.163
265 34 97.554 292.04 100.968 321.40 105.967

" T  is the mean tem perature (in °K .) of each heat capacity 
measurement. h C„ is the heat capacity of the condensed phase 
a t saturation pressure. Values of C a for crystals are n o t corrected 
for effects of premelting caused by impurities. *' ■* The tem 
perature increments of these measurements are in the order of 
increasing T, °K.: (c) 6.446, 4.76S, 4.611; (d) 5.275, 6.246; 
(e )  9.090, 9.790, 6.912, 4.941.

not exceed 0 .2 %, except in regions near phase trans
formations. Near phase changes, data for the solid
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Table III: Equations for H eat Capacity of Liquid Using Cs =  A  +  B T  +  C T 2 -f D T 3 (cal. deg ."1 m ole"1)

A v .  d e v . ,  M a x .  d e v . ,
C o m p o u n d A B C  X  10* D  X  1 0 ’ R a n g e ,  ° K . c a l . c a l .

n-Propylcyclopentane 54.288 -0 .2 0 1 4 5 8.9720 -8 .4 1 0 5 175-365 0.01 0.03
n-Butylcyclopentane 67.971 -0 .2 8 0 6 3 11.710 -1 1 .2 2 7 0 210-370 0.01 0.02
n-Decylcyclopentane 398.61 -3 .1 2 9 5 104.27 -1 0 9 .6 3 260-320 0.02 0 .04

state may be less precise and less accurate owing to 
rapid changes in Cs with T, slow equilibration, or un
certainties caused by the presence of impurities.

Empirical equations were obtained to represent the 
heat capacity of each compound in the liquid state. 
The constants for these equations are listed in Table 
III, together with values of the deviations from ob
served data as an estimate of reliability.

Heats of Fusion, Triple Point Temperatures, and 
Purity of Samples. The heats of fusion, AHm, were 
determined from the heat capacity data and enthalpy 
measurements made over finite temperature intervals 
that included the triple point temperature. The 
average of two or more measurements for each com
pound is listed in Table IV.

Table IV: Triple Point Temperatures, H eats of Fusion, and
Cryoscopic Constants

T t p , A H m , A, B ,
C o m p o u n d • K . cal. mole-1 d e g .  - 1 d e g . ->

n-Propylcyclopentane 155.79 2398 ±  5“ 0.04971 0.00360
n-Butylcyclopentane 165.18 2704 ±  2° 0.04987 0.00340
n-Decylcyclopentane 251.02 7917 ±  10“ 0.06323 0.00330

“ The uncertainty indicated is the maximum deviation from 
the mean.

The triple point temperature and sample purity for 
each compound were determined from studies of the 
equilibrium melting temperature as a function of the 
fraction of sample melted . 12 The resulting melting 
point summaries are given for the three compounds in 
Table V. In all cases the equilibrium temperatures, 
T f, were plotted as functions of 1 / f , the reciprocal of 
the fraction of the total sample in the liquid state. 
The triple point temperatures, Ttp, were determined by 
linear extrapolations to zero value of 1 / f . If the im
purities form ideal solutions in the liquid phase and are 
insoluble in the solid phase, the relation between mole 
fraction of total impurity, V2*, and melting point de
pression, AT = Ttp — Tf, is13

- I n  (1 -  N t) = aA7’(1 +  b A T +  . . .) (1)

where V2 = N f* /f . The cryoscopic constants, a = 
AHm/RTtp2 and b  =  1 / T tp — ACm/2AHm, were cal
culated from the values of A Hm and T  tp in Table IV 
and from the values of A Cm, the difference between the 
heat capacities of the compound in the solid and liquid 
states at the triple point, obtained from data in Table 
VI (discussed in the following section). Values of a 
and b  are included in Table IV. Impurity values given 
in Table V were calculated using eq. 1 in its simplified 
form (for JV2* < <  1), V2* = afAT.

Table V : Melting Point Summaries

F 1 / f T f , ° k . T c a lc d , ° K .

re-Propylcyclopentane (im purity = 0.05 mole % )

0.1107 9.033 155.6938“ 155.6938
0.2628 3.805 155.7480 155.7480
0.5006 1.998 155.7667 155.7667
0.7045 1.419 155.7748 155.7727
0.9084 1.101 155.7760“ 155.7760
1.000 1.000 155.7770
Pure 0 155.7874

•n-Butylcyclopentane (im purity = 0.02 mole % )
0.1093 9.149 165.1471“ 165.1471
0.2639 3.789 165.1644“ 165.1644
0.5073 1.971 165.1695 165.1703
0.7064 1.416 165.1716 165.1721
0.9054 1.104 165.1750 165.1731
1.0000 1.000 165.1734
Pure 0 165.1766

n-Decylcyclopentane (im purity = 0.10 mole % )
0.0827 12.086 250.8765 250.8267
0.2319 4.312 250.9576 250.9517
0.4918 2.033 250.9883» 250.9883
0.7085 1.411 250.9982 250 9983
0.9251 1.081 251.0036» 251.0036
1.0000 1.000 251.0049
Pure 0 251.0210

“ Straight lines through these points were extrapolated to 
1 / f  =  0  to calculate triple point tem perature.

(12) J. P. McCullough and G. W addington, A nal. Chim . Acta, 17, 80 
(1957).
(13) A. R. Glasgow, Jr., A. J. Streiff, and F. D. Rossini, J . Res. N atl. 
Bur. Std., 35, 355 (1945).
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Chemical Thermodynamic Properties in the Solid and 
Liquid States. The low-temperature data for n-propyl- 
cyclopentane, w-butylcyclopentane, and n-decylcyclo-

Table V I: Thermodynamic Functions for Condensed
Phases“ (Units: cal., mole, °K.)

- « ? .  - ( H a -
H ° o ) / T , H ° o ) / T ,

cal. cal. S a> cal. C „  cal.
deg.“' deg. -1 ( H s -  H ° o), deg. ~l deg. “'

T ,  "K. mole“1 mole -1 cal. mole-1 mole-1 mole-1

n-Propylcyclopentane

C rystal
10 0 .0 4 3 0 .1 2 8 1 .2 8 3 0 .1 7 1 0 .5 1 1
15 0 .1 4 3 0 .4 1 6 6 .2 3 9 0 .5 5 9 1 .5 8 9
20 0 .3 2 4 0 .8 8 9 1 7 .7 8 6 1 .2 1 3 3 .0 6 8
25 0 .5 8 4 1 .4 8 5 3 7 .1 1 2 .0 6 9 4 .6 7 0
30 0 .9 1 2 2 .1 4 8 6 4 .4 3 3 .0 6 0 6 .2 5 4
35 1 .2 9 6 2 .8 4 8 9 9 .6 7 4 .1 4 4 7 .8 2 7
40 1 .7 2 3 3 .5 6 2 1 4 2 .4 7 5 .2 8 5 9 .2 7 8
45 2 .1 8 4 4 .2 7 3 1 9 2 .2 9 6 .4 5 7 1 0 .6 2 9
50 2 .6 6 9 4 .9 7 4 2 4 8 .6 7 7 .6 4 3 1 1 .9 0 1
60 3 .6 9 7 6 .3 2 1 3 7 9 .2 1 0 .0 1 8 1 4 .1 7 3
70 4 .7 6 7 7 .5 8 8 5 3 1 .1 1 2 .3 5 5 16 144
80 5 .8 5 9 8 .7 6 8 7 0 1 .4 1 4 .6 2 7 1 7 .9 0 9
90 6 .9 5 6 9 .8 7 7 8 8 8 .9 1 6 .8 3 3 1 9 .5 4 2

100 8 .0 5 1 1 0 .9 1 5 1 ,0 9 1  5 1 8 .9 6 6 2 0 .9 5 9
110 9 .1 3 7 1 1 .8 9 0 1 ,3 0 7  8 2 1 .0 2 7 2 2 .3 0 2

120 10.212 1 2 .8 1 2 1 ,5 3 7  4 2 3 .0 2 4 23 600

130 1 1 .2 7 2 1 3 .6 9 0 1 ,7 7 9  6 2 4 .9 6 2 2 4 .8 4 1

140 1 2 .3 1 8 1 4 .5 2 9 2 ,0 3 4  0 2 6 .8 4 7 2 6 .0 2 3
150 1 3 .3 4 8 1 5 .3 3 5 2 ,3 0 0  2 2 8 .6 8 3 2 7 .2 0 4
1 5 5 .7 9 1 3 .9 3 8 1 5 .7 8 8 2 ,4 5 9  6 2 9 .7 2 6 2 7 .8 8 3

Liquid
1 5 5 .7 9 1 3 .9 3 8 3 1 .1 8 1 4 ,8 5 7 .7 4 5 .1 1 9 4 1 .3 8
160 1 4 .7 7 3 1 .4 5 5 ,0 3 2 4 6 .2 2 4 1 .5 0
170 1 6 .6 9 3 2 .0 5 5 ,4 4 8 4 8 .7 4 4 1 .8 2

180 1 8 .5 4 3 2 .6 0 5 ,8 6 8 5 1 .1 4 4 2 .1 9

190 2 0 .3 2 3 3 .1 2 6 ,2 9 2 5 3 .4 4 4 2 .6 4

200 2 2 .0 3 3 3 .6 1 6 ,7 2 1 5 5 .6 4 4 3 .1 7

210 2 3 .6 8 3 4 .0 8 7 ,1 5 6 5 7 .7 6 4 3 .7 6

220 2 5 .2 8 3 4 .5 3 7 ,5 9 7 5 9 .8 1 44.44
230 2 6 .8 2 3 4 .9 8 8 ,0 4 5 6 1 .8 0 4 5 .1 8
240 2 8 .3 2 3 5 .4 2 8 ,5 0 1 6 3 .7 4 4 5 .9 9

250 2 9 .7 7 3 5 .8 6 8 ,9 6 5 6 5 .6 3 4 6 .8 5

260 3 1 .1 9 3 6 .3 0 9 ,4 3 8 6 7 .4 9 4 7 .7 6
270 3 2 .5 7 3 6 .7 4 9 ,9 2 0 6 9 .3 1 4 8 .7 4

2 7 3 .1 5 3 3 .0 0 3 6 .8 8 1 0 ,0 7 4 6 9 .8 8 4 9 .0 6

280 3 3 .9 1 3 7 .1 9 1 0 ,4 1 3 7 1 .1 0 4 9 .7 5

290 3 5 .2 3 3 7 .6 4 1 0 ,9 1 5 7 2 .8 7 5 0 .8 0

2 9 8 .1 5 3 6 .2 8 3 8 .0 1 1 1 ,3 3 3 7 4 .2 9 5 1 .6 9

300 3 6 .5 1 3 8 .1 0 1 1 ,4 2 9 7 4 .6 1 5 1 .8 9

310 3 7 .7 7 3 8 .5 6 11 ,9 5 3 7 6 .3 3 5 3 .0 0

320 3 9 .0 0 3 9 .0 3 1 2 ,4 8 9 7 8 .0 3 5 4 .1 4

330 4 0 .2 1 3 9 .5 0 1 3 ,0 3 6 7 9 .7 1 5 5 .2 9

340 4 1 .3 9 3 9 .9 9 1 3 ,5 9 5 8 1 .3 8 5 6 .4 4

350 4 2 .5 6 4 0 .4 7 1 4 ,1 6 5 8 3 .0 3 5 7 .6 1

360 4 3 .7 0 4 0 .9 7 1 4 ,7 4 7 8 4 .6 7 5 8 .8 0

370 4 4 .8 4 4 1 .4 6 1 5 ,341 8 6 .3 0 5 9 .9 8

Table VI Continued

- « ? ,  - (Hs -
H ° o ) / T ,

cal. cal. S ñ, cal. CB, cal.
deg.*1 deg.“1 ( H b -  H ° o), deg.“1 deg.-1

T ,  'K . mole*1 mole“1 cal. mole-1 mole“ 1 mole-1

n-Butylcyclopentane

Crystal
10 0.054 0.162 1.619 0.216 0.640
15 0.178 0.509 7.629 0.687 1.852
20 0.393 1.030 20.605 1.423 3.383
25 0.690 1.670 41.75 2.360 5.090
30 1.057 2.381 71.43 3.438 6.798
35 1.480 3.137 109.79 4.617 8.522
40 1.949 3.913 156.53 5.862 10.155
45 2.455 4.692 211.14 7.147 11.688
50 2.989 5.464 273.17 8.453 13.111
60 4.119 6.959 417.5 11.078 15.718
70 5.299 8.378 586.4 13.677 17.988
80 6.506 9.707 776.5 16.213 20.023
90 7.722 10.961 986.4 18.683 21.885

100 8.938 12.135 1,213.4 21.073 23.500
110 10.147 13.239 1,456.2 23.386 25.050
120 11.344 14.287 1,714.4 25.631 26.570
130 12.527 15.289 1,987.5 27.816 28.036
140 13.696 16.252 2,275 .2 29.948 29.522
150 14.849 17.190 2,578 .4 32.039 31.150
160 15.988 18.117 2,898 .7 34.105 32.92
165.18 16.574 18.597 3,072 35.171 33.86

Liquid
165.18 16.574 34.966 5,776 51.540 48.23
170 17.58 35.34 6,008 52.92 48.38
180 19.62 36.08 6,493 55.70 48.73
190 21.59 36 75 6,983 58.34 49.15
200 23.49 37.39 7,477 60.88 49.66
210 25.33 37.98 7,976 63.31 50.28
220 27.11 38.56 8,482 65.67 50.95
230 28.84 39.11 8,996 67.95 51.72
240 30.51 39.66 9,517 70.17 52.56
250 32.14 40.19 10,047 72.33 53.47
260 33.73 40.72 10,587 74.45 54.44
270 35.28 41.24 11,136 76.52 55.47
273.15 35.76 41.41 11,312 77.17 55.80
280 36.79 41.77 11,696 78.56 56.55
290 38.26 42.30 12,267 80.56 57.68
298.15 39.44 42.74 12,742 82.18 58.64
300 39.71 42.83 12,850 82.54 58.86
310 41.12 43.37 13,444 84.49 60 07
320 42.50 43.91 14,051 86.41 61.29
330 43.86 44.46 14,670 88.32 62.52
340 45.20 45.00 15,302 90.20 63.79
350 46.51 45.56 15,946 92.07 65.07
360 47.80 46.12 16,603 93.92 66.32
370 49.08 46.68 17,273 95.76 67.58

n-Decyleyclopentane

Crystal
10 0.069 0.207 2.07 0.276 0.820
15 0.229 0.661 9.92 0.890 2.440
20 0.511 1.370 27.40 1.881 4.635
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Table VI Continued

-(G . - (R. -
H ° o ) / T , H ° o ) / T ,

cal. cal. Sg. cal. Ca. cal.
deg. deg. -' (R, -  H°o), deg. deg.-‘

T .  °K. mole -t mole -I cal. mole-1 mole -1 mole -1

25 0.910 2.271 56.77 3.181 7.135
30 1.414 3.295 98.85 4.709 9.715
35 2.004 4.406 154.21 6.410 12.425
40 2.668 5.571 222.85 8.239 15.035
45 3.394 6.772 304.8 10.166 17.690
50 4.170 7.984 399.2 12.154 20.060
60 5.836 10.352 621.1 16.188 . 24.135
70 7.602 12.592 881.5 20.194 27.826
80 9.423 14.708 1,176.7 24.131 31.20
90 11.272 16.716 1,504.4 27.988 34.26

too 13.14 18.604 1,860.4 31.74 36.88
n o 14.99 20.381 2,241.9 35.37 39.39
120 16.84 22.065 2 ,647 .8 38.90 41.77
130 18.66 23.67 3,077 42.33 44.06
140 20.47 25.21 3,529 45.68 46.28
150 22.27 26.68 4,003 48.95 48.48
160 24.04 28.11 4,498 52.15 50.65
170 25.78 29.50 5,016 55.28 52.85
180 27.50 30.87 5,556 58.37 55.24
190 29.21 32.21 6,121 61.42 57.67
200 30 90 33.55 6,710 64.45 60.26
210 32.57 34.89 7,327 67.46 63.26
220 34.22 36 26 7,976 70.48 66.61
230 35.86 37.66 8,661 73.52 70.40
240 37.49 39.12 9,388 76.61 75.30
250 39.13 40.71 10,179 79.84 84.30
251.02 39.29 40.90 10,267 80.19 85.84

Liquid
251.02 39.29 72.44 18,184 111.73 96.69
260 41.85 73.28 19,052 115.13 97.16
270 44.63 74.18 20,028 118.81 98.00
273.15 45.50 74.45 20,338 119.95 98.36
280 47.34 75.05 21,014 122.39 99.22
290 49.99 75.91 22,013 125.90 100.65
298.15 52.11 76.60 22,839 128.71 101.94
300 52.58 76.76 23,027 129.34 102.24
310 55 11 77.61 24,058 132.72 103.99
320 57.59 78.46 25,107 136.05 105.72

“ The values tabulated are the Gibbs energy function, enthalpy 
function, enthalpy, entropy, and heat capacity of the condensed 
phases a t saturation pressure.

pentane were used in calculating values of the Gibbs 
energy function, enthalpy function, enthalpy, entropy, 
and heat capacity for the compounds in the solid and 
liquid states at selected temperatures from 10 to 370°K. 
The values at 10°K. were calculated from Debye func
tions, the parameters of which were evaluated from the 
heat capacity data between 11 and 20°K . 14 Thermo
dynamic properties above 10°K. were calculated from 
values of heat and temperature of phase changes and 
from appropriate integration of smoothed values of C a 
at regular intervals. The results are in Table VI. 
Corrections for the effects of premelting were applied 
as necessary in computing the “smoothed” data in 
Table VI.

V a p o r  P r e s s u r e s  a n d  C a lc u la tio n  o f  H e a ts  o f  E n tr o p ie s  
o f  V a p o r iz a t io n .  In order to calculate the entropy and 
enthalpy of the compounds in the ideal gas state at 
298.15°K., values of the heat of vaporization and vapor 
pressure were required for each compound. For n- 
propylcyclopentane the value of Osborne and Gin- 
nings16 was used. For the other compounds studied, 
experimentally determined heats of vaporization were 
not available. To obtain more reliable heats of vapori
zation, Cox equations were fitted to the experimentally 
determined vapor pressures from the literature. Un
published results from this laboratory have shown that 
the Cox equation can be fitted to the experimental data 
and extrapolated with more precision than the Antoine 
equation as used by Rossini and co-workers. 16 From 
the Clapeyron equation and the value of d p / d T  deter
mined from the Cox equation, the heats and entropies 
of vaporization were calculated. Corrections for

Table VIII : H eats and Entropies of Vaporization
a t 298.15°K.

-----------------C a l c d . ----------------- s
Aiivapi A/Svap* c a l . Lit. Aifvapi

C o m p o u n d c a l .  m o le  -1 d e g . -1  m o l e -1 c a l .  m o l e -1

n-Propylcyclopentane 9,802 32.88 9820.416
ra-Butylcyclopentane 10,949 36.72
n-Decylcyclopentane 17,873 59.95

Table V II: Vapor Pressure Expressed by the Cox Equation, log p (mm.) = A(1  — B /T ) a

D e v .  f r o m  o b s d .  d a t a ,
- m m .

C o m p o u n d B ,  ° K . O b X  10* c X  10« A v . M a x . R a n g e ,  m m

ra-Propylcyclopentane 404.099 0.841060 -0 .631123 0.539617 0.04 + 0 .2 8 48-780
ra-Butylcyelopentane 429.750 0.885910 -0 .791049 0.714893
n -  Deeylcyclopentane 552.526 0.968115 -0 .735153 0.489083 0.06 O i l 52-758

B is n.b.p. in °K. and A  is defined by log A = a +  bT +  cT 2, T , °K.
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effects of gas imperfection were negligible and omitted. 
The constants for the Cox equation and maximum and 
average deviations from the experimentally observed 
data are given for the three compounds in Table VII.

The heats of vaporization at 298.15°K. calculated 
for the compounds are given ir. Table VIII, together 
with the experimentally determined value of Osborne 
and Ginnings18 for n-propylcyclopentane.
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(14) The number of degrees of freedom used and the characteristic 
Debye temperature, respectively, were determined as follows: n- 
propylcyclopentane, 6.0 and 121.8°; n-butylcyclopentane, 5.0 and 
105.9°; n-decylcyclopentane, 7.5 and 111.8°.
(15) N. S. Osborne and D. C. Ginnings, J. Res. Natl. Bur. Std., 39, 
468 (1947).
(16) (a) n-Propylcyclopentane: A. F. Forziati, W. R. Norris, and
F. D. Rossini, ibid., 43, 55 (1949); (b) n-decylcyclopentane: D. L. 
Camin, A. F. Forziati, and F. D. Rossini, J. Phys. Chem., 58, 440 
(1954); (c) n-butylcyclopentane: unpublished data, American
Petroleum Institute Research Project 44.

The Radiation-Induced Decom position o f the Alkali and Alkaline Earth 

Perchlorates. I. Product Yields and Stoichiom etry18

by L. A. Prince and E. R. Johnson16

Chemistry Department, Stevens Institute of Technology, Hoboken, New Jersey (Received March 5, 1964)

The radiation-induced decomposition of the alkali and alkaline earth perchlorates has been 
studied. C103- , C102~, C102, CIO- , Cl- , 0 2, and metal oxide (or superoxide), and pos
sibly some CIO3, are the products. Good stoichiometry has been obtained. The order of 
decreasing (A’cio,- is Cs >  Rb >  Mg >  Sr >  Na > Ca >  K >  Li >  Ba.

Previous studies on the radiation-induced decomposi
tion of the solid inorganic perchlorates have indicated 
that chlorine in almost all of its oxidat on states appears 
in the products of the decomposition. Heal1 2 identified 
chloride, chlorate, and oxygen, and indicated the pos
sible presence of hypochlorite and chlorite as products 
in the radiolysis of solid KCICh oy X-rays. He found a 
G value of about 5 for perchlorate decomposition. 
Bakerkin3 found a G value of 1.1 for chlorate yield from 
the radiolysis of IvC104 by cobalt-60 7 -rays. Heller 
and Cole4 reported on the presence, as determined by 
electron spin resonance, of C102 and C103 in single 
crystals of KC104 irradiated with X-rays and 7 -rays.

More extensive work has been done on the radiolysis 
of the inorganic chlorates. Heal5 has reported chloride, 
hypochlorite, chlorite, oxygen, C120 6, and C102 in the

radiolysis of KC103. Bakerkin ,6 however, reported 
only the presence of chlorite, chloride, and oxygen as 
products. Burchill,7 who studied the decomposition 
of XaC103, KCIO3, and Ba(C103) 2 by cobalt-60 7 -rays

(1) (a) Research supported by A.E.C. contract AT-30-1-1824; (b) 
National Standard Reference Data Program, National Bureau of 
Standards, Washington 25, D. C.
(2) H. G. Heal, Can. J. Chem., 37, 979 (1959).
(3) A. S. Bakerkin, Tr. 1-go Vses. Soveshch. po Radiation, Khim., 
Akad. Nauk SSSR  Otd. Khim. Nauk, 1957, 167 (1958).
(4) (a) C. Heller and T. Cole, Chem. Eng. Arews, 39, 38 (1961); (b) 
T. Cole, Proc. Natl. Acad. Sei. U. S., 46, 506 (1960).
(5) H. G. Heal, Can. J. Chem., 31, 91 (1953).
(6) A. S. Bakerkin, “ The Action of Ionizing Radiation on Inorganic 
and Organic Systems,” Moscow, Academy of Sciences of the U.S.S.R. 
Press, 1958, p. 187.
(7) C. E. Burchill, Nature, 191, 194 (1962) (reported by P. F. Patrick 
and K. J. McCallum).
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reports chlorite, chloride, oxygen, hypochlorite, chlorine 
dioxide, and perchlorate as the products.

The wide variations found in both products and yields 
by different workers for the decomposition of oxychlo- 
rine compounds may possibly be attributed to the in
stability of the products and to the analytical pro
cedures used to identify them. This systematic study 
of the perchlorates was undertaken in the hope of 
elucidating these discrepancies. A preliminary inves
tigation has already been discussed. 8

Experimental
Sodium, magnesium, calcium, strontium, and barium 

perchlorates were obtained by dissolving a “purified” 
grade in distilled water made slightly acid with per
chloric acid and filtering through a fine fritted-glass 
disk. The solutions contained in a 96% silica glass 
beaker were partially evaporated in a drying oven and 
the crystals which separated on cooling were filtered off, 
washed with distilled water, and then recrystallized 
four times.

Rubidium and cesium perchlorates were prepared by 
addition of excess perchloric acid to the chlorides and 
nitrates and heated until dense perchloric acid fumes 
were evolved for several minutes. The resulting per
chlorates were recrystallized four times from distilled 
water.

Potassium perchlorate was prepared by double re- 
crystallation of analytical reagent grade crystals from 
distilled water.

Lithium perchlorate was prepared by adding reagent 
grade lithium carbonate to dilute perchloric acid, boiling 
the resulting solution to remove carbon dioxide, and 
crystallizing the salt in the usual manner.

The hydrated perchlorates were dried in a vacuum 
oven at 200° until constant weight was obtained. (In 
the case of calcium perchlorate it was necessary to pass 
through a molten hydrate state in order to obtain the 
anhydrous salt.)

The radiation source, 800 curies of cobalt-60, has 
been previously described. 9 All irradiations were 
carried out at room temperature.

Dosimetry. The Fricke ferrous sulfate dosimeter was 
employed for all dose determinations. Appropriate 
temperature corrections were made for the ferric iron 
absorbance. A value of 15.45 (±0.11) molecules of 
ferric ions produced per 1 0 0  e.v. absorbed was used in all 
dose calculations. Correction for photoelectric absorp
tion was not made.

Analytical Procedures. The analytical procedures 
used in the determination of 0 2, Cl- , CIO- , C102~, 
C102, C103- , and C lO r were largely developed in the 
course of the investigation. Because of the necessary

Figure 1. Photomicrographs of nonirradiated and irradiated 
crystals of KC104, RbClCh, and CsC104; magnification 400 X.

research to establish the validity of these methods, an 
adequate description is quite lengthy and has been the 
subject of separate publications. 1(U1

Results and Discussion
General. All of the perchlorates studied become 

colored upon irradiation. Colors are cream (Mg), 
yellow (Na, Li, Ba), yellow-orange (Ca, Sr), and golden 
brown (Iv, Rb, Cs), the color fading somewhat with 
time. Beyond a certain absorbed dose, ranging from 
about 1 X 1021 e.v./g. (Sr, Cs) to over 20 X 1021 e.v./g. 
(Na, Li), gas evolution from the crystals occurs, as 
evidenced by weight loss on irradiation, and in some 
instances (Cs, Rb) by powdering. KC104 crystals 
irradiated to a high dose erupt with an audible crackling 
noise when pressed gently with a spatula. Photo
micrographs of irradiated KCI04, RbClCL, and CsCICh 
show gas pockets and a dendritic structure produced by 
the escaping gas (see Figure 1).

After long exposure to radiation, all the perchlorates 
have associated with them a chlorine-like odor, which 
has been identified as being due to C102. There is also 8 9 10 11

(8) L. A. Prince and E. R. Johnson, 2nd International Conference on 
Radiation Research, Harrogate, England, Aug. 1962.
(9) T. Chen and E. R. Johnson, J. Phys. Chem., 66, 2249 (1962).
(10) L. A. Prince, Anal. Chem., 36, 613 (1964).
(11) L. A. Prince, Chem. Analyst, 53, 11 (1964).
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ÿt° 33° 32° 31°

« --------2  0
Figure 2. Automatically recorded X -ray diffraction pattern  of nonirradiated KCIO4, —100 +325  mesh, 
from 28 = 18 to 45°, using nickel-filtered copper radiation; scanning speed 1° 29/min.

a general correlation between color intensity and C102 

yields, perchlorates with high C102 yields displaying 
more intense coloration.

The crystal structure of irradiated KCIO4 is only very 
slightly altered at an absorbed dose of 13.0 X 1021 

e.v./g., corresponding to 10% decomposition. At an 
absorbed dose of 25.1 X 1021 e.v./g., about 17% decom
position, the crystal structure is drastically altered, but 
the structures of the decomposi! ion products are not yet 
evident; however, at an absorbed dose of 73.9 X 1021 

e.v./g. (over 35% decomposition), significant regroup
ing occurs, and the structures of KC1 and KC103 and 
the restored KC104 structure are apparent (see Figures 
2,3 ,4 , and 5).

Products of Decomposition. The products of decom
position that have been definitely established are CIOs",

C102, C102- , CIO“ , Cl- , 0 2, and metallic oxide. Iden
tification was determined by infrared and X-ray ex
amination of the irradiated crystals, by chemical 
analysis, and by the ultraviolet absorption spectra of 
aqueous solutions of the irradiated salts.

The separate ultraviolet absorption spectra of CIO4- , 
CIOs- , C102- , CIO- , Cl- , and CIOs, dissolved in 0 . 0 1  

M  borax, show that the C102-  absorption maximum is 
at 261 m/i, CIO-  at 290 niju, and C102 at 360 m/z, in 
agreement with the literature . 12' 13 Figure 6  shows the 
ultraviolet spectra at various times of a sample of Li- 
CIO4 irradiated to a total dose of 24.6 X 1021 e.v./g.

(12) H. L. Friedman, J . Chem. Phys., 21, 319 (1953).
(13) F. Stith, S. Friedlander, H. J. Lewis, and F. E. Young, Anal. 
Chem., 26, 1479 (1954).
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Figure 3. Automatically recorded X-ray diffraction pattern of irradiated KC104, —100 +325 mesh, dosage 13.0 X 
1021 e.v./g., from 2d = 18 to 45°, using nickel-filtered copper radiation; scanning speed 1° 20/min.

Absorption peaks corresponding to those of CIO- , 
CKV', and C102 are clearly evident. The photosensi
tive C102 is seen to decompose completely in 20 min. 
C102 has also been identified by sweeping an aqueous 
solution of the irradiated perchlorates with argon and 
passing the liberated gases through a KI solution at dif
ferent pH. A characteristic reaction of CIO2 in this 
system was observed, i.e., one-fifth of the molecule react
ing in the KI solution at pH 9, and a complete reaction 
at pH 1.5. This result is also good evidence for the 
absence of 0 3 or free Cl2, since either 0 3 or CI2 would 
alter the 1:5 ratio by reacting completely with KI at 
pH 9 or 1.5.

C103_ has been positively identified in the dry crys
tals by X-ray and infrared analysis. Figure 7 shows a 
comparison between the infrared spectra of irradiated

and nonirradiated KC104. The KC103 bands at 20.6 
and 10.3 /n are clearly discernable. The X-ray diffrac
tion pattern of irradiated KC104 (Figure 5) shows the 
KC103 crystal constants d = 2.32 A. and d = 2.79 A. 
clearly present. Also in Figure 5 are the KC1 crystal 
constants d = 2.224 A. and d = 3.146 Â. which are 
unresolvable because of the KC104 constants of d = 
2.215 A. and d = 3.145 A., but can be discerned by 
comparison by the relative enhancement of these KC104 
peaks obtained with nonirradiated KC104.

The presence of oxygen is easily established by evolu
tion of the gas when the crystals are dissolved in de
aerated H20  and subsequently combined with H2 in a 
vacuum apparatus, and by the quantitative oxidation of 
divalent manganese.11

It has been found that thermal decomposition of the
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Figure 4. Automatically recorded X -ray diffraction pattern  of irradiated KC104, —100 +325 mesh, dosage 
25.1 X 1C 1 e.v./g., from 20 = 18 to 45°, using nickel-filtered copper radiation; scanning speed 1° 20/min.

products of the irradiation-induced decomposition oc
curs at room temperatures, and that the rate of this 
thermal decomposition depends on the nature of the 
salt and has a complicated concentration dependence. 
This subject will be treated in a separate communica
tion. I t suffices to state here that, in the discussion 
that follows, all initial G values have been corrected for 
thermal decomposition of the products; however, the 
data shown in Figures 8-16 are not corrected for the 
thermal decomposition that took place during irradia
tion.

In Table I are summarized initial G values, molecules 
formed or decomposed per 100 e.v. of energy absorbed, 
for the alkali and alkaline earth perchlorates. All of 
the data shown were obtained from room temperature 
radiolysis and have been corrected for electron density. 
I t  is apparent from Table I that there is considerable

variation in the initial yields of perchlorate disappear
ance, but that this variation is not as dramatic as that 
found for the radiation-induced decomposition of the

T a b le  I :  G° Values of Alkali and Alkaline E arth  Perchlorates
Irradiated a t Room Tem perature and Pressure

Salt — 00104” Gcior GeiI03 GciOj GciO“ Gcr Go2

Li 3. 76 2 .80 0 . 15 0 .59 0.10 0 12 2 .15
Na 4. 36 3. 57 0 . 17 0 . 11 0.09 0 42 2 .96
K 3. 83 2 .99 0 18 0 . 12 0.09 0 45 2.68
Rb 5 27 4, 06 0 .20 0 12 0.14 0 .75 3 .84
Cs 6 84 5. 28 0 , 22 0 10 0.17 1.07 5 .28
Mg 4 67 4 29 0 . 14 0 .07 0.03 0 .15 2 62
Ca 4 15 3 44 0 00 0 51 0.08 0 .12 1.99
Sr 4 .53 3 90 c. 19 0 . 14 0 11 0 . 19 2.61
Ba 3 .20 1 76 0 84 0 42 0.12 0 06 2. 18
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Figure 5. Automatically recorded X -ray diffraction pattern  of irradiated KC104, —100 +325 mesh, dosage 
73.9 X 1021 e.v./g., from 28 = 18 to 45°, using nickel-filtered copper radiation; scanning speed 1° 20/min.

alkali or alkaline earth nitrates whose G° values range 
between 0.11 and 1.7.

In Figures 8 through 16 are shown the variations in 
product yields as a function of dose.

Stoichiometry. A simple calculation from G° values 
serves to determine stoichiometry. A summation of 
1/iG0cio3- -f f?°cio2- +  G°ci02 +  */zG°ci o -  +  2G°ci- 
should equal G°o2 if the oxygen liberated is present only 
as free 0 2 trapped in the crystal lattice.

A comparison of the calculated and experimental 
initial G values for oxygen for the radiolysis of the alkali 
and alkaline earth perchlorates is summarized in Table 
II, calculating all oxygen fragments as free 0 2. As can 
be seen, within experimental error a stoichiometric 
relationship between experimental and calculated G°o2 
values for XaCK.b, KC104, RbC104, CsC104, and Sr- 
(C104)2 is found, but not for LiC104, Ba(C104)2, and

Ca(C104)2. (No accurate experimental value of (7% 
for Mg(C104)2 has been obtained due to the inaccu-

Table I I : A Comparison of Experimental and Calculated 
Initial G Values of Oxygen Calculating All Oxygen 
Fragm ents as Free Oxygen

Compound G°Oj, exptl. Cr°02* calcd. Variation, %

LiC104 2 . 1 5 2 . 5 4 +  18
NaC104 2.96 3.04 + 3
KC104 2.68 2.84 +  6
RbC104 3.84 4.05 +  6
CsC104 5.28 5.33 +  1
Mg(C104)2 2.68
Ca(C104)2 1.99 2.59 + 30
Sr(C104)2 2.61 2.81 +  8
Ba(C104)2 2.18 2.44 +  12
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ULTRAVIOLET SPECTRUM OF IRRADIATED 
Li CIO,, 0.2559 g. DISSOLVED IN 

10.0 Ml. OF 0.01 M BORAX

1. IMMEDIATELY ON DISSOLVING
2. AFTER 6 MINUTES
3. AFTER 20 MINUTES 
1. AFTER 26 MINUTES
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Figure 6. U ltraviolet spectrum of irradiated LiC104 in 0.01 M  borax.

racies caused by the extreme hygroscopic nature of this 
salt.)

A possible explanation for the poor stoichiometry in 
these salts may be found by comparison of the results 
summarized in Table II with those shown in Table I. 
Those salts with the highest G ° C i o 2 values show the 
poorest agreement between the experimental and the 
calculated G°o, values. Thus CsC10( with G°c io, = 
0.08 shows the least variation (1%) ; NaC104, KC104, 
and RbCICh, with G ° c i o 2 = 0.10, 0.11, and 0.10, re
spectively, show variations from 3 to 6%; Sr(C104)2, 
with G ° C i o 2 =  0.12, shows a variation of 8%; and Ba- 
(ClOOs, Ca(C1 0 4 )2, and Li(C104;2, with Cr°Cio2 = 0.35, 
0.45, and 0.52, respectively, show variations of from 12 
to 30%, indicating a possible correlation between (7°Cio2 
and the lack of stoichiometry as calculated by the 
method described above. There are two possible ex
planations for this. The first is that, a significant amount 
of C102 may be converted to Cl-  in the course of the 
chemical analysis for chloride content; however, care
ful tests showed only a negligible conversion to chloride 
when a C102 solution was treated as in the chemical

analysis. The second explanation, and the one which 
appears most likely, is that the residual oxygen initially 
associated with C102 in the CIO4-  ion is not all available 
as gaseous 0 2. Considerations of electrical neutrality 
would favor the simultaneous formation of a metal 
oxide, peroxide, or superoxide with C102.

The reactions of a metal oxide or superoxide in an ir
radiated perchlorate lattice, on dissolution in water, 
are uncertain. According to George, 14 half of the oxy
gen contained in a superoxide is liberated as gaseous 0 2 

on dissolving in water. For example

2Iv02 +  2H20  = 0 2 +  H 20 2 +  2KOH

Summarized in Table III is a comparison of experi
mental G°o2 values with those calculated by assuming 
that only half of the residual oxygen produced on C102 

formation is included in the oxygen analysis. As can 
be seen, there is considerable improvement in stoichi
ometry. (In the case of Ca(C104)2, there still remains a 
large discrepancy which we believe is probably due to

(14) P. George, Discussions Faraday Soc., 2, 196 (1947).
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experimental error because of its hygroscopic nature. 
Next to Mg(C104)2, it is the most hygroscopic perchlo
rate.)

Experimental confirmation of the presence of metal 
oxides in these salts with high ( j 0C i o 2 values is found by 
determining the pH of aqueous solutions of the irra
diated perchlorates. Table IV summarizes the results 
of pH measurements obtained by dissolving 0.2 g. of 
sample in 50 ml. of distilled water at pH 7.0 while de-

Table I I I : A Comparison of Experimental and Calculated
G®o2 Values, Assuming Half of the Oxygen Fragm ent 
from C102 Formation Is N ot Free Oxygen

Compound G°o2, expfcl. G° o2, cal cd. Variation, %

LiCIO, 2.15 2.24 + 4

NaClOi 2.96 2.98 + 1

KC104 2.68 2.78 + 4

RbClOi 3.84 3.99 + 4

CsC104 5.28 5.28 0

Mg(C104)2 2.64
Ca( C104)2 1.99 2.33 +  17
Sr(C104)2 2.61 2.74 +  5
Ba(C104)2 2.18 2.23 + 2

Table IV : pH  of Aqueous Solutions of N onirradiated and 
Irradiated Alkali and Alkaline E arth  Perchlorates

S a l t
D o s e ,  e . v . / g ,

X 1 0  - « p H
p H  a f t e r  a n n e a l in g  

17  h r .  a t  1 7 0 °

LiC104 Nil 7 .0
1.25 8 .9 7 . 2

NaC104 Nil 7.0
1.12 7 .8 7 . 0

KC104 Nil 7 .0
1.28 8 .2 7 . 0

RbC104 Nil 7 .0 N ot
0.93 6 .4 determined

CsC104 Nil 7 .0 N ot
0.96 7.0 determined

Mg(C104)2 Nil 8 .5 N ot
1.38 8 .5 determined

Ca(C104)2 Nil 6 .9
1.23 8.3 7 .0

Sr(C104)2 Nil 7 .0
1.46 7 .8 7 .0

Ba(C104)2 Nil 7.0
1.38 8 .9 7.2
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F ig u re  9. Y ie lds o f R b C 1 0 4 d eco m p o sitio n  p ro d u c ts  as fu n c tio n s  of dose.
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gassing with a stream of pure argon. It is seen that 
those perchlorates with the highest 6r0cio, values, viz., 
Li, Ca, and Ba, show the greatest increase in pH on ir
radiation. (Calculation and actual experimental meas
urement show that hydrolysis of chlorite and hypo
chlorite is negligible and cannot account for the ob
served increase in pH.) It is also seen from Table IV 
that neutrality is restored on annealing the irradiated 
salts at 170°.

Effect of Pressure. The effect of pressure on the radi
olysis of the perchlorates is summarized in Table V. 
This was determined in a manner essentially similar to 
that employed by Chen and Johnson.9 Argon gas was 
used to maintain pressures of 1000 and 2000 p.s.i. 
No differences in G values from irradiation at 1 atm. 
pressure were obtained with any of the nine perchlo
rates studied. The only differences observed were 
lower weight losses (escape of 0 2 from the lattice) on 
irradiation with Sr, Rb, and Cs perchlorates.

Table V: Comparison of Weight Loss in RbC104, CsC104,
and Sr(C104)2 
2000 p.s.i.

Irradiated a t 14.7 p.s.i. (1 atm .) and a t

W e i g h t  lo s s
D o s e , o n  i r r a d i a t i o n ,

S a m p l e e . v . / g .  X  1 0  “ 21 P r e s s u r e ,  p . s . i . %  b y  w e i g h t

RbClOi 6.64 2 0 0 0 0.14
RbC104 6.64 14.7 0.43
CsC104 6.69 2000 1.14
CsC104 6.68 14.7 1.25
Sr(C104)2 5.68 2000 0.25
Sr(C104)2 5.67 14.7 0.60

Other Products. There is at least one other radiolysis 
product, though minor, which has the chemical prop
erties of C103 (or C120 6). To appreciate the following 
discussion, reference to the analytical procedure for the 
determination of C102, C102- , and CIO-  must be made.

Briefly, this procedure is in two parts. In part 1, the 
sample is introduced to a solution of KI at pH 9 and 
the absorbance of liberated iodine is determined. At 
this pH, CIO-  reacts (2 equivalents) to form I3-  and 
Cl- , and C102 reacts (1 of 5 equivalents) to form I3-  
and C102- . The alkaline solution is then acidified (pH 
1.5) and the I3-  absorbance is redetermined. This 
second absorbance now includes I3-  liberated by the 
C102-  (4 equivalents) originally in the sample, and by 
the C102-  (4 of the remaining 5 equivalents) from the 
C102 which reacted with the KI at pH 9. In part 2, 
C102 is removed (by flash boiling) and the absorbances 
a t pH 9 and pH 1.5 repeated as in part 1. Thus, if 
CIO- , C102- , and C102 were the only components of the

sample to liberate iodine, the two pH 9 absorbances 
should differ by the contribution of the 1 equivalent of 
the C102, and the two pH 1.5 absorbances by the 5 
equivalents of C102, i.e., the differences in absorbances 
should be in a 1:5 ratio, and this has been confirmed 
with synthetic mixtures of CIO- , C102- , and C102.

Of the irradiated alkali metal perchlorates, this 1:5 
ratio was obtained only with NaC104; a somewhat 
greater than the 1:5 ratio was obtained with the others. 
This discrepancy is attributed to the presence of an un
identified fragment, which must have the properties of 
reacting with KI at pH 9 with no further reaction of pH
1.5, and it must be volatile or destroyed by flash boiling 
in such a manner as not to react with KI. This would 
be the expected reaction for a C103 (or C120 6) or possibly 
a CIO4 radical to form the corresponding anion C103-  or 
CIO4- . G° values for this substance, calculated as C103, 
are 0.1 for each of KCIO4, RbC104, and CsC104, 0.2 for 
LiC104, and nil for NaC104.

Similar calculations for the alkaline earth perchlo
rates revealed no substance of this type; however, it 
was noticed that except for Mg(C104)2 there appeared 
to be some minor product which reacted with KI only 
after the flash boiling procedure as described in part 2 
of the analytical procedure for CIO- , C102- , and C102. 
This product increased with increased dosage but was 
not identified.

Discussion
As mentioned earlier CIO- , C102- , and C102 undergo 

thermal decomposition to yield primarily Cl- . There is 
some exception to this, which will be discussed in a 
subsequent communication. I t suffices to say here 
that the increase observed in Gqi- for the several per
chlorates cannot be accounted for entirely on the basis 
of the thermal decomposition of the products, and one 
must conclude that the increases in Gc 1- with increased 
absorbed dose are attributable to changes which are 
occurring in the lattice.

Low temperature radiolysis of the perchlorates show 
that the primary products are C103- , C102- , C102, and 
Cl- . The hypochlorite appears to arise from the de
composition of C102 and/or C102- . The increase ob
served in GCi- is a direct one, that is, it is due to an in
crease in the rate of formation of this product. A full 
detailed discussion of the mechanism of the decomposi
tion will be made in a future communication.

Conclusion
The alkali and alkaline earth perchlorates decompose 

under the action of ionizing radiation to yield C103- , 
C102, C102- , CIO- , Cl- , 0 2, a metal oxide, and possibly
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a small amount of CIO3. Good stoichiometry has been 
obtained.
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The Radiation-Induced Decomposition of the Alkali and Alkaline Earth 

Perchlorates. II. Mechanism of the Decomposition13

by L. A. Prince and E. R. Johnsonlb

Chemistry Department, Stevens Institute o f Technology, Hoboken, New Jersey (Received A ugust 6, 196If)

The mecnanism of the radiation-induced decomposition of the alkali and alkaline earth 
perchlorates is discussed. Evidence is presented to show that CIO3 CD, C102- , C102, 
and oxygen are the primary products and that C IO ' is not, its appearance being concomit
ant with a decrease in the yield of C102 and C102- . The yields of (C102 +  C102- ) and CD 
are related and appear to originate from a competitive primary reaction. Data are pre
sented on the thermal decomposition of the products in the irradiated crystals. It is shown 
that C102-  and CIO-  thermally decompose to yield Cl , whereas C102 undergoes a neu
tralization reaction.

In a previous communication, 10 we have reported on 
the products and stoichiometry of the radiation-induced 
decomposition of lithium, sodium, potassium, rubidium, 
cesium, magnesium, calcium, barium, and strontium 
perchlorates. The results and discussions were con
fined to establishing the products, methods of analysis, 
and G values. It was shown that C103-  and 0 2 are al
ways the principal products, followed by Cl,-  C102, 
or C102- , depending upon the particular salt, then 
CIO- . Evidence was also given for the presence of a 
minor product found oidy in the alkali perchlorates, 
tentatively identified as C103, and also for the presence 
of a metal oxide. In this communication, we discuss 
the kinetics and mechanism of the decomposition.

Experimental
The radiation source and methods of analysis have 

been discussed previously. There were no other excep

tional experimental methods employed which require 
further discussion other than that which is found in the 
text.

Kinetics. In Figure 1 is shown a semilog plot of un
decomposed CIO4-  vs. dose for the alkali and alkaline 
earth perchlorates. The dashed lines represent a first- 
order plot and the solid lines experimental values. For 
low percentages of decomposition, all the perchlorates 
appear to follow first-order kinetics. This seems to be 
true for most radiation-induced inorganic solid decom
positions. 2 - 4  The degree of departure from first-order 
kinetics varies considerably among the different per-

(1) (a) Research supported by A.E.C. contract AT-30-1 -1824; (b) 
National Standard Reference D ata Program, National Bureau of 
Standards, Washington 25, D. O.; (c) L. A. Prince and E. R. Johnson, 
J . Phys. Chem ., 6 9 ,  359 (1965).
(2) T. Chen and E. R. Johnson, ibid., 66, 2249 (1962).
(3) J. Cunningham, ibid., 65, 628 (1961).
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Figure 1. Semilog plot of undecomposed C104-  concentrations in 
irradiated alkali and alkaline earth perchlorates as functions of dose.

chlorates, and there is good evidence to indicate that 
this is due to the different degrees of back reaction 
which occurs.

Effect of Temperature. In Table I are summarized 
the results for the decomposition of KC104 irradiated at 
different temperatures. The effect of temperature on 
the radiation-induced decompositions of the other per
chlorates was not studied. As can be seen from Table 
I, the appearance of hypochlorite as a product is con
current with a decrease in the G value for C102 and C102- . 
It appears also that, within experimental error for analy
sis at these low concentrations, the sum of the concen
trations of C102 +  CIO-  is approximately constant up

to about 20°. At the higher temperatures, CIO-  is no 
longer observed as a product. G°Ci- is relatively con
stant up to 72° where there is an abrupt increase due, 
as will be shown later, to the thermal decomposition of 
C102-  and CIO -  to Cl- .

Both — G°cio,- and G0cio3- remain relatively con
stant except at 72 and 260°. Whether or not any 
significance can be attached to the increases at these 
temperatures cannot be determined at this writing. 
Certainly, stoichiometry is good at 72°, as there is ex- 4

(4) G. E. Boyd, E. W. Graham, and Q. V. Larson, J. Phys. Chem. 
66,300 (1962).
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Table I: G° Yields of KC104 Irradiated at Various
Temperatures and Atmospheric Pressure

Temp.,
°C. -  G ° c i0 4 ' G°ciOj_ G °c i o !- G'cio, G°cicr G°cr G«o,

-1 9 6 4 .0 2.7 0.58 0.18 0 00 0 .5 3 .0
- 8 0 4 .0 2.8 .49 .17 .00 .6 2.7
- 1 6 3.7 2.8 .26 06 .06 .5 2 .4
-8 3 .5 2.6 .26 .09 .06 .5 2.6

0 3 .4 2.6 .20 .70 .06 .5 2.2
19 3 .7 2 .9 .20 .10 .06 .5
20 3 .7 2.9 .19 .09 .08 .5 2.5
72 4.1 3.3 .19 .09 .00 .5 2.7

260 4 .9 4.2 .00 .00 .00 .7 2.0
295 3 .8 2.9 .00 .00 00 .9 1 . 0

cellent agreement between the experimental 0 2 value 
and 0 2 calculated from the radiolytic fragments. 
( — G0cio4- values are determined by difference.)

The G values for C102-  and C102 show the widest 
variation with temperature. At —196°, G°cio2- is 
0.58 and G°Cio2 is 0.18; at room temperature G°ciOi- is 
0.19 and G°Cio2 is 0.09. The fact that CIO-  is not a 
product at —196° and that its appearance is accom- 
pained by a decrease in C102 and C102- , suggest that its 
origin may be associated with some reaction or reac
tions of these molecules. This will be discussed in more 
detail later.

Thermal Decomposition of Reaction Products. A 
comparison of the data in Tables II and III shows the 
relative stability of CIO- , C102~, and C102 in the dif
ferent lattices. More extensive data on the thermal 
decomposition of the perchlorates can be found by con
sulting ref. 5. It is seen, for instance, that CIO“- is 
generally more stable in the alkaline earth lattices than 
in the alkali lattices, and that C102-  and C102 are least 
stable in the cesium and rubidium lattices. A kinetic 
plot of the thermal decomposition of CIO'”, C102- , and 
C102 in irradiated perchlorate lattices does not reveal 
any simple order. There is a very complicated concen
tration dependence of these components for thermal de
compositions at room temperature and at elevated tem
peratures. The kinetics of the thermal decomposition 
of these species are such that it has not been possible to 
obtain even a crude number for an activation energy for 
decomposition of any of the species.

In Table IV are summarized the results of annealing 
irradiated KC104 at different temperatures. Within 
experimental error, it appears that the increase in Cl
ean be accounted for by the disappearance of CIO -  and 
C102- . If C102 is included in the Cl-  increase, there is 
a disparity in chlorine balance which is beyond experi
mental eri’or (the C103-  ion is stable at the tempera
tures used in these studies).

Table II : Thermal Decomposition of the Reaction
Products of the Alkali Perchlorates Irradiated and 
Stored at Room Temperature

Dose, e.v./ Time, CIO-, CIO!-, CIO,,
Sample g. X 1 0 -!i days ^moles/g. 4imoles/g. /unoles/g.

RbC104 31.9 0 7.3 30.8 8.0
3 6.7 21.6 3 .4

17 1.9 14.0 1.6
CsC104 1.37 0 2.0 2.1 1.5

109 0.1 0.6 0.1
CsCIO, 26.4 0 0.7 7.1 1.5

3 0.8 5.2 1.0
17 0.1 1.7 0.0

LiClOi 2.35 0 3.3 5 .0 9.2
112 2.8 7.0 5.6

NaClOi 0.75 0 0.9 1.9 1.3
112 0.9 2.0 0.8

KCIO4 33.5 0 18.2 52.7 8.8
3 16.4 52.6 4.7

17 8.2 ' 38.9 2.9
KCIO4 6.87 0 8.5 17.7 4 .9

113 5.5 17.0 3.7

Table III : Thermal Decomposition of the Reaction Products
of the Alkaline Earth Perchlorates Irradiated and Stored
at Room Temperature

Dose, e.v./g. Time, cio-, CIOs-, ClOi,
Sample X 10 ~21 days /umoles/g. ¿imoles/g. /¿moles/g.

Mg( C104)2 1.45 0 0.7 2.8 1.5
109 0.6 2.8 1.0

Ca(C104)2 2.66 0 2.4 0.0 8.1
114 2.6 1.6 4.8

Sr(C104)2 32.3 0 50 37 13
3 48 36 13

17 45 36 0
Ba(C104)2 28.8 0 35 56 13

3 32 52 13
17 28 49 5

There is evidence that in room temperature thermal 
decomposition, some C102 is converted to C102- . This 
is rather difficult to detect, since C102-  is also somewhat 
unstable, and generally a sample which has undergone 
thermal decomposition contains less C102-  than was 
initially present. However, there are several instances 
where this has been detected.5 Examples are to be 
found in Tables II and III. The irradiated LiC104 
sample contained more C102” after 112 days than was 
present immediately after removal from the radiation 
chamber. The irradiated Ca(C1 0 4 ) 2 sample, in which 
initially no C102_ was detected, contained some C102-

(5) L. A. Prince, Dissertation, Stevens Institute of Technology, 
Hoboken, N. J., June 1963.
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T a b le  IV  : Analysis of Irradiated KCIO4 Heated at Different Temperatures

D o se *  
e . v . / g .  
X  10

T e m p . ,
°C.

H e a t i n g
t i m e ,
m in .

O,,
^ r a o l e s / g .

ci-,
M m o le s /g .

CIO",
^ r a o l e s / g .

3 3 . 5 R.t. 0 562 ±  6 409 ±  6 18.2 ±  1.0
51 5498 552 ±  6 442 ±  5 2.7  ±  0.1
84 2401 369 ±  4 464 ±  5 0 .0

151 210 244 ±  3 469 ±  5 0 .0
14.7 R .t. 0 543 ±  6 149 ±  2 11.8 ±  0 .3

51 5498 555 ±  6 162 ±  2 5 .3  ±  0.1
5.90 R .t. 0 238 ±  3 48.8 ±  1.0 6 .2  ±  0.1

84 2401 239 ±  3 54.4 ±  1 0 3 .0  ±  0.1
151 210 233 ±  3 60.5 ±  1.2 0 .3

6.87 R.t. 0 54.8 ±  0 .8 8 .5  ±  0.1
52 1110 57.5 ±  0 .8 6 .8  ±  0.1

CIO2 -, CIO2, ClOj-, c io ,-, Wt. loss.
^moles/g. ^moles/g. ^moïes/g. Mmoles/g. %

52.7 ±  1.0 8.8 ±  0 .2 1269 ±  13 5644 ±  20
31.2 ±  0 .6 0.8 ±  0.1 1273 ±  13 5648 ±  20 0.16

9 .5  ±  0 .2 0 .5  ±  0.1 1267 ±  13 5647 ±  20 0 94
0.3 0.0 1278 ±  13 5650 ±  20 1.43

33.7 ±  0 .7 5 .3  ±  0.1 611 ±  6 6410 ±  10
26.5 ±  0 .5 1.2 ±  0.1 604 ±  6 6422 ±  10 0 03
14.8 ±  0 .3 4 .8  ±  0.1 245 ±  3 6898 ±  5
12.8 ±  0 .3 1.6 ±  0 .1 245 ±  3 6901 ±  5 0.00

7.3  ±  0 .2 0.8 247 ±  3 6902 ±  5 0.02
17.7 ±  0 .4 4 .9  ±  0.1
17.7 ±  0 .4 4.1 ± 0 . 1

after 1 1 2  days. The sample of KC104 of high absorbed 
dose showed no decrease in C102-  content for the first 3 
days, and nearly half of the C102 decomposed during 
the same period, whereas there is a disproportionate 
drop in C102-  content after an additional 14 days.

The principal thermal reaction of C102 in the lattice 
above room temperature is believed to be associated 
with a neutralization reaction. Experimental evidence 
was obtained10 to show that in the radiation-induced 
decomposition of the perchlorates there is simultane
ously produced with C102 an alkaline fragment MO or 
M 02. It was also shown that solutions of irradiated 
perchlorates containing high C102 contents are alkaline, 
and annealing irradiated perchlorates at 170° produced 
a neutralization reaction which removed the alkaline 
fragment. Since chlorine balance studies can account 
for C102~ and CIO- , it appears that C102 is the species 
most likely associated with the neutralization reaction.

Variation of Yields with Crystal Parameters. It has 
been a trend in solid inorganic salt decompositions to 
compare G values with “free space. ” 8 4 Free space is 
defined as the difference between the volume of the 
crystal per ion pair and the combined volumes of the 
ions as calculated from accepted ionic radii. In the 
calculation of free space, a volume of 33.2 A. 3 (rather 
than a 29.1 A. 3 obtained from atomic volume summa
tion) was used for the perchorate ion, obtained by con
sidering the perchlorate ion as a nearly regular tetrahe
dron with chlorine at the center and a mean C l-0 dis-o
tance of 1.46 A.3. In Figure 2 are shown the variations 
of — Gncio,-, G°c i o j - ,  G ° c i o ! - ,  G ° c i o 2, G°o „  and G°ci- 
with free space, and in Table V is summarized a com
parison of — G°cio,-, free space, and some physical 
properties of the perchlorates studied. In Figure 3 are 
shown 0 2 concentrations in the lattice of irradiated per
chlorates a t doses at which crystal rupture occurs, as 
funct ions of free space. The oxygen content at crystal

rupture was determined in a very simple manner: as 
the absorbed dose increases, a point is reached where 
oxygen diffuses out of the lattice, as evidenced by 
weight loss; by extrapolating to zero loss, the dose at 
which crystal rupture occurs is determined. All data 
were taken at room temperature.

T a b le  V: A Comparison of Perchlorate G° Values with Some
Physical Properties and with Free Space

-G°cior

F r e e  s p a c e  
p e r  i o n  

p a i r ,  A . 3
E x p t l .

d e n s i t y
C a t i o n  

r a d i i ,  A ,

T o t a l  
l a t t i c e  
e n e r g y ,  

k c a l . / m o l e

Ba(C104)2 3 20 36.4 3.69 1.43
LiCIO, 3.76 37.5 2.40 0.78
Ca(C104)2 4.15 38.2 2.68 1.06
Mg(C104)2 4.67 41.1 2.46 0.78
NaC104 4 36 43.0 2.49 0.98 156.4
Sr(C104)2 4.53 45.6 2.86 1.27
KCIO, 3 83 47.8 2.51 1.33 150.2
RbCIO, 5.27 54.6 3.01 1.49 145.3
CsC104 6.84 64.1 3.32 1.65 142.4

In Table VI are summarized the volumes of the vari
ous species produced during irradiation, calculated 
from atomic and ionic volumes (they are to be compared 
with a CIO4-  volume of 29.1 A . 3 similarly calculated). 
As can be seen, decomposition into Cl-  +  20 2 requires 
the largest volume (the only volume increase), while de
composition into C102 or C102-  +  0 2 requires the 
smallest volume. One would expect, therefore, a cor
relation between the yields of these various species and 
free space. It is apparent from Figure 2 that there is 
some correlation between these parameters, but there 
are some significant exceptions. There is essentially no 
variation in the total G° value of C102 +  C102-  of
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Figure 2. G° yields of irradiated alkali and alkaline earth perchlorates as functions of free space.
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NaCIO«, Sr(C104)2, KC104, RbC104, and CsC104, yet 
there is approximately a 35% change in free space.

Table V I: Volumes of Fragm ents from the Radiolytic 
Decomposition of the Perchlorate Ion

A p p r o x im a t e  t o t a l  v o lu m e ,
F r a g m e n t s A.>

CD +  202 32
C103-  +  0 25
CIO,“ +  02 19
C102 +  0  +  0 - 13
C102 +  0 2- 13
C103 +  0 “ 13
C10- +  0 2 +  0 13

Free space is only one aspect of the over-all factors 
governing ease of decomposition of the perchlorates; 
like the nitrates, these factors are dependent on crystal 
structure, impurities, and previous history; i.e., the 
immediate environment of the decomposing species.6 

If free space per se is the deciding factor in solid inorganic 
decomposition, then cage effects should be operable at 
all times—which they are not—and one should observe 
substantial isotope effects in these decompositions. G° 
values for perchlorate decomposition correlate equally 
well with lattice energies and ease of crystal rupture as 
they do with free space. From Figure 3 it is apparent 
that those lattices which contain the smallest free space 
can withstand the largest internal pressure.

The factor which is believed to be the most important 
in deciding relative ease of decomposition in a homolo
gous series like the perchlorates, nitrates, bromates, 
etc., is the relative ease of transfer of electronic excita
tion energy to the vibrational modes in the crystal.

Changes in Product Yields with Radiation. Examina
tion of dose-yield curves in ref. lc shows that very 
definite changes in yields of the products occur as the 
per cent decomposition increases.

To determine whether changes in yields could be ex
plained by the depletion of perchorate ions and the de
composition of the products, a study was made com
paring the actual composition of irradiated samples of 
KC104, RbC104, and CsC104 with the composition cal
culated from G° values, making an appropriate correc
tion for C104“ depletion.5 W ith KC104 the total de
crease in C103“ +  C102“ +  C102 +- CIO“ concentra
tions was considerably less than the increase in the Cl“ 
concentration, as compared with the calculated values. 
Since decomposition of the products alone cannot ac
count for the GC\- increase, it must arise directly from 
C104“ -*• Cl“ +  202. However, with both RbC104 and

CsC104 the total decrease in C103“ +  C102“ +  C102 +  
CIO“ concentrations was very much greater than the in
crease in the Cl“ concentration (by nearly a factor of 2 ). 
Here one must assume recombination of C103“ +  0  to 
form C104“ , or the less likely prospect of increased 
ability of the lattice to dissipate the absorbed energy in 
a manner which does not cause decomposition.

The recombination of the C103“ +  0  to form C104“ 
is supported by the observation of Burchill,7 who found 
C104“ in 7 -irradiated sodium, potassium, and barium 
chlorates. Perchlorate was also found in pile-irradi
ated sodium chlorate by Sharman and McAllum . 8

Mechanism of the Decomposition. The decomposi
tion of the perchlorates is most certainly a very com
plicated process since it involves changes in product 
yields, back reaction, and thermal decomposition. 
However, it is possible to indicate certain reaction 
paths which must occur.

The fact that CIO3“ is the major primary product in 
all perchlorate decompositions would indicate that the 
reactions

C104“ ------- - CIO,“ +  0  (1 )

CIO4-  +  O — ► CIO3-  +  0 2 (2 )

are important in the decomposition.
Chloride yields appear to be independent of tempera

ture, indicating that thermal activation is not necessary 
for its formation. This would indicate a direct de
composition to Cl“ +  202.

C104“ ------- > Cl“ +  20 2 (3)

The appearance of CIO“ with a simultaneous de
crease in C102~ and C102 suggests that there may be a 
relationship between these molecules. There appears 
also to be some connection between (G°cio2 +  G°Cio2-) 
and G°Ci~. Referring to Figure 2 , it appears that these 
two quantities are inversely related, i.e., high G°Ci- 
values are associated with low ( G ° C i o 2 +  (7°Cio2-) 
values. These considerations favor the idea of some 
common primary species, such as [C104- ]*, C104“2, or 
C104. Of these, the available data would favor [C104“ J* 
or C104“2, since the C104 radical would be expected to 
yield C102 +  0 2, or Cl — 202, which would lead to fur
ther speculation as to the lack of Cl2 in the decomposi
tion products, and to the origin of the alkaline fragment 
shown to be associated with C102.

Considering these facts, an over-all mechanism for 
perchlorate decomposition, exclusive of thermal de
composition of the products, would be

(6) J. Cunningham, J . A m . Chem. Soc., 85, 3716 (1963).
(7) C. E. Burchill, N ature , 191, 194 (1962).
(8) L. J. Sharman and K. J. McAllum, J . Chem. Phys., 23, 597 (1955).
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C I O 4 - ------------->  c i o * -  +  0  ( 1 )

CIO4-  +  0  —»■ CIO,- +  0-, (2)

CIO.,- Cl ' I - 20 , (3)

CIO«--------- [CIO4-]* (3a)

[CIO4-]* —> CIO,- +  0 2 (4)

[CIO4 -]* -  > C102 +  O2” or CIO2 +  0 “ +  0  (5)

[CIO4-]* +  thermal activation —
CIO” +  0 2 +  0  and back reaction (6) 

C103” +  0  —> CIO, (7)
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Lattice Energies of Ionic Crystals. II. Some Group I-A and II-A Salts

by Arthur Finch and P. J. Gardner

Royal Holloway College, University of London, Englefield Green, Surrey, United Kingdom 
(Received April 15, 1964)

The lattice energies of group I-A bromates and iodates and of group II-A hydroxides, 
nitrates, and chlorates have been calculated using an established correlation between 
combined ion hydration enthalpy and an anion parameter. The electron affinities of 
various X 0 3 radicals have been estimated.

Introduction
The determination of the lattice energies of crystals 

by direct calculation is restricted to simple systems for 
which extensive structural data are available.1-2 3 In 
the absence of detailed structural information and to 
avoid the force-field assumptions implicit in such term- 
by-term calculations, the usual procedure is application 
of the Born-Haber cycle (method a). The major re
striction to this approach is the nonavailability of the 
electron affinities of anions other than halides. Use is 
therefore made of less fundamental methods such as 
(b) a semiempirical equation, as in Kapustinkii’s8 
approach, (c) extrapolation or interpolation from 
known data of a series, as in a Karapet’yants4 graph, 
or (d) the empirical estimation of combined ion hy
dration enthalpies which, on combination with en
thalpy of solution data, yield values for lattice en
thalpies. These methods have been extensively ex
ploited5 for uni-univalent systems and, to a lesser extent

(except approach d), for di-univalent systems. For the 
salts considered in this work, neither structural nor 
electron affinity data are available; we have, there
fore, applied methods b and d, supplemented when 
necessary by (c), to derive lattice energy values. We 
report also (experimental) solution enthalpy data for 
group II-A chlorates in order to use approach d.

Experimental
(a) Calorimeter. A glass dewar, constant tempera

ture environment calorimeter6 was used for solution en-

(1) T. C. Waddington, Advan. Inorg. Chem. Radiochem., 1, 157 
(1959).
(2) D. Cubicciotti, J. Chem. Phys., 3 1 ,  1646 (1959).
(3) A. F. Kapustinkii, Quart. Rev. (London), 1 0 ,  283 (1956).
(4) M. Karapet’yants, Zh. Fiz. Khim., 28, 1136 (1954). (See also 
ref. 5b.)
(5) (a) D. F. C. Morris, J. Inorg. Nucl. Chem., 6, 295 (1958); (b) 
Ree. trav. chim., 78, 150 (1959).
(6) A. Finch and P. J. Gardner, J. Chem. Soc., 2985 (1964).
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thalpy determinations. The calorimeter was totally 
immersed in a thermostat maintained at 25 ±  0.01°, 
and temperature differences were measured to ±1 X 
10~3° using an F53 thermistor (Standard Telephones 
and Cables Ltd.). The temperature variation for each 
run was monitored using a miniature platinum resist
ance thermometer coupled to a 15.24-cm. potentio- 
metric recorder, the trace from which was used to esti
mate thermal leakage. Calibration was electrical, 
and samples were contained in fragile glass ampoules.

(6 ) Materials. Commercial samples (British Drug 
Houses) of magnesium, calcium, strontium, and 
barium chlorates were obtained as hydrates. Barium 
chlorate was recrystallized from water, and all chlorates 
were dehydrated at 100° and 14 mm. Unfortunately, 
magnesium chlorate was found to decompose before 
dehydration. Subsequent to dehydration, samples 
were handled in a nitrogen-filled drybox. Analysis for 
chlorate was by conventional procedures [calcium 
chlorate, 99.1%; strontium chlorate, 99.2%; barium 
chlorate, 99.7%  of the calculated value],

(c) Units. All enthalpy changes are expressed in 
terms of the thermochemical calorie defined by 1  calorie 
=  4.1840 absolute joules.

If N  is the ratio of the number of moles of H20  to the 
number of moles of M n (C103) 2 and T  is the mean tem
perature of the solution period, the experimental en
thalpy changes for reaction 1 are shown in Table I.

Mn (C103)2(cryst) =  [Mn +  2C10,-](aq) AHs (1)

Table I

AHB ( a c c e p te d ) ,
MU o p N AHa, kcal. mole -1 kcal. mole 1

Ba 24.1 555 5.62 5.64 ±  0.05
24.8 497 5.71
24.6 305 5 67
24.7 473 5.58

Sr 24.7 453 0,64 0.61 ±  0.05
24.6 381 0.58

Ca 24.2 525 -5 .5 9 -5 .6 0  ±  0.02
25.1 977 -5 .6 1

Mg 25 . . . -1 7 .5  ±  2.0®

° Estimated value; see Method of Calculation and Results.
----*s------- —— ------------------------------------------------------------------

Method of Calculation and Results
Kapustinkii3 (method b) found empirically that the 

change in the reduced Madelung constant was pro
portional to the change in the interatomic distance in 
passing from one lattice type to another. In effect, the

isoenergetic rebinding of an unknown crystal into a rock 
salt lattice is envisaged, the lattice energy of the un
known crystal being given by eq. 2  in terms of rock salt 
lattice parameters.

287.2pg.fZ_ r  _  0.345 1
(r„ +  rA) L (r0 +  rA)J (2)

where r„ are rA = Goldschmidt cationic and anionic 
radii, v =  number of ions per molecule, z+ and z_ = 
cationic and anionic charges. Experimentally, it has 
been found that lattice energies derived from Kapus- 
tinkii’s equation are generally lower than those ob
tained by extended calculation. Accordingly, Yat- 
simirskii7 has modified Kapustinkii’s equation to the 
form

U° K Y
287.2pz+z_ ["
(ra +  rA) L

0.345 I  
(ra +  rA)J

+  2.5 vz+z- (3)

The radius of a complex anion (rA) is either obtained by 
estimation of the repulsion envelope8-9 or by utilizing 
Yatsimirskii’s “thermochemical radii.” Values of lat
tice energies calculated by this method are listed in 
subsequent tables under the heading U°k y .

Karapet’yants’ method c involves constructing a 
graph of the lattice energies of a known complete 
series (say, C/(MIC1) or U(Mn Cl2) vs. the lattice energies 
of an incomplete series (e.g., U(MTX) or U(MnX 2)) 
and interpolating or extrapolating the required un
known values. This is used in estimation of relevant 
functions for iodates.

Method d, which is probably the most reliable for 
complex systems, combines an empirically determined 
combined ion hydration enthalpy 4, defined by a rela
tionship of the type

ViM z+{g) +  r_Xs-(g) — s- p fM ^aq) +  r_X*-(aq) $

[a± = 1 ; v+z+ +  v-Z- =  0 ]

with an experimentally determined solution enthalpy, 
A0s°, via

A H s°  =  A 0 l °  +  2  4>i ( 4 )

where is the ion hydration enthalpy of the ith  species, 
and A/7l° is the lattice enthalpy a t 25°. The lattice 
energy U° is then calculated by substitution in

U° =  AHl° -  vRT (5)

To determine the combined ion hydration enthalpy, 
two empirical correlations (i) between 4  and anion

(7) K. B. Yatsimirskii, R uss. J .  Inorg. Chem., 6 , 265 (1961).
(8) P. Gray and T. C. Waddington, Proc. R oy. Soc. (London), A235, 
481 (1956).
(9) T. C. Waddington, Trans. Faraday Soc., 54, 25 (1958).
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radius (r_) and (ii) between $  and anion lyotropic num
ber (N 1) are established. Anion radii are usually based 
on the Pauling scale, and for complex anions some as
sumptions regarding ion symmetry are necessary. 
Lyotropic number is a concept introduced by Buchner, 10 

which expressed quantitatively the position of an ion 
in the Hofmeister series. However lyotropic data for 
only a restricted number of ions are available. The 
correlation graphs of $(MX) vs. r_ and f(M X ) vs. N \ 
are well established for the group I-A halides. For 
this series f(M X ) was determined by substituting ex
perimentally known AHa° and calculated AHl°(MX) 
values11 into eq. 4 and 5. Corresponding A//l°(MX2) 
values are not available, but evidence has been pre
sented12 for the validity of interpolation graphs for 
group II-A salts using hydration enthalpy data calcu
lated by Noyes. 13 Values of lattice energies calculated 
from this method are listed in subsequent tables under 
the heading U°, and it is from these values that AHt° 
(anion gas) figures are derived.

Results. A . Alkali Metal Bromates. Interpolating 
a value of 9.5 for N i(Br03)~ the results in Table II  are 
obtained.

Table II

A  Hb°

4>
( M 1-

B rO a ) a h l ° u °
0

( B r O s - ) V o K Y

A t f f °
( B r O » ~ )

(g)

L iB r O a 0 . 3 4 - 2 1 2 . 0 + 2 1 2 . 3 2 1 1 - 9 1 2 1 2 - 3 3 . 7
N a B r O a 6 . 3 5 - 1 8 6 . 5 +  1 9 2 . 8 1 9 2 - 9 1 . 5 1 8 2 - 3 5 . 1
KBrOa 9 . 7 0 - 1 6 8 . 5 +  1 7 8 . 2 1 7 7 - 9 2 . 5 1 6 3 - 3 2 . 9
R b B r O a 1 1 . 7 - 1 6 1 . 5 +  1 7 3 . 2 1 7 2 - 9 2 . 5 1 5 7 - 3 4 . 0
C s B r C h 1 2 . 0 - 1 5 4 . 5 +  1 6 6 . 0 1 6 5 - 9 2 1 4 9 - 3 3 . 6

The Affs° values are those of Boyd and Vaslow, 14 15 

A//l ° and U° are obtained from eq. 4 and 5 and U°ky 
from (3) using a thermochemical radius of 1.91 A. for 
B r03- .

4>(Br(\~) is obtained from

$(MX) = 2 4>i (6 )

using <f>(M+) data of Latimer, et al. 1 6  Data for AH °  
(Br03- ) (g) are obtained from

AHl° =  AHf°(M+)(g) +  Aff£°(X-)(g) -
AHL°(MX) (cryst) (7)

using the National Bureau of Standards Circular 500 
values for AJ/f°(M +)(g) and those of Boyd , 14 et al., 
for AHf°(MX)(cryst). An independent check of the 
assumption of the ionic nature of the series is provided 
by the very satisfactory consistency of the values of 
AH t° (BrO;i~) (g) from salt to salt.

B. Group I-A  Iodates. Solution enthalpy and A H °  
data are lacking for rubidium and cesium salts. Values 
of AHl° were obtained directly from a Karapet’yants- 
type plot (Figure 1). This method provides only very 
crude estimates of AHL°. The linearity of such graphs 
is illustrated in Figure 1 for nitrates and bromates. 
The error in the extrapolated iodate data arises from

Figure 1. Karapet’yants-type graph for the 
extrapolation of approximate data for the lattice 
enthalpies of rubidium and cesium iodates.

the extrapolation error and the intrinsic error of the 
extrapolation data. The former is of the order of ± 3  
kcal. mole-1, and the latter is considered in the Dis
cussion. A better procedure is to estimate AHS° values 
for these salts from a graph of AHB° vs. </>(Mr), using 
values taken from Latimer. Values for AHL° are, 
however, in good agreement by both methods and are

(10) See A. Voet, Chem. Rev., 20, 169 (1937).
(11) M. L. Huggins, J. Chem. Phys., 5, 143 (1937).
(12) A. Finch and P. J. Gardner, J. lnorg. Nucl. Chem., in press.
(13) R. M. Noyes, Am. Chem. Soc., 84, 513 (1962).
(14) G. E. Boyd and F. Vaslow, J . Chem. Eng. Data, 7, 237 (1962).
(15) W. M. Latimer, K. S. Pitzer, and C. M. Slansky, J . Chem.
Phys., 7, 108 (1939).
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included in Table I I I  with corresponding data for other 
metal iodates.

The AHs° data for sodium and potassium iodates are 
from Hepler, 16 and those for lithium are from Mur- 
guleseu. 17 The lyotropic number for the iodate anion 
is 6.3, and a thermochemical radius of 1.82 A. was used 
to calculate U k y °.

Table III

4> AHt°
A BP (MIIOa) AHl° ¡7° U°KY (lOs ~) (g) 0(IO.~)

LiI03 1.59 -233 234.6 233 208 —49.2 -112
NaI03 4.83 -207 211.8 211 187 —51.1 -112
KIOa 6.5 -191 197.5 196 167 -4 6 .9 -115
RblOa 8.3“ -182 (191)6

(190.3)°
189 160 -113

CsIOs 9.1“ -175 (182)6
(184.1)°

182 154 -113

“ Extrapolated from Figure 2. 6 Extrapolated from Figure 1. 
° From eq. 4 and extrapolated Figure 2 data.

C. Group II-A  Hydroxides. For group II-A crys
tals, interpolated $-data were obtained from plots of 
$(M X2) (X =  halogen) vs. r_ or N i, the validity of the 
correlation graphs having been previously established. 12 

No lyotropic data are available for the hydroxide ion, 
and Goubeau’s estimate18 of the crystal radius of 1.47 
A. was used for interpolation; Yatsimirskii’s “thermo
chemical radius” of 1.40 A. was used in calculating 
U k y°-

D. Group II-A  Nitrates. Similar data for the 
group II-A nitrates are shown in Table Y, interpolating

Figure 2. Graph of standard enthalpy of solution vs. 
cationic hydration enthalpy (ref. 15) to extrapolate 
approximate data for Affs°(RbI03) and AHs0(C sIQ 3).

Table IV

AH,”*
#[Mn -
(OH).] ahl ° u° U°KY 0(OH-)

AHp
(OH-)

(g)

Be(OH)2
a-form 13.8 -819 832.8 831 809 -105.5 -4 9 .2

Mg(OH)2 0.7 -684 687.7 686 680 -105 .4 -4 9 .4
Ca(OH)2 -3 .9 -605 601.1 599 617 -105.3 -4 9 .0
Sr(OH)2 -1 1 .0 -570 559.0 557 577 -105 .4 -4 9 .0
Ba(OH)2 -1 2 .4 -536 513.6 512 550 -105.3 -5 4 .1

a AH  ° data from NBS Circular 500.

for $  and using Y i(N 0 3 ) =  11.6; C °KY was=cal
culated using a “thermochemical radius” of 1.89 A.

Table V

AHsoa
[M11-

(NOi)î] ahl ° ¡7° U°KY
0

(NO«-)

AH(°
(NO.-)

(g)

Mg(N03)2 —20.43 —612 591.6 590 593 - 6 9 .4 - 7 9 .5
Ca(N03)2 — 4.51 - 5 3 4 529.5 528 542 - 6 9 .8 - 7 9 .1
Sr(N03)2 4.23 -4 9 8 502.2 500 520 - 6 9 .4 - 7 9 .4
Ba(N03)2 9.65 -4 6 4 473.6 472 500 - 6 9 .3 - 7 9 .6

° Afls° data from NBS Circular 500.

E. Group II-A  Chlorates. For group II-A chlorates, 
a lyotropic number of 10.7 was used for interpolation, 
AH3° data were as recorded in the Experimental sec
tion, and “thermochemical radius” of 2.00 A. was 
used. A value of AHs° [Mg(C1 0 8)2 ] was extrapolated 
from a $(M n) vs. AHs° [Mn (C1 0 3)2 ] plot as Mg(C1 0 3)2

M g

Figure 3. Graph of standard enthalpy of solution vs. 
cationic hydration enthalpy (ref. 13) to extrapolate 
an approximate datum for Affa0[Mg(C103)2].

(16) L. G. Hepler and J. G. Spencer, J . Phys. Chem., 64, 499 (1960).
(17) I. G. Murguleseu and E. Tomus, Analele Univ. “C. I . Parhon," 
Ser. Stiint. Nat., 10, 13 (1961).
(18) J. Goubeau, Z. physik. Chem. (Leipzig), 334, 432 (1936).

Volume 69, Number S February I960



3 8 8 A r t h u r  F in c h  a n d  P .  J .  G a r d n e r

Table VI

$ AHt°
<f> (CIOs')

AH3° (CIOs)*] AHl° V o V° KY (CIO3 -) (g)

Mg(C10s)s -1 7 .5 -626 608 606 580 -7 6 .3 -6 4  ±  3
Ca(C10s)2 - 5 .6 -548 542 540 525 -7 6 .7 -5 2 .0
Sr(C10s)s 0.6 -512 513 511 505 -7 6 .5 -4 5 .8
Ba(C103)2 5.6 -479 485 483 476 -7 6 .7 -4 0 .4

was not obtainable in anhydrous form (see Figure 3 
and Table VI). To calculate ARf°(C103_)(g) from 
eq. 7, values of A #fo[Mn (C1 0 3)2](cryst) are required. 
These are not available from the literature so estimates 
were made using the relationship

AH f ° [Mn  (C103) 2 ] (cryst) =
2Afff°(C103-)(aq) +  Atff°[Mn ](aq) -  AHB° (8 )

with standard enthalpies of formation of aqueous ions 
taken from NBS Circular 500.

Discussion
Of the empirical methods for the determination of 

lattice energy outlined in the Introduction, method d 
is most fully exploited in this paper. A general dis
cussion of the accuracy of the method is therefore in 
order. In  using eq. 4, 5, and 6  to determine lattice 
energies, the $-term generally contributes over 90% 
of the final result. For group I-A halides this term is 
as accurate as the calculated2’11 lattice energies. For 
group II-A halides, the 4>-term is as accurate as Noyes’ 
data for A; - 12 Tor any other anion, the accuracy of 4> 
depends on the accuracy of the data for N 1 or r_. The 
correlation graphs of $  vs. N 1 are generally linear 
whereas 4? vs. r_ plots exhibit shallow curvature. With 
the exception of group II-A hydroxides, interpolation is 
via the former graph. The bulk of the lyotropic num
ber data was recorded by Buchner and Klein19 working 
with agar-agar sols and by Buchner and Postma , 20 who 
used gelatin sols. According to these authors, no 
special precautions were taken to ensure that experi
mental conditions of the determinations were repro
ducible. Lyotropic numbers have recently been re
calculated21 from the original data; arbitrary limits of 
error of ± 0 . 2  were assigned to lyotropic data inde
pendently checked, and to data obtained from one sol 
only were assigned limits of error of ± 1 .0 .

The gradients of the lyotropic interpolation graphs 
are 14 and 6  kcal. per lyotropic unit, respectively, for 
group I-A and II-A halides.

Mean values of A l/f°(X- ) (g) and <£(X~) are collected 
in Table VII and compared with literature values.

(i) A value for Afff°(C103)(g) is not quoted because

Table VII°

A H f ° ( X - ) ( g )
A H t “ ( X - ) ( g )

[ l i t . ] ¿ ( X - ) 0 ( X - )  [ l i t . ] 6

C103 —47“ -7 6 -6 9
Br03 -3 4 , . . -9 2 .  .  .

I O 3 -4 9 —77° -113 . . .
OH -4 9 —50d -105 -122
NOs -7 9 —79° -7 0 -7 4

“ Units are kcal. mole-1. b See ref. 22. ° See ref. 5a. d See
ref. 1.

the results obtained (Table VI) are not sufficiently 
consistent. This is probably because AHt° [Mn (C1 0 8)2 ] 
data, on which AH °  (C103~) (g) depends, were estimated 
from eq. 8  which implies a wholly ionic model. Values 
from heat capacity data are not available, (ii) The 
excellent agreement between these and literature sources 
for AH{° values of hydroxide and nitrate ions give some 
confidence in the new and different values for <£(N03- ) 
and </>(OH"). Literature values22 for this latter func
tion are due to “best” values selected from the literature 
up to 1960. Very wide divergence in quoted values for 
<p is a feature of this parameter, (iii) The new figure for 
Afir£°(I03_)(g) differs greatly from the current litera
ture value. The reference given for this5a is deriva
tive.

I t  is of interest to estimate values of the electron 
affinities (E) of the radicals X 0 3 (X =  halogen). An 
estimate of Afff°(X03) (g) is required, and only for X  
=  Cl is the species X 0 3 more than transiently stable. 
Consequently, bond energy data A(X-O) in X 0 3 is 
lacking. Although an isolated datum for Af/r(°(C103) 
(g) is available, it was decided to recalculate AH 10- 
(X 0 3)(g) assuming R(X-O) in X 0 3 ^  D(X-O) and 
using Durie and Ramsay’s data 23 for bond dissociation 
energies of halogen-oxygen bonds. Results from eq. 
9 and 10 are shown in Table VIII.

A # f° (X 0 3)(g) =  A //f°(X ) (g) +

3ARf°(0)(g) -  3Z)(X-0) (9)

E  =  Al?fo(X 0 3)(g) -  A //f°(X03-)(g) (10)

The ionic systems studied in this paper are all of the

(19) E. H. Buchner and D. Klein, Proc. Acad. Sci. Amsterdam, 30, 
740 (1927).
(20) E. H. Buchner and G. Postma, Proc. Koninkl. Acad. Weten- 
schap., 34, 699 (1931).
(21) P. J. Gardner, Thesis, University of London, 1963.
(22) V. P. Vasil’ev, E. K. Zolotarev, A. P. Kapustinkii, K. P. 
Mischenko, E. A. Podgornaya, and K. B. Yatsimirskii, Zh. Fiz. 
Khim., 34, 1763 (1960).
(23) R. A. Durie and D. A. Ramsay, Can. J . Phys., 36, 35 (1958).
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Table VIII

A F f ° ( X 0 3 ) ( g )
A H f 0 ( X 0 8- )

(g ) E

C103 17.7 ±  0.1 - 4 7 65 ±  0.5
BrOä 39.8 ±  0.2 - 3 4 74 ±  0.5
I0 3 78 ±  15 - 4 9 127 ±  16

general formula M TX [ or M IIX I2, for this is the form of 
the template graphs used for interpolation. Extension 
of the method to cover systems of the type M ^X 11 and 
MnX n is discussed in a further publication.
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by T. Enns, P. F. Scholander, and E. D. Bradstreet

University of California, San Diego, La Jolla, California13, ,b (Received May 1, 1964)

The effect of hydrostatic pressure on equilibrium pressures of a gas dissolved in water 
has been determined by direct measurement. At approximately 100 atm. hydrostatic 
pressure the equilibrium pressure increase was approximately 13% for helium, 16% for 
carbon dioxide, and 14% for nitrogen, oxygen, and argon. Extrapolation of the data 
indicates that when dissolved surface gases are carried to a depth of 1 0 , 0 0 0  m., their 
equilibrium partial pressure increases by a factor of 4.

Several species of deep water fish have swim bladders 
in which partial pressures of nitrogen gas up to 1 0  atm. 
have been observed. As the apparent source of this 
gas is the atmosphere, the gas pressure must have in
creased correspondingly. Before determining the role 
played by the fish in inflating its swim bladder a t high 
pressures, it is necessary to determine the equilibrium 
pressure for dissolved gases a t various depths.

The literature gives no direct data on such gas equi
librium pressures. An attem pt to calculate the pressures 
from the partial molal volume data of Kritchevsky and 
Iliinskaya2 3 has been made by Klotz , 8 but, contrary to 
existing information, the implication in the equations 
is that gas diffusion equilibrium exists between surface 
and ocean deeps. Considerable information is avail
able on the solubility of gases a t high pressures applied 
to both gas and liquid. The data of Wiebe, Gady, and 
Heins4 * for nitrogen at 75 and 100 atm. when inserted 
in eq. 4 below give a partial molal volume of 32.1 cm. 8 

which agrees with the values in Table I.

Water equilibrated with gas a t or near atmospheric 
pressure has been subjected to hydrostatic pressures up 
to approximately 1 0 0  atm., and the resultant gas 
equihbrium pressure has been determined directly. 
In  nitrogen, oxygen, and argon the gas equihbrium 
pressure increase was approximately 14%/100 atm. 
Helium showed a slightly smaher and carbon dioxide a 
slightly greater equihbrium pressure increase.

Simple thermodynamic calculations extrapolate the 
data to give equihbrium pressures of gases dissolved at 
the surface and carried to ocean depths. The same 
calculations yield new values of partial molal volumes

(1) (a) Contribution from tbe Scripps Institution of Oceanography, 
University of California, San Diego; (b) this work was supported 
by Research Grants RG 5979 and GM 10521 from the U. S. Public 
Health Service.
(2) I. Kritchevsky and A. Iliinskaya, Acta Physiochim. URSS, 20, 
327 (1945).
(3) I. M. Klotz, Limnol. Oceanog., 8, 149 (1963).
(4) R. Wiebe, V. L. Gady, and J. Heins, J . Am. Chem. Soc., 55, 947
(1933).
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T a b le  1°

p  m p  m V m
m m .  a t m m .  a t m m .  a t V i n I n 8,

P  =  1 0 2 P  =  6 8 P  =  3 4 m m .  a t (P 102/ c m . 1/
G a s a t m . a t m . a t m . P  =  0 Po) m o le

o 2 839.5 805 771 7 3 4 . 5 0.133 31.9
892 855 819 781 .133 31.9
410.5 390 373 359 .1345 32.2
508 484 464 443 .135 32.3

0 2 at 0.5° 789 682 .1457 32.0
O2 in sea water 842 806 775 737 .131 31.7
n 2 843 803 773 733 .1385 33.2

811 777 744 705 .1385 33.2
844 806.5 769 732 .140 33.5

N2 in detergent 811 774 742 712 .133 31.9
Ax 849 814 779 741 .135 32.3

839 803 771 734 .134 32.1
H e 8155 779 748 719 .124 29.7

828.5 797.5 765 732 .124 29.7

«OO

817 779 742 705 .1475 35.3
849.5 811.5 774 737 .143 34.3

“ P =  Hydrostatic pressure; p = gas equilibrium pressure. 
b P  = 102.7 atm.

for the dissolved gases comparable to those reported 
by Kritchevsky and Iliinskaya. 2

The gas equilibrium pressures were determined by a 
null point measurement of gas pressure developed in
side a Teflon tube inserted in a pressure chamber con
taining the desired gas solutions. The nominal di
mensions of the Teflon were 0.3 mm. i.d. and 0.23 mm. 
wall thickness. The length of the tube varied from 10 
cm. for relatively insoluble gases to 30 cm. for more 
soluble gases. The Teflon tube will withstand external 
pressure of a t least 150 atm. without collapsing.

Procedure
Water was gas extracted repeatedly. Gas a t the de

sired pressure was dissolved in it a t controlled tempera^ 
ture. Distilled water was used except as noted. The 
equilibration vessel was shaken during the gas uptake, 
and the process was complete after 0.5 to 1 hr. The 
solution was then transferred anaerobically t-o a 1 0 0 -cc. 
syringe through a short section of 0.32-cm. i.d. vacuum 
tubing. This tubing remained attached to the syringe 
after filling and was sealed with a screw clamp.

One end of the gas-sensing Teflon tube was closed 
with a slightly tapered glass rod. The other end was 
forced over the end of a stainless steel tube (no. 26 
needle tubing) about 12 cm. long. This tubing passed 
through a seal in the fid of the pressure tank near the 
middle of its length.

The apparatus (Figure 1) was assembled by loosen
ing the clamp on the syringe, inserting the Teflon in the

Figure 1. Pressure chamber and gas 
pressure measurement apparatus.

syringe until the stainless steel tube was inside the rub
ber tube, and then clamping the rubber tightly. This 
seal was checked by pushing on the syringe plunger. 
The syringe was then taped to a support on the pres
sure chamber fid, and the lid was placed on the water- 
filled pressure chamber so that the syringe was inside 
the chamber and all air was expelled from the chamber. 
The external end of the stainless steel tube was im
mediately connected to the gas-handling system; the 
Teflon tube was evacuated and then filled with the ap
propriate gas a t atmospheric pressure.

Measurements were made in the following manner. 
The end of the stainless steel tube was connected to the 
gas-handling system by a glass tube about 5 cm. long 
with a 0.5 mm. i.d. A kerosene drop was introduced 
into this tube and observed on the scale of a microscope. 
The movement of this drop was timed, and the bucking 
pressure was adjusted until the drop did not move. 
Pressures were read on a mercury manometer (Figure
1). Stirring of the solution was found unnecessary be
cause the null measurements moved only negligible 
amounts of gas in or out of the solutions.

In  each experiment, gas equilibrium pressure deter
minations were made consecutively a t 1500 (102 atm.), 
1000, 500, and 0 p.s.i.g. pressure, in that order. 
Checks gave the same values when the sequence was 
reversed. The gauge used in these experiments was 
calibrated against a dead weight gauge.

In  all experiments except one, the water temperature
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was 25°. One experiment was conducted with a de
tergent solution having a surface tension equal to 30% 
of that of water.

Results
For all gases examined, the equilibrium pressure in

side the Teflon tube was increased by about 14% when 
the hydrostatic pressure increased from 0 to 1500 p.s.i. 
(gauge). Water vapor readily crosses the Teflon tube 
walls; hence, the vapor pressure corresponding to the 
water temperatures was subtracted from all gas pres
sure values.

In each experiment natural logarithms of gas pres
sures were plotted as abscissas, and water gauge pres
sures, as ordinates. Straight lines were drawn to best 
fit the points, and the differences between their inter
cepts on the abscissa and at 1 0 2  atm. were recorded 
under In {pm/po) in Table I. Figure 2 shows plots of 
all data obtained at 25° and approximately atmos
pheric pressure. For each gas, data from different 
runs are superimposed for best agreement by arbitrary 
displacement of abscissas.

The effect of reduced surface tension of water was 
probably not significant. Hence, it must be concluded 
that surface tension plays no major role in the observed 
hydrostatic effect on gas equilibrium.

From eq. 3 derived below the partial molal volumes of 
the gases were calculated and are shown in the last 
column of Table I.

Discussion
If the dissolved gas is considered an ideal gas within 

the accuracy of this experiment, the measured equi
librium pressure is proportional to the activity and to 
the fugacity of the gas. The effect of pressure on the 
latter is given by6

where /  = fugacity, P = hydrostatic pressure, v =  
partial molal volume, R  = gas constant (82.06 atm ./ 
°K.), T — absolute temperature, and x =  dissolved gas 
concentration.

If v is assumed constant over the range of the experi
ment, integration between hydrostatic pressures P i and 
P 2 gives

In Cfi//0 =  v (2)

where / i  and / 2 are the fugacities corresponding to P i 
and P 2.

Substituting the ratio of the equilibrium partial 
pressures p% and p2 for the ratio of the fugacities

ln (pi/pü) = » ( P i- P i )
R T ( 3 )

I t  may be added that, since these experiments were 
conducted at constant; x, the pressure dependence of 
the Henry’s law constant, k = p /x, is given by

i n n \ -  p t)In ( h /h )  =  -----^ ----  (4)

The data indicate that the effect of hydrostatic pres
sure on the activity of dissolved gases is essentially the 
same for oxygen, argon, and nitrogen. Helium and 
carbon dioxide show a slight difference. The same con
clusion applies to the partial molal volumes which 
average approximately 33 cc. for nitrogen, 32 cc. for 
oxygen and argon, 29.7 cc. for helium, and 35 cc. for 
carbon dioxide.

Figure 2. Effect of hydrostatic pressure on equilibrium pressure 
of dissolved gases. Abscissas arbitrarily displaced.

The values of partial molal volumes reported here 
are average values based on straight lines drawn as in 
Figure 2. Actually, all gases except helium give 
slightly curved plots indicating a decrease in partial 
molal volume with increase in hydrostatic pressure.

The data may be extended to calculate equilibrium 
partial pressure of gas a t ocean depths. For dissolved 
gases which have their origin in water equilibrated 
with the atmosphere a t the surface, eq. 3 gives the gas 
pressures a t depths. At 10,000 m. depth the pressures 
so calculated are approximately four times as great as 
a t the surface. I t  may be noted that marine organisms 
living at this depth may be exposed to an oxygen ac
tivity four times that of the atmosphere.

(5) G. N. Lewis and M. Randall, “Thermodynamics,” revised by
K. S. Pitzer and L. Brewer, McGraw-Hill Book Co., Inc., New York, 
N. Y., 1961, p. 204.
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The Catalytic Cracking of Hexadecane—Effects of 

Impurities, Olefins, and Steam

by W. F. Pausing

American Oil Company, Whiting, Indiana (Received May 7, 1964)

The nature of hexadecane cracking on silica-alumina catalyst was investigated to provide 
a better understanding of activity and selectivity. At low temperatures (343-399°) in 
the absence of trace impurities or olefins to act as initiators, an induction period occurred. 
Apparently, cracking was initiated on Lewis acid sites until olefinic products activated 
Bronsted acid sites. Trace impurities or added olefins eliminated the induction period and 
markedly increased initial cracking rates. At higher temperatures (482°), thermal olefins 
acted as initiators, and no induction period was observed. However, hexadecane cracking 
was autocatalyzed by olefin products as indicated by a constant rate of cracking up to at 
least 50% conversion even though initial rates were essentially first order. With in
creasing octene- 1  additions, initial cracking rates of hexadecane reached a maximum with 
about 20% octene-1 present. Higher concentrations of octene-1 decreased the cracking 
rate by competing with the hexadecane for adsorption. In  general, the effect of olefin 
addition depended on the conversion level of the hexadecane. Compared to helium dilu
tion, steam dilution decreased initial rates of cracking of hexadecane but at higher conver
sions increased the rate of cracking. Steam increased cumene cracking rates at all con
versions. Apparently, hydrated Lewis sites have sufficient protonic acidity to crack cumene 
but are not sufficiently active to form carbonium ions capable of extracting a hydride ion 
from hexadecane. At higher conversions of hexadecane, steam increases cracking rates 
probably by reducing chemisorption of reaction products which compete for chemisorption 
on cracking sites.

Although much of the chemistry of catalytic cracking 
can be explained by the carbonium ion theory , 1 - 4  

the nature of paraffin cracking, particularly its initia
tion, is one of the least understood reactions. The 
classical notion that the sites on silica-alumina are 
protonic or Br0 nsted acids requires the presence of 
trace olefins to initiate the formation of carbonium 
ions. After carbonium ions are formed, a paraffin 
can become a carbonium ion by transferring a hydride 
ion to another carbonium ion.

In  recent years, spectroscopic studies suggested that 
when molecules such as triphenylmethane were ad
sorbed a t very low pressures and near room tempera
tures, carbonium ions were formed by hydride ion 
abstraction on Lewis acid type sites. 6 These ions 
appeared to be readily formed or destroyed by the re
moval or addition of water.

Spectroscopic studies of ammonia adsorbed on silica- 
alumina also indicated the presence of Lewis acid sites. 
However, the formation of adsorbed ammonium ions 
on addition of water suggested that Lewis sites could 
become hydrated and act like protonated or Brpnsted 
type sites.6

The acidities of silica-alumina also have been meas
ured by nonaqueous titration using Hammett indicators

(1) B. S. Greensfelder, H. H. Voge, and G. H. Good, Ind. Eng. Chem., 
41, 2573, 2945 (1949).
(2) M. W. Tamele, Discussions Faraday Soc., 8, 270 (1950).
(3) C. L. Thomas, Ind. Eng. Chem., 41, 2564 (1949).
(4) H. H. Voge, “Catalysis,” Vol. VI, P. H. Emmett, Ed., Reinhold 
Publishing Corp., New York, N. Y., 1958, Chapter 5.
(5) H. P. Leftin and W. K. Hall, Actes Congr. Intern. Catalyse, 2e, 
Paris, 1353 (1961).
(6) J. E. Mapes and R. P. Eischens, J. Phys. Chem., 58, 1059 (1954).
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and arylmethanols as indicators. This work appears 
to support the view that the acidity is caused by 
Br0 nsted sites.7’8 9 10

Relatively little work has been done to investigate 
the influence of water and olefins on the actual cracking 
of high-boiling paraffins. These studies should provide 
inferences about the nature of the active sites. Studies 
with butane and isobutane indicate that there may be 
an optimum degree of hydration of a catalyst for isom
erization and cracking although isobutane adsorption 
decreased continuously with hydration . 9 - 1 3  A thor
oughly dehydrated catalyst was inactive for cumene 
cracking but was readily activated by water addition . 14 15 

Olefins accelerated the exchange of hydrogen between 
deuterated catalyst and isobutan 12 13e11 and accelerated 
the cracking of n-butane in a static reaction system . 16 

However, it has also been stated that admixture of 
olefins with paraffins such as hexadecane does not 
appreciably accelerate cracking. 4

There is some evidence for autocatalysis or an in
duction period in paraffin cracking. In  the cracking of 
2-methylpentane in a batch reactor, Franklin and 
Nicholson16 observed that the rate constants in the 
first two minutes were 50% lower than steady-state 
rates. Van Hook and Em m ett16 observed that the 
rate of conversion of hexadecane at 372° was 3.5 
times greater in an integral reactor a t high conversions 
than in a differential reactor a t low conversions.

The present study was undertaken to investigate the 
effects of olefins, water, and trace impurities on hexa
decane cracking rates. Initial rates, in particular, 
were studied because they provide insight into the 
mechanism of paraffin cracking. The observed phe
nomena are explained in terms of the action of Lewis 
and Br0 nsted sites on the catalyst.

Experimental
Cracking data were obtained in a small, versatile 

reactor system . 17’18 Most of the studies were made with 
normal hexadecane and silica-alumina catalyst.

Materials. Hexadecane obtained from Humphrey- 
Wilkinson, Inc., was purified by percolation through 
at least three times its volume of silica gel. Depending 
on the degree of activation of the silica gel, the hexa
decane was obtained in two different purities. In  the 
first case, 60- to 2 0 0 -mesh gel was heated overnight in 
shallow dishes in a large forced-circulation oven at 
538° and allowed to cool to 93° in the oven. This gel 
picked up some moisture from the air. In  the second 
case, gel was heated for 6  hr. a t 538° in a muffle furnace, 
removed, and bottled hot to prevent pickup of moisture. 
Comparative ultraviolet and infrared analyses of hexa
decane percolated through either type of activated gel

showed no detectable olefin or aromatic compound, but 
a trace impurity which appeared to be a carbonyl com
pound was detected in the hexadecane percolated 
through the first gel. Hereafter, hexadecane will be 
termed “impure” or “pure” depending on whether the 
trace impurity was present.

Although the concentration of impurity was not 
known, tests proved that the technique for activating 
the silica gel was the critical factor in affecting cracking 
rates. Comparative runs were made with two feeds. 
The first was percolated through silica gel activated in 
a circulating oven which permitted moisture pickup 
on cooling, and the second was percolated through silica 
gel which had been activated in a muffle furnace but 
was then allowed to stand out in the room for several 
hours before use. Both gels produced a hexadecane 
which gave essentially the same cracking rates a t 343°, 
while the hexadecane percolated through gel heated in 
the muffle furnace and bottled hot gave a much lower 
cracking rate, as explained later.

Octene-1 (Phillips, Research grade), pentene-1 
(Phillips, Pure grade), and cumene (Eastman, White 
Label grade) were percolated through silica gel which 
had been activated overnight in a muffle furnace a t 
538° and bottled hot. The cumene was also percolated 
through Floridian clay, which had been calcined at 
538°, to ensure removal of cumene peroxides.

Two different samples of a fluid grade of Cyanamid 
silica-alumina catalyst containing 25% alumina were 
used. One was fresh catalyst which had been steamed 
for 16 hr. a t 650° before use to reduce its activity to a 
level that would be reached very quickly under com
mercial conditions. The second sample was taken 
from a commercial unit and was thoroughly regenerated 
in air for 16 hr. a t 538°. Both catalysts had average

(7) A. E. Hirschler, J . Catalysis, 2, 428 (1963).
(8) H. A. Benesi, J . Phys. Chem., 61, 970 (1957).
(9) A. N. Webb, Actes Congr. Intern. Catalyse, 2e, Paris, 1298 (1960).
(10) R. G. Haldeman and P. H. E m m ett,./. Am. Chem. Soc., 78, 2917, 
2922 (1956).
(11) R. C. Hansford, P. G. Waldo, L. C. Drake, and R. E. Honig, 
Ind. Eng. Chem., 44, 1108 (1952).
(12) S. G. Hindin, A. G. Oblad, and G. A. Mills, J. Am. Chem. Soc., 
77, 535 (1955).
(13) D. S. Maelver, P. H. Emmett, and H. S. Frank, J . Phys. Chem., 
62, 935 (1958).
(14) K. V. Topchieva, G. M. Panchenkov, M. A. Kaliko, A. V. 
Agafonov, L. I. Pigusova, N. M. Kamakin, and Ya. V. Mirsky, 
World Petrol. Congr., Proc., 6th, N . Y., 133 (1959).
(15) J. L. Franklin and D. E. Nicholson, J. Phys. Chem., 60, 59 
(1956).
(16) W. A. Van Hook and P. H. Emmett, J . Am. Chem. Soc., 84, 
4410 (1962).
(17) W. F. Pansing and J. B. Malloy, Chem. Eng. Progr., 58, No. 12, 
53 (1962).
(18) W. F. Pansing and J. B. Malloy, to be published.
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particle sizes of about 80 ¡x. Other characteristics 
of the steamed, fresh catalyst and the commercially 
used catalyst were, respectively, surface area, 500 and 
130 m .2/g .; pore volume, 0.67 and 0.45 cc./g.; particle 
density (by Hg displacement), 0.78 and 1.14 g./cc.; 
sodium content, 0.02 and 0.02 wt. %; and Fe20 3, 
0.04 and 0.44 wt. %.

Procedure
The catalyst, mixed with inert Vycor granules to 

provide a uniform bed volume, was loaded in a reactor 
about 10.16 cm. in length and 0.95 cm. in i.d. A 
2.54-cm. zone of Vycor was provided ahead of the 
catalyst for final preheat. The reactor was heated 
within 30 to 60 min., depending on the desired tempera
ture, and then held for about 2 0  min. while it was 
continuously purged with dry helium. For feed partial 
pressures below 1  atm., either helium was metered into 
the reactor or steam was generated in the preheater 
by water pumped a t the desired rate with a hypodermic 
syringe. With steam dilution, the catalyst was pre
treated at reaction temperature for 30 min. before the 
hydrocarbon feed was started.

Eight samples of the reactor effluent, each about 0.2 
¡A. as liquid, were taken over a 30- or 40-min. reaction 
period and analyzed to obtain the conversion. Con
version declined slightly during the first 5 min. and then 
remained constant. The average conversion was based 
on the analyses of the seven samples taken during the 
period of constant activity.

In  most runs, the reactor was operated as a dif
ferential reactor to provide very low conversions, from 
2 to 5%. In other runs, it was operated as an integral 
reactor to provide conversions up to 30%. The ma
terial balance governing both types of reactors is 
Fdx =  rdW  or

Fdx dx
r =  dW  =  d m  }

where r is the cracking rate, F the feed rate, x the frac
tion conversion, W  the weight of catalyst, and S  the 
space velocity. The cracking rate, which varies 
with conversion, is obtained from the slope of the curve 
of conversion vs. 1 /S  as indicated by eq. 1. However, 
a t very low conversions the concentration of the re
actant remains essentially constant, so the differentials 
in eq. 1 can be replaced by A’s. Thus, a single measure 
of conversion establishes the initial rate of cracking from

Fx
r = w  = xS  (2)

Product samples were analyzed in a gas chroma
tography column providing a separation equivalent to

an analytical distillation . 18 A flame ionization de
tector was used on the column effluent. Since the 
cracking of hexadecane predominantly results in C3 

to C6 hydrocarbons, 4 over 90% of the cracked products 
were made to come through the column as unresolved 
low-boiling peaks whose total weight was obtained 
by electronic integration of the detector output. 
Negligible amounts of intermediate products between 
about Cio and the unreacted hexadecane were ob
tained. Hence, there was no problem in distinguish
ing cracked products from unreacted feed in the gas 
chromatograph.

When the effects of olefins (primarily octene-1) on 
hexadecane cracking were studied, unreacted olefin 
and its cracked products came through the chroma
tograph mixed with the products from the cracking 
of hexadecane. The amount of olefin added to the 
feed was checked in triplicate chromatographic analy
ses, and an appropriate correction was applied to the 
total product analysis to give the net conversion of 
hexadecane in the presence of olefin. Octene-1 was 
cracked alone at 399 and 482°, and the products were 
examined for materials heavier than the feed. No 
significant amounts of products heavier than octene 
were found.

Thermal conversions of hexadecane were measured 
under conditions like those used in measuring catalytic 
cracking rates, except that the reactor was filled with 
Vycor diluent. In  most cases, particularly a t low 
partial pressures with high helium dilution rates, 
thermal conversion was practically negligible compared 
to catalytic conversion; the maximum thermal con
version was 0.9% a t 482° and 1.0 atm. Thermal con
version was subtracted from total conversion to give 
catalytic conversion.

Paraffin Cracking Initiation
Trace impurities or 1.0% pentene-1 in pure hex

adecane markedly accelerated the initial cracking rates.

Table I : Effects of Impurities and Olefins on Initial 
Cracking Rates of Hexadecane“

*— 3 4 3 ° (S  = 4 0 ) * — *— 4 8 2 °  ( S =  1 5 0 ) &— .
C r a c k in g C r a c k in g

r a t e , r a t e ,
C o n v . , m m o le s / C o n v . . m m o le s /

I m p u r i t i e s w t .  % h r .  g . w t .  % h r .  g .

None detectable 0.5 0 . 2 2 . 0 2.9
Trace impurities 2.5 0.9 2 . 0 3.1
1 %  pentene-1 3.2 1.3 2 . 0 3.5

“ Steamed, fresh silica-alumina catalyst; hexadecane partial 
pressure, 0.16 atm. 6 Approximate space velocity, mmoles/hr. 
g-
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As shown in Table I, a t 343° the respective increases 
were 350 and 550%. At 482°, the increases were 
relatively small because thermal olefins must have 
masked the effects of impurities or added pentene-1 .

The effect of the extent of conversion of the hexadec
ane on its cracking rate a t 399° is shown in Figure 1. 
An induction period is clearly evident. At conversions 
below 1 % the rate was essentially constant a t 1 . 6  

mmoles/hr. g. At higher conversions it rather suddenly 
increased and became relatively constant again a t 4.8 
mmoles/hr. g.

No induction period was evident in the presence of 
trace impurities a t low temperatures or a t 482° where 
significant concentrations of thermal olefins were 
present. The rate of 4.8 mmoles/hr. g. in Figure 1 for 
pure feed agrees with the value of 4.7 mmoles/hr. g. 
for impure feed determined by interpolation on Figure 
2  where the data showed no induction period and rates 
were calculated from xS for a single measure of con
version, x.

I O O / S ,  ( M M O L E S / H R . G . ) " 1

Figure 1. Induction period in catalytic cracking of pure 
hexadecane on steamed, fresh catalyst at 399° and 0.4 atm.

The acceleration of initial rates by impurities or 
added olefins indicates the presence of Brpnsted sites, 
which require carbonium ion precursors to catalyze 
paraffin cracking. However, cracking in the absence 
of thermal olefins or impurities is probably initiated on 
Lewis sites by hydride ion abstraction from the hexadec
ane to form a carbonium ion. When sufficient ole
fins are generated to form carbonium ions on Brpnsted 
sites, hexadecane can crack by hydride ion transfer to 
these ions. With thermal olefins or impurities present, 
apparently both sites start functioning immediately. 
From the rates in Figure 1, cracking on the Lewis sites

O 0 .2  0 .4  0 .6  0 . 8  1.0 1.2

P A R T I A L  P R E S S U R E ,  A T M .

Figure 2. Effect of hexadecane pressure on initial cracking rate 
with steamed, fresh catalyst and impurities present in feed.

appears to be about one-half as fast as on the Brpnsted 
sites.

Effects of Olefins
Effect of Olefin Concentration. Olefin concentrations 

from 10 to 40% in pure hexadecane had very pro
nounced effects on initial rates of cracking of hexadecane 
beyond merely eliminating an induction period. The 
effects were determined a t 399 and 482° using octene-1 
and a thoroughly regenerated commercial equilibrium 
catalyst. The partial pressure of hexadecane was 
held constant while the partial pressure of octene- 1  

was varied, and helium was added to keep the total pres
sure a t 1 atm. Conversions were generally around 
2  to 5% and directly proportional to 1 /S  a t otherwise 
constant conditions, which indicates no induction 
period. Hence, each rate was determined from a 
single run using eq. 2 .

As shown in Figure 3, a t 399° the addition of up to 
15% of octene-1 to pure hexadecane greatly increased 
the initial rate of cracking. At higher octene-1 con
centrations, the rate decreased. As shown in Figure 
4, a t 482° the addition of octene-1 also sharply in
creased the initial rate. However, a rather flat maxi
mum was reached a t about 30% octene-1.

The initial rate of cracking of hexadecane appears 
to depend on the concentration of carbonium ions on 
the catalyst. Increasing the olefin partial pressure 
increases the carbonium ion concentration up to a 
point, beyond which the olefins begin to monopolize 
the active sites and prevent adsorption of hexadecane.
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Figure 3. Effect of octene-1 on initial cracking 
rate of pure hexadecane on commercially used catalyst 
at 399° and 0.3 atm. of hexadecane pressure.

the other. In  this case, the hexadecane adsorption 
equilibrium constant was apparently so small compared 
to the octene- 1  adsorption constant that the rate 
equation could be fitted to the data in the approximate 
form

_  kKpKoPpPo
r ~  (1 +  KoPo)2

The constants are summarized in Table II.

(4)

Table II : Effect of Temperature on the Reaction 
Constants for Cracking Hexadecane Containing Octene-1

JcKpKo, kKj?,
mmoles/hr. g. mmoles/hr. g.

Temp., °C. atm.2 Ko, atm .-1 atm.

399 300 10 30
482 270 2 .9 93

P A R T I A L  P R E S S U R E  O F  O C T E N E - 1  , A T M

Figure 4. Effect of octene-1 on initial cracking rate 
of pure hexadecane on commercially used catalyst 
at 482° and 0.4 atm. of hexadecane pressure.

Based on Langmuir type kinetics, the following equa
tion was developed19

=  JcK pK qPpP q

(1 + KpPp + KoPof
where k is the specific reaction velocity constant for 
the decomposition of the adsorbed activated complex, 
Kp and Ko are the adsorption equilibrium constants 
for the paraffin and the olefin, and Pp and Po are their 
respective partial pressures.

Evaluation of k, Kp, and Ko would require extensive 
data on the effects of both the hexadecane and octene- 1  

partial pressures on cracking rates. However, as is 
frequently the case with this type of mechanism, 
one component is much more strongly adsorbed than

From the effect of temperature on Ko, the apparent 
heat of adsorption19 is 15,300 cal./'mole. The con
stants k and Kp cannot be separated with the available 
data. However, the increase in k with temperature 
more than compensates for the decrease in Kp. Actual 
and calculated initial rates of cracking at 399° agree 
well over a wide range of octene- 1  and hexadecane 
partial pressures, as shown in Table III.

Table H I: Comparisons of Observed and Calculated 
Hexadecane Cracking Rates for Various Octene-1 and 
Hexadecane Pressures

H e x a d e c a n e  c r a c k in g  r a t e ,  
✓-----------P a r t i a l  p r e s s u r e ,  a t m . ----------- - ,— ■— -------- m m o le s / h r .  g.----------- —

Octene-1 Hexadecane Calcd. Obsd.

0.0044 0.21 0.25 0.25
0.0074 0.35 0.68 0.73
0.012 0.20 0.55 0.61
0.018 1.00 3.90 3.22
0.019 0.32 1.28 1.75
0.021 0.34 1.44 1.46
0.14 0.33 2.41 2.42
0.37 0.28 1.34 1.35

In  the absence of added olefins, the model predicts 
a zero initial hexadecane cracking rate. Experi
mentally this is not true because Lewis sites catalyze 
the cracking in the absence of olefins. Attempts to 
account for the unpromoted cracking by adding a term 
involving the partial pressure of hexadecane alone

(19) K. J. Laidler, “Catalysis,” Vol. I, P. H. Emmett, Ed., Rein- 
bold Publishing Corp., New York, N. Y., 1954, Chapter 4.
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were unsuccessful; as indicated by the above com
parisons, there is no independent effect of hexadecane 
partial pressure in the presence of octene- 1  other than 
that accounted for by the model. At 482° where 
thermal olefins were present there was little difference 
between the rate with no olefin addition and the rates 
with 1 and 3% octene-1 additions.

Effect of Conversion. The initial cracking rates of 
pure hexadecane were markedly accelerated by the 
additions of relatively large amounts of octene-1 , 
whereas a t about 30% conversion, the rates a t con
stant conditions decreased. The effects of 5 and 20% 
octene-1 a t 482° and 0.35 atm. with steamed fresh 
catalyst are shown in Figure 5 with the conversion- 
space velocity relation for pure hexadecane. In  the 
vicinity of 30% conversion at constant space velocity 
and hexadecane partial pressure, the conversion of 
hexadecane increased by about 5% with 5% octene-1 
but decreased by about 16% with 2 0 % octene-1 .

Figure 5. Effect of octene-1 at various conversion 
levels of pure hexadecane with steamed fresh catalyst 
at 482° and 0.35 atm. of hexadecane pressure.

Since instantaneous cracking rates are determined 
by the slope of the plot of conversion vs. 1 / S  a t any con
version level, the cracking rate of hexadecane is es
sentially constant up to a t least 50% conversion without 
olefin added to the feed; or in other words, the rate is 
constant along the length of the reactor. However, 
with 2 0 % octene- 1  added, which is near optimum for 
accelerating initial rates, the initial rate is four times 
higher (as estimated from increase with commercially 
used catalyst in Figure 4), but then it steadily decreases 
as conversion increases along the length of the reactor

until, eventually, the rate with olefin added is less 
than that without olefin addition. Thus, with the 
optimum amount of olefin in the feed for accelerating 
initial rates of hexadecane cracking, the olefins formed 
from cracking began to retard the rate because of 
competition for active sites.

In  the absence of added olefins, the relatively con
stant cracking rate of pure hexadecane up to 50% 
conversion must result from the promotion of cracking 
by product olefins. Theoretically, if the cracking 
reaction is first order, the curve of conversion vs. 1 /S  
should bend over a t higher conversions because the con
centration driving force is decreasing as feed is cracked 
and diluted with 3.6 moles of product per mole of feed 
cracked. 4 Thus, a t 50% conversion the initial 0.35- 
atm. partial pressure of the feed is reduced by 65%. 
Hence, the cracking rate should be reduced by 65%. 
Instead, the rate is relatively constant from 0 to 50% 
conversion. Apparently, the decrease in concentra
tion is offset by the promotional effect of the product 
olefins.

Kinetics of Hexadecane Cracking
A model for hexadecane cracking should take into 

account the effect of impurities on initial cracking rates. 
However, if impurities or thermal olefins eliminate the 
induction period without any further effects on cracking 
rates, a reproducible kinetic model for the initial 
cracking period can be developed. The effects of feed 
partial pressure on the initial cracking rates of hexadec
ane, containing sufficient impurity to eliminate any 
induction period, were determined for steamed, fresh 
catalyst a t 343, 402, and 482°. The results are shown 
in Figure 2.

A Langmuir type of kinetic model, assuming a simple 
surface-reaction controlling, fits the data 19

where r is the cracking rate, k the specific reaction 
velocity constant for decomposition of the paraffin 
complex on the surface of the catalyst, K  an adsorp
tion equilibrium constant for hexadecane, and P  the 
partial pressure of hexadecane. The constants were 
determined by plotting 1 /r vs. 1 /P , which produced 
a straight line with slope 1/kK  and ordinate intercept 
1  /k . The constants a t 482° were evaluated by the 
least-squares technique because the intercept was too 
close to the origin to evaluate graphically.

The effect of temperature on k and K  is shown in 
Figure 6 . From the slope of the reaction velocity con
stant line, the intrinsic activation energy was found to 
be 30,800 cal./mole; from the slope of the adsorption
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equilibrium constant line, the apparent heat of adsorp
tion was found to be 25,200 cal./mole.

Although the model adequately represents the initial 
stages of cracking, it does not apply a t higher conver
sions. The rate should decrease with increasing con
version because the reactant partial pressure decreases. 
Actually, rates were constant up to a t least 50% con
version. The model will need to be modified to in
clude the promotional effects of olefinic products at 
higher conversions.

Effect of Steam

Compared to helium, steam as a diluent a t a constant 
partial pressure markedly decreased the initial cracking 
rates of hexadecane but a t higher conversions increased 
the effective cracking rates. As shown in Table IV,

Table IV: Effects of Steam and Dry Helium on 
Hexadecane Cracking with Steamed Fresh Catalyst

■Dry helium- —Steam -
S, T, S, T,

Temp., mmoles/ Conv., mmoles/ mmoles/ Conv., mmoles/
°c. hr. g. wt. % hr. g. hr. g. wt. % hr. g.

Differential reactor, 0.30 atm. impure feed

343 47 3.76 1.78 31 3.49 1.07
60 2.91 1.75

482 296 1.93 5.73 201 1.58 3.18
393 1.46 5.73 201 1.39 2.80
829 0.79 6.56 279 1.12 3.13

295 1.25 3.71

Integral reactor, 0.35 atm. pure feed

482 24.6 26.6 24.6 33.5
24.6 27.2 24.6 39.4

24.6 39.6

in a differential reactor a t 343 and 482°, steam reduced 
the initial cracking rates by about 40%. However, 
a t about 30% conversion in an integral reactor a t 482°, 
steam increased conversion by 40% at constant space 
velocity. In  general, initial rates were not a function 
of conversion level, and, hence, no induction period was 
evident. Further, the severe steaming of the catalyst 
before use eliminates any effects of steam on surface 
area during the reaction period.

With cumene cracking, which is generally believed 
to occur on Brpnsted or protonic acid sites, steam in
creased cracking rates. As shown in Table V, com
pared to helium as a diluent, steam increased conver
sion by about 40% at all conversion levels.

Steam may reduce initial cracking rates of hexadec
ane by hydrating the Lewis sites to form protonic type

TEMP. °C (RECIPROCAL ABSOLUTE SCALE)
Figure 6. Effect of temperature on rate 
constant and adsorption equilibrium constant for 
initial cracking of impure hexadecane.

Table V : Effects of Steam on Cumene Cracking at 482°

Catalyst Diluent

Feed
partial
press.,
atm.

S,
mmoles/ 

hr. g.
Conv.,
wt. %

Commercial eqm., Helium 0 .7 790 4 .2
calcined Steam 0 .7 830 5 .8

Fresh, steamed Helium 0.5 3100 24.4
Steam 0 .5 3040 32.2
Helium 0.3 6510 8 .2
Steam 0.3 5620 12.9

acid sites which, although not capable of initiating 
hexadecane cracking, are capable of cracking cumene. 
The hexadecane used to measure initial rates contained 
trace impurities and thermal olefins a t 482° to initiate 
cracking on Brpnsted sites. Hence, if hydrated 
Lewis sites were equivalent to Brpnsted sites, the crack
ing of hexadecane should not be retarded. Apparently, 
hydrated Lewis sites are not sufficiently active to form 
carbonium ions capable of extracting a hydride ion 
from hexadecane even though these sites are sufficiently 
active to crack cumene. If hydrated Lewis sites are 
inactive for hexadecane cracking, the initial rate should 
be reduced by 33%, based on the rates for the two sites 
from Figure 1. This reduction agrees favorably with 
the 40% reduction in initial rates actually observed. 
At higher conversions of hexadecane, steam may in
crease cracking rates by reducing the chemisorption 
of reaction products on cracking sites.
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Conclusion
The concept of both Lewis and Br0 nsted sites on a 

cracking catalyst is very helpful for explaining the ob
served rate phenomena. A Langmuir type of kinetics 
adequately describes initial rates of cracking under 
various conditions. However, the apparent auto- 
catalytic effect of product olefins in sustaining the 
cracking rate up to high conversions requires further 
investigation to develop a kinetic model valid over

the whole range of conversions. Determining whether 
the adsorption equilibrium constants derived from 
kinetic data have any physical significance will require 
further studies with other paraffins and other types of 
hydrocarbons.
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Diffusion—Conductance Relations and Free Volum e in Molten Salts

by C. A. Angell*

Department of Metallurgy, University of Melbourne, Parkville N.2, Victoria, Australia (Received May 27, 1964)

Departures from the Nernst-Einstein equation for a variety of pure molten salts are cor
related by means of “glass transition-based” corresponding temperatures suggested by a 
recent free volume model of transport in molten salts. Coupled with molar volume data, 
these correlations are consistent with the view that mutual ionic interference, rather than 
paired vacancy diffusion, causes the breakdown of the Nernst-Einstein equation in these 
liquids.

The Nernst-Einstein equation

(where Xi is the equivalent conductance, Di the diffusion 
coefficient, and z-x the charge of species i, F  is the Fara
day constant, and T  the absolute temperature), which 
relates diffusion and electrical conductance transport 
processes for cases where the moving species translate 
under identical local conditions, * 1 has been shown by a 
number of studies to be inaccurate for molten salts. 
The observed discrepancies so far have not been re
lated to any other properties of the salts or their con
stituent ions. Here we wish to examine these discrep
ancies in the light of a recent attem pt2 to interpret 
transport in fused salts in terms of a free volume model.

Equation 1 is known to apply accurately in the case of 
very dilute solutions, 3 where only the ion-solvent inter

action is important in both processes. I t  is also 
obeyed within experimental error for certain instances 
of transport in ionic crystals, 4 5 where the density of cur
rent carriers is so small that both processes may be 
considered to involve only interaction between the 
mobile species and the lattice .6 In  these cases it is 
necessary to take lattice-dependent correlation factors

* Argonne National Laboratory, Argonne, 111.
(1) (a) W. Nemst, Z. physik. Chem., 2, 613 (1888); (b) N. F. M ott 
and R. W. Gurney, “Electronic Processes in Ionic Crystals,” Oxford 
University Press, Oxford, 1940; 2nd Ed., Oxford, 1948.
(2) (a) C. A. Angell, J. Phys. Chem., 68, 218 (1964); (b) C. A. Angell, 
ibid., 68, 1917 (1964).
(3) R. Mills and E. W. Godbole, J. Am. Chem. Soc., 82, 2395 (1960).
(4) (a) D. H. Mapother, N. Crookes, and R. Maurer, J. Chem. Phys., 
18, 1231 (1950) ; (b) W. D. Compton and R. Maurer, J . Phys. Chem. 
Solids, 1, 191 (1956).
(5) The validity of the Nemst-Einstein equation in the cases of 
aqueous solutions and ionic crystals has been discussed in detail by
R. W. Laity, J. Chem. Phys., 30, 682 (1959).
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for the tracer diffusion coefficients into account in re
lating the measured diffusion coefficients to the con
ductance .6

A third case in which adherence to the Nernst-Ein- 
stein equation may be expected is that of ionic glass
forming liquids in the vicinity of the glass transition 
temperature, since here also the density of actual cur
rent carriers (moving ions) 6 should be so small that 
interaction between the moving species will not be 
significant.

By application of the free volume concepts of Cohen 
and Turnbull7 to the analysis of transport data, it has 
recently been shown2 that molten salts as a whole be
have as if they would undergo a glass transition if they 
could be undercooled sufficiently without crystalliza
tion occurring. We therefore propose, as a basis for the 
following discussion, that a characteristic temperature, 
T0, may be assigned to each salt at and near which the 
(metastable) liquid would obey the Nernst-Einstein 
equation. The value of T„ can evidently be predicted 
approximately from the electrostatic field strengths of 
the ions in the melt (see Figure 9 in ref. 2b).

From this viewpoint the relation between electrical 
conductance and diffusion in a typical molten salt may 
be seen by considering the effect of reheating a salt 
which has been cooled by some unspecified procedure 
to a temperature below T0 without crystallization hav
ing occurred. At temperatures up to T0, the mobility of 
the ions is, ideally, zero. About T0, the generation of 
“free volume” 7 commences with a rapid increase in the 
expansion coefficient to a value characteristic of the 
liquid state, and diffusive motion of the ions becomes 
possible. While the free volume, and therefore the con
centration of moving ions, is very small, the Nem st- 
Einstein equation should be fulfilled, but as the current 
carrier density increases and interference between 
mobile charge species becomes significant, the probabil
ity of motion in the direction of the field will fall below 
the Nemst-Einstein value. A coupled vacancy type 
mechanism8 may also contribute to the lowering of the 
measured electrical mobility relative to the diffusion 
mobility. The over-all magnitude of the interference 
will be dependent on the concentration of moving ions; 
hence, with rising temperature, the electrical mobility 
will fall progressively behind the diffusion mobility. 
Thus the temperature coefficient for conductance 
should be lower than the corresponding value for dif
fusion, i.e., following eq. 1, dD i/dT  >  d(Xi7,)d7T, or, ex
pressing the temperature coefficients by means of 
“activation energies, ” 9 E Di >  E x, +  RT. The mathe
matical necessity of including R T  in the comparison of 
“Arrhenius coefficients” for diffusion and electrical con
ductance has often been overlooked. Since “Arrhenius

coefficients” for cations and anions in the same salt have 
proved to be the same within experimental error, the 
above line of thought leads us to expect that E D± > 
E a +  RT, where E A is the “Arrhenius coefficient” for 
equivalent conductance of the salt. Examination of the 
available data for molten salts, Table I, columns 9 and 
1 0 , shows this is indeed the case, with the apparent ex
ception of AgN03. 10 Fischer, et al.,11 also have noted 
this trend in the data.

Since the model thus far provides a satisfactory quali
tative explanation of the relative magnitudes of En 
and E a, it is of interest to examine the deviations from 
the Nernst-Einstein equation displayed by the differ
ent salts. From the above reasoning it seems that the 
higher the temperature of measurement is above T0, 
the greater should be the observed departure from the 
Nernst-Einstein equation. The model a t present does 
not enable one to predict the magnitude of the devia
tion for a given salt, since this would require some spe
cific knowledge of the factors determining the degree of 
interference between different cations and anions. 6 7 8 9 10 11

Figure 1. Dependence of N ernst-E instein equation 
deviations on T /  Ta.

(6) A. B. Lidard, “Handbuch der Physik,” Vol. XX, S. Flugge, Ed., 
Springer-Verlag, Berlin, 1957, p. 325.
(7) M. H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164 (1959).
(8) J. O’M. Bockris and G. W. Hooper, Discussions Faraday Soc., 
32, 218 (1962).
(9) Conventional activation energies for transport, when measured 
accurately, generally show a temperature dependence which this model 
attributes to To rather than 0°K. being the theoretical point of zero 
probability of ionic motion. For this reason, it has been suggested 
tha t the term “activation energy” for the “constant” in the Arrhenius 
equation for transport processes is misleading and should be replaced 
by the term “Arrhenius coefficient” referred to a given temperature 
range.
(10) The experimental uncertainty in the Et> values of Tricklebank, 
et al., for N al is ±0.7 keal. (S. V. Tricklebank, L. Nanis, and J. O’M. 
Bockris, J. Phys. Chem,., 68, 58 (1964)) and, as these values appar
ently supersede earlier measurements by Bockris and Hooper,8 it is 
probable tha t N al is no longer an exception to the general finding.
(11) W. Fischer, K. Heinziger, W. Herzogg, and A. Klemm, Z. Natur- 
forsch., 17a, 799 (1962).
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Table I

I’m, °K./ -E j)--------- - ,------ — EAb- ■—Fd± - Fa + R T C—. '■ Acaicd/Ameasd
Salt o O To, "K* To + - I’m Tm +  T + - I’m I’m + T

LiNOs 252 385 1.37 5.49" 6.34e 4.22/ 3.17 0.44 1.29 1.20 1.30
NaNOa 307 285 2.03 4.97e 5.08e 3.37” 3.16 0.50 0.61 1.26 1.31
KNOa 334 237 2.56 5.53e 5.76e 4.06/ 3.70 0.36 0.59 1.40 1.48
RbNOa 310 225 2.59
CsNOa 414 210 3.27 5.61e 6.28e 3.3* 3.1 1.0 1.7 1.65 1.76
AgNOs 210 225 2.15 3.73e 3.84e (3.70/

(3.40*'
2.95
2.88*

-0 .6 2
1-0.44

-0 .5 1
-0 .3 3

1.29 1.27

LiCl 613 390 2.27 2.04 2.04
NaCl 801 290 3.7 8.4’' 7.9’' 2.79k 2.88 3.2 2.7 1.12 1.26
KC1 776 250 4 2 3.62* 3.33
RbCl 722 240 4.15 7.4’ 8.0’’ 4.71* 4.37 0.7 1.4 1.16 1.21
CsCl 646 220 4.2 7 . 8 ’ 7.3’' 5.74* 5.18 0.8 0.3 1.20 1.22
Nal 659 285 3.3 5.0* 7.2* 3.14* 3.16 - 0 .2 2.0 1.09 1.12

T1C1 430 240 2.93 4.5” 4.6” 3.18” 3.18 0.0 0.1 1.88 1.88
PbCl2 501 385 2.01 7.9” 8.2” 5.0° 3.8 1.9 2.2 1.25 1.48
CdCl2 568 400 2.10 ~ 6 ” ~ 6 ” 2.43° 2.43 1.88
ZnBr2 394 450 1.48 16.9r 17.0s 17.7s 14.1 1.6 1.7 2.2*

“ To values are estim ated to  ± 5 °  for nitrates and ± 1 0 °  for chlorides, from Figure 9 of ref. 2b, using Pauling crystal radii. h T  = 50° 
for n itrates for which the tem perature range of m easurem ent has been small, 100° for other salts. ° E& +  R T  values used are the 
mean values from T m to  T m +  50° fcr nitrates, and T m to  T m +  100° for other salts. d Aoaicd is the equivalent conductance calculated 
by eq. 1 from the diffusion coefficients, Ameaad is the experimental value. 1 A. S. Dworkin, R . B. Escue, and E . R. Van Artsdalen, J. 
Phys. Chem., 6 4 ,872 (1960). 1 H. C. Cowen and H. J. Axon, Trans. Faraday Soc., 5 2 ,242 (1956). g J. Byrne, A. Fleming, and F. E . W. 
Wetmore, Can. J . Chem., 30, 922 (1952). h F . M. Jaeger and B. Kapma, Z .  anorg. allgem. Chem., 113, 27 (1920). ’ R . L. Spooner 
and F . E . W. Wetmore, Can. J . Chem., 29, 777 (1951). ’ J. O’M. Bockris and G. W. Hooper, Discussions Faraday Soc., 32, 218
(1962). * I. S. Jaffe and E . R . Van Artsdalen, J . Phys. Chem., 60, 1125 (1956). 1 S. V. Tricklebank, L. Nanis, and J. O’M. Bockris,
J . Phys. Chem., 68, 58 (1964). ”  C. A. Angell and J. W. Tomlinson, in press. “ C. T ubandt and E . Lorenz, Z .  physik. Chem., 87, 513 
(1914). ° H . Bloom and E . Heymann, Proc. Roy. Soc. (London), A188, 392 (1947). p C. A. Angell and J . W. Tomlinson, Discussions 
Faraday Soc., 32, 237 (1962). 5 J. O’M. Bockris, H. Bloom, E. H. Crook, and N. E . Richards, Proc. Roy. Soc. (London), A255, 
558 (1960). r C.-A. Sjoblom and A. Lunden, Z .  Naturforsch., 18a, 942 (1963). * C.-A. Sjoblom, ibid., 18a, 1247 (1963). 1 This result 
is considered improbable. Independent measurements of D zn+o in ZnBr2 (L. Wallin and A. Lunden, Z .  Naturforsch., 14a, 262 (1959)) 
indicate a higher value ( ~ 4 .5 ), more in keeping w ith the highly associated nature of the zinc halides.

However, since correlations obtained in ref. 2b among 
conductance data for various molten salts and salt 
mixtures suggested that a scale of corresponding tem
peratures based on T0 values may prove useful to the 
interpretation of transport data for fused salts, it is 
reasonable to hope that the application of such corre
sponding temperatures in the comparison of deviations 
from the Nernst-Einstein equation for different salts 
may lead to correlations of analytical value. While 
conductance data are generally available, systematic 
studies of diffusion have unfortunately only been made 
for group I  nitrates12 and some alkali metal halides. 8’10 

For these salts, the deviations from the Nernst-Einstein 
equation noted in Table I  in the form of the ratio, 
Acaicd/Ameasd, are plotted in Figure 1 against the ap
propriate T/To  values, where T0 in each case refers to 
the value for the particular salt (Table I).

Despite the limited amount of systematic data avail
able, it appears from Figure 1 that a correlation does

exist for the alkali metal nitrates on the one hand and 
for the halides on the other. Greater weight may be 
placed on the plot for the nitrates since (a) the T /T 0 
values are lower than for the halides, hence are closer to 
the temperature range, <1.7T0, in which the general 
equation of the free volume model

D =  A T 'h c x p ( — fc/ (T  -  To)) (2 )

where A  and k are constants, applies accurately; (b) 
difficulty in obtaining reproducibility has been ex
perienced with the method used for measuring the dif
fusion coefficients in the halides, further measurements 
on N al with the same method10 having led to a revision 
of previous values. In view of the correlation for Cs, 
K, and Na nitrates, some explanation for the discrep
ancy in the case of L iN 03 is required; one interesting 
possibility will be discussed below.

(12) See footnote e in Table I.
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I t  is tempting to extrapolate the plots in Figure 1 to 
pass through the origin to accord with the suggestion 
made in the introduction that the Nernst-Einstein 
equation should be obeyed at the glass transition tem
perature (T/To =  1). This extrapolation may not be 
correct, however, since at low concentrations of moving 
ions near T/To = 1, some form of correlation correc
tion to the tracer diffusion coefficients would probably 
be required, though this factor could not be calculated 
directly as in the case of crystalline solids. The data 
could be represented almost as well by linear plots which 
would yield, a t T/To = 1 , Acaicd/Ameasd values of 0.8- 
0.9, corresponding to correlation corrections similar to 
those required for diffusion in f.c.c. and h.c.p. lattices.

Accepting Figure 1 at face value, the correlations 
suggest that T0 is the only parameter required to predict 
the relative deviations a t a given temperature from 
the Nernst-Einstein equation in the alkali nitrate or 
chloride series. Since T0 itself is obtained from an ex
perimental correlation based on cation radii, the prime 
dependence of the deviation for a given salt in the series 
would be on the cation radius. Thus A0aicd/Ameaad 
should, and does, correlate reasonably well with the 
product T(°K.)rcation, though the plot differs somewhat 
from Figure 1 due to the fact that the T0 dependence on 
1/ r cat ion does not pass through the origin (Figure 9 in 
ref. 2 b).

On the other hand, according to Figure 1 the Nernst- 
Einstein deviations are markedly greater for nitrates 
than for halides. Two alternative explanations for the 
breakdown of the Nernst-Einstein equation for fused 
salts have been advanced. One of these, explicitly 
used in the development of this paper, involves the 
concept of mutual interference13 between ions moving in 
opposite directions under the influence of an applied 
field. The other8 proposes that large holes of approxi
mately twice the ion size arising in the natural thermal 
distribution of hole sizes in the liquid14 15 provide a cur
rentless diffusion path analogous to the paired vacancy 
mechanism in ionic crystals. Figure 1, together with 
estimates of packing densities of ions in the salts, per
mits some comments on the plausibility of these alter
native proposals. In  Table II, packing densities for 
the nitrates and halides are represented by the ratio of 
the molar volumes, F m, a t the designated temperature 
to the (assumed unchanging) total volumes per mole 
of the ions themselves, Vi. Where necessary, Vm/V i  
ratios were obtained by extrapolation of the linear 
density-temperature equations. To judge by the 
findings of Dietzel and Poegel16 for glass-forming ni
trate melts, this procedure should be valid down to 
To.

In computing the values for the nitrate series it has

been assumed that the nitrate ion rotates freely and 
hence behaves as a spherical ion. This is probably close 
to the truth since even in the crystalline state various 
degrees of rotation are possible in most nitrates of uni
valent cations, and in ammonium nitrate complete 
freedom of rotation is found. 16 (See also footnote 2 1 .)

Table II

-— ---------vm/vf-

Salt Tm
T /T o  = 

1
T /T o  = 

2
T / T 0 = 

3

LiNOa 27.05 1.43 1.37 1.58 1.78
NaNOs 28.7 1.54 1.40 1.55 1.72
KNOa 32.4 1.66 1.45 1.58 1.73
CsNOa 38.7 1.87 1.51 1.65 1.79

LiCl 15.43 1.83 1.60 1.80 2.00
NaCl 17.1 2.20 1.75 1.90 2.05
KC1 20.8 2.34 1.80 1.95 2.10
RbCl 23.1 2.34 1.80 1.95 2.10
CsCl 27.1 2.21 1.81 1.94 2.07
Nal 27.4 1.97 1.61 1.77 1.92

a The volumes of the halide and alkali metal ions were calcu
lated from the Pauling radii, and that of N 03~ from the radius of 
2.19 A. used by O. Kleppa and L. S. Hersh, ./. C h em . P h y s . ,  34, 
351 (1961). b Density data were obtained from G. P. Smith, 
G. F. Peterson, and W. M. Ewing, U. S. Atomic Energy Com
mission Reports ORNL-2762 (1959) (for nitrates) and footnote k ,  
Table I  (for halides).

I t appears that the packing density is markedly 
greater in the nitrates than in the halides, the differ
ence being most clearly defined when the comparison is 
made a t equal T /T 0 values. “Double” holes originat
ing purely from a thermal distribution of unoccupied 
space in the liquid would therefore be expected to arise 
more frequently in the looser chloride melts, thus the 
paired vacancy-type argument would lead one to ex
pect greater Nernst-Einstein deviations for the chlo
rides than for the nitrates, which Figure 1 shows is not 
the case. On the other hand, it is reasonable to expect 
interference between moving ions to be greatest in the 
more densely packed salts. Therefore, unless (i) special 
assumptions concerning the distribution of hole sizes 
can be justified, or (ii) it can be demonstrated that, a t

(13) R. W. Laity, Discussions Faraday Soc., 32, 172 (1962).
(14) This model has the advantage tha t such holes become more prob
able with increasing temperature, thus accounting for the increase in 
Nernst-Einstein deviation with temperature, an effect which could 
not be readily understood if a special stability were attributed to 
paired holes as is done in the case of ionic crystals.
(15) A. Dietzel and H. J. Poegel, Proceedings of the 3rd International 
Glass Congress, Venice, 1953, p. 219.
(16) A. F. Wells, “Structural Inorganic Chemistrv,” 2nd Ed., Oxford, 
1950, p. 138.
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least for transport considerations, the nitrate ion does 
not rotate freely enough to behave as a spherical ion, 
then it seems that an interference mechanism provides 
a more consistent explanation of the observed devia
tions.

I t is worth emphasizing the similar values of Y m/V-, 
within the nitrate and chloride groups obtained at 
equal T / T 0 values (Table II). Within each group the 
relative V m/ V i  values do not change rapidly with T / T 0,  

except for the lithium salts. I t  would be consistent with 
the interference mechanism, favored by the above dis
cussion, to link the similar packing densities a t equal 
T/Towith the equal Nemst-Einsoein deviations at equal 
T / T 0 suggested by Figure 1, although the intermediate 
position of N al seems to rule out the possibility that the 
deviations are any simple function of packing density.

Data on salts of divalent cations are only available 
for PbCl2 and ZnBr2, and the latter salt is apparently 
extensively associated in the liquid state . 17 To judge 
by the value of Aoaicd/AmoaSd for PbCl2, the interference 
between Pb + 2 and Cl -  is greater ohan between the alkali 
metal cations and Cl- , which might be expected in view 
of the double charge on the cation.

I t is of interest to note that by comparison of the 
T m /  T n values of Table I  with the reduced melting 
points, tm, quoted by Reiss, et al.,ls in their theory of 
corresponding states for fused salts, one obtains reduced 
glass transition temperatures t0. This comparison for 
the chlorides of Na, K, Rb, and'Cs yields t0 =  0.79 ±  
0.02, compared with rm =  3.2 ±  0.1, i.e., the estimates 
of to by use of Figure 9 of ref. 2b are constant to about 
the same degree as the rm. This seems reasonable since 
glass transition temperatures for molecular liquids of 
the same class are constant on the reduced temperature 
scale. 7 One concludes that the basis for the correlations 
discussed in this paper, viz., the slope of the TV-ionic 
strength plot (see above) is not inconsistent with fused 
salts corresponding states theory and what is already 
known about glass formation in molecular liquids.

Finally, we consider the case of L iN 03, which, ac
cording to the present analysis of results, behaves ab
normally. Since other attem pts , 18’19 notably that of 
Reiss, et al.,ls to correlate properties of uni-univalent 
molten salts of alkali metal cations by means of Pauling 
ionic radii, have found exceptional behavior in the case 
of lithium salts, the present instance should cause little 
surprise, and an attem pt to explain the discrepancy is 
probably premature.

However, the recent work of Stokes, 20 who pointed 
out that ionic radii in vacuo should be considerably

larger than the corresponding crystal radii and pro
ceeded with striking success to apply his concept of van 
der Waals ionic radii to the calculations of ionic hydra
tion energies and crystal lattice energies for a wide 
variety of halides, is very suggestive. In molten 
L iN 03, anion-anion contact must occur, the radius of 
the holes between close-packed rotating21 nitrate 
groups of effective radius 2.19 A . 22 being 0.92 A. com
pared with the Pauling radius of 0.60 A. Following 
Stokes, there may therefore be some value in the notion 
tha t the Li+ ion in molten L iN 0 3 expands toward its 
“in vacuo” radius of 1.14 A.20b to fill the holes between 
the nitrate ions; i.e., a sort of Parkinson’s law “ions 
expand to fill the available volume” may apply to small 
ions. The deviation from the Nernst-Einstein equa
tion for LÍNO3 a t Tm would in fact correlate with the 
results for other nitrates in Figure 1 if the T 0 value for 
L iN 0 3 were 290°, which corresponds to a radius of ap
proximately 0.9 A. The transport data for LiN03 are 
consistent in this respect since it is possible to show that 
E a and its dependence on temperature (Table I) are 
also more appropriate to a Li + radius of approximately 
0.9 A. Against the “swollen” Li+ ion idea, however, 
must be counted the correlations achieved by Kleppa 
and Hersh22 for heat of mixing data for alkali metal ni
trates by use of Pauling radii for the cations and possibly 
also the X-ray data for L il23 in which the anion size is 
comparable with that of the nitrate ion. Concerning 
the latter data, however, some difficulty is encountered 
in interpretation of the radial distribution functions for 
Lil and LiBr, 23’24 which could be taken to indicate an 
Li+ radius greater than the Pauling value. There is, 
a t least, good reason to expect the extreme ion radius 
ratio in LiN03 to lead to abnormal transport behavior.

(17) R. W. Laity, Ann. N . Y. Acad. Sci., 79, 997 (I960).
(18) H. Reiss, S. W. Mayer, and J. L. Katz, J. Chem. Phys., 35, 820 
(1961).
(19) C. Thomas and J. Braunstein, J. Phys. Chem., 68, 957 (1964).
(20) (a) R. H. Stokes, J. Am. Chem. Soc., 86, 979 (1964); (b) R. H. 
Stokes, ibid., 86, 982 (1964).
(21) J. Zarzycki (Discussions [Faraday Soc., 32, 38 (1962)) has 
given reasons for doubting tha t free anion rotation occurs in molten 
LLCOs and LLSOi. On the other hand, the entropy of fusion of 
LiNOa is higher than the fusion plus solid state transition entropies 
for the other alkali metal nitrates (N. J. Davis, S. E. Rogers, and 
A. R. Ubbelohde, Proc. Roy. Soc. (London), A220, 14 (1953)) rather 
than lower as would be expected if nitrate rotation were absent in the 
case of the lithium salt.
(22) See footnote a, Table II.
(23) H. A. Levy, R. A. Agron, and M. A. Bredig, Ann. N . Y. Acad. 
Sci., 79, 762 (1960).
(24) K. Furukawa, Discussions Faraday Soc., 32, 53 (1962).

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  1 9 6 6



4 0 4 Y .  T o m it a , T . A n d o , a n d  K .  U e n o
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The nitrilotriacetic acid chelates of magnesium and copper in aqueous solution have been 
studied at various pH values by infrared spectroscopy using deuterium oxide as the sol
vent. On the basis of the antisymmetric stretching bands of the ionized, un-ionized, and 
coordinated carboxyl groups, the schemes of the chelate formation reactions are proposed. 
In  the case of the magnesium chelate, the stability constant has been estimated from the 
effect of pH upon the spectra.

Introduction
Recently, the applications of infrared spectroscopy 

to the study of metal chelates in aqueous solution have 
provided new information.1-3 In  our previous paper,4 
the chelating behavior of nitrilotriacetic acid (NTA) was 
investigated by infrared spectroscopy in the solid state 
as well as in solution, and the antisymmetric carbonyl 
stretching frequencies of NTA in aqueous solution 
were utilized to determine the state of the carboxyl 
group.

In  this investigation, the infrared spectra of NTA- 
metal chelates in aqueous solution were taken as a 
function of the pH to supplement the information 
obtained by potentiometric measurements.

The metal chelates chosen in this study are magne
sium- and copper (II)-NTA, because they are sufficiently 
soluble in deuterium oxide for the infrared spectral 
measurement. On the bases of the spectral changes 
with pH and of our previous knowledge of the metal- 
NTA chelates, the coordinating structures of NTA 
with these metal ions in solution and a new method of 
determining their chelate stability constant are pro
posed.

Experimental
Infrared Spectra. The infrared spectra in aqueous 

solution were observed using a cell with calcium 
fluoride windows. The measurements were made with 
a Nippon Koken Model DS 301 double-beam spectro
photometer equipped with sodium chloride optics.

Preparation of Metal Chelates and pH Measurements. 
Solutions of metal-NTA chelates were prepared by 
dissolving equimolar amounts of NTA free acid and

metal chloride in deuterium oxide (99.5%) a t concentra
tions approximately 5-10% by weight. The inorganic 
salts used in preparing the complexes were reagent 
grade in all cases. The free acid of NTA (donated by 
Dojindo and Co.) was analytical grade and was used 
without further purification. The pH values of the 
solutions were controlled by the careful addition of 
concentrated NaOD solution from a microburet. 1 2 3 4

Table I : Antisymmetric Carboxyl Absorption Bands (cm.-1)

Mg-NTA complex
Pre

NH+- dominant
pH COOH CHzCOO- COO-Mg species

3.2 1730 1625 i
4.2 1625 n
5.5-10.0 1625 1610 I I ,  V

11.6

Cu-NTA complex

1610 Y

Pre
NH+- dominant

pH COOH CH,COO- COO-Cu species

1.6 1730 1625 I
1.8-11.0 1615 V

(1) (a) K. Nakamoto, Y. Morimoto, and A. E. Martell, J . Am. Chem. 
Soc., 84, 2081 (1962); (b) ibid., 85, 309 (1963).
(2) D. T. Sawyer and J. E. Tackett, ibid., 85, 314, 2390 (1963).
(3) D. Chapman, D. R. Llond, and R. H. Prince, J . Chem. Soc., 3645 
(1963).
(4) Y. Tomita and K. Ueno, Bull. Chem. Soc. Japan, 36, 1069 
(1963).
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The pH values listed were obtained from the solutions 
of the duplicate run using ordinary water and were 
measured with a Hitachi-Horiba Model P pH meter. 
Therefore, the pD values of the deuterium oxide solu
tion used for spectral measurements may be slightly 
different from the conventional pD values, which are 
obtained from the equation, pD =  meter reading 
+  0.40, but they are within the tolerances required 
for meaningful interpretation of the results.

Results and Discussion
When NTA is mixed with a metal ion in aqueous 

solution, the extent of their interaction is governed 
mainly by the solution pH and the kind of metal ion. 
The possible ionic species existing in the solution are 
schematically shown in Figure 1, and the antisymmetric 
carboxyl stretching frequencies of NTA-metal chelates 
are listed in Table I.

I t  has been known that the antisymmetric stretching 
band of the carboxyl group of NTA in aqueous solu
tion occurs in different frequency regions according 
to the state of the carboxyl group, and the band due to 
>N -C H 2COOH, >N H +-C H 2COO-, or > N -C H 2- 
COO" appears a t 1730-1700, 1630-1620, or 1585- 
1575 cm.-1, respectively.19. The similar investigation 
on the metal chelates of NTA has revealed that the 
coordinated carboxyl group gives rise to a band at 
1615-1605 cm.-1.4

This information, together with the knowledge of 
the potentiometric titration,5 6 allows one to follow the 
scheme of reaction which occurs during the chelate 
formation.

Magnesium-NTA Chelate. The carboxylate ab
sorption band of magnesium-NTA chelates is shown as 
a function of solution pH in Figure 2. At pH 3.2 
two peaks a t 1730 and 1625 cm.-1 are observed. As 
the pH is increased, the weak band at 1730 cm.-1 dis-

4* CH.COO"V 2 „IS-CHgOOO
CHgCOOH.

I

~H+ S/Hg000"
M2* N-CH2C00“ 

CHgCOO”

-H+
+ M2* <=*

CH2C00-
H-CH.COO" + K2* \ 2 _CHgCOO

II III
II //

+ CH COO. H+ H/ 2 \  "HM-CH-C00—M <•=»\  2 _CHgCOO

,̂CH2C00, \
COO M 1--->

/ca2coa>
H-CH-COO-\ z , CHgCOO

n un.wv—n 4 . \  2 /CH2C00'
IV V Va

II tl
/'CH,C00.\.7 2 \> H ,H-CHLC00— M j \  2 CH2CO0H

/ ch2ooo.'\
H-CH.COO-H \  2 _CH2COO

VI VII
Figure 1. The solution equilibria of NTA-metal complex.

FREQUENCY, CM .“ 1
Figure 2. Infrared spectra of Mg-NTA complex in D20
solutions:-------- , pH 3.2; ■— ■—-—, pH 4 .2 ; ------- , pH 5.5;
—— , pH 6.8;  ------- , pH 10.0;  ------— pH 11.6.

appears, and a single strong band at 1625 cm.-1 is 
observed. With the further increase of pH, a new band 
appears a t 1610 cm.-1 which grows in intensity a t the 
expense of the 1625-cm.“ 1 peak. Finally, a t the most 
basic pH value, only the peak a t 1610 cm.-1 remains.

According to Nakamoto and others, two bands at 
1720 cm.-1 (vw) and 1623 cm.-1 (m) which appeared 
in a solution of pH 2-3, were assigned to the COOH 
and N H +-C H 2COO~ groups, respectively, of the mono
valent NTA anion (H2A_).la As the spectrum of 
magnesium-NTA a t pH 3.2 is quite similar to that ob
served by Nakamoto for the free ligand in the low pH 
region, it is apparent that there occurs little interaction 
between the ligand and magnesium ion a t this pH 
value (I in Figure 1).

With the increase of pH, NTA is known to dissociate 
to give a divalent anion (HA2-), which shows only one 
band at 1625 cm.-1. Since the change of spectrum of 
magnesium-NTA chelate from pH 3.2 to 4.2 is iden
tical with that of free ligand in the same pH range, no 
coordination of NTA with magnesium ion is indicated 
in this pH region, and the predominant species existing

(5) G. Schwarzenbach, E. Kampitsch, and R. Stener, Helv. Chim.
Acta, 28, 828 (1945).
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in the solution are the divalent ligand anion and free 
metal ion (II in Figure 1). This conclusion is also 
supported by the titration data of magnesium-NTA 
chelate since no appreciable pH drop is observed in 
this pH region.

When the solution pH becomes higher than 4.2, a 
new band a t 1610 cm.-1 is observed. This band, which 
is not observed in the free ligand over the entire pH 
range investigated but is found in the NTA-metal 
chelates, has been assigned to a coordinated carboxyl 
group.4 Since the two bands a t 1610 and 1625 cm.-1 
are observed in the solution of pH 4.2 or higher, the 
ionic species existing in this pH range may be an equi
librium mixture of the divalent ligand anion, free 
metal ion, and the tetracoordinated chelate6 (II and V, 
respectively, in Figure 1), and the last component 
(tetracoordinated magnesium-NTA chelate) exists 
as a single ionic species only at the relatively high pH 
region, where a single band at 1610 cm.-1 is observed.

The increase in absorption at 1610 cm.-1 and the de
crease in absorption at 1625 cm.-1 with increasing pH 
indicate that the intensities of these peaks may be 
proportional to the concentration of ionic species II 
and V, respectively.

Although the peak at 1625 cm._1 could be associated 
with a complex containing an acidic hydrogen, such as 
IV, the pH titration study appears to rule out any 
appreciable amount of such a complex above pH 4.7 *

As is known from the titration data, the chelate for
mation between NTA and magnesium ion occurs in the 
pH region higher than 4.8.6 Thus, the main equi
libria involved in the pH region of 4.2 or higher are

HA2-  +  M 2+ = M A - +  H+ (1)

A3-  +  M2+ =  MA" (2)

However, eq. 2 will be valid only in the relatively 
high pH region, as the third dissociation constant of 
NTA is 10 “ 9-73. Therefore, the main equilibrium, 
which is effective at pH 4-8, will be represented by 
eq. 1, and the equilibrium constant can be given as

(MA-)(H+)
K  (HA2-)(M 2+) Ki (3)

where A m: a and A8 are the stability constants of mag
nesium-NTA chelate and the third acid dissociation 
constant of NTA, respectively.

As previously noted, it is reasonable to assume that 
the intensity of the 1610- and 1625-cm.-1 peaks are 
proportional to the concentrations of ionic species 
MA“ and HA2-, respectively. Then, the relative 
concentrations of MA_ and HA2- can be derived ac
cording to the usual treatment in the spectrophoto-

metric determination of two components mixtures. 
As the spectra a t pH 3.2 and 11.6 are believed to 
represent the divalent ligand anion (HA2-) and the 
tetracoordinated magnesium-NTA chelate, respec
tively, molecular extinction coefficients for both com
ponents can be obtained from their spectra. Thus, 
the concentrations of both components in a solution 
of given pH value may be calculated from the peak in
tensities of 1610- and 1625-cm.“ 1 bands in the spectra 
of intermediate pH value. Plots of such concentra
tions in terms of the absorption intensity against pH 
are shown in Figure 3.

Figure 3. Absorbancy of carboxylate bands of 
Mg-NTA complex as function of pH:
-------- , 1625-cm.“1 b a n d ;-------- , 1610-cm.“1 band.

At the pH values where the intensity of the peak is 
one-half of the original intensity, the concentrations of 
HA2- and MA“ become equal, as the spectral measure
ments were made on the equimolar mixture of metal 
ion and the ligand. Then, eq. 3 can be rewritten as

log A ma =  pA3 -  pH -  log (M2+) (4)

The pH value which satisfies this condition is deter
mined from Figure 3 as 5.65 (1610-cm.“ 1 peak) or 5.9 
(1625-cm.“ 1 peak). Although the agreement of values 
obtained from the two different peaks is not com
pletely satisfactory, the mean pH value 5.75 is used for 
the calculation of the stability constant described 
as follows. To determine the stability constant, A ma, 
the value of pA3 must be corrected for D20  solutions.

(6) Although there is no positive evidence for the presence of a N-Mg 
bond in the Mg-NTA chelate, a recent n.m.r. study proved the ex
istence of nitrogen-metal bonds in the EDTA chelates of alkaline 
earth metals [R. J. Kula, D. T. Sawyer, S. I. Chan, and C. M. Finly, 
J. Am. Chem. Soc., 85, 2930 (1963)]. Therefore, it is likely tha t the 
Mg-NTA chelate exists as V rather than as Va in Figure 1.
(7) G. Sehwarzenbach and E. Freitag, Helv. Chim. Acta, 34, 1492
(1951).
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Figure 4. Infrared spectra of Cu-NTA complex in D /) 
solutions:-------- , pH 1.6; ■—;---- , pH 1 .8 ;--------- , pH 2.3.

This can be done using the equations proposed by Li, 
Tang, and M athur,8 to give a calculated value for 
pK3 of 10.13. The free metal ion concentration (M2+) 
in this condition is equal to 0.5Cm, where Cm is the total 
concentration of metal ion and log (M2+) is calculated 
as —0.86.

Then, one could calculate the stability constant A ma 
from eq. 4. Although the calculated value log A ma =
5.24 does not agree very well with the literature 
values (log A m a =  5.41),6 it is indicative of the validity 
of determining chelate stability constants from in
frared absorption measurements.

Copper-NTA Chelate. Infrared spectra of copper-
(II)-N TA  chelate are shown in Figure 4 as a function 
of solution pH. At pH 1.6, two peaks a t 1730 and 
1625 cm.-1 are observed. However, when the pH is 
increased to 1.8, a new band appears a t 1615 cm.-1, 
the 1730-cm.-1 peak has completely disappeared, and

the 1625-cm.-1 peak can be observed only as a very 
weak shoulder. With further increase of pH, the new 
band at 1615 cm.-1 becomes a well-defined, single 
band which does not change up to pH 11.0.

The two bands a t 1730 and 1625 cm.-1, which are 
observed at pH 3.2 in the spectrum of the magnesium- 
NTA chelate, can be assigned to COOH and N H +- 
CH2COO- , respectively ; both are characteristic of 
the free ligand in the low pH region. Thus, it is clear 
that NTA does not interact with copper(II) ion at 
pH 1.6.

However, in the solution of pH 1.8 or higher, copper- 
(II)-N TA  shows only one peak at 1615 cm.-1, which is 
characteristic of the coordinated carboxyl group. As 
no other band is observed in this pH region, it is fair to 
conclude that the predominant species existing in the 
solution is a tetradentate normal chelate (V in Figure 
1). Thus, in the case of copper, the chelate formation 
reaction represented by the equation

H A -  +  M 2+ =  M A - +  2H+ (5)

occurs instantaneously in a fairly low pH region. 
Since no intermediate stage of chelate formation is 
observed for the copper(II)-NTA chelate, the stability 
constant cannot be derived in this case. Finally, 
it is interesting to note that the copper(II)-NTA 
chelate shows only one carboxyl band at 1615 cm.-1. 
Coordination to the metal of the nitrogen atom and 
three carboxylate groups cannot result in a planar

q CUq  configuration. The absence of a free COO-

band in the 1585-1575-cm.-1 region of the spectrum 
suggests that the nitrogen atom and three carboxylate 
groups occupy four octahedral coordination sites around 
the copper atom in aqueous solution.
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The Kinetics of the Hydrogen—Fluorine Reaction. II. 

The Oxygen-Inhibited Reaction1

by Joseph B. Levy and B. K. Wesley Copeland

Atlantic Research Corporation, Alexandria, Virginia (Received June 9, 1964)

The kinetics of the thermal, gaseous hydrogen-fluorine reaction have been investigated by a 
colorimetric technique. The reaction has been found to be inhibited by oxygen and the in
hibited reaction was studied mainly at 132°, but also from 122 to 162°. The experiments 
have been performed at a total pressure of about 645 mm., with oxygen varying from about 
85 to 500 mm. Nitrogen and helium have been used to maintain the total pressure a t the 
desired value. Hydrogen and fluorine pressures have been in the general range of ^20 -80  
mm. I t  has been found that the rate decreases with added oxygen but reaches a limiting 
value unaffected by further oxygen addition. The limiting rate obeys the expression 
— d(F2)/d i = fc(F2)(H2)‘A fairly well, but the curves of the integrated forms are linear only 
for about the first 50% of reaction, dropping off thereafter. The Arrhenius plot for the 
rates from 132 to 162° is linear, yielding an activation energy of 16.7 kcal./mole. The 
results are discussed in terms of a chain reaction involving the propagation steps, H +  F2 -*■ 
HF +  F; F +  0 2 +  M FOO +  M; and FOO +  H2 HF +  0 2 +  H. Evidence is 
presented for an activation energy of 5-7 kcal./mole for the reaction F  +  H2 -*• HF +  H 
and for a heat of formation for the FOO species of +3.5 kcal./mole.

Introduction

We have recently reported2 the results of a study of 
the kinetics of the thermal hydrogen-fluorine reaction in 
a magnesium flow reactor a t 110° in which a stream of 
hydrogen was mixed with a stream of nitrogen contain
ing 1-5% fluorine. The reaction rate was followed by 
titrating the effluent fluorine iodometrically. The re
sults showed the reaction rate to be independent of sur
face area to volume ratio and hydrogen concentration, 
and to be first order in fluorine. We concluded that the 
reaction was a chain reaction with initiation and ter
mination occurring on the walls. References to earlier 
work on this system are given in that report.

We report here on a further study of this system in 
which we have followed the rate of disappearance of 
fluorine continuously by making use of its absorption 
peak a t 2849 A. The bulk of the results reported here 
were determined at 132° in the presence of oxygen. A 
few measurements have been made at higher tempera
tures.

Experimental
Chemicals. The nitrogen used in this work was 

Southern Oxygen Co. prepurified grade specified as 
99.998% nitrogen with the remainder oxygen. The 
hydrogen used was Southern Oxygen Co. dry elec
trolytic grade, containing no more than 0.2% impuri
ties, including nitrogen and oxygen. The fluorine 
used was General Chemical Co. fluorine. I t  was freed 
of hydrogen fluoride by passage through a potassium 
fluoride trap. The helium used was Southern Oxygen 
Co. helium specified as 99.997% pure grade A.

Apparatus. The Reaction Cells. Two magnesium 
cells have been used in the experiments reported here. 
Each was made from a block of pure magnesium, and 
each was designed to fit into the cell compartment of the 
Beckman DK spectrophotometer. The cell shape in

(1) This work was supported by the Air Force Office of Scientific 
Research of the Office of Aerospace Research under Contract No. 
AF 49(638)-1131.
(2) J. B. Levy and B. K. W. Copeland, J. Phys. Chem., 67, 2156 
(1963).
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each case was that of a cylinder which lay in the cell 
compartment on its side, so that the axis was parallel 
to the light path. One cell, which we call cell I, had 
two axial cylindrical passages machined in it to line up 
with the two light paths in the spectrophotometer. 
One cell path was 1.8 cm. in diameter and the other 
was 0.9 cm. in diameter. Cell II  had only one light 
path. The diameter of this light path was 3.7 cm. ex
cept at the very ends where magnesium end plates were 
welded on to accommodate cell windows, 2.54 cm. in 
diameter. The path lengths in the cells were 10 cm. 
Access was gained to these volumes by drilling 0.32- 
cm. holes from the top of the cylinder. Magnesium 
tubing, 0.64 cm. o.d., was welded to the tops of the 
holes and Teflon valves were swage-locked to these 
tubes. Fused sapphire windows were compression- 
sealed to the ends of the cell through Teflon gaskets. 
(No sign of attack on these windows can be detected 
even after months of use.) The cells were found to be 
vacuum tight. The cells were wrapped with nichrome 
wire for heating. Five thermocouple holes were 
spaced along the cylinder from one end to the other; 
the holes were drilled to within 0.16 cm. of the chamber 
md the temperature was monitored by the thermo
couple readings. Temperature uniformity was very 
good—the differences between the readings of the vari
ous thermocouples did not exceed 0.2°. Temperature 
control was accomplished manually by controlling the 
voltage and temperatures were maintained constant to 
±0.5°.

Apparatus for Filling the Cells. From the cell valve, 
a Teflon tube was split to four Teflon tubes by means of 
Teflon tee units attached by Swagelok fittings. One 
fine went to a mixing vessel, one to the fluorine cylinder, 
one to a glass manifold, and one to a vacuum pump. 
The manifold was fitted with a mercury manometer of 
sufficient length to allow measurement of about 1000 
mm. pressure. The manometer arm connected to the 
manifold was twenty times the diameter of the other 
arm so that essentially all the pressure change occurred 
in the narrow arm. The mercury in the wide arm was 
protected by a layer of Fluorolube oil.

Two types of mixing vessels were used. One was a 
cylindrical Teflon cup 6.3 cm. in diameter and 13.5 cm. 
deep of about 400-ce. capacity. I t  was sealed by 
finding a circular 0.013-cm. sheet of Teflon to the top, 
placing a Viton O-ring on the sheet and a 1.27-cm. thick 
glass plate on the O-ring, and compressing the plate 
against the O-ring mechanically. Access was gained to 
the cup by a Teflon side arm which was threaded into the 
side of the cup. The cup was vacuum tight. I t  was 
fitted with a perforated rectangular Teflon paddle which 
rode in a depression in the bottom of the cup and had a

small bar magnet sealed in the top. The cup contents 
could be stirred by rotating a permanent magnet above 
the glass plate. The other mixing vessel was a 300-cc. 
glass bulb containing a Teflon-clad magnet in the 
shape of a football, and about twenty pieces of Teflon 
tubing, about 2.5 cm. in length and 0.64 cm. i.d. Agita
tion of the bulb contents was effected by a magnetic 
stirrer. The Teflon tubing was thrown around vigor
ously.

Procedure. Rate measurements have been made in 
this work by two techniques. One will be referred to as 
the direct admission technique and the other as the 
premixed technique.

The Direct Admission Technique. In the direct 
admission technique, the components were metered di
rectly into the evacuated thermostated cell. Fluorine 
was always added first and hydrogen last. The fluo
rine pressure was read on the manometer and at the 
same time determined optically. After the fluorine 
had been added, the cell valve was closed, the system 
exterior to the cell evacuated, flushed with the next 
component to be added, and the pressure built up to the 
value desired with the next component. The cell valve 
was then opened and the pressure on the manometer 
brought to the desired value by the addition of more 
gas. This effectively prevented diffusion out of the 
cell, as evidenced by the constancy of the spectro
photometer reading. The remaining components were 
added in the same way.

The Premixed Technique. In this method, fluorine 
was added simultaneously to the mixing vessel, which 
was kept at room temperature, and the cell. This 
allowed us to read the pressure optically and on the 
manometer. The mixing vessel was then shut off and 
the system exterior to it was evacuated. The remain
ing components were then added to the mixing bulb by 
the technique described above for filling the cell. When 
all the components had been added, the mixing bulb 
contents were agitated for 10 min. (see below) and the 
contents expanded into the evacuated cell. The ratio of 
the fluorine pressure, determined optically, as found on 
expansion into the cell to that measured when the mix
ing vessel was filled was 0.85 ±  0.01 for the 1.8-cm. i.d. 
cell compartment a t 132°. This agreed with the value 
found for blank experiments in which the above pro
cedure was repeated, omitting the hydrogen, but making 
the pressure up to 1 atm. in the mixing vessel with 
helium. For the 0.9- and 3.7- cm. i.d. vessels the ratios 
a t 132° were 0.86 and 0.73, respectively.

The Beer’s law constants were measured each day 
that experiments were performed for the pressures 50, 
100, 150, and 200 mm. The pressures were measured 
on the manometer a t room temperature while the cell
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was at its higher temperature. The constants were 
reproducible and the values calculated from the above 
individual points agreed to about 0.5%. At 132°, the 
absorbance, logI 0/ I ,  for the given path length of 10 cm., 
was 0.244 for P  — 100 mm. In the following discus
sion, it seems most convenient to refer to absorbances 
rather than pressures and we shall use the letter A to 
denote absorbance. For purposes of conversion, the 
Beer’s law constant of 0.00244 can be used for 132°.

Results
The Inhibiting Effect of Oxygen. We first applied the 

colorimetric method by the direct admission technique 
to mixtures of fluorine, nitrogen, and hydrogen at 72°. 
Unless otherwise specified, the results discussed refer to 
the 1.8-cm. i.d. compartment in the magnesium cell. 
Smooth rates of disappearance of fluorine were ob
served, but the results were not very reproducible. 
Some typical data are shown in Figure 1 where the 
absorbance is plotted vs. time. Runs A and B repre
sent experiments with identical compositions per
formed at different times. The divergence between 
the curves is typical of the degree of reproducibility.

Since we could not get quantitative reproducible 
results, we performed an experiment with a large 
amount of oxygen to see if the method would reveal a 
qualitative effect. Rim C in Figure 1 differs from the 
other two only in that oxygen has replaced nitrogen as 
the third gas. The rate has been drastically di

Figure 1. The hydrogen-fluorine reaction at 72°: A and B, 
(Fa)0 = (H2)° = 100 mm., (Ns) = 560 mm.; C, (F2)° =
(H2)° = 100 mm., (02) = 560 mm. Total pressure is 760 mm.

minished, well beyond the range of scatter of the other 
runs, indicating an inhibiting effect of oxygen.

We then investigated the possibility of premixing our 
gases a t room temperature with oxygen present. The 
inhibiting effect of oxygen suggested the possibility 
that, in the presence of oxygen, hydrogen and fluorine 
could be premixed at room temperature. We felt that 
if the gases could be premixed, a procedure that would 
be an improvement over the direct admission technique 
could be developed. We therefore investigated this 
possibility.

A series of experiments were performed in the evacu
ated Teflon cup described in the Experimental part. 
Measured amounts of fluorine, helium, oxygen, and 
hydrogen, in the order named, were added to the evacu
ated cup to a total pressure of 1 atm. and were stirred 
for 5 min. The mixture was then expanded into the 
evacuated colorimeter cell and the fluorine concentra
tion was determined. The results are shown in 
Table I.

Table I : Premixing F2-0 2-He-H2 Mixtures at 25°

Pressures in mm. at 25° as made

F„
up in cup 

H2 He 0 2 Results

50 50 660 No reaction in mixer
50 50 560 100 No reaction in mixer
50 50 610 50 No reaction in mixer
50 50 635 25 About 5-10% reaction in mixer
50 50 650 10 Reaction complete in mixer

In the last experiment in Table I, a faint click was 
heard as the hydrogen was admitted to the mixer. 
Experiments similar to those of Table I were then per
formed in which the mixing vessel was a 300-cc. Pyrex 
bulb, equipped with a stopcock lubricated with Kel-F 
stopcock grease. The results agreed with those of 
Table I. Since the Pyrex bulb mixer was more con
venient, it was used in the experiments described be
low. In each experiment, comparison of the absorbance 
registered when the bulb was filled to that registered 
when it was expanded into the cell (see Procedure) 
served to check whether reaction occurred in the mixing 
bulb. No reaction was observed for any of the ex
periments reported below.

The Hydrogen—Fluorine Reaction in the Presence of 
Oxygen at 132°. At the time that these experiments 
were performed, we felt that the lack of reproducibility 
illustrated by Figure 1 was due to the importance of sur
face effects. The inhibiting effect of oxygen suggested 
that termination of chains would be homogeneous with
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Figure 2. The effect of oxygen on the rate of the hydrogen- 
fluorine reaction at 132°: (F2)0 = (H2)0 = 50 mm.
Total pressure = 760 mm. Inert gas is helium.

oxygen present. Since homogeneous initiation would 
be favored at higher temperatures, we felt that a com
pletely homogeneous reaction might be attained if the 
temperature could be raised. This could be done in the 
presence of oxygen and we found that a t 132° the reac
tion could be studied conveniently in the presence of 
oxygen. We have therefore done most of our work at 
that temperature.

General Nature of the Effect of Oxygen at 132°. The 
results of a series of experiments performed by the 
direct admission technique are shown in Figure 2. In 
these experiments the hydrogen and fluorine pressures 
were standardized at 50 mm. each and the pressure was 
kept at 1 atm. with helium and oxygen. The reciprocal 
of the time for 10% of the fluorine to be consumed has 
been taken as a measure of the rate and plotted vs. the 
oxygen pressure. I t  is clear that while small additions 
of oxygen sharply diminish the rate, after about 100 
mm. has been added, further additions have little 
effect, i.e., the curve slopes off very slowly, if a t all.

We shall refer to the flat position of the curve as the 
region of the inhibited reaction. The remainder of the 
results reported here deal with the kinetics of the in
hibited reaction, studied by the premixed method.

The Inhibited Reaction at 132°. The Nature of the 
Reaction Products. In  the experiments described thus 
far, we have assumed that the rate of disappearance of 
fluorine corresponded strictly to the reaction of fluorine 
with hydrogen to form hydrogen fluoride. I t  seemed 
overwhelmingly probable to us that the same assump
tion could be made for the reaction in the presence of 
oxygen. We have two types of evidence to confirm 
this. In  Table I I  of the following section there are

experimental results that show that when fluorine is 
present in excess over hydrogen, the drop in absorbance 
for complete reaction corresponds, within experimental 
error, to the amount of hydrogen present. In addition 
to this evidence, we have compared the quantity of 
hydrogen fluoride formed, in a reaction of a hydrogen- 
fluorine-oxygen-helium mixture, with the fluorine con
sumed and we have found agreement. This was done 
by cooling the cell to room temperature after reaction at 
132°, inserting it in a Perkin-Elmer Model 21 infrared 
spectrometer, and determining the absorbance at 3880 
cm.-1. The intensity was compared to that of stand
ard pressures of hydrogen fluoride and the pressure of 
hydrogen fluoride formed was found by interpolation. 
The ratio of hydrogen fluoride found to twice the fluo
rine consumed was 1.03. We conclude that the rate of 
consumption of fluorine measures the rate of reaction of 
fluorine with hydrogen.

Reproducibility of Results with Premixed Method. 
Before assessing reproducibility, it is necessary to point 
out the level of accuracy that the spectrophotometer 
affords. The level of stability of the instrument and the 
scale of the chart are such that we assign a probable 
error of ±0.25 division for any reading. For the range 
of absorbances (log I  a/I) involved here, this leads to an 
error of ±  1% in the absorbance.

In  examining the reproducibility of our results, we 
found that it was necessary to stir the mixing bulb con
tents for at least 5 min. to ensure homogeneity. This 
was revealed by the results of a group of experiments 
wherein the initial hydrogen pressure was set a t one- 
fourth that of the fluorine, and the reaction was allowed 
to proceed until the absorbance became constant.

Table I I : The Effect of Stirring Time on 
Homogeneity of Mixtures“

Stirring
Initial fluorine 

pressure, ------- Absorbance-------

Change in 
absorbance/

•. 0.25 X initial
time, min. mm. Initial Final absorbance

2 163 0.398 0.285 1.13
5 181 .441 .332 0.99
5 182 .442 .327 1 .04

1 0 171 .417 .309 1.04

0 i =  132 °; initial H2 =  0.25 X initial F2; 0 2 =  212 mm.
He = 222 mm.

The last three readings in the right-hand column are 
equal to unity within the accuracy of our experiments. 
The first reading exceeds unity by an amount well be
yond experimental error. Since hydrogen was the last
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Figure 3. Reproducibility of the data by the premixed 
technique at 132°: O, A: first run in series; A, B: second 
run in series; O, C: third run in series; □, D: second run 
in a series made at a later date; (F2)° = (H2)° = 85 mm.,
(02) = 425 mm., (Nj) = 50 mm. in all runs.

component added to the mixer, the high value for the 
drop in absorbance is interpreted to mean that mixing 
was incomplete and that the gas that expanded into the 
cell was richer in hydrogen than the average composi
tion. A stirring time of 10 min. was adopted for the 
standard procedure.

We then performed experiments in which a series of 
consecutive identical runs were made and the results 
compared. We found that in any series of experiments, 
i.e., a group performed after a lapse of time during 
which the cell was left filled with fluorine, good repro
ducibility was attained from the second run on; the 
first run in a series usually was faster than the rest. 
This is illustrated by Figure 3, where four runs of 
identical starting compositions are shown. The first 
nm  of a series of three, run A, showed faster decrease in 
absorbance than B or C, which in turn agreed well with 
each other. Run D was the second run in a series taken 
a few days later and illustrates the reproducibility at
tained for different series.

The Effect o f  Light. The effect of the amount of fight 
in the spectrophotometer beam was checked by com
paring data obtained when the reactants were exposed 
continuously to the beam and when they were protected 
from the beam by a shutter except for the brief period

required to take a reading. No difference in reaction 
rate was observed and we conclude that the beam has no 
effect.

The Kinetics of the Reaction at 182°. We have per
formed a number of experiments with large pressures of 
oxygen in an attempt to establish the kinetics for the 
inhibited reaction. The results are summarized in 
Table III.

Table III: The Kinetics of the Hydrogen-Fluorine 
Reaction at 132°“

Initial pressure, mm. Initial concentrations in ■Po2, h . s, a.u. ~1/ z
No. Fî Hs absorbance units, a»u. mm. min, _1

1 20.5 20.5 0.050 0.050 512 0.14
2 42.5 42.5 0.104 0.104 425 0.14
3 83.0 83.0 0.203 0.203 425 0.14
4 42.5 85.0 0.104 0.208 425 0.16
5 85.0 42.5 0.208 0.104 425 0.15
6 42.5 170 0.104 0.416 425 0.18
7 42.5 255 0.104 0.624 340 0.20
8 42.5 340 0.104 0.832 255 0.26
9 170 42.5 Explosion on ad 425

10 241 40.5 mitting mix 340
ture to cell

a Total P  = 645 mm. Inert gas = n 2.

The first three entries of Table I I I  represent experi
ments with equal concentrations of reagents. The 
range within which these concentrations could be varied 
was limited on the lower side by the loss of accuracy in 
reading the instrument at lower absorbances, and on the 
high side by the occurrence of explosions a t higher con
centrations.

Our procedure was to plot the absorbance-time curves 
for these experiments and to attempt to determine the 
reaction order from initial slopes. The results from 
entries 1-3 of Table I II  suggested a total order of 1.5 
and we have plotted the data in the integrated form for 
these experiments in Figure 4, viz., ( 2 —
=  ( k / 2 ) t .

The curves in Figure 4 for the two higher pressures of 
reagents, P 0 =  42.5 mm. and P 0 =  85 mm., are vir
tually coincident for the first 10 min. (~40%  reaction). 
The curve for P0 =  21.2 mm. lies above these but paral
lel to them; a sharp initial spurt has raised this curve. 
The curves for the higher two pressures drop off above 
50% reaction while that for the lower pressure is quite 
linear. The rate constants calculated from the initial 
linear portions of the curves for Tables II  and I I I  are 
0.14 absorbance unit_1/! min.-1. A similar value is 
found for entry no. 1 for the region t  = 1.5 min. to t  =
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TIME fo i rates)

Figure 4. Three-halves-order curves for (F2) =  (H 2) a t  132°: 
(F 2)° =  20.5 mm., □; (F2)° =  42.5 mm., O; (F 2)° =  83.0 
mm., A. Oxygen =  425 mm. T otal pressure kep t a t 
645 mm. w ith N2.

30 min. (8% reaction to 58% reaction). These values 
are shown in Table I I I  in the last column.

Experiments in which (H2)° p* (F2)° were also per
formed. The absorbance-time curves showed con
sistent behavior only for the expression — d(F2)/d£ = 
fc(F2) (H2)1/2 and the data were plotted for the integrated 
forms.

These are

ht = = ( tan -
V

V ( H ^
V(F2)o -  (H2)° V““  V(F2)° -  (H2)° 

V (ÏË )
tan-

V ( f 2)
w _ y
» -  (H2) ° / ’

(F2)° >  (H2)°

and

ht
2.303 v

V ( h 2)« -  (f 2)o x

A w V (H ^ °  -  V (H 2)° -  (F2)° 
\  °s  V ( K J °  +  V (H 2)° -  (F2)°

V w 1 -  V m °  -  (F2)°y
og V w *  +  V ( h 2)0 -  (f 2)0'

(H2)° >  (F2)°

In Figure 5 the appropriate functions are plotted for 
the cases (H2)° = 2(F2)° and (F2)° =  2(H2)°. The 
former gives a more linear plot than the latter. The 
rale constants found from the initial portions of the 
curves were 0.16 a.u ._1/2 min.-1 for (H2)° =  2(F2)° and 
0.15 a.u. min.-1 for (F2)° = 2(H2)°. These values are 
also shown in Table III. The rate constants obtained 
in a similar manner for more extreme variations are also 
shown in Table III. The rates tend to increase with

TIME (minutes)

Figure 5. Experiments w ith (F2) =  (H 2) a t  132°: ( 0 2) = 
425 mm. T otal pressure is kep t a t  645 mm. w ith N 2.
□, (H 2)° =  85.0 mm., (F2)° =  42.5 mm. Ordinate is

V(H2)‘ -  V(H2)° -  (F2)° VIH,)» -  V(H2)o -  (F2)°
log-------------------------------------- log-------------------------------------

VCHÔ7 +  V(H2)° -  (F2)» V im ?  +  V(H2)° -  (F2)o 

O, (F2)° = 85.0 mm., (H2)° = 42.5 mm. Ordinate is

tan  1 ^
(H  2)‘ 

(F2)° -  (H 2)°
— tan" 4 (H 2)° 

(F 2)° -  (H 2)°

higher hydrogen pressures, no. 6, 7, and 8. Attempts 
to prepare mixtures with large (F2) : (H2) values, no. 9 
and 10, resulted in explosions.

Experiments with Varying Oxygen Pressure. We have 
employed the integrated 1.5-order expression to check 
the effect of oxygen pressure for experiments with 
(F2)° =  (H2)°. In  Figure 6 are shown plots for experi
ments with (F2)° =  (H2)e = 42.5 and 0 2 = 425,212, and 
85 mm. The curves for the two higher oxygen pres
sures are practically coincident while that for the lowest 
pressure yields a distinctly higher rate. The curve of 
rate vs. Po2 for these reagent pressures thus does be
come horizontal a t 85 mm. <  Po2 <  212 mm.

Temperature Dependence of the Pate. We have per
formed experiments a t 122°, 142°, 152°, and 162° with 
equal reagent concentrations for comparison with the 
results a t 132°. In  all the experiments we have ad
justed the fluorine pressure to give an initial absorbance 
of 0.104, which corresponds to 42.5 mm. at 132°. The 
hydrogen pressure has been kept equal to the fluorine 
pressure. The use of equal initial absorbances means 
that the initial concentrations were the same though the 
initial pressures varied somewhat. The total pressure 
in the mixer was kept a t 1 atm. with nitrogen and the 
oxygen pressure at ten times the fluorine pressure so that
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Figure 6. The effect of oxygen on the 1.5-order rate. 
(F2)° = (H2)° = 42.5 mm. Total pressure is kept at 645 
mm. with nitrogen. 0> 0 2 = 425 mm.; O, 0 2 =
212 mm.; □, 0 2 = 85 mm.

Figure 7. Temperature dependence of the 1.5-order rate.

in all the experiments the oxygen pressure was close to 
425 mm. and the total pressure close to 645 mm. Rate 
constants were found from the initial linear portions of 
the (A*)_1/2 — (A0) -1/2 vs. t curves. The results, sum
marized in Table IV, are plotted as the Arrhenius func
tion in Figure 7.

The data for the higher four temperatures fall on a 
good straight line while the point for 122° falls well off. 
The line drawn through the points for 132-162° yields

LG7-4 exp
-16,700 ±  1000

The indicated precision in the activation energy is 
based on slopes of various lines drawn visually through 
the above points.

Table IV: Temperature Dependence of the 1.5-Order 
Rate Constant, fa.e

T e m p . ,  ° K . & i.B , a . u . - V »  m i n . -1 ki,e, I . V 2 m o l e - 1 / 2  sec .

395 0.13 0.017
405 0.15 ±  0.01 0.020 ±0.001
415 0.28 0.037
425 0.44 0.058
435 0.68 0.089

The Effect of Surface Area: Volume Ratio. We have 
performed experiments in the 0.9-cm. i.d. compartment 
of cell I and the 3.7-cm. i.d. compartment of cell I I  and 
compared the results with those obtained in the 1.8-cm. 
compartment of cell I where the bulk of our experiments 
have been performed. The mixture compositions were 
the same as those of entry 2 of Table III. The curves 
obtained for the (A,)“ 1/2 — (A0) _V2ys. t function were 
similar in shape to those obtained in the 1.8-cm. cell; 
see Figure 4. The rate constants calculated from 
these curves were 0.13 a.u._1/2 min.-1 for the 0.9-mm. 
i.d. cell and 0.16 a.u ._1,/2 min.-1 for the 1.8-cm. i.d. cell. 
These results are barely outside the experimental 
scatter of our data and indicate a possible heterogeneous 
contribution to the rate of around 5%.

Discussion

The following results from this paper and the preced
ing one2 must be considered: (a) at 110°, in the absence 
of oxygen and in a dilute stream, the rate of the hy
drogen-fluorine reaction is independent of the hydrogen 
concentration and the surface area concentration and is 
first order in fluorine; (b) the reaction is inhibited by 
oxygen and the inhibition is such that, for given hy
drogen and fluorine pressures, the rate reaches a limiting 
value at some oxygen pressure and does not decrease 
further with further oxygen addition; (c) in the region 
where the rate has leveled off, the kinetics are expressed 
by — d(F2)/d i =  &(F2)(H2)‘/2 for about the first 50% of 
reaction; (d) over the temperature range 132-162°, an 
activation energy of about 17 kcal./mole is found.

The Nature of the Inhibition by Oxygen. In  our 
earlier paper,2 we proposed that the uninhibited reac
tion at 110° was a chain reaction in which initiation and 
termination occurred at the walls, and the chain propa
gation steps were

F +  H2 —>■ HF +  H (a)

H +  F2 —>  HF +  F (b)

We feel this is still a valid conclusion. The most reason
able explanation for the inhibiting effect of oxygen is

The Journal of Physical Chemistry



K i n e t i c s  o f  H y d r o g e n - F l u o r i n e  R e a c t i o n 415

that it interferes in some way with the above steps 
and we consider the two alternatives

H +  0 2 +  M -—>■ H 0 2 +  M (c)

and

F +  0 2 +  M - FOO +  M (d)

Step c is a well-known reaction. Step d is written on the 
basis of analogy with (c) and with the similar step which 
has been written for the chlorine atom3 and, like them, 
is assigned a zero energy of activation. We shall pre
sent evidence below that AHi for F 0 2 is about +3.5 
kcal./mole so that step d would be exothermic by about 
15 kcal./mole. I t  should therefore be a rapid reaction. 
The inhibition then consists of step c competing with 
step b or step d competing with step a.

If the above description for the reaction were com
plete, the reaction rate would drop off steadily as oxygen 
was added and would not level off. One possible ex
planation for the observed behavior is that in the re
gion where the rate levels off, all chains have been sup
pressed and the residual reaction is occurring com
pletely on the surface. The experiments in which the 
surface area ¡volume ratio was varied indicated a small 
heterogeneous contribution to the rate but were not 
consistent with the entire reaction proceeding on the 
walls. We therefore rej ect this explanation.

We feel that the most plausible explanation is that in 
the region where the rate is independent of oxygen, the 
inhibiting step is much faster than the step it competes 
with; i.e., step d is much faster than step a or step c is 
much faster than step b, so that further oxygen addi
tion does not lower the rate. The fact that the limiting 
value of the rate is not zero requires that the species 
formed in either step c or step d continue the chain.

Activation Energy Calculations for Elementary Reac
tions. Before discussing this point, let us consider the 
consequences of the proposal that the inhibiting step is 
much faster than its competitor in the region where the 
rate is independent of oxygen. If we consider steps a 
and d, then we may say that for (02)/(H 2) =  5, step d 
is roughly 100 times faster than step a, i.e.

fca(F) X (02) X (M) = 100fca(F) X (H2)

then

ka =  0.05fcd X (M)

I t  seems reasonable to assign the same value to k,i as 
has been reported for ke, i.e., 108-1 l.2 mole-2 sec.-1.4 
Since (M) in these experiments was about 0.03 mole/1., 
fca s=s 10.6-31. mole-1. If we take 1091. mole-1 sec.-1 as 
a reasonable pre-exponential factor for fca,5 we arrive at 
an activation energy of 7 kcal./mole for reaction a. If

the multiplying factor above is 10 rather than 100, a 
value of 5 kcal./mole is found. If we proceed in a 
similar way for the competition between steps b and c, 
we conclude that step b has an activation energy of 5-7 
kcal./mole.

Of these two alternatives, the former is more attrac
tive on theoretical grounds. If we consider the chlorine 
atom analog of step b

H +  Cl2 —>  HC1 +  Cl (e)

we find that there is good evidence for an activation 
energy of 2-4 kcal./mole.6 Although it is not possible 
to predict activation energies, it is generally observed 
that in closely related reactions, such as (b) and (e), the 
reaction in which the bond broken is weaker7 or in 
which the exothermicity is greater8 has the lower acti
vation energy. The F -F  bond dissociation energy is 37 
kcal./mole,9 compared to 58 kcal./mole for Cl-Cl.10 
Step b is exothermic by 98 kcal./mole compared to 45 
for step e. On either basis, then, we would expect step 
b to have an activation energy of 0-3 kcal./mole rather 
than 5-7 kcal./mole.

On the other hand, it is of interest to compare step a 
to some related reactions. This is done in Table V.

Table V : Comparison of Atom Reactions w ith H 2

Reaction Exothermicity, kcal./mole

Activation
energy,

kcal./mole

D +  H 2 H D  +  H" 0 5 .5
Cl +  H 2 H Cl +  H 6 — 1 (endotherm ic) 5 .0
OH +  H 2 —- H 20  -f- H c 15 5.9 -10
F  +  H 2 H F  +  H 30 5-7

“ See ref. 5. b P . G. Ashmore and J . Chanmugam, Trans. 
Faraday Soc., 49, 254 (1953). ° F . K aufm an and F. P . Del- 
Greco, N in th  Symposium (In ternational) on Combustion, Aca
demic Press, New York, N . Y., 1960, p. 659.

I t  is interesting that in these reactions, where the 
bond broken is the same in each case, the activation

(3) S. W. Benson and J. H. Buss, J. Chem. Phys., 27, 1382 (1957).
(4) S. W. Benson, “The Foundations of Chemical Kinetics,” Mc
Graw-Hill Book Co., Inc., New York, N. Y., 1960, p, 310.
(5) See ref. 4, p. 292.
(6) See ref. 4, p. 340.
(7) J. O. Hirschfelder, J. Chem. Phys., 9, 645 (1941).
(8) N. N. Semenov, “Some Problems in Chemical Kinetics and Re
activity,” Vol. I, Princeton University Press, Princeton, N. J., 1958, 
pp. 29-33.
(9) A. L. G. Rees, / .  Chem. Phys., 26, 1567 (1957).
(10) L. Pauling, “The Nature of the Chemical Bond,” 3rd Ed., Cor
nell University Press, Ithaca, N. Y., 1960, p. 85.
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energies are similar even though the exothermicities 
vary rather widely. The assignment of the value of
5-7 keal./mole to the activation energy of step a thus 
seems quite plausible.11-13

We therefore proceed on the assumption that step d 
is the inhibiting step and propose that the species FOO 
may continue the chain via the reaction

FOO +  H2 — > HF +  0 2 +  H (f)

The inhibition thus consists of replacing the chain car
rier F  by the less active chain carrier FOO.

The Heat of Formation of FOO. In order to assess the 
plausibility of step f, it is necessary to consider its 
thermochemistry, which in turn necessitates an esti
mate for AHi of FOO. To make this estimate, we 
start with the molecule F20 2 for which, it has recently 
been found,11 12 13 14 15 the structure is F-O-O-F. The heat of 
formation for F20 2 has been measured as +4.73 ±  
0.030 kcal./mole.16 If we consider the dissociation

F20 2 FOO +  F (g)

it is clear that we can find AHt for FOO if we can esti
mate the enthalpy change for reaction g. For this we 
turn to the results of Schumacher and Frisch16 on the 
thermal decomposition of F20 2. They reported the 
reaction to be first order and to yield the expression k =
5.9 X 1012 exp — 17,300/FT sec.-1. The most reason
able rate-determining step for this reaction is the above 
step g; we therefore estimate the enthalpy change in 
step g as ~ + 1 7 .3  kcal./mole, and hence the heat of 
formation of FOO as +3.5 kcal/mole. As we men
tioned earlier, this figure leads to a value of 15 kcal./ 
mole for the O-F bond in FOO. These figures are 
much lower than would be expected by comparison with 
the related compound OF2. There the average bond 
strength is about 45 kcal./mole,16 while the thermal de
composition of this species has an activation energy of
40.6 ±  3 kcal./mole.17 This latter value can plausibly 
be assigned to the dissociation energy of the first O-F 
bond. However, the O-F bond distance in F20 2 is 
substantially greater than that in OF2, 1.58 A. vs. 
1.41 A.,14 indicating that the O-F bonds in the former 
are much weaker than those in the latter. The assign
ment of 17.3 kcal./mole for the enthalpy change of step

g is thus consistent with the relation of the O-F bond 
lengths in the two fluorine oxides.

We now return to reaction f. The above value for 
the heat of formation of FOO, combined with the values 
— 64 kcal./mole for HF and +52 kcal./mole for H ,10 
allow us to calculate the enthalpy change of reaction f. 
I t  is exothermic by 15.5 kcal./mole and is therefore a 
reasonable chain-propagating step. If we compare it 
to step a we find the latter to be the more exothermic 
(30 kcal./mole vs. 15.5 kcal./mole). In addition, two 
bonds are broken in step f while only one is broken in 
step a. I t  is thus reasonable that replacement of step 
a by step f in the chain propagation sequence should 
lower the rate substantially.

General Comments on the Reaction Mechanism. We 
thus conclude that the chain-propagating steps for the 
oxygen-inhibited hydrogen-fluorine reaction are steps 
b, d, and f. We are not prepared at this time to write 
the initiation and termination steps and hence do not 
propose a complete mechanism for the reaction. The 
principal difficulty is that the experimental data, par
ticularly for the region beyond 50% reaction, do not 
obey the rate expression written earlier, — d(F2)/d f = 
/c(F2) (H2) 1/2 as precisely as would be desired. Thus the 
kinetics do not offer a clear test for any proposed 
mechanism. I t  is quite possible that a more complex 
expression would represent the data better. In  the 
absence of a mechanism, also, we do not feel that a de
tailed interpretation of the observed activation energy 
is possible. The observed value is certainly consistent 
with a chain reaction. We hope that further study of 
this reaction will allow us to establish conditions where 
the kinetics can be determined unequivocally.

(11) Schumacher12 derived on energy of activation of 7.5 kcal./mole 
for reaction a by deductions from data reported by Bodenstein and 
Jokusch13 for the photochemical reaction. In this derivation it was 
assumed that H reacted with F 2 a t every collision.
(12) H. J. Schumacher, “Chemische Gasreaktionen,” Theodor Stein- 
kopff, Leipzig, 1938, p. 443.
(13) M. Bodenstein and H. Jokusch, Z. anorg. allgem. Chem., 231, 24 
(1937).
(14) R. H. Jackson, J. Chem. Soc., 4585 (1962).
(15) A. D. Kirshenbaum, A. V. Grosse, and J. G. Aston, J. Am. Chem. 
Soc., 81, 6398 (1959).
(16) H. J. Schumacher and P. Frisch, Z. physik. Chem., B24, 332 
(1934).
(17) W. Koblitz and H. J. Schumacher, ibid., B25, 283 (1934).
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The Effect of Molecular Weight on the Melting Temperature and 

Fusion of Polyethylene1 2

by J. G. Fatou and L. Mandelkern

Department o f Chemistry and In stitu te  o f Molecular B iophysics, Florida State U niversity, Tallahassee , Florida 
(Received Ju n e  22, 1964)

The fusion process, melting temperature, density, and wide-angle X-ray diffraction of 
carefully crystallized molecular weight fractions of linear polyethylene encompassing a 
molecular weight range from 3 X 103 to 1.5 X 106 have been investigated. For molecular 
weights less than 50,000 the densities a t room temperature are very close to the value of 
the unit cell, and the wide-angle X-ray diffraction patterns are typified by very sharp re
flections and the absence of the usual halo. Above this molecular weight a monotonic de
crease of the density with molecular weight is observed. The reflections in the X-ray 
pattern broaden and the halo appears. These results can be given a consistent explanation 
in terms of the relation of the crystallite size to the extended chain length and the co
existence of amorphous regions in the higher molecular weight range. The melting tem
peratures also depend on molecular weight and reach an asymptotic value of 138.5°. The 
difference between the observed melting temperature and that calculated for equilibrium 
also depends on molecular weight and can be explained, over the complete range, by as
suming crystallite sizes in the chain direction comparable to those of the nuclei from which 
they are formed. To obtain quantitative agreement, however, nucleation theory perti
nent to chains of finite length must be employed. Independent confirmation of the crys
tallite sizes that are calculated is obtained from other reports dealing with low-angle 
X-ray diffraction and electron microscopic examination of fracture surfaces. For the low
est molecular weights the fusion curves are broad as expected, become extremely sharp 
in the range 12,500 to 50,000, and then significantly broaden as the molecular weight is in
creased. The question as to whether the breadth of melting, characteristic of the higher 
molecular weight species, is attributable to the coexisting amorphous regions or the nature 
of the crystallites remains at present unresolved.

Introduction
The crystallization of long-chain molecules from the 

melt results in a polycrystalline substance of rather 
complex morphology. Despite these complexities, 
the kinetics of the crystallization process has been 
shown to adhere remarkably well to the general mathe
matical formulation for the kinetics of phase changes, 
and the fusion process has been successfully treated as a 
first-order phase transition.2a'b With rare exception, 
most of these studies have been accomplished with un
fractionated polymers possessing a very broad molecu
lar weight distribution. In the few exceptions where 
molecular weight fractions have been utilized, the

range of molecular weights studied has been limited. 
The recent investigation by Chiang and Flory3 has em
phasized the importance of molecular weight fractions 
on the sharpness of the fusion process and on the ob
served melting temperature. In order to further ex
plore the role played by molecular weight homogeneity 
in the fusion process and in the morphological nature

(1) This work was supported by a grant from U. S. Army Research 
Office (Durham) and a contract with the Division of Biology and 
Medicine, Atomic Energy Commission.
(2) (a) P. J. Flory, Science, 1 2 4 ,  53 (1956); (b) L. Mandelkern, 
“Crystallization of Polymers,” McGraw-Hill Book Co., New York, 
N. Y., 1964.
(3) R. Chiang and P. J. Flory, J . A m . Chem. Soc., 8 3 ,  2857 (1961).
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of the crystalline state of long-chain molecules, we have 
investigated these properties over a molecular weight 
range of 3 X 10s to 1.5 X 104 5 6. In addition, following 
the theoretical discussion of Flory and Vrij, 4 8 a connec
tion can be made between the melting of the molecular 
crystals formed by the w-paraffins and the crystals 
formed by polymers. Although our major concern in 
the present report is the fusion process, cognizance 
must be taken of the crystallization kinetics and mech
anisms from the melt, to avoid the complication of 
comparing indiscriminate and poorly crystallized speci
mens. To this end, all our samples were isothermally 
crystallized from the melt at comparable high tem
peratures under prescribed and reproducible conditions. 
All subsequent cooling and heating processes are care
fully detailed since they influence the results signifi
cantly.

Experimental
Materials. Molecular weight fractions of the linear 

polyethylene were obtained from either unfractionated 
Marlex-50 o a polymer obtained from the Union Car
bide Co. or from a polymer prepared by the decomposi
tion of diazomethane using boron ester catalysts .6 

The fractionation of the commercial whole polymers 
was accomplished by utilizing conventional elution 
column techniques.6 - 8  p-Xylene and hydroxyethyl 
butyl ether were used as solvent and nonsolvent, re
spectively, and the fractionation was carried out at 
127°. In decalin a t 135°, the intrinsic viscosity of the 
whole polymer was 1.95 g.~' 100 ml. This corresponds 
to a molecular weight of 180,000 according to the rela
tion, [17] = 2.55 X 10-4Mw°-74, given by Billmeyer and 
De la Cuesta9 for unfractionated linear polyethylene. 
Twenty-four fractions were obtained from each of these 
fractionations. The viscosity average molecular weights 
of the fractions were obtained from intrinsic viscosity 
measurements in decalin at 135° using a Ubbelohde 
type viscometer as modified by Flory, Ciferri, and 
Chiang. 10 The relation [77] = 6.2 X 10- 4M „ ° - 70 as es
tablished by Chiang11 was used, and it was not neces
sary to apply any kinetic energy corrections. Be
cause of the theoretical uncertainty in accurately deter
mining molecular weights in the low molecular weight 
range, from relations of the type cited above, number- 
average molecular weights were also determined for 
fractions having a molecular weight less than 1 0 ,0 0 0 . 
A Mechrolab Model 302 vapor pressure osmometer, 
utilizing decalin as a solvent at 130°, was utilized for 
this purpose. 12 The number-average molecular weights 
in this molecular weight range agreed, within 1 0 %, with 
those calculated from intrinsic viscosity measurements. 
The molecular weights of the fractions obtained from

the above sources ranged from 1 X 103 t o 4  X 106. 
The typical very broad molecular weight distribution 
for Marlex-50 with its high proportion of low molecular 
weight components was observed.

In decalin a t 135°, the intrinsic viscosity of the poly
mer prepared from diazomethane was 11.65 g . - 1  100 
ml., which corresponds to a molecular weight of ap
proximately 2 X 10®. After extracting the lowest 
molecular weight fractions with a mixture of p-xylene- 
hydroxyethyl butyl ether at 127°, the column fractiona
tion was carried out at 140° using tetralin and hy
droxyethyl butyl ether as the solvent-nonsolvent mix
ture. Twelve fractions were obtained with molecular 
weights (determined by intrinsic viscosity) ranging 
from 5 X 105 to 1.5 X 106. In the fractionation of 
this polymer there appears to be some overlapping of 
the fractions, and, hence, the efficiency of the fractiona
tion is not deemed so good as that for the lower molecu
lar weight samples.

A summary of the samples used in this work and their 
molecular weights is given in Table I. Thed esigna- 
tion R-2 and R-3 correspond to the two different frac
tionations of Marlex-50 while PM refers to the frac
tionation of the polymer prepared by the decomposition 
of diazomethane.

Procedures. The dilatometric techniques utilized in 
studying the fusion process, by means of observing the 
changes in the density of the specimens, have been 
previously described in detail. 13' 14 After being dried 
in vacuo for 48 hr. at 50°, the samples were pressed into 
the form of thin sheets by compression molding and 
then cut into thin strips. A sample weighing from 0.2 
to 0.5 g. was inserted into the dilatometer which used 
mercury as a confining fluid. To convert the dilatom
eter capillary readings into specific volumes, the 
volumes of the mercury and polymer samples were 
computed from their weights. The specific volume of 
the liquid polymer, which served as a convenient refer-

(4) P. J. Flory and A. Vrij, J . A m . Chem. Soc.., 85, 3548 (1963).
(5) L. Mandelkern, M. Heilman, D. W. Brown, D. E. Roberts, and 
F. A. Quinn, Jr., ibid., 75, 4093 (1953).
(6) P. S. Francis, R. G. Cook, and J. H. Elliot, J . Polym er Sei., 31, 
453 (1958).
(7) P. M. Henry, ibid., 36, 3 (1959).
(8) R. Chiang, private communication.
(9) M. O. De la Cuesta and F. W. Billmeyer, J . Polym er Sei., A l, 
1712 (1963).
(10) P. J. Flory, A. Ciferri, and R. Chiang, J . A m . Chem. Soc., 83; 
1023 (1961).
(11) R. Chiang, J . Polymer Sei., 36, 91 (1959).
(12) L. W estermann, private communication; we wish to thank  Dr. 
W estermann for so kindly performing these measurements for us.
(13) P. J. Flory, L. Mandelkern, and H. K. Hall, J . A m . Chem. Soc., 
73, 2532 (1951).
(14) L. M andelkern and P. J. Flory, ibid., 73, 3206 (1951).
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Table I : Molecular Weights and Crystallization Times for
Samples Studied

C r y s t a l l i z a t i o n C r y s t a l l i z a t i o n
t i m e  a t  1 3 0 ° , h a l f - t i m e ,

S a m p l e M r, d a y s m in .

R-2-6 3,300 10° 2650
R-2-8 5,300 46 1250
R-2-9 12,500 28 5000
R-2-10 20,000 5 470
R-2-11 47,000 13 350
R-3-8 200,000 3 200
R-3-9 425,000 4 1000
PM-3 1,000,000 22
PM-9 1,300,000 22 7000
PM-11 1,470,000 22 7300
PM -12 1 ,550,000 22 6400

* Crystallized at 126°. 6 Crystallized at 127°.

ence point, was provided by the relationship given by 
Chiang and Flory . 3 In certain specific experiments 
the specimens were isothermally crystallized from the 
melt in vacuum-sealed tubes for 40 days at 130° and 
then cooled to room temperature over a 24-hr. period. 
The densities of the specimens were measured at 25° 
in a toluene-dioxane solvent gradient column which 
had been previously calibrated with glass floats to give 
a density range of 1.002 to 0.9398 (±0.0001) g./cm.3. 
The agreement between the densities thus observed, 
with corresponding samples in the dilatometer which 
underwent an identical crystallization and thermal cycle 
was better than 3 parts per 1000 in every case.

The degrees of crystallinity of the samples, 1 — X, 
were calculated from the observed specific volumes as
suming the additive contribution of the specific volume 
of the crystalline and amorphous portions. The appro
priate specific volume-temperature relations for the 
completely crystalline and completely amorphous 
polymers are available from the previously cited data of 
Chiang and Flory . 8

With the exception of R-2-6 and R-2-8, all of the 
fractions were crystallized from the melt, in a dilatom
eter at 130° for a sufficient length of time so that essen
tially no further crystallization would occur at this 
temperature. The time required to accomplish this 
was predetermined through studies of the isothermal 
crystallization kinetics of the various molecular weight 
fractions. 15 For this set of experiments, studies of the 
fusion process were then initiated without any further 
lowering of the temperature. Fraction R-2-6 was 
crystallized at 126° (crystallization at an elevated 
temperature being impracticable, despite the large 
amount of time invested), and fraction R-2-8 was 
crystallized at 127° for the same reason. A summary

of the time required for the crystallization at 130° is also 
given in Table I, as are the half-times for crystallization 
at this temperature.

In another set of experiments, after completion of the 
crystallization process at 130°, the dilatometers were 
cooled to room temperature over a period of 24 hr. 
As has been indicated previously, the densities calcu
lated dilatometrically agreed quite well with those 
directly measured. In these experiments the fusion 
studies were initiated at room temperature.

For certain specific cases, after the cessation of crys
tallization at 130° the dilatometers were quickly trans
ferred to a thermostat at 125°, and the decrease in 
specific volume was studied as a function of time. A 
stationary value in the specific volume was attained in 
approximately 24 hr. This process was repeated by 
lowering the temperature in 5° intervals to 25°.

The fusion process of the samples crystallized in the 
manner described above was studied by investigating 
the specific volume-temperature relation upon heat
ing. Starting at either 25 or 130°, depending on the 
previous crystallization history, the temperature was 
raised according to a fixed schedule. For experiments 
where the temperature was initially 130°, the tempera
ture was raised from 130 to 135° a t the rate of 1° per 
day and from 135° to the melting temperature at 0.5° 
per day. The samples were held at the melting tem
perature for 24 hr., and the liquidus was established 
by heating a few degrees above it. For the dilatom
eters which had been lowered to room temperature, 
the heating process followed the schedule previously re
ported , 16*1 15° per day from 25 to 100°, 5° per day from 
100 to 125°, 1° per day from 125 to 137°, and 0.5° per 
day above 137° until completion of melting. In certain 
specific experiments the temperature interval from 70 to 
100° was traversed at the slower rate of 5° per day. 
As has been previously indicated,3'4'16b for samples crys
tallized in the manner indicated above recrystallization 
processes were not observed during the heating cycle. 
The specific volume of the sample increased rapidly to a 
constant value after each successive elevation of the 
temperature. However, for temperatures within 3° 
of the melting point, the time required was more pro
longed, and at least 24 hr. was required for a constant 
specific volume to be reached.

Results
Density and Degree of Crystallinity. The densities 

of the various molecular weight fractions after crystal-

(15) J. G. Fatou and L. Mandelkern, to be published.
(16) (a) F. A. Quinn, Jr., and L. Mandelkern, J . A m . Chem. Soc., 80, 
3178 (1958); (b) L. Mandelkern, Rubber Chem. Technol., 32, 1392 
(1959).
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Figure 1. Plot of density as a function of molecular weight for 
linear polyethylene fractions: O, after crystallization at 130°; 
• ,  after subsequent cooling to room temperature.

Figure 2. Plot of degree of crystallinity, 1 — X, as a 
function of molecular weight for linear polyethylene 
fractions: O, after crystallization at 130°; • ,  after 
subsequent cooling to room temperature.

lization from the melt at 130°17 for a requisite length of 
time, to ensure no further crystallization at this tem
perature, are plotted in Figure 1, as are the densities 
observed after subsequently cooling the samples to 
room temperature. After crystallization at 130°, a 
maximum density of 0.9313 is reached for M, = 2 X

1 0 4; the density then decreases monotonically with in
creasing molecular weight to a value of 0.8477 for M v 
=  1.55 X 106. As is indicated in Figure 2, this corre
sponds to a variation in the degree of crystallinity from 
82 to 37%, the latter being a significantly low value 
for polyethylene resulting from the extremely high 
molecular weights employed.

The densities of the samples, after cooling to room 
temperature over a 24-hr. period, follow a similar pat
tern, as far as their dependence on molecular weight is 
concerned. We note that, for M  <  20,000, densities 
very close to unity are observed, unity being the density 
of the unit cell. In particular, for M  = 20,000, a 
density of 0.9935 is achieved which corresponds to a 
degree of crystallinity of 96.5%. This appears to be 
among the highest values reported for polyethylene 
crystallized in the bulk. The degree of crystallinity, 
at room temperature, for the lower molecular weight 
samples also lies in this range. The intensity and de
gree of crystallinity upon cooling increase progressively 
with an increase in molecular weight. For a molecular 
weight of 1.5 X 106, the degree of crystallinity increases 
from 37 to 70% while, for M  = 20,000, the increase is 
proportionately less. The general trend of the de
creasing density with molecular weight is similar to 
that reported by others, 3' 17 18' 19 but is now seen to en
compass a very much larger molecular weight range.

In another set of experiments, the density increase 
upon cooling was investigated in more detail. For 
several fractions the temperature was lowered in 5° 
intervals, from 130° to room temperature, and the 
change in the density with time was observed at each 
temperature. After thermal equilibrium was reached 
at a given temperature, the isothermal density increase 
had a sigmoidal shape characteristic of the kinetics of 
a phase transition. This phenomenon is illustrated in 
Figure 3 for a fraction M  — 1.47 X 106. At tempera
tures below 1 0 0 °, the density decreases so rapidly with 
time that it is not possible to observe experimentally the 
kinetics of the process. However, even at these tem
peratures, a definite increase in the density and in the 
level of crystallinity is observed.

X-Ray Diffraction. Wide-angle X-ray diffraction 
patterns of three representative samples {Mn = 12,500,
425,000, and 1,000,000) which were crystallized at 130°

(17) As has been previously noted, owing to  unfavorable crystalliza
tion rates, molecular weight fractions (M v) of 3300 and 5300 were 
initially crystallized a t 126 and 127°, respectively, and then cooled 
to room temperature.
(18) (a) W. Banks, M. Gordon, R. J. Roe, and A. Sharpies, Polymer, 
4, 61 (1963); (b) L. H. Tung and S. Bukser, J . Phys. Chem., 62, 1530 
(1958).
(19) H. Kojima and K. Yamaguchi, Kobunshi Kagaku, 19, 715 
(1962).
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Time (minutes)

Figure 3. Dilatometer scale readings in cm. as a function of 
log time for successively lower cooling temperatures. 
Molecular weight is 1.47 X 106, initially crystallized 
at 130°.

Figure 4. Wide-angle X-ray diffraction patterns, at room 
temperature, for polyethylene fractions crystallized from 
melt at 130° for 40 days: A , M  =  12.500; B, M  =  
425,000; C, M  =  106.

previously reported by others2 1 -2 3  and attributed by 
Teare and Holmes21 to a triclinic structure. Of partic
ular interest in this set of patterns are the very sharp 
reflections in the lowest molecular weight sample and 
the complete absence of the broad halo usually ob
served in crystalline polymers. Similar patterns to the 
one for M  = 12,500 are also observed for the lower 
molecular weight samples. However, as the molecular 
weight increases, the reflections progressively broaden, 
and the usual well-developed halo appears.

The Fusion Process and Melting Temperature. Sub
sequent to the development of all the crystallinity that 
will form at 130°, the various molecular weight frac
tions were heated according to the schedule previously 
described. The results are given in Figure 5 as a plot 
of the degree of crystallinity as a function of tempera-

Figure 5. Plot of degree of crystallinity, 1 — X (after 
crystallization at a high temperature), as a function 
of temperature for molecular weights indicated.

ture. For the two lowest molecular weight samples, 
the fusion process is relatively broad, the curve is sig
moidal in character, and changes in the amount of 
crystallinity are observed over the whole temperature 
range. On the other hand, in the molecular weight 
range 12,500-47,000 the melting curves become much 
sharper. For example, for M  = 20,000 the degree of 
crystallinity decreases from 72 to 0% in a 2° interval in 
which 8 8 % of the total transformation is observed. 
Molecular weight fractions 12,500 and 47,000 behave 
similarly, and the very sharp fusion process in this

for 40 days and cooled to room temperature in 24 hr. 
are shown in Figure 4. All the Bragg spacings utilized 
by Bunn20 in the determination of the orthorhombic 
structure are observed, as are six additional reflections

(20) C. W. Bunn, Trans. Faraday Soc., 35, 482 (1939).
(21) P . W. Teare and D. R. Holmes, J . Polym er Sei., 24, 496 (1957).
(22) S. S. Pollack, W. H. Robinson, R. Chiang, and P. J. Flory, 
J .  A p p l. P hys., 33, 237 (1962).
(23) A. T. Jones, J . Polym er Sei.,  62, S-53 (1962).
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molecular weight range is in accord with the results pre
viously reported by Chiang and Flory.3 However, as 
the molecular weight is further increased, the fusion 
curves begin to broaden once again. For example, for 
M  = 425,000 only 40% of the crystallinity disappears 
in the last 2° below the melting temperature. The 
situation becomes much more accentuated for the 
highest molecular weight analyzed. Here, the fusion 
process resembles that of a copolymer or a homopoly
mer fraction of low molecular weight since less than half. 
of the total transformation occurs over the final 2°. 
In the molecular weight range greater than 12,500, 
there appears to be, at least superficially, a general 
correlation between the level of crystallinity and the 
breadth of the fusion process.

Although the fusion process is diffuse for the ex
tremes in molecular weight, well-defined melting tem
peratures can be delineated and are summarized in 
Tables II and III. The melting temperatures are ob-

Table I I : Calculated Values of Crystallite
and Nuclei Sizes

Mr, rp a 1 m.e rp b 1 m f total leq r pc

12,500 138.8 136.2 893 835 512 537
20,000 141.0 136.7 1,429 1,350 523 538
47,000 143.7 137.2 3,357 3,000 528 533

200,000 145.0 137.5 14,286 13,000 535 531
425,000 145.4 138.0 30,357 28,000 572 530

1,300,000 145.5 138.5 92,857 87,000 614 530

“ Calculated equilibrium melting temperature for cre = 4600 
cal./mole. b Melting temperature subsequent to crystalliza
tion at 130°. ' For crystallization at 130°.

Table I I I : Calculated Crystallite and Nuclei Sizes and
Melting Temperatures for Low Molecular 
Weight Fractions

Mr, ZV ZV. 1 total £•*& 0ecC TnrJ
3300 123 132.5 256 222 1556 133.8

126 133 223 1704 134.1
5300 127 134.5 379 345 2831 134.8

130 135.0 353 2386 135.8
“ Crystallization temperature. b Calculated at crystallization 

temperature with cre = 4600 cal./mole. c Calculated from eq. 3 
under assumption that f  = f*. d Calculated from eq. 1 with 
interfacial energies of preceding columns.

served to increase progressively with molecular weight. 
Between M v = 12,500 and 1.5 X 106 a 2° difference in 
melting temperature is noted, with an asymptotic 
value of 138.5° being achieved in accord with previous

reports.3 For molecular weight M v = 5600, a melt
ing temperature of 135.0° is observed after crystalliza
tion at 130° for 70,000 min. (resulting in 26% crystal
lization). After crystallization at 127°, the melting 
temperature is 134.5°. For the lowest molecular 
weight sample studied (M = 3300), the melting tem
perature was 132.5° after crystallization at 123 and 
133° subsequent to crystallization at 126°. For these 
low molecular weight fractions, the crystallization times 
and undercoolings at which the crystallizations were 
conducted were comparable to those for the high mo
lecular weight fraction.

The fusion curves for three representative molecular 
weights, after cooling to room temperature, are given 
in Figure 6. For comparative purposes, the fusion 
curves for the same specimens from Figure 5 are also 
given and are represented by the dashed lines. For 
the two lowest molecular weight samples the degree of 
crystallinity at 130° is now slightly greater than that 
obtained upon isothermal crystallization at this tem-

Figure 6. Plot of degree of crystallinity 1 — X (after cooling 
to room temperature), as a function of temperature: 
curve I, M  -- 1.47 X 106; curve II, M  =
425,000; curve III, M  =  20,000.

perature. The fusion curves are still relatively sharp 
and virtually identical in shape above 130°. The level 
of crystallinity at 130° is slightly less for the highest 
molecular weight sample, and the increased level of 
crystallinity has brought about a very marked broad
ening of the fusion curve above 90°.

Discussion
Melting Temperature. In order to discuss the de

pendence of the observed melting temperatures on
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molecular weight, we first establish equilibrium models 
from which the theoretically expected melting tem
peratures can be calculated. The experimental results 
can then be discussed in terms of these results by taking 
into account additional nonequilibrium effects that 
might be pertinent. As a first consideration, we ex
amine the model recently treated by Flory and Vrij.4 
The system of long-chain molecules is taken to consist 
of molecules of precisely uniform chain length, there 
being x carbon atoms per chain. Molecular crystals 
are formed, in that complete molecules participate in 
the crystallization. The chains are arranged end to 
end with the terminal group juxtaposed in successive 
layers of the crystal lattice. Thus, the end groups are 
paired from one molecule to its colinear neighbor, and 
the sequence of ordered chain units is perpetuated 
from one molecule to the next. We shall refer to this 
model as one of “end-pairing.” Based on the thermo
dynamic data for the fusion of the low molecular weight 
n-parafhns, the melting temperature-molecular weight 
relation for long-chain polyethylene molecules was cal
culated.4 The results of this calculation are plotted in 
Figure 7. The melting temperature Tm° for the infinite 
molecular weight chain is found theoretically to be 145 
±  0.5°. Melting point data for low molecular weight 
n-paraffins, as tabulated by Broadhurst,24 25 are plotted 
coincident with this curve. Here structural analysis 
indicates that the end-paired molecular type crystals 
are indeed formed. I t has also been shown that it is 
possible, even for a collection of chains absolutely uni
form in length, for an intermediate state of order to be 
more favored thermodynamically. In particular, the 
case has been considered4 where the end-pairing is dis
rupted, and a partial unpeeling or disordering occurs 
from the ends of the molecules In this instance the 
number of ordered chain units in a crystalline sequence, 
f, is less than x. Theoretical analysis indicates4 that 
the choice of the more stable of the two models is de
pendent on the chain length ana the magnitudes of the 
quantity (2<rs +  AGe). The interfacial free energy per 
mole of units emerging from the 001 crystal face (i.e., 
normal to the c-axis) is <re, while AGe is the free energy 
change for the destruction of the end-group layers. 
The quantity AGe has been determined from the analy
sis of the w-paraffins and is found to be a negative 
quantity.4 (AHe = —2100 cal. mole-1, and ASe =
2.7 e.u./mole.) According to three independent ex
periments, the relatively large value of 4600 cal./mole 
can be associated with <re. This assignment is based 
on studies of the nucleation rate of small polyethylene 
droplets,26 the analysis of the melting behavior of ran
dom polyethylene copolymers,26 and an interpretation 
of the dependence of the low-angle X-ray spacings on

Figure 7. Plot of melting temperatures as a function of the 
number of carbon atoms in a chain: curve A, theoretical 
curve for endTpairing model: curves B and C, theoretical 
curves for unpeeled model with <re = 1200 and 4600, 
respectively; ■, values for n-paraffins; O, experi
mental values of polyethylene fractions.

the crystallization temperature of polyethylene.27 
Based on the above values for the parameters involved, 
the conclusion is reached that, for polyethylene chains 
have x approximately equal to or less than 104, molecu
lar crystals with the end pairing would be most stable 
thermodynamically. For greater chain length the 
“unpeeled” model, with crystallites having dimension 
f  <  x, would be favored.28 Theoretical equilibrium 
melting temperature-molecular weight relations for the 
“unpeeled” model can be calculated according to4 29

(24) M. G. Broadhurst, J . Chem. P hys., 36, 2578 (1962).
(25) R. L. Cormia, F. P. Price, and D. Turnbull, ibid., 37, 1333 
(1962).
(26) M. J. Richardson, P. J. Flory, and J. B. Jackson, Polymer, 4, 
221 (1963).
(27) L. Mandelkern, A. S. Posner, A. F. Diorio, and D. E. Roberts, 
J . A p p l. P hys., 33, 237 (1962).
(28) I t  was also pointed ou t4 th a t under equilibrium conditions, if 
f  approached x  for chains of finite length, a smaller value of <re could 
be anticipated.
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_ 1______1____Ä _ /l  _  1
Tm,e Tm° Ah \ x  X  — f e  +  1 (1)

and

2 (Te = R T  „
f e

f e  +  1
+  lu

fe +  1
(2)

where 7',„ ,e is the equilibrium melting temperature of 
the finite chain, characterized by the equilibrium 
crystallite length, fe, and AHa is the heat of fusion per 
CH2 unit. Plots of this calculation are also given in 
Figure 7 for values of ae of 4600 and 1200 cal./mole, 
respectively. The stable form (highest Tm) must 
clearly depend on the value assigned to <re. For <re = 
4600 the end-paired model is more stable up to x = 104; 
for higher molecular weights the unpeeled model be
comes stable since it possesses slightly higher melting 
temperatures. However, if <re is assigned the value 
1200, then the unpeeled model will be stable for all 
molecular weights.

The above analysis has been predicated on the as
sumption that a perfect system of uniform chain length 
exists. If this condition is not met, then the end-paired 
molecular crystal cannot be considered to be a legiti
mate model. Complete uniformity of chain length has 
been achieved up to x = 100. However, a collection of 
real polymer chains, no matter how well fractionated, 
cannot be represented as a system of absolutely uniform 
chain length. Hence, the end-paired model cannot be 
taken to depict a real system. We, therefore, assume 
that the unpeeled model represents a fractionated poly
mer system at equilibrium. Small deviations from 
monodispersity can be tolerated by this model. Nu
merical calculations, utilizing eq. 1 and 2 and <xe = 
4600, show that fe represents about 93% of the com
plete molecule. Therefore, the configurational prop
erties of the chain units in the intercrystalline regions29 30 
which would restrict the consideration of this crystallite 
model are, in the main, alleviated. The experimentally 
observed melting temperatures for the polyethylene 
fractions are also plotted in Figure 7.

In discussing the experimental results in terms of 
equilibrium theory, it is convenient to consider first the 
molecular weight range equal to or greater than 12,500. 
In this range the observed melting temperatures are 
significantly less than the equilibrium requirements. 
In particular, for ae = 4600 the difference between ob
served and calculated melting temperatures increases 
with increasing molecular weight. These deviations 
range from 2.6° for M  = 12,500 to 7° for M  = 1.3 X 
106. Low-angle X-ray diffraction22'27 and the examina
tion of replicas of fracture surfaces by electron micros
copy31 indicate that the crystalline regions in poly

ethylene occur characteristically as thin lamellae with 
the chain axes being directed normal to their wide 
faces. On the basis of these morphological observa
tions, we examine the possibility that the depression of 
the melting temperature results from a restricted crystal 
growth in the chain directions. Thus, in the crystallite 
that forms, f  will be less than the required fe. I t  is 
easily shown4-29 that the melting temperature for a sys
tem, where f  does not attain its equilibrium value, is 
given by the relation

— R  (ln D
Ä H u i r V "

r + 1 ' (3)

where D = exp( — 2<re/R T ). The values of f  consist
ent with the observed melting temperatures calculated 
according to eq. 3 are listed in Table II. Also given are 
the total number of units per molecule and the value re
quired for fe if total equilibrium were to prevail. These 
calculated values of f increase slightly with increasing 
molecular weight. For molecular weights of 12,500 
and 20,000 the values of f  are comparable to the total 
number of units per molecule and the number required 
for equilibrium. As the molecular weight is increased, 
however, f  becomes extremely small when compared 
to the extended length of the molecule. A premise of 
the calculation is that only the finite size of the crystal
lites contribute to the depression of the melting tem
perature.

A direct estimate of the crystallites sizes involved 
can also be made from several independent lines of in
vestigation. From the examination, at room tempera
tures of replicas of the fracture surfaces of a poly
ethylene fraction, M  = 11,900, which was crystallized 
at 128° for 10 days, Anderson32 observed that the thick
ness of the lamellae ranged from 500 to 1050 A. with an • ° _average size of 700 A. This average size corresponds 
to a crystallite which is 560 units long. Comparison 
with Table II shows that this average dimension agrees 
very well with the values calculated for f . (Part of the 
breadth of the crystallite sizes that are observed at 
room temperature can be attributed to the increased 
crystallization that occurs on cooling to room tempera
ture from the crystallization temperature. Slightly 
greater values for the calculated f can be obtained by 
utilizing slightly higher values <re.)

Flory and Vrij4 have estimated, from the low-angle 
X-ray diffraction spacings for specimens of molecular

(29) P. J. Flory, J . Chem. P hys ., 17, 223 (1949).
(30) P. J. Flory, J . A m . Chem. Soc., 84, 2857 (1962).
(31) (a) R. Eppe, E. W. Fischer, and H. A. S tuart, J . Polym er Sci., 
34,721 (1959); (b) P. H. Geil, ibid,., 44, 449 (1960); 47 ,65  (1960).
(32) F. R. Anderson, ibid., 3C, 123 (1963); J . A p p i. P hys., 35, 64 
(1964).
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weights 126,000 and 360,00022 crystallized at 131.3°, 
that the crystallites are approximately 720 units long. 
After crystallization at 130°, for comparison with the 
present data, a 10 to 15% reduction in the crystallite 
size would be expected. (See below.) This estimated 
length is still somewhat greater than the values calcu
lated from the melting point depression in this molecu
lar weight range. Other nonequilibrium defects, be
sides restricted size, could, of course, be contributing 
to the melting point depression. On the other hand, 
complete quantitative agreement could be obtained, 
over the molecular weight range where crystallite size 
data are available, by assuming that <re increases slightly 
with molecular weight. To a first approximation, 
however, satisfactory agreement is obtained between 
the directly observed sizes and those calculated from 
eq. 3 utilizing ae = 4600 cal./mole independent of 
molecular weight.

I t  is also of interest to calculate the number of chain 
units, £* that are required to form a nucleus of critical 
size. By utilizing homogeneous nucleation theory ap
propriate to chains of finite length, it is found that f * 
must satisfy the relation33

r*
2

2ce -  R T  In ^  +  l Sj  (4)

A/u
R T

+
R T

x -  r  +  u

Here A/u is the free energy of fusion per repeating unit 
of an infinite molecular weight chain. The values of 
f*, that are calculated according to eq. 4, by utilizing 
Os = 4600 cal./mole for isothermal crystallization at 
130° are listed in the last column of Table II. I t  is of 
significance to note that the calculated values for f and 
f* are comparable to one another. Moreover, for the 
lower molecular weights in this table, these two quanti
ties are virtually identical within the experimental un
certainty. If a slightly higher melting temperature 
were taken or a slightly higher value of <re assigned, f 
and f * would agree exactly and, as has been noted 
above, would correspond with the directly observed 
crystallite sizes.84 For the higher molecular weights, 
the required value of f  to satisfy eq. 3 is about 20% 
greater than that calculated for f  *. A consistent inter
pretation of the observed melting temperatures for 
molecular weights greater than 12,500 can, thus, be ob
tained if it is postulated that the depression from the 
equilibrium values is due to the reduced crystallite size 
in the chain direction. Moreover, the size that is re
quired is comparable to or slightly larger than that 
which is calculated for the formation of a stable nucleus.

This latter postulate has previously been invoked36

to explain the dependence of the melting temperature 
(subsequent to fast heating) on the isothermal crystal
lization temperature for natural rubber and polychloro- 
trifluoroethylene. However, the theories of melting 
and nucleation that were used in these instances were 
in the approximation of infinite molecular weight 
chains. When the interfacial energies for the nucleus 
and the mature crystallite are equated in this approxi
mation, the depression of the equilibrium melting tem
perature equals one-half the value of the undercooling 
at which the crystallization is conducted. This ap
proximation is seen to be adequate for the very high 
molecular weight sample, M  — 1.3 X 106, where a 
melting point depression of 7° is observed, and the 
simple calculation predicts a depression of 7.8°.36 
However, for the lower molecular weights the infinite 
molecular weight approximation becomes obviously 
inadequate. If the calculated undercooling is based 
on the equilibrium melting temperature of the finite 
chain, the melting point depression is overestimated by 
2°. If the simple relation indicated above is used and 
the undercooling is reckoned from the melting tempera
ture of the infinite chain, the depression is under
estimated by approximately 2°. However, as the data 
in Table II indicate, the utilization of eq. 3 and 4 with 
the same physical assumption, namely, the equality of 
nucleus and crystallite sizes, leads to quantitative 
agreement of the melting point depression over the 
complete molecular weight range.

The values of f* have been calculated independent 
of any melting point data or direct observations of 
crystallite size. However, the calculations are pred
icated on homogeneous nucleation theory. I t  can, in 
principle, be questioned as to whether a homogeneous 
nucleation process could be operative at such relatively 
high crystallization temperatures. The close agree
ment of f* with both the calculated and the observed 
crystallite size could either represent a unique coinci
dence or be of physical significance. We can note,

(33) L. Mandelkern, J. G. Fa~ou, and C. Howard, J .  P hys. Chem., 68, 
3386 (1964).
(34) I t  should be noted th a t in this calculation the  interfacial energies 
of a nucleus and a m ature crystallite have been equated. In  general, 
th is can be considered to be a  restrictive assumption.
(35) (a) L. Mandelkern, J . Polym er Sci., 47, 494 (1960); (b) J. D. 
Hoffman and J. J. Weeks, J . Res. N atl. B u r. Std., A66, 13 (1962).
(36) A slight dilemma exists in this in terpretation of the  observed 
melting points of the  high molecular weight samples. Since in these 
cases f is such a small fractional p a rt of the total chain length, a 
significant portion of the chain trajectories which em anate from a 
crystal face must return  to  i t .30 Hence, the nature of the crys
tallite, as well as its associated interfacial region, will be.quite differ
en t from th a t  of the nucleus from which it  is formed. The apparent 
adequacy of the calculation m ust reside in a  compensation between 
the size and interfacial energy of a crystallite compared to those for a 
nucleus.
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parenthetically, that a similar situation was encoun
tered in the analyses of the dependence of the low-angle 
diffraction spacing on crystallization temperature.27 
If we rule out the possibility of coincidence and seek a 
physical explanation, at least two possibilities suggest 
themselves. In the nucléation of long-chain mole
cules we are concerned with an asymmetric nucléation 
problem in which at least two distinctly different sur
faces and interfacial energies are involved. Hence, 
nucléation catalysts need not affect all surfaces in the 
same manner. Theoretically, therefore, it is not neces
sary for all of the critical dimensions of a nucleus to be 
altered by the presence of heterogeneities. Hence, it is 
possible for the actual critical nucleus size in the chain 
direction to be comparable to that calculated from 
homogeneous nucléation theory while the free energy 
and rate of nucleus formation could be governed by a 
heterogeneous process. Alternatively, it could be 
argued that £* is much smaller than is calculated, but 
ensuring growth in the chain direction increases the 
size to that observed.

The results for the two lowest molecular weight 
samples present a rather special and interesting situa
tion. The observed melting temperatures are sub
stantially greater than those required for equilibrium 
in terms of the model employed and the value of <re 
characteristic of the high molecular weight samples. 
Moreover, the melting temperature of the lowest molec
ular weight fraction, M  = 3300, is even greater than 
that for the hypothetical end-paired model. Nuclei 
sizes, calculated according to eq. 4, with <re = 4600, 
give values of f* for the different crystallization tem
peratures which are very close to the total number of 
units contained in the chain. These calculated values 
are summarized in the fifth column of Table III. 
Anderson32 has also observed that for samples of molec
ular weights 2960 and 5890, crystallized under com
parable conditions, the average thickness of the lamel
lae can, within experimental error, be identified with 
the extended length of the molecules. With this ex
cellent agreement between the calculated nuclei sizes 
and those observed for the crystallites, we can only 
conclude that in this molecular weight range the inter
facial energy characteristic of the crystallite must be 
less than that of the nucleus from which it is formed. 
From the observed melting temperature and crystallite 
size the interfacial energy, o-ec, can be calculated from 
eq. 3. The values thus obtained are also listed in 
Table III and are seen to be less than 4600 cal./mole 
assigned to the nucleus. A lower value for this inter
facial energy for a mature crystallite is to be expected 
when almost the complete molecule is incorporated 
into a crystallite because the severe configurational re

straints typical of the interfacial layer, of the higher 
molecular weights will be significantly reduced. The 
equilibrium melting temperatures consistent with the 
calculated interfacial energies of the crystallite can also 
be calculated. These values are listed in the last 
column of Table III and are seen to be very close to 
those actually measured.

For molecular weights up to 20,000, a consistent 
interpretation between the melting temperatures and 
the observed and calculated crystallite sizes is obtained 
on the assumption of an extended chain configuration 
within the crystallite. Important in this interpreta
tion is the utilization of a value of the nucleus inter
facial energy of 4600 cal./mole. This molecular 
weight corresponds to about 1500 chain bonds for 
polyethylene and will reflect a much higher molecular 
weight for other types of chain-repeating units. These 
conclusions preclude the assumptions that a regularly 
folded structure is an equilibrium requirement for the 
crystallization of long-chain molecules37 or that stable 
nuclei of long-chain molecules must be regularly 
folded.38 We note also that in this molecular weight 
range densities approaching that of the unit cell and the 
concomitant high levels of crystallinity are attained.

For the higher molecular weights, the crystallite 
sizes that are compatible with the observed melting 
temperature represent only a very small fraction of the 
extended length of the molecule. Interfacial and 
interzonal difficulties that arise in accommodating the 
long, noncrystalline, randomly coiled sequences will 
necessitate the return of a proportion of the chains to the 
crystal from which they originated.30 A lamellae 
crystalline structure of finite thickness will thus result 
with there being no a priori requirement for the chains 
to be regularly folded. Folding or the re-entry of chain 
sequences must obviously occur. However, the appar
ent independence of the nucleation interfacial energy 
with molecular weight indicates that this does not occur 
as a result of a regularly folded nucleation process. As 
has been previously indicated, besides internal imperfec
tions, the nonregular interfacial region of such a crystal 
structure makes difficult an exact calculation of the 
melting of finite size crystals in this molecular weight 
range. I t is in this range of molecular weights (¿If, 
>  47,000) where the degree of crystallinity begins to 
decrease monotonically with increasing chain length.

Fusion Curves. As has been previously noted, for 
heating processes subsequent to crystallization at 130°,

(37) A. Peterlin and E. W. Fischer, Z . P hysik , 159, 272 (1960); 
A. Peterlin, E. W. Fischer, and C. Reinhold, J .  Chem. P hys., 37, 1403 
(1962).
(38) J. S. Hoffman and J. I. Lauritzen, J .  Res. N atl. B ur. S td ., A64, 
73 (1960); A65, 297 (1961).
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the sharpness or breadth of the fusion curves is strongly 
dependent on the molecular weight. The sharpest 
curves are found in the molecular weight range 12,500-
47,000 and begin to resemble the expectations of a 
classical first-order phase transition. The crystallite 
length for these cases represents a significant por
tion of the extended length of the molecule, and the 
concentration of chain ends, per se, should not be suffi
cient to cause a perceptible melting point depression 
with a change in the relative proportion of the two 
phases. The much broader melting range for M  = 
5300 and 3300 can be attributed to the decreasing con
centration of chain ends as fusion progresses. How
ever, the breadth of melting for M  = 12,500, which is of 
the order of 2-4°, in this range, does not comply with 
expectations. If an extension of the theory used to 
calculate f  were used to calculate the melting range, 
essentially hypersharp melting would be expected, even 
for f substantially less than the required equilibrium 
length.29 For example, for M  = 12,500 and f = 512, 
the last 15% of crystallinity should disappear in about 
0.1°. Experimentally, a 0.4° interval is observed. 
Although, if a value for f of 491 was assumed, this fusion 
range could be accounted for, the experimental results 
would not be reconciled at slightly higher levels of 
crystallinity. At 30% crystallinity, the deviations 
would again become about 0.5°. More serious than 
the slightly enhanced broadening observed for the fusion 
of M  = 12,500-47,000 is the fact that the theory pre
dicts that the melting process should become sharper 
as the molecular weight is increased, even for non
equilibrium values of f. This expectation is clearly 
contrary to the experimental observations. Hence, 
despite the fact that the crystallite size can be cal
culated, which is independently confirmed and ac
counts for the experimental melting point depression- 
molecular weight relationship, the theory does not ade
quately predict the level of crystallinity below the 
melting temperature, even at temperatures close to 
melting . temperature. This discrepancy is quite 
marked for the higher molecular weights.

Various qualitative explanations can be offered for 
the melting range and the significant broadening that 
is observed as the molecular weight increases. Ob
viously, either the nature of the crystallites, the in
fluence of the coexisting amorphous regions, or both 
are involved. In Figure 5, for M  >  12,500, the fusion 
curves become much broader as the level of crystal
linity decreases. I t  might be concluded that contribu
tions from the amorphous regions are must significant 
in broadening melting.39 40 41 However, changes in the 
level of the crystallinity in these experiments are ob
tained at the expense of varying molecular weight. It

is possible that increasing the molecular weight could 
be affecting the crystallites, in terms of internal im
perfection and a broader distribution of crystallite 
sizes. Hence, it would not be proper, at this point, to 
attribute the broadening solely to the interzonal 
amorphous regions.. The effect of polydispersity in 
chain length has not, as yet, been investigated in de
tail. As was pointed out in the Experimental portion, 
although we are dealing with fractionated material, the 
higher molecular weight samples are expected to be 
more polydisperse.

The results for fusion, after cooling to room tempera
ture as is illustrated in Figure 6, point out some of the 
complexities in attributing the broadening solely to the 
amorphous regions. For M  = 20,000 the breadth of 
melting is unaffected by the cooling and subsequent 
heating. However, for the higher molecular weight 
fraction, the melting range becomes broader (even 
above 130°) with the crystallization that accompanies 
the cooling to room temperature.

Density. The variation of the densities of the 
samples at the isothermal crystallization temperature 
appears to be quite intimately connected with the in
fluence of molecular weight on the crystallization 
kinetics and mechanisms. Characteristic changes in 
the crystallization isotherms from the melt18’18® are 
found in the same molecular weight range where the 
monotonic decrease of density is observed. The ex
tremely low densities observed in the highest molecular 
weight range preclude chain ends being a factor and 
demonstrate an inherent effect of molecular weight in 
limiting the level of crystallinity that can be attained.

The argument could be advanced that the low density 
does not reflect the level of crystallinity but instead is 
caused, in general, by a large set of internal defects.40 41 
The nature of these defect structures would, thus, have 
to be very molecular weight dependent, and their con
centration would have to be extraordinarily high to ac
count for a density of 0.85, which is characteristic of the 
higher molecular weights. In addition, the crystalliza
tion isotherms display all the major characteristics of an 
incomplete phase transition. Moreover, since there is 
nothing inherently unique about the analysis of the 
density at 130°, we note a substantial increase in density 
on cooling to room temperature. Formally, these ob
servations could be interpreted as the disappearance of 
defect structures with decreasing temperature or the 
development of further crystallinity from the residual

(39) (a) L. H. Tung and S. Bukser, J . P hys. Chem., 62, 1530 (1958); 
(b) R. J. Roe, K . J. Smith, Jr., and W. R. Krigbaum, J . Chem. Phys., 
35, 1306 (1961).
(40) H. A. S tuart, A n n . N . Y. Acad. Sc i., 93, 3 (1959).
(41) D. A. Zaukelies, J .  A p p i. P hys., 33, 2797 (1962).
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amorphous regions as the temperature is lowered. 
The former of these interpretations would be difficult to 
reconcile with the thermodynamic stability of non
equilibrium defects while the latter, besides not violat
ing any fundamental principles, is given strong con
firmation by the data of Figure 3. In the typical ex
ample illustrated, the dilatometer scale heights, which 
are directly related to the density, decrease with time, 
isothermally, in a manner which is in accord with the 
occurrence of a phase change.

At 25° the densities for M  <  20,000 are very close 
to the value calculated for the macroscopic crystal. 
The differences between the observed and calculated 
densities are 0.006 or less. These differences could be 
attributed to contributions from the interfacial re
gions, internal defects, or some residual, noncrystalline 
chain units. A differentiation as to the probable con
tributory effects cannot be made at present. These 
contributions to the density could be expected to be at 
levels of crystallinity of the order of 90%, which is 
typified by the molecular weight range of 50,000 or less. 
I t  is in this molecular weight range, characterized by 
levels of crystallinity of the order of unity, that we 
calculate nuclei and crystallite sizes that are comparable 
to the extended length of the molecule. The high 
levels of crystallinity, both at the crystallization tem
perature and at room temperature, can be attributed 
to this fact. The occurrence of nonequilibrium defect 
structures is to be expected in all crystalline substances, 
those formed from long-chain molecules included. 
However, there is no reason for these structures to be 
formed at the expense of the coexisting noncrystalline 
regions that have been shown to exist in appreciable pro
portion for molecular weights greater than 50,000. In 
this connection we note, in an extension of Anderson’s 
observations,36b that samples of molecular weight equal 
to or less than 50,000, crystallized in the manner de
scribed, can easily be fractured at room temperature.

However, the higher molecular weight fractions, with 
their lower density and decreasing level of crystal
linity, can only be fractured with some difficulty at 
liquid nitrogen temperatures. These observations are 
indicative of the presence of an appreciable amorphous 
content which is the intercrystalline regions. Fracture 
can, thus, be attained oidy below the glass temperature 
of the amorphous regions. '

X-Ray Diffraction Patterns. The very sharp reflec
tions and the absence (or extreme diminution) of a halo 
in the X-ray diffraction patterns at room temperature 
for molecular weights <20,000 are in accord with the 
discussion given above for the observed densities and 
calculated degrees of crystallinity between 0.90 and
1.00. Close scrutiny of these results gives evidence 
that for polyethylene the density measurement is a more 
sensitive detector of the crystalline state. The com
plete absence of a halo in the X-ray pattern for M  = 
12,500, for example, would lead to the expectation that 
the density of the sample should be that of the unit cell. 
Small deviations from this value have already been 
noted. The correlation between the wide-angle X-ray 
diffraction pattern and sample density is further seen 
as the molecular weight is increased. The reflections 
begin to broaden, and a very definite halo appears 
which becomes more intense with increasing molecular 
weight.

A detailed report of the temperature requirements for 
the formation and disappearance of the polymorphic 
form (to which the six extra reflections can be attrib
uted) will be given shortly.42 The present volume- 
temperature data do not unequivocally show a transi
tion or discontinuity that could be attributed to the 
disappearance of this form.43

(42) J. G. Fatou, C. Baker, and L. Mandelkern, to be published.
(43) R. Boyer, Rubber Chem. Technol., 36, 1303 (1963).
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The Kinetics of the Thermal Isomerization of Ethylcyclopropane1

by Marcel L. Halberstadt and John P. Chesicklb

Sterling Chemistry Laboratory, Yale U niversity, N ew  Haven, Connecticut (Received J u ly  6, 1964)

Ethylcyclopropane simultaneously undergoes an isomerization to 1-pentene, cis- and trans- 
2-pentene, and 2-methyl-l-butene and a decomposition to butadiene and methane. The 
reaction has been studied in the gas phase by static methods from 454 to 484° and over a 
pressure range of 84 to 5 X 10-2 mm.; under these conditions, the isomerization to the 
pentenes was found to be a homogeneous unimolecular process. The decomposition.to 
butadiene may be taking place via a free-radical process or by a unimolecular dispropor
tionation reaction. The lifetime of the activated molecule is about a factor of 10 longer 
than that of the methylcyclopropane decomposition reaction as evidenced by a shift of the 
log k/k  „ vs. log P  curve to lower pressures for ethylcyclopropane. All degrees of freedom 
appear to participate in increasing the lifetime of the activated molecule. The Marcus 
extension of the Rice Ramspcrgor-Kassel theory is applied to this reaction. The high 
pressure rate constant for isomerization to pentenes may be expressed as kiœ = 1014-40 
exp¡( — 61.6 +  1.4) kcal./ÆT] sec.-1.

Introduction

The detailed model provided by Slater2 for calcula
tion of the rate and pressure dependence of a uni
molecular reaction has served as a great spur to ex
perimental and theoretical activity on this subject. 
Both the Slater model, which assumed no intramolecu
lar energy transfer between collisions, and the Rice- 
Ramsperger-Kassel (RRK) treatment, assuming free 
intramolecular energy transfer, yielded results which 
were quite similar considering the presence of adjust
able parameters or unevaluable quantities in the two 
approaches. Thus, experimental studies turned to 
examination of substituent effects on a parent mole
cule or to chemical activation by various means. 
Such tests were provided, for example, by Chesick3 
and Butler and Kistiakowsky4 5 who studied the isomeri
zation of methylcyclopropane and “hot” methylcyclo
propane, respectively. The latter authors found that 
the composition of product butenes did not vary when 
methylene was added to cyclopropane or to propylene. 
This was interpreted to mean that the energy of the 
excited molecules migrates freely among the normal 
modes of vibration of methylcyclopropane within the 
time interval between their formation and rearrange
ment, in contradiction to the assumptions of the 
Slater theory.

The study of the thermal isomerization of methyl
cyclopropane was undertaken by Chesick to study the 
effect of additional degrees of freedom on the lifetime 
of the reactant molecule. Chesick found that the addi
tion of the methyl group increased the lifetime of the 
molecule by a factor of about 30. The data were fitted 
quite well by a curve calculated from the Kassel ex
pression with the number of effective degrees of freedom 
now equal to 19. The change in lifetime with shift of 
the log k vs. log P  curve to lower pressure was calcu
lated and found to be in good agreement with experi
ments using the Marcus6 quantum formulation of the 
RRK approach.

I t was of interest to learn if the addition of still 
more degrees of freedom to the molecule by replacing

(1) (a) This paper is abstracted, in part, from the dissertation sub
m itted by M. L. H. to  the G raduate School of Yale University, 1963, 
in partial fulfillment of the requirements for the Ph.D. degree; (b) 
to  whom requests for reprints should be directed a t D epartm ent of 
Chemistry, Haverford College, Haverford, Pa.
(2) N. B. Slater, “ Theory of Unimolecular Reactions,” Cornell 
University Press, Ithaca, N. Y., 1959. A comprehensive list 
of references to the original literature may be found in this book.
(3) J. P. Chesick, J .  A m . Chem. Soc ., 82, 3277 (1960).
(4) J. M. Butler and G. B. Kistiakowsky, ibid., 82, 759 (1960); 83, 
1324 (1961).
(5) G. M. Wieder and R. A. Marcus, J . Chem. P hys., 37, 1835
(1962).
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the methyl with an ethyl group would cause the high 
pressure rate constant drop-off at a still lower pressure. - 
The substitution of a methyl group for a hydrogen 
atom on the ring would be expected to affect the 
energetics and details of the reaction in the ring con
siderably more than the further addition of another 
methyl group once removed from the ring (as opposed 
to addition of a second methyl group to the ring as in
l ,  1-dimethylcyclopropane). Furthermore, if a given 
amount of energy is distributed among a small number 
of normal modes, the average amount in each may be 
sufficiently large that there is a significant amount of 
coupling. Energy may then flow readily between the 
modes, and the RRK assumption will apply. But, 
if the number of modes is large, each vibration will 
occur mainly in the harmonic region; there may 
then be little coupling, and the Slater assumption 
that reaction can occur only if the vibrations come 
suitably into phase becomes more reasonable.6 I t was 
thus possible that the additional vibrational modes 
in ethylcyclopropane might cause little or no effect 
and that the fall-off behavior would be similar to that 
of methylcyclopropane. A study of the thermal 
isomerization of ethylcyclopropane was, therefore, 
undertaken.

Experimental
Ethylcyclopropane was prepared' by the addition 

of diazomethane to Matheson C.p . grade 1-butene in 
the presence of cuprous chloride catalyst,7 the reaction 
mixture being cooled in an ice-salt bath to approxi
mately — 20°. The product mixture was warmed to 
0°, and the butene was allowed to evaporate. The 
fraction distilling through a Vigreux column in the 
range 35-36.2° was bubbled through saturated solu
tions of iodine, bromine, and potassium hydroxide 
and was distilled into storage flasks on the vacuum 
manifold after trapping over Ascarite and Drierite to 
remove carbon dioxide and water. No detectable 
impurity was found in this ethylcyclopropane upon 
passage through a g.l.p.c. column consisting of a 3.2-
m. section of silver nitrate in glycerol on firebrick 
coupled with a 20.3-cm. section packed with Dow 
Corning 703 silicone oil on firebrick. Infrared and 
mass spectra compared favorably with those in the 
literature.8-9 This material is taken to be more than 
99.9’% pure.

The following chemicals were used: ethane, Mathe
son C.p . grade; ethylene, Phillips research grade; 
propane, Phillips research grade; propylene, Matheson
C.p . grade; allene, Columbia Organic Chemicals, 
99%; butane, Matheson instrument grade; butene-1, 
cis- and ¿rans-butene-2, isobutene, all Matheson C.p.

grade; 1,3-butadiene, Matheson instrument grade; 
pentene-1, Phillips, 99%; pent.ene-2, Phillips, 99%; 
cis-pentene-2, Phillips, 95%; 2-methylbutene-l, 
Phillips, 99%; cyclopropane, Matheson, 99.5%; 
helium, Matheson high purity; nitrogen, Matheson 
prepurified; nitric oxide, Matheson, 99%. Samples of 
methylcyclopropane and methylenecyclopropane pre
pared in this laboratory were also used. Many of the 
hydrocarbons listed above were purified further by 
gas chromatography; many were used only for com
parison and identification purposes during calibration 
of the gas chromatography column and detector. Ni
trogen used for the inert gas runs was liquefied under 
pressure in a U-trap that was kept a t liquid nitrogen 
temperature, and gas was taken from this liquid to 
leave frozen any condensable impurities.

The vacuum system used in this work has been de
scribed previously.3 Mercury float valves were used 
in that part of the line where hydrocarbon mixtures 
were prepared and transferred to prevent absorption 
by stopcock grease. Stopcocks were provided with 
mercury cutoffs to avoid contact of hydrocarbon 
mixtures with stopcock grease. The storage flask 
from which gas was expanded into the reaction vessel 
was fitted with a magnetically driven paddle stirrer for 
mixture preparation. Each run was terminated by 
expansion of the reaction vessel products through a 
three-loop product trap which was immersed in liquid 
nitrogen; trapping of products from noncondensable 
gases which were pumped off was efficient. Pressure 
measurements were made with a 15-mm. bore mercury 
differential manometer with a mirror scale or a cali
brated McLeod gauge.

A 1500-ml. quartz reaction vessel of 10-cm o.d. was 
coated on the inside with a mirror of silicon metal by 
thermal decomposition of silane.10 It had been re
ported that a coating of metallic silicon reduced re
actions at the walls of the vessel11 in the pyrolysis of 
sensitive compounds. Preliminary:runs with a ’Pyrex 
reaction vessel had indicated that many products were 
formed from the decomposition of ethylcyclopropane 
or its isomerization products, and the silicon-coated

(6) E. K. Gill and K. J. Laidler, Proc. Roy. Soc. (London), A250, 
121 (1959).
(7) P. Gaspar, Ph.D. Thesis, Yale University, 1961.
(8) American Petroleum Institu te  Research Project 44, Infrared 
Spectrum No. 881.
(9) American Petroleum Institu te  Research Project 44, Mass Spec
trum  No. ,1652.
(10) We express our gratitude to Dr. E. P. Blanchard of the Central 
Research Division, E. I. du Pont de Nemours and Co., Wilmington, 
Del., for his kindness in furnishing us with an ample supply of silane 
and the directions for use.
(11) H. E. Simmons, private communication.
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quartz vessel was used in an attem pt to reduce the un
wanted side products. The nature and abundance of 
products, in fact, remained unchanged with the sub
stitution of the coated vessel. Temperature control 
and measurement were as previously described.2

Product Analysis. Extreme care was necessary in 
sampling the product mixtures because of the large 
difference in volatility of some of the components. 
If aliquot samples were to be taken, the total product 
mixture was vaporized in a storage flask and mixed, 
and a representative gas sample was taken. Repeti
tive sampling established that uniform samples were 
being obtained.

The silver nitrate-silicone oil combination column 
was used for the bulk of the runs. Varying lengths 
of silicone oil and dimethylformamide columns were 
used to confirm g.l.p.c. peak identities and homogenei
ties. Calibration mixtures of authentic compounds 
were prepared for detector calibrations.

Results
Primary and Secondary Products. The chromato

gram of a run which had gone to about 10% conversion 
of the ethylcyclopropane showed nine clearly distin
guishable product peaks. These were pentene-1, 
frans-pentene-2, 2-methylbutene-l, cfs-butene-2, 
butadiene, and minor peaks which were identified as 
propane, ethylene, and an incompletely resolved peak 
consisting of butene-1 and cfs-butene-2. Some prod
ucts arise from decomposition of product pentenes. 
A correction can be made to the percentage of pentenes 
formed to take into account this decomposition. The 
possibility existed, however, that some products might 
be formed from ethylcyclopropane decomposition 
reactions occurring in parallel with the isomerization 
to the four pentenes.

Several runs were made with either a mixture of 
pentenes or 1-pentene as the reactant instead of ethyl
cyclopropane, under conditions similar to those for 
the runs using ethylcyclopropane, so that a direct com
parison could be made between the yields of butadiene 
in all cases. These runs clearly showed that there was 
more butadiene formed in the ethylcyclopropane 
decomposition than could be accounted for by the 
secondary decomposition of the pentenes, and thus 
butadiene was indicated as a primary product.

A number of runs was then made at various con
versions from 15 to 60%, starting with approximately 
the same initial pressure of ethylcyclopropane (25 
mm.) with duplicate analyses for each run. The 
results are shown graphically in Figure 1 in which a 
plot is made of product per cent vs. per cent conversion 
for each of the reaction products. Extrapolation to

!0r
5

0
- 0

1 1 A 1 *
1

O
1

A
0

1

20r - • • • • • •

10-

«  f) 1 a 1 *  l A
1 *

A
1

▲

1

’RO
DU

CT 
PER

1

• •30 • •
•

20 A

O 0 e A 0A

10
▲ A A A. A.

0 1 3 i 9 i 9 O
J ________

9
1

o
10 10 20 30 40 50 60

PERCENT REACTION
Figure 1. Determination of primary products at 467.8
Top: O ,  ethylene; A, propylene. Middle: • ,  butadiene;
A, butenes. Bottom: • , 1-pentene; A, cis-2-pentene; O, 
irares-2-pentene; A, 2-methyl-l-butene; 9, propane.

0% reaction enables us to determine which products 
are primary. Compounds such as propane, propylene, 
and butene extrapolate to the origin and, therefore, 
are secondary. The pentenes and butadiene, on the 
other hand, extrapolate to finite values on the “prod
uct” axis. Butadiene, therefore, is a primary product 
formed to the extent of about 20% of all the products. 
Addition of the extrapolated product fractions to 99% 
serves as a check on the extrapolation procedure. 
Ethylene appears as a small shoulder on the tail of the 
ethylcyclopropane peak, and the extrapolation for 
ethylene is somewhat uncertain. It is probable that 
it is also a secondary product, allowing for the un
certainty in measurement. In a study of the pyroly
sis of pentenes in a flow system at 800°, it was found12 
that the main products from the reaction of 1-pentene 
were ethylene, propylene, butene, and butadiene, 
while those from 2-pentene were butadiene, ethylene, 
and propylene. Thus, the secondary products can 
be accounted for, and some of the butadiene is probably 
also formed as a secondary product. Butadiene is 
known to undergo condensation and polymerization 
reactions at the temperatures employed here. Using

(12) E. Gorin, A. G. Oblad, and R. F. Schmuck, Ind . Eng. Chem., 38, 
1187 (1946).
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the rate constant of Rowley and Steiner13 for the 
dimerization of butadiene in the range 400-600°, 
we calculate that only 1-2% of the butadiene would be 
consumed in dimerization at the low conversions of 
ethylcyclopropane employed in this work. The same 
authors also studied the Diels-Alder condensation of 
butadiene and ethylene to give cyclohexene and showed 
that the process was very similar energetically to the 
dimerization of butadiene. Although it is possible 
that butadiene and pentene can react in this fashion, 
only a small percentage of each will be consumed in 
such a reaction at the low pressures employed here. 
I t  may be that the slight curvature in the plot for 
butadiene in Figure 1 is caused by these effects: first, 
there is a slight positive slope caused by the addition 
of the butadiene from pentene decomposition to that 
produced directly from the ethylcyclopropane, and, 
second, there is a decrease in the relative percentage 
of butadiene above 40% reaction owing to its con
sumption by condensation or polymerization. The 
over-all disappearance of ethylcyclopropane is a first- 
order process, a t least to over 55% conversion. After 
this, decomposition of the pentenes becomes a problem 
in determination of total reaction.

Butadiene-Methane Balance. Small amounts of non
condensable gas were formed; this was usually pumped 
away during product freeze out. However, samples 
were trapped for mass spectral analysis by expansion of 
the noncondensable gas through the cold trap into a 
calibrated and evacuated 2-1. bulb. The pressure of 
gas in the bulb was measured, and a mass spectrum 
showed that the gas in the bulb was mostly methane 
with small traces of C2 and C3 hydrocarbons and hy
drogen amounting to about one-twelfth of the methane. 
Analysis of the condensable products for butadiene and 
comparison with the amount of noncondensable gas 
for two separate runs gave the results in Table I. These

Table I

P r e s s u r e ,
T o t a l  

p e r  c e n t M o l e s  o f
m m . r e a c t i o n b u t a d i e n e M o l e s  o f  g a s

43.6 9.9 2.0 X 10“6 2.3 X 10“5
84.2 10.3 2.45 X 10“5 2.5 X 10~6

runs were made in the vessel when it was packed with 
glass tubing to test for surface effects. The agreement 
may be somewhat fortuitous because one would expect 
some of the methane to be occluded in the frozen con
densables.12 This loss may be balanced by the meth
ane which is produced by the decomposition of the

pentenes; this decomposition probably accounts for 
the small amounts of hydrogen12 found in the mass 
spectrum of the noncondensables. The mass balance, 
thus, appears to be reasonably good. It is, therefore, 
concluded that methane and butadiene are formed 
in the ratio 1:1 in the reaction

/ > - y  —  + CHl

The mechanism of this reaction will be discussed later.
Rate Constants. The following reaction scheme may 

be formulated for the first-order processes a t low con
versions when the contributions from secondary proc
esses are negligible.

. / 1-pentene
P >— ' k\ 2-pentene — *■ secondary products (1)

2-methyl-1-butene 
k&

■— >■ butadiene

The rate for the over-all reaction can be written

— \ ) /di = (^  \ )  =fc(/^>  \ )  ®

Therefore

[pentenes ]/[butadiene = k jk é  (3)

and
ki = k /(  1 +  1/a) (4)

where a =  [2 pentenes]/[butadiene].
Pressure Dependence of Rate Constant. Table I 

shows the results for a number of runs in the vicinity 
of 467.8° which were made with initial pressures 
ranging from 65 to 0.005 mm. of ethylcyclopropane. 
In each case, ki was calculated with eq. 4, a correction 
being applied for small temperature deviations from 
467.8°. I t  will be noted that the ratio [pentenes]/ 
[butadiene] is near enough to being constant to 
warrant the use of eq. 4. There is, perhaps, a signifi
cant increase in the quantity [pentenes]/[butadiene] 
with decreasing pressure, as shown in Figure 2. I t  
should be noted, however, that the runs, for which the 
ratio is in the vicinity 3.5M, are from one series while 
those for which the ratio is 5-7 are from two other 
series. Since the starting material was treated iden
tically in all cases and since the reaction vessel had not 
been opened to the atmosphere, either during or 
between the series or even before the first one (i.e., 
it was “seasoned”), this observation cannot be ex
plained. The extent of the reaction (percentage of 
reactant consumed) was calculated by the determi-

(13) D. Rowley and H. Steiner, D iscussions Faraday Soc., 10, 198 
(1951).
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Figure 2. Pentenes/butadiene as a function of pressure at 
467.8°: O, group A; • , group B; A, group C;
□, runs in the presence of added nitrogen.

nation, of the total amounts of C3, C4, and C 5 hydro
carbons in the products from the chromatograms. 
The usual dead volume correction was applied to the 
percentage of ethylcyclopropane left unreacted. Figure 
3 is a plot of log ki/kie, vs. log P, and it shows a definite 
decrease of the first-order rate constant from its high 
pressure value. This falloff does not begin until the 
pressure has been lowered to less than 1 mm., and at 
0.05 mm. the rate constant has only decreased by 
about 25%.

The scatter of the data in this work resulted chiefly 
from the low conversions necessary to minimize pentene 
decomposition, and the best estimates of high pressure 
rate constants were obtained by taking the mean of 
the rate constants of those runs in which the initial 
pressure was greater than 1 mm. These high pressure 
values are probably valid to ±5% .

Addition of an Inert Gas. A series of runs was made 
in which nitrogen was added to ethylcyclopropane in 
the ratio of 17.6:1 to verify that an energy transfer 
phenomenon was responsible for the decrease in /ci/fc„ 
with a decrease in pressure. Initial pressures of re
actant varied from 6.42 to 0.03 mm. The results are 
shown in a plot of log k \/k ia vs. log P  in Figure 3. The

8°-2r
N
* 0 -<3O ft

-0 2 ■

-12 -0.8 -0.4 0 0.4 0.8 1.2 1.6 2.0
LOG P (MM)

Figure 3. Behavior of first-order rate constant for the 
isomerization of ethylcyclopropane to pentenes as a function 
of pressure at 467.8°: O, silicon-coated quartz vessel;
• , packed vessel; A, nitrogen added (nitrogen/ 
ethylcyclopropane = 17.6:1).

T a b le  I I : Variation of Rate Constant with Pressure 
at 467.8°

Pressure, [Pentenes]/ fci X 10«,
mm. % conversion [butadiene] sec.-1

26.5 10.5 3.92 1.77
15.5 7.2 3.96 1.63
7.85 6.9 3.52 1.58
4.56 7.1 3.85 1.69
2.66 7.3 3.70 1.75
1.56 7.3 3.23 1.54
1.26 6.8 6.02 1.62
0.89 6.7 3.50 1.58
0.78 6.6 5.34 1.54
0.748 6.5 5.32 1.67
0.52 6.2 3.87 1.37
0.450 7.0 6.68 1.63
0.425 6.0 5.86 1.48
0.30 6.6 3.85 1.42
0.256 6.5 6.38 1.45
0.252 6.3 6.22 1.47
0.177 6.5 4.63 1.53
0.151 6.1 5.01 1.26
0.147 6.6 5.96 1.48
0.104 7.4 4.46 1.53
0.088 6.8 9.72 1.44
0.081 7.6 3.63 1.41
0.060 7.4 5.35 1.21
0.050 5.5 5.12 1.11

Runs with nitrogen added“

Ethylcyclopropane
pressure,

mm.
6.42 7.0 4.65 1.76
2.66 8.4 4.18 1.68
1.08 8.6 4.53 1.68
0.439 8.6 5.02 1.73
0.178 8.0 5.96 1.56
0.071 8.4 5.86 1.53
0.028 11.5 6.88 1.38

“ T  = 467.8°; [nitrogen]/[ethylcyclopropane] = 17.6.

efficiency of the nitrogen relative to the ethylcyclo
propane in maintaining the high pressure rate can now 
be calculated to be 0.20 ±  0.05 on a pressure basis from 
an estimate of a shift of the values of ki/k„ on the log P  
axis. The [pentene]/[butadiene] ratio is also shown 
in Figure 2. The slight upward trend with a decrease 
in pressure seems to be real.

Packed Vessel. The reaction vessel was packed 
with thin-walled, 2-mm. o.d. Pyrex tubing increasing 
the surface-volume ratio by a factor of 20. The aver
age value of fci for six runs a t 467.8° and at pressures 
between 17 and 63 mm. was 10% higher than the 
average of values for runs above 1 mm. in the un
packed vessel. The average of the [pentene]/

Volume 69, Number 2 February 1966



4 3 4 M a r c e l  L .  H a l b e r s t a d t  a n d  J o h n  P .  C h e s ic k

[butadiene] ratio was 7.6, which seems significantly 
higher than that observed in the unpacked vessel as 
shown in Figure 2.

Nitric Oxide Addition. The addition of nitric oxide 
at pressures between 6 and 300% of the reactant pres
sure did not inhibit the reaction and may, in fact, 
accelerate it somewhat at the higher levels. Butadiene 
formation was not significantly affected. I t is con
cluded that the decomposition to pentenes is probably 
a homogeneous unimolecular isomerization; the mode 
of butadiene formation is, however, uncertain.

Arrhenius Plot. An Arrhenius plot for data in the 
temperature range 446.1-479.3° is presented in Figure
4. The pressure was above 15 mm. in all cases in the

Figure 4. Arrhenius plot for ethylcyclopropane 
decomposition: O, silicon-coated quartz 
vessel; • , packed vessel.

high pressure region. A least-square fit of the data 
yields a value of 61.6 ± 1.4 kcal. for the activation 
energy of the isomerization reaction. Using the value 
of 1.70 X 10-4 sec.^1 for the high pressure rate con
stant a t 467.8°, we obtain k-la = 1014 15-40 exp[( —61.6 
± 1.4) kcal,/RT],

Product Ratios. Pentene product ratios are shown 
as a function of pressure in Figure 5. There are no 
obvious trends to be noticed with variations in tem
perature and pressure. The ratio of 2-methyl-l-

butene to 1-pentene increases somewhat with an in
crease in extent of reaction; this is probably due to 
the greater thermal instability of pentene-1.14

Discussion
Mechanism of Decomposition. The thermal isomeri

zation of ethylcyclopropane at 446-479° is complicated 
by the simultaneous decomposition to butadiene and 
methane, as well as secondary decomposition of pen
tenes to butadiene and lower hydrocarbons. I t  has 
been shown that the secondary products can be ac
counted for by the decomposition of the primary 
pentenes that are formed from the opening of the 
ring in a manner analogous to the isomerization of 
cyclopropane to propylene or methylcyclopropane to 
the isomeric butenes.

The formation of the butadiene, however, poses the 
question of the mechanism of its formation. Since 
the cyclopropane ring may have some double-bond 
character,16 17 it is possible that the bond 0 to the ring 
is somewhat weakened16 and initially breaks into two 
fragments in step 1.

+-CH3

■ 2  ^  ( f a s t )

(•CHs)3 a / \^tb(-H*)

CH2CH CH =  CH2 y ^ y

H3c —H

I
c h 4 +  y ^ y

The methylcyclopropyl radical would probably then 
rearrange in a fast step (2) to form the butenyl radical. 
Such a process would be analogous to a mechanism 
proposed by Roberts, et al.,11 to explain the products 
of the photochlorination of methylcyclopropane. They 
suggested that the methylcyclopropyl radical rearranges 
to the butenyl radical which then attacks chlorine to 
give one of the observed products. Alternatively, 
they suggested that the butenyl radical may not be 
formed at all and that a homoallylic radical may be the 
species which reacts with chlorine to give chloromethyl- 
cyclopropane and 4-chlorobutene-l. The methyl and

(14) M. J. Molera and F. J. Stubbs, J . Chem. Soc., 381 (1951).
(15) E. E. Royals, “Advanced Organic Chemistry,” Prentice-Hall, 
New York, N. Y., 1954.
(16) F. O. Rice and K. K. Rice, “ The Aliphatic Free Radicals,” 
Johns Hopkins Press, Baltimore, Md., 1935; cited by M. Taniew- 
ski, Proc. Roy. Soc. (London), A265, 519 (1962).
(17) E. Renk, P. R. Shafer, W. H. Graham, R. A. Mazur, and J. D- 
Roberts, J . A m . Chem. Soc., 83, 1987 (1961).
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Figure 5. Pentene ratios as a function of pressure at 467.8°: 
C, silicon-coated quartz vessel; • , packed vessel.

butenyl radicals would be the radicals present in greatest 
concentrations in the present work. These could dis
proportionate in step 3a to give methane and butadiene. 
If disproportionation needs a third body, as has been 
suggested, 18 it is difficult to explain the observation 
that yield of butadiene does not fall off markedly at 
low pressures.

An alternative mechanism is the loss of a hydrogen 
atom (3b) by the butenyl radical to give butadiene. 
Alkyl radicals smaller than pentyl decompose to yield 
either a hydrogen atom or a methyl or ethyl radical. 19 

An estimate of the heat of this reaction can be made as 
follows. The strength of the primary C-H bond in 
propane and butane is about 1 0 0  kcal./mole20 and is 
here assumed to be the same for 1-butene. The 
heats of formation of 1 -butene and atomic hydrogen 
are —0.03 and +52.1 kcal./mole, respectively. 21 This 
gives a heat of formation of the 4-butenyl radical of
47.9 kcal./mole. (This radical is much less favored 
than the 3-butenyl radical if it is actually to be formed 
by hydrogen abstraction from 1-butene.22 23) With a 
value for the heat of formation of butadiene of 26.3 
kcal./mole, 2-1 we obtain a AH of 30.5 kcal. for reaction 
3b above. A similar figure is obtained if one uses the 
value of 37 kcal./mole calculated by Kerr and Trot- 
man-Dickenson19 for AH for the loss of a hydrogen 
atom by n-propyl. On subtracting from this the 6  

kcal./mole stabilization energy of butadiene relative 
to 1-butene, 28 we obtain 31 kcal./mole, in good agree
ment with the previous calculation. Reaction 3b 
is, thus, endothermic by about 31 kcal. Some of this 
energy may be furnished by the exothermicity of the 
isomerization of the cyclopropyl to butenyl resulting 
from the difference between the 60-65 kcal./mole 
gained from double-bond formation (calculated from

heats of hydrogenation of olefins to corresponding hy
drocarbons) and the 54 kcal../mole as the AH for rupture 
of the cyclopropane ring. 24 25 This gives AH for the cy- 
clopropylmethyl to butenyl isomerization of about 
— 6  to — 1 1  kcal., in good agreement with the value 
of —7.86 kcal./mole found for the heat of isomeri
zation of cyclopropane to propylene. 26 The loss of a 
hydrogen atom to give butadiene, thus, will still re
quire about 20 kcal. of additional energy. The uni- 
molecular decomposition of a butenyl radical at ca. 
470° with an energy barrier of this magnitude might 
be a significant reaction. The atomic hydrogen pro
duced would produce H2 by abstraction from ethyl- 
cyclopropane at low conversions arid would add to the 
pentenes at reactant conversions above 1-3%. Methyl 
radicals would then have to recombine to form ethane 
or would recombine and disproportionate with C5 

radicals reducing the CIl4/C 4H6 ratio well below unity. 
The product analyses and CH4/C 4H6 balance make this 
an unlikely reaction sequence.

Another possible mechanism for the formation of 
butadiene and methane would not entail a free-radical 
process. It has been suggested18 that unimolecular 
disproportionation processes probably occur in hydro
carbon pyrolyses but are masked by the considerable 
chain length of the concurrent free-radical process. 
Such a process may be taking place in the ethylcyclo- 
propane decomposition. The configuration in which 
the ethyl group is over the ring permits a transition 
state in which the leaving methyl group is accompanied 
by a hydrogen, and butadiene is formed in the same 
step.

Pyrolysis of a mixture of ethylcyclopropane and ethyl- 
cyclopropane-dio with mass spectral analysis of the

(18) K. J. Laidler and B. W. Wojciekowdki, “The Transition S ta te ,” 
Special Publication No. 16, The Chemical Society, London, 1962.
(19) J. A. Kerr and A. F. Trocman-Dickenson, “ Progress in Reaction 
Kinetics,” Vol. I, Pergamon Press, Inc., New York, N. Y., 1961, p. 
120.
(20) T. L. Cottrell, “ The Strengths of Chemical Bonds,” Academic 
Press, New York, N. Y., 1954.
(21) “ Selected Values of the Properties of Hydrocarbons,” American 
Petroleum Institu te  Research Project 44.
(22) J. R. McNesby and A. S. Gordon, J . A m . Chem. Soc., 79, 5902 
(1957).
(23) M. J. S. Dewar and H. N. Schmeising, Tetrahedron, 11, 96 
(1960).
(24) . S. W. Benson, J . Chem. P hys., 34, 521 (1961).
(25) J. W. Knowlton and F. D. Rossini, J . Res. Natl. Bur. S td ., 43,
113 (1949).
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methane produced would provide an unambiguous 
choice of the molecular or free-radical processes for 
butadiene and methane production.

Pentene-1, pentene-2, and 2-methylbutene-l are 
produced at high pressures in the relative yields 1.0: 
1.0:0.19, in close agreement with the butene-1, butene- 
2, and isobutene relative yields of 1.0:0.9:0.16 found 
for the methylcyclopropane decomposition.2 A slight 
deviation is found in the ratios of cis- to ircms-pentene-2 
isomers. Chesick observed this ratio to be approxi
mately 2 in the opposite direction from the ratio of 
thermodynamic stability; the ratio of about 1.6 ob
tained here is slightly lower, but the cis isomer still 
predominates. These ratios are probably influenced 
by factors too subtle to be explained at present since 
the irans-2-pentene should also have greater thermo
dynamic stability than the cis form.

Comparisons of Pressure Dependencies of Cyclopro
pane Reactions. The effect of additional degrees of 
freedom in the homologous series, cyclopropane, 
methylcyclopropane, and ethylcyclopropane, is shown 
quite dramatically in Figure 6, in which curves have 
been drawn through the experimental points3 for the 
fall of rate constant with the pressure for the three 
previously mentioned compounds. Strictly speaking, 
for such a comparison to be made the activation energies 
for the three reactions should be unchanged. Such is 
the case for the first two for which the activation 
energies for isomerization were found to be identical 
within experimental error (65.0 kcal.). The presence 
of the methyl group did not appear to have disturbed 
appreciably the energetics of the reaction.2 The sub
stitution of an ethyl for the methyl group obviously 
changes the aspect' of the reaction to some extent as 
evidenced by the unexpected formation of butadiene. 
The activation energy for isomerization is calculated 
to be 61.6 ± 1 . 4  kcal. so it may be as high as 63 kcal. 
In spite of the slight differences in the energetics 
of the reaction, the comparison of the fall-off curves is 
considered to be significant. The methylcyclopropane 
curve has been shifted to lower pressures by 1.60 log 
units relative to cyclopropane, while ethylcyclopropane 
is shifted still further by an additional 0.95 to 1.0 log 
units. Therefore, the lifetime of an activated methyl
cyclopropane molecule is some 40 times greater than 
cyclopropane, and that of ethylcyclopropane, 400 times. 
The curve for ethylcyclopropane is for T = 468° 
while those for the other two molecules are for 490°. 
For the higher temperature, the ethylcyclopropane 
curve should be shifted only slightly to the right of the 
position in which it is drawn. Thus, we can conclude 
that intramolecular energy flow takes place in the 
activated molecule and that the entire molecule acts

Figure 6. Comparison of falloff of first-order rate constant 
with pressure for cyclopropane, methylcyclopropane, 
and ethylcyclopropane isomerization.

as a sink for the activating energy it receives upon 
collision. The conclusions of Chesick3 that Slater’s 
theory (assuming classical harmonic oscillators) can
not be reconciled with the results of the methylcyclo
propane work are emphatically supported by these 
results, and further increase in the number of oscil
lators not directly attached to the ring does not favor 
the Slater formulation. A similar increase in lifetime 
of activated molecules was found by Flowers and 
Frey26 in the isomerization of 1,1-dimethylcyclopro- 
pane. They do not list any data in their paper, but 
points estimated from their Figure 3 give a curve 
that is only slightly more to the right on the log P 
axis than the curve shown here for ethylcyclopropane.

Classical KRR Theory. The data for the behavior 
of the rate constant as a function of pressure can 
be compared with the theoretical predictions of the 
classical KRR theory by making use of the values of 
the Kassel integral listed by Schlag, Rabinovitch, and 
Schneider,27 using interpolations for values of the 
adjustable parameters between those tabulated.

o
Taking 5.5 A. as the collision diameter, s, the number 
of classical oscillators, effective as sources or sinks of 
energy, was found to be between 21 and 23 for ethyl
cyclopropane.

An estimate of the number of oscillators contributing 
to a reaction can be made by comparison with cyclo
propane,28 in which 12 or 13 modes out of 21 are effec
tive, and methylcyclopropane,2 in which 19 modes out 
of 30 are found to contribute. Since ethylcyclopro-

(26) M. C. Flowers and H. M. Frey, J . Chem. Soc., 1157 (1962).
(27) E. W. Schlag, B. S. Rabinovitch, and F. W. Schneider, J . Chem. 
P hys., 32, 1599 (1960).
(28) H. O. Pritchard, R. G. Sowden, and A. F. Trotman-Dickenson, 
Proc. Roy. Soc. (London), A217, 563 (1953).
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pane has 39 modes of vibration, it was estimated that 
23-25 of them would contribute as “classical modes” 
to the isomerization if the ratio of effective to total 
modes was similar to that for each of the two smaller 
molecules. Flowers and Frey26 also found that the 
fall-off curves for the isomerization of (isomeric) 1,1- 
dimethylcyclopropane could be fitted by curves cal
culated from the Kassel expression with s = 23 when 
the molecular diameter was taken as 5.9 A.

Thus, it is reasonable to conclude that, although 
there is still some doubt as to what value of s gives the 
best agreement with experiment, the ratio of effective 
(in the classical oscillator model) to total degrees of 
vibration is similar to that found in the other cyclo
propanes.

Marcus-Wieder Extension of RRK  Theory. This 
modification of the classical coupled oscillator model, 
in which consideration is made for the contribution 
of quantum effects to the course of the reaction, has 
been quite successful in calculating the pressure 
dependencies of a variety of unimolecular reactions6’29 
from the high pressure Arrhenius parameters and a 
vibrational analysis of the reactant molecule.

As our model we choose a “rigid” activated complex, 
i.e., one that is defined6 as having all the attributes 
of the isomerizing or decomposing molecule except 
that one of, the degrees of freedom is an internal trans
lation which has replaced a vibrational or internal 
rotational mode of the reactant. The expression for 
the unimolecular rate constant as a function of pressure 
reduces to6

1cbTP i + f /TiT 
k = «■___ ■■ e~B,i/RT X

hPiP*

where

f  E ©
J o  Ev+ < e + 1 +  k J k i P

P(EV+)
EhP<n+ Ev* < e + N +(Ea -j- E + +  Eo) (6)

The same symbols have been defined in detail else
where.6

Since the formation of 2-methyl-l-butene, which is 
present as only about 10% of the pentenes, requires 
a higher activation energy than the formation of the 
straight-chain pentenes, this reaction was neglected 
in order to simplify the calculations. The formations 
of 1- and 2-pentene were treated as one unimolecular 
reaction since they are produced with approximately 
the same activation energy. These assumptions are 
analogous to those made by Wieder for methylcyclo- 
propane.29

The vibrational assignments used for ethylcyclo
propane were those of Sverdlov and Krainov.30 An 
assignment of 237 cm.-1 for the methyl torsional 
frequency was made by analogy with the 1-butene 
spectrum.31

The W -M theory treatment is comparatively in
sensitive to selection of the reaction coordinate and to 
moderate variations in structure and frequency of the 
activated complex where these give adequate corre
spondence with the observed high pressure frequency 
factor 4„ , f.e.,.with AS*.32 The reaction coordinate 
was chosen to be a partial H-migration combined with 
ring deformation, and the activated complex has eight 
isomers as in methylcyclopropane.28 Thus, for this 
activated complex, a+ = 1 and a =  8.

Vibrational assignments for the activated complex 
were made by eliminating one of the C-H  stretching 
frequencies (which becomes an internal translation, 
the reaction coordinate) and lowering some of the ring 
frequencies until the internal entropy of the activated 
complex, as calculated from this assignment, agrees 
with the value calculated from the observed entropy of 
activation and the entropy of the reactant molecule 
calculated from the spectroscopic vibrational assign
ment. The experimental entropy of activation is 
found to be 3.44 e.u. which leads to an experimental 
value for the internal entropy Sv+ of the activated com
plex of 35.09 e.u. The vibrational assignment, 0.83 X 
5, 2.49 X 7, 3.32 X 10, 4.15 X 7, 8.30 X 9, gives a 
value of Sv* (calculated) = 35.07. Here the vibra
tional frequencies, in kcal./mole,—are grouped in 
multiples of the lowest frequency to facilitate computa
tion of P(EV+). An attem pt was made to assign the 
frequencies as closely as possible to the geometric 
means of groups of the reactant frequencies. There is 
considerable leeway in making and grouping these 
assignments, and one might say that this comes close to 
being an “adjustable parameter” in the Wieder-Marcus 
treatment.

The quantity fc2 is taken to be equal to the bimolecu- 
lar collision rate constant in pressure units calculated 
using a value of 5.5 A. for the collision diameter of 
ethylcyclopropane. I t is multiplied by X, the col- 
lisional efficiency for energy transfer and deactivation. 
This quantity assumes the properties of an adjustable 
parameter; a value of about 0.20 was found to fit the

(29) G. M. Wieder, Ph.D. Thesis, Polytechnic Institu te  of Brooklyn, 
1961.
(30) L. M. Sverdlov and E. P. Krainov, Opt. Spectry. (USSR), 7, 296 
(1959).
(31) N. Sheppard, J . Chem. P ays., 17, 74 (1949).
(32) F. W. Schneider and B. S. Rabinovitch, J . A m . Chem. Soc., 84, 
4215 (1962).
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data for cyclopropane, cyclobutane, and methyl- 
cyclopropane. 8

. The semiclassical expression6 used to calculate the 
quantity N*(E» +  E + +  E 0) was

N*(E& +  E+ +  E0)

n  <  e /6

E C n ( e  -  nfe)s_m_1

T(s — m)iv hvi*
» = l

! 0.2r

J___ I____I____1____I____I____L
-1.6 -1.2 -0 .8  -0.4 0 0.4 0.8 1.2 1.6LOG P (MM)

_l2 0

Figure 7. Comparison of falloff of first-order rate constant 
for isomerization of ethylcyclopropane with pressure at 
467.8° with theoretical prediction of the Marcus-Wieder
treatment: --------, collision efficiency (X) = 1;
--------, X = 0.09;------- , X = 0.04.

where the asterisk refers to the active molecule, e =. 

E* +  E+ + E0 -  E0', E0 = E  hvi/2 = 83.56 kcal./
m  i  =  1

mole, Eq' = E  h v * / 2  = 42.87 kcal./mole, s =
» = i

number of vibrational frequencies of reactant = 39, 
m = number of vibrational frequencies of the C-H 
stretching modes of reactant =  1 0 , b = geometric 
mean of the ten C-H stretching frequencies = 8.57 
kcal./mole, and Cn = number of ways of distributing 
n quanta among m degenerate oscillators.

The rate constant K  was evaluated at various pres
sures by a piecewise integration of eq. 1 over the ranges, 
E i+ = 0 to E2+ = hv+, E2+ = hv+ to E z+ = 2hv+, 
etc., where v + is the lowest frequency of the activated 
complex corresponding here to hv+ = 0.83 kcal./mole. 
In each of the above intervals in which P(EV+) is 
constant, N*(Ea +  E + +  E0) was treated as a con
stant by using the average value of E + in each range. 
The integration was cut off at an upper limit for 
which the error in neglecting further terms is small; 
after 50 terms, the error is 0.17%. These calculations 
were run from a Fortran program used with an IBM 
709 computer. Before the calculations were made for 
ethylcyclopropane, the program was checked by 
repeating Wieder’s calculations for methylcyclopro- 
pane:

Figure 7 shows a plot comparing the results of the 
application of the Wieder-Marcus treatment to the 
experimental data. I t  is seen that a value of X between 
0.04 and 0.09 gives the best fit for the data. This 
would indicate that the pressure falloff is a bit greater 
than expected from the Marcus-Wieder model since 
it is probable that the collision efficiency for ethylcyclo
propane should be similar to the value of 0 . 2 0  giving 
the best fit for cyclopropane and methylcyclopropane. 8 

The discrepancy can be explained, however, on the 
basis of a 1.4-kcal. error in the activation energy which, 
in turn, causes the values of log A  to be in error by 0.40 
for a given value of the rate constant. As detailed in 
Appendix IV of ref. 5, this will cause a shift along the 
log P  axis of about 0.3 ( 0  = 0.3, 7  = 100-4) so that the 
deviation of the collision efficiency from 0 . 2 0  is within 
experimental error.
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Volta Potential Studies of the Aging of Gold Surfaces1

by R. C. Plumb and N. Thakkar

D iv is io n  of C h em istry , W orcester Polytechnic In s titu te , W orcester, M assachusetts (Received J u ly  7, 1964)

Volta potential measurements have demonstrated that gold surfaces may quickly become 
contaminated with oxides of impurity metals if a source of such impurities, either from the 
gold itself or from the supporting substrate, is available. It is likely that the aging of gold 
surfaces observed by other investigators results from the formation of these oxides. No 
changes in Volta potential owing to oxidation or adsorption are observed when the sources 
of impurities are eliminated.

Introduction

It would be expected from the instability of Au20  
with respect to decomposition into Au and Au20 3 and 
from the large positive free energy of formation of 
Au20 3 from the elements (39 kcal./mole)2 that metallic 
gold would not be covered by oxide films. There is 
considerable evidence that gold surfaces prepared by 
cutting and polishing and etching or by evaporation 
under vacuum are not clean and free of oxide films. 
Early investigations of gas adsorption3 showed that 
gold prepared by reduction of C.p. gold chloride ad
sorbed oxygen strongly at temperatures of 130-150°. 
Both the quantity of oxygen taken up and the rate of 
adsorption increased with increasing temperature. 
Recently, Carpenter, Clark, Main, and Dickson,4 5 
studying changes of the pressure of oxygen in contact 
with 883° gold surfaces of variable purity, concluded 
that metallic impurities in the gold are oxidized, sug
gesting that gold surfaces are contaminated by surface 
films of metallic impurities from the gold. Shisha- 
kov,s from electron diffraction studies at room tempera
ture, concluded that gold heated at 500° in oxygen at 
atmospheric pressure is coated with gold peroxide. 
Shishakov’s electron diffraction patterns gave no evi
dence for base metal oxides, and he maintained that the 
work of Dickson, et al., did not provide adequate evi
dence for impurity oxide films. In a subsequent publi
cation, Dickson, et al.,6 stated tha , the electron diffrac
tion patterns which they attributed to base metal 
oxides on gold surfaces were unchanged by electro
chemical reduction under conditions which would de
compose gold oxide so that they felt that the oxides 
they observed must have been from impurities.

Antes and Hackerman,7 8 in one of the earliest in
vestigations of the behavior of the contact potential of 
evaporated metal films, observed changes in the Volta 
potential of gold of the order of several tenths of 1 v. 
over times of the order of 30 min. after exposure of gold 
films to oxygen-containing atmospheres. The po
tential changes were interpreted by them as resulting 
from physical adsorption of oxygen on the gold sur
faces. Bewig and Zismansa,b have examined the prob
lem of the stability of the contact potential of gold and 
platinum surfaces. They found that gold and platinum 
surfaces prepared by polishing, etching, and heating 
in a reducing flame showed aging effects when placed 
in a nitrogen atmosphere of 1% relative humidity. 
The changes in potential amounted to several tenths 
of 1 v. in times of 10 or more hr.9 Water adsorption 
on the electrodes could account for the changes in po
tential which they observed although their studies of 
the effects of humidity were made in the range of 10 to

(1) This research was supported in pa rt by Atomic Energy Commis
sion Research C ontract AT(30-1) 2479.
(2) W. M. Lattim er, “ Oxidation Potentials,” 2nd Ed., Prentice-Hall, 
New York, N. Y., 1952.
(3) A. F. Benton and J. C. Elgin, J . A m . Chem. Soc., 49, 2426 
(1927).
(4) L. D. Carpenter, D. E. Clark, W. H. Main, and T. Dickson, 
T rans. F a ra d a y  Soc., 55, 1924 (1959).
(5) M. A. Shishakov, J . P h ys. Chem., 64, 1580 (1960).
(6) D. Clark, T. Dickson, and W. N. Main, ib id ., 65, 1470 (1961).
(7) L. L. Antes and N. Hackerman, J . A p p l. P h y s ., 22, 1395 (1951)
(8) (a) K. W. Bewig and W. A. Zisman, Advances in Chemistry 
Series, No. 33, American Chemical Society, W ashington, D. C., 1961, 
p. 100; (b) K. W. Bewig and W. A. Zisman, J . P h y s . Chem., 67, 130 ' 
(1963).
(9) See ref. 8a and Figure 2.
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90% relative humidity. Bewig and Zisman later 
stated8*1 that polished platinum surfaces gave repro
ducible potentials when prepared in a room ventilated 
with air freed of adsorbable organic vapors and having 
controlled temperature and humidity but they de
scribed no aging studies on the surfaces, which may 
have been coated with oxides when the measurements 
were made.10

This investigation was designed to determine whether 
or not oxide films form on gold at room temperature 
and to explore the aging of gold surfaces observed with 
Volta potential measurements.

Experimental

The vibrating capacitor consisted of a perforated 
wheel, electroplated with gold, which was rotated by a 
synchronous motor over a probe, causing a change in 
capacitance at 450 c.p.s. The signal was fed to an 
amplifier having an input impedance of 1010 11 ohms, 
beat against a standard signal of 452 c.p.s., and dis
played on an oscilloscope. Balance of the potentials 
of the rotor and probe was achieved with a sensitivity 
of a few millivolts.

The vibrating capacitor was enclosed and flushed at a 
rate of 0.1 volume of system/min. with a specially 
purified atmosphere. The atmosphere consisted of 
dry, compressed air which had been freed of condensa
ble vapors by passing it through a high-capacity metal 
trap at Dry Ice temperature and rehumidified by bub
bling it through sulfuric acid. The atmosphere purifica
tion train and vibrating capacitor enclosure were con
structed of glass and metal. The probe was inserted 
Into the system and adjusted through an air lock per
mitting manipulation with a minimum of contamina
tion from the room air.

The metal films were formed by evaporation from 
tungsten baskets (previously freed of contamination 
by heating under vacuum) at pressures of about 5 X 
10 “6 torr in a separate system. About 100 sec. elapsed 
between the end of the evaporations and the time when 
the probes were in position for measurement.

Using the same equipment under similar conditions, 
transients of several hundred millivolts caused by 
the oxidation of aluminum and copper evaporated films 
were observed.11 The transients on aluminum and 
copper are reproducibly different from each other and 
from the behavior of gold, which will be described. 
The facts (1) that the aging effects on different metals 
are reproducibly different and (2) that the aging effects 
on gold, as will be shown, can be varied by controlling 
the substrate beneath the metal film as a source of impur
ity show that contamination of the surfaces by adsorp

tion of organic material from the atmosphere is not 
the cause of the observed changes in potential.

The probe was designed to minimize stray fields at 
the edges of the evaporated films so that the potentials 
were independent of the distance between the probe 
and the rotating wheel.11

The potential measurements are reported as electric 
potentials of the probes relative to the gold-plated 
wheel in the absence of impressed voltage, that is, the 
negative of the impressed voltage required to produce 
a null in the signal. The gold-plated wheel was cleaned 
occasionally by wiping it with a clean, grease-free 
polishing cloth, and, providing care was taken to allow 
a few hours for stabilization after cleaning, it served as 
a suitable reference surface. Measurements on sur
faces prepared by similar procedures were reproducible 
within 20 mv. A long-term drift of ~100 mv. over 
~ 3  years was corrected by a thorough vigorous polish
ing of the wheel and a few days’ aging. Relative to the 
wheel, an oxidized copper surface gives a potential be
tween 0.08 and 0.09 v.

Three grades of gold—99.5 and 99.999% pure as 
wire12® and spectroscopically pure as sponge,I2b con
taining less than 3 p.p.m. of silver and calcium and less 
than 1 p.p.m. of copper, iron, magnesium, and sodium— 
were used. Electrolytic copper and polished Lucite 
were used as substrates. The copper probes were ion- 
bombarded with argon to minimize interfacial oxide 
layers. Film thicknesses were determined by weighing 
films deposited on slips of mica.

Results
In preliminary experiments using gold films, which 

were several thousand Angstroms thick, evaporated on 
brass probes, it was found that the Volta potential, 
within a few hours of evaporation, changed to a po
tential similar to that of an oxidized copper surface.

A series of experiments were performed which dem
onstrated that the surfaces of the gold films became 
contaminated by copper diffusing through the films 
from the substrates. Films of different thicknesses 
were deposited uponcoppejLsubstrates, and the changes 
in Volta potential were followed for 3 days. Results of 
five experiments are shown in Figures 1 and 2. The 
Volta potentials were constant for an initial period 
which depended upon the film thickness. Then they

(10) In  their recent work (J . Chem. P hys., 68, 1804 (1964)) pub
lished after this paper was subm itted for publication, Bewig and 
Zisman point out th a t no aging is observed on gold and platinum  
surfaces prepared by their grinding and polishing technique.
(11) J. E. Boggio, unpublished results obtained a t the W orcester 
Polytechnic Institute.
(12) (a) Obtained from A. D. M acKay Co., New York, N. Y.; (b) 
obtained from Jarrell-Ash Co.

The Journal of Physical Chemistry



V o l ta  P o t e n t ia l  St u d ie s  o f  t h e  A g in g  o f  G old  S u r f a c e s 4 4 1

TIME AFTER EVAPORATION, SECONDS

Figure 1. Aging in air of gold films evaporated from 99.5% 
pure gold charge onto copper substrate. Volta potentials 
determined relative to well-aged, electroplated gold 
surface: 0,500 A.; X, 1500 A.

TIME AFTER EVAPORATION, SECONDS

Figure 2. Aging in air of gold films evaporated from 
99.999% pure gold charge onto copper substrate. Volta 
potentials determined relative to well-aged, electroplated 
gold surface: O, 950 A.; X, 5000 A.; □, 9500 A.

changed, rather abruptly, to a new value. The initial 
values and the final values varied somewhat with the 
film thickness, but the time required, before the change 
of potential occurred, depended markedly upon the 
film thickness. One concludes that the principal proc
ess observed is diffusion of the copper through the gold. 
The final potentials are within 20 mv. of those observed 
with oxidized copper probes.

One may estimate the diffusion coefficient of copper 
in gold from these measurements. The time elapsed 
between the evaporation of the gold film and the com
pletion of the.transient may be interpreted as the time

required for diffusion of sufficient copper through the 
gold to form, a monolayer of copper oxide. Assuming 
that no copper is present in the gold immediately after 
it is condensed on the copper substrate and assuming 
that the copper reaching the gold-air interface is im
mediately converted to copper oxide so' that the con
centration of copper at that interface is always zero, 
the diffusion equation was solved for the time required 
to produce a monolayer of copper oxide as a function of 
the diffusion coefficient and film thickness. From the 
observed times the diffusion coefficient of copper in the 
films of gold was determined to be about 10~18 cm.2/  
sec. The diffusion coefficient of copper in gold has 
been determined in the temperature range of 300-500° 
by Jost.13 Assuming the activation energy for the dif
fusion process a t room temperature is the same as that 
at elevated temperatures, the diffusion coefficient cal
culated for room temperature from Jost’s measurements 
is about 10-20 cm.2/sec. The higher diffusivity deter
mined from our measurements probably results from 
the imperfect structure of the evaporated films em
ployed in our work. From these results, one antic
ipates that any gold sample which contains as much as 
0.01% copper and which is thick enough to contain 
enough copper to form a monolayer (about 10,000 A. 
for 0.01% copper) will rapidly become coated with a 
layer of copper oxide.

Stable gold surfaces were prepared by evaporating 
films from spectroscopically pure gold onto polished 
Lucite substrates: These films exhibited no aging 
effects within a limit of detection of about 5 mv. during 
the period from TO2 to 107 sec. after exposure to the 
atmosphere. Aging effects of films on Lucite prepared 
from impure gold charges were observed but not 
studied in detail because of the lack of knowledge of 
the chemical composition of the condensed films.
Conclusions

We find no evidence of aging of pure gold surfaces 
prepared by evaporation. If there is physical adsorp
tion of oxygen, it takes place in times too short for us 
to observe. If there is formation of gold oxide films, it 
is completed much more rapidly than it is on aluminum. 
I t appears that the aging of gold surfaces, which has 
been observed in other contact potential measure
ments,3,4 results from diffusion of impurity metals to 
the surfaces where they are oxidized.

(13) W. Jost, Z . physik . C h e m B16, 123 (1932).
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Pyrolysis o f Magnesium Oxalate: Kinetics and Stoichiometry

by Peter E. Yankwich and Petros D. Zavitsanos

Noyes Laboratory o f Chemistry, University o f Illinois, Urbana, Illino is  (Received J u ly  8, 1964)

The stoichiometry of the pyrolytic decomposition of anhydrous magnesium oxalate has been 
studied over the temperature range 350-500°; the kinetics, between 404 and 472°. The 
stoichiometry corresponds very closely to MgC20 4 = MgO +  CO +  C 02, the maximum 
deviation being of the order of 1%. The kinetics results indicate that there are two phases 
in the decomposition: (a) an initial acceleratory period (a  <  ca. 0.3) during which reaction 
is due primarily to the growth of nuclei formed during the dehydration of the MgC20 4-2- 
H20  from which the anhydrous starting material is prepared and (b) a decay period (a > 
ca. 0.5) in which similar elementary processes operate. If random nucleation contributes 
significantly to the rate, it does so apparently only in phase a.

Introduction
In this paper we report the results of experiments on 

the kinetics and stoichiometry of the thermal decom
position of anhydrous magnesium oxalate. This work 
was undertaken as an extension of earlier investiga
tions of the pyrolyses of lead,1 zinc,2 and manganous3 
oxalates.

Several studies,4-8 usually involving thermogravim
etry, have shown that the principal reaction occurring 
during the pyrolysis of magnesium oxalate is MgC20 4- 
(s) = MgO(s) +  CO(g) +  C 02(g), but insufficient data 
are given to define the limits of this stoichiometry. 
Reports on the kinetics of the decomposition9-11 
are fragmentary. The experiments reported here were 
undertaken to gain information of potential utility in 
the interpretation of the carbon kinetic isotope effects 
accompanying the pyrolysis.

Experimental
P r e p a r a tio n  o f  M a g n e s iu m  O x a la te  D ih y d r a te . Aque

ous solutions of equal volume of 0.50 M  magnesium 
chloride and of 0.55 M  sodium oxalate (reagent grade 
chemicals in deionized water) were brought to their 
boiling points, and the former was added rapidly 
to the latter. The mixture was stirred occasionally as 
it cooled to room temperature. The crystals of the 
dihydrate formed in this way are fine (particle size
12-16 u) and rather uniform in appearance. The 
precipitate was washed several times with distilled 
water, air dried for 2-3 hr. at 110°, and stored over 
magnesium perchlorate in a desiccator.

A p p a r a tu s  a n d  P ro ce d u re . The apparatus and pro
cedures employed in the kinetics and stoichiometry 
experiments have been described in detail in an earlier 
publication from this laboratory.2 In this work, the 
sample size was approximately 0.25 mmole; the prod
uct gases were separated and trapped during the 
stoichiometry runs but remained in contact with the 
solid phases during the kinetics runs. Check com
parisons showed no effect of gas-solid contact on the 
gaseous product composition.

I t is important to note that the anhydrous magne
sium oxalate used in each run was prepared i n  va cuo  
from the dihydrate in the initial part of each  experi- 1 2 3 4 5 6 7 8 9 10 11

(1) P. E. Yankwich and J. L. Copeland, J . A m . Chem. Soc., 79, 2081 
(1957).
(2) P. E. Yankwich and P. D. Zavitsanos, J . P h ys. Chem ., 68, 457 
(1964).
(3) P. E. Yankwich and P. D. Zavitsanos, P u re  A p p l. Chem ., 8, 287 
(1964).
(4) T. Duval and C. Duval, A n al. C him . A cta , 2, 45 (1948). See 
also C. Duval, “ Inorganic Thermogravimetric Analysis,” Elsevier 
Publishing Co., New York, N. Y., 1953, pp. 101, 102.
(5) J. Robin, B ull. soc. chim . France, 1078 (1953).
(6) Y. A. Ugai, Z h. Obshch. K h im ., 2 4 ,  1315 (1954).
(7) L. Erdey and F. Paulik, M agy . T ud. A kad . K e m . T ud. Oszt. 
K ozlem en., 5, 461 (1955).
(8) H. G. Wiedemann and D. Nehring, Z . anorg. allgem . Chem ., 304, 
137 (1960).
(9) V. Ponec and V. Danes, Collection Czech. Chem. Com m un., 25, 17 
(1960).
(10) V. Danes, P robl. K in e tik i  i  K a ta liza , A kad . N a u k  S S S R , 4, 450 
(1960).
(11) G. M. Zhabrova and V. A. Gordeeva, K in e tik a  i  K a ta liz , A k a d . 
N a u k  S S S R , Sb. S ta te i, 31 (1960).
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ment. This procedural feature was adopted to avoid 
handling and “atmosphere” effects, but it complicates 
evaluation of the quality of our results on the basis of 
“reproducibility.” However, the general character
istics of a solid decomposition are often apparent from 
examination of the results obtained in a single experi
ment, and the quality of the kinetic activation param
eters (being based on data obtained at several 
temperatures) is not necessarily dependent upon a 
demonstration of reproducibility of a-t curves at a 
single temperature, a being the degree of decompo
sition and t the time.

Results

Stoichiometry. Gaseous products were collected 
separately in seven runs, four at 400° and one each 
at 350, 415, and 500°. With manometric error in
cluded, the ratios (COj/CO), temperature-ascending, 
were found to be 1.02 ±  0.01, 1.02 ±  0.01, 0.99 ±  0.01, 
and 1.02 ±  0.01. In each case, the solid product was 
soluble in dilute aqueous hydrochloric acid and ap
peared to consist of pure magnesium oxide. The stoi
chiometry of the decomposition is very closely that in
dicated above—the mean deviation being 1 ±  1% 
(compared with 4 ±  3% for manganous oxalate8 
and 7 ±  1% for the zinc salt2).

Kinetics. The a-t data were obtained in single, 
consecutive kinetics runs at several temperatures— 
451, 472, 458, 452, 469, 404, and 437° (in that order); 
the first and fourth runs may be regarded as replicates. 
The a-t data pairs used in subsequent calculations were 
obtained from a smooth curve through the original 
data; typically, 85% of the points lay on the curve, 
none were deviant by more than vwice the manometric 
error, and none of the conclusions reached below are 
affected if the calculations are based only on the origi
nal data pairs. Values of Aa/dt were taken from the 
curves by means of a prismatic tangent meter.

Except for the runs at 404 and 437° (which exhibit 
no acceleratory phase), the a-t curves are sigmoid in 
shape, which is indicative of an initial acceleratory phase 
in the decomposition and a final deceleratory phase. 
Where it is observed that the acceleratory phase is 
rather brief, inflection occurring after 7-12% decom
position.

Four functional representations of the rate results 
were selected for trial from numerous possibilities12:
(i) a “power of t” relation, expected to describe the 
acceleratory phase of the decomposition

« = (k j ) m (1)

(ii) the “contracting-sphere” equation13

1 -  (1 -  a )1/1 = (k/a)cst (2)

expected to hold in the deceleratory phase; (iii) a rate 
law of order n

da
-  = kn{ 1 -  «)» (3)

applicable also to the deceleratory phase; (iv) the 
Avrami equation14 15 in asymptotic form

— In (1 — a) = (kAt)nA (4)

which might obtain for a >  0.5.
The main part of Table I is a listing of the kinetic 

parameters obtained (by graphical means) for these 
four relations, together with the ranges of a (ra) over 
which they obtain; the first line of the table proper 
shows the a of the first nonzero data point ( o f ) and of 
the last point before “infinite” time (aL). In Table 
II there are collected the values of the Arrhenius-like 
parameters E  and A associated with the several rate 
constants in Table I.

Discussion
Acceleratory Phase. A simple power law seems to 

fit the data for 0.05 <  a <  0.2. In three runs where ob
servations were made for a <  0.05, these early points 
do not lie on the linear portion of a plot of In a vs. 
In t. Further, there is no system to the values of m 
observed at the several temperatures of the experi
ments. The fact that the highest m is not associated 
with the highest temperature indicates that sluggish 
establishment of thermal equilibrium is not responsible 
for the seemingly arbitrary m values. (Also, in this 
regard, it is worthy of note that, in view of the separate 
dehydration of the samples, the correspondence of 
the various kinetic parameter values, except in for the 
runs at 451 and 452°, is quite good.) As in the cases 
of the manganous and zinc oxalate decompositions, 
the in observed here may be a mean value arising in 
the parallel operation of two or more modes of nuclea- 
tion.15ab The indefinite temperature dependence of

(12) In reply to a  referee ref. 14, vide in fra , describes four families 
of equations which preliminary examination showed were less closely 
applicable to the results reported here than  the representations c ited ; 
they are equations which account for a “slow growth period,” ex
ponential rate laws, relations based on autocatalytic nucleation and / 
or nucleus growth, and equations which account for overlapping and 
ingestion of growing nuclei.
(13) k (cm. sec.-1) is the linear rate of inward motipn of the reac
tion interface; a  is the initial mean radius of the spherical particles 
assumed to comprise the decomposing solid.
(14) M. Avrami, J . Chem. P hys., 9, 177 (1941).
(15) (a) P. W. M. Jacobs and F. C. Tompkins in “ Chemistry of the 
Solid S ta te ,” W. E. Garner, Ed., Academic Press, Inc., New York, 
N. Y., 1955, Chapter 7; (b) C. Bagdassarian, Acta Physicochim . 
U R S S , 20, 441 (1945):
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Table I : MgCjO« Decomposition Kinetics Parameters and Their Ranges of Validity

Run temp., °C. 404 437 451 452 458 469 472
q:f“«L 0.02-0.82 0.06-0.75 0.03-0.95 0.05-0.98 0.04-0.90 0.07-0.93 0.28-0.99

(i) Acceleratory phase
m 0.69 I.O5 1.31 1.90 I .89 1.42
k m, sec.-1 1.24 X 10-5 2.57 X 10-4 5.77 X 10-4 6.90 X 10-4 8.29 X 10-4 1.27 X 10-3
ra 0.05-0.33 0.06-0.21 0.10-0.25 0.05-0.19 0.10-0.22 0.07-0.33

(ii) Contracting-sphere equation
( k /a )cs, sec,-1 4.44 X 10-9 8.90 X 10-s 1.84 X 10-4 1.57 X 10-4 1.75 X 10-4

2.85 X 10-9 3.13 X 10-6 1.21 X 10-4 8.57 X 10-9 1.18 X 10-4 4.47 X 10-4 5.49 X 10-4
1.95 X 10-9 7.37 X 10-9 2.14 X 10-4 2.95 X 10-4

ra 0.28-0.47 0.06-0.44 0.10-0.48 0.05-0.57 0.22-0.58
0.47-0.79 0.61-qil 0.48-0.76 0.64-0.85 0.68-0.82 0.07-0.67 0.28-0.75
0.75—q:l 0.86—a i 0.82-0.91 0.80-0.98

(iii) Deceleratory phase
n 1.33 1.73 l.Og l.Oo l . l l 1.25 1.3g
hi, sec.-1 1.13 X 10-s 1.35 X 10-4 4.28 X 10-4 4.43 X 10-4 5.96 X 10-4 1.34 X 10-3 2.08 X 10-3
ra 0,47— ah 0.65-aL 0.68—a.L 0.50-0.85 0.50-0.86 0.67-0.91 0.28-0.98

(iv) Avrami equation
n \ 0.73 0.7g 0.92 l.Oo l.Oo l.Oo l.Oo
kA, sec.-1 1.66 X 10-4 2.41 X 10-4 5.34 X 10-4 4.44 X 10-4 5.61 X 10-4 1.38 X 10-3 1.69 X 10-3
ra 0 . 0 2 - q:l 0.39—oil 0 .48—« l 0.32-0.90 0 .32—o il 0.46-ckl 0.68-0.93

Table II : Arrhenius-Like Parameters Associated with X

X E, kcal. rr

km 70 ±
( k /a )cs 78 ±
h  75 ±
k \  60 zb

ole 1 A, sec. 1
6 9.1 X 1016 17
5 2.9  X 1019
3 1.6 X 1019
3 5.0 X 1014

m and the relative shortness of the ra leave us without 
insight into the details.

Deceleralory Phase. Comparison of parts iii and iv 
of Table I shows that the Avrami exponent nA is unity 
for most of the runs, equivalent to a first-order law

— In (1 — a) = kit T  constant (5)

However, fci and kA differ significantly. Except, 
perhaps, for the very last part of the decomposition, 
a first-order law is a satisfactory representation of the 
rate for a >  0.5. Random nucleation16 and uniform 
growth of randomly situated “original” nuclei17 both 
lead to first-order kinetics.

The contracting-sphere equation apparently applies, 
separately, to early, middle, and late phases of the de
composition. Equation 2 ordinarily is not found to 
describe data below a = 0.3; typically, it holds for 
0.3 <  a <  0.9.18'19 The longest ranges of fit to eq. 2 
occur near the start of the reaction, as shown in part

ii of Table I. The apparent activation energies as
sociated with the early, middle, and late phase represen
tations are all the same, within experimental error; 
the pre-exponential factor shown in Table II is that for 
the middle phase.

Zhabrova and Gordeeva11 suggest the applicability 
of the contracting-sphere equation to the decomposi
tion kinetics of magnesium carbonate, hydroxide, and 
oxalate but point to the indistinguishability of fit to 
it and to a first-order rate equation in the range 0.2 <  
a <  0.7. Both the contracting-sphere and first-order 
laws arise from the growth of established nuclei, pro
vided there is no random nucleation during the re
action.1611'17'20 The fit of our results to both eq. 2 and 5 
at high a suggests relative unimportance of random 
nucleation—a difference from the zinc and manganous 
oxalate pyrolyses.

Apparent Activation Energy and Pre-exponential 
Factor. Some of the rate constants in eq. 1-5 are those 
associated with elementary processes; others are com
posite. Where m ^  1, km is related to both k\ , the 
probability (sec.-1) for one of the events leading to the

(16) K. L. Mampel, Z. physik. Chew... A187, 43, 235 (1940).
(17) S. Z. Roginskii and O. M. Todes, Izv. A kad. N a u k  S S S R , Otd. 
K him . N a u k , 475(1940).
(18) S. J. Gregg and R. I. Razouk, J . Chem. Soc., S36 (1949).
(19) W. D. Spencer and B. Topley, ibid., 2633 (1929).
(20) O. M. Todes, Zh. Fiz. IChim., 14, 1224 (1940).
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formation of a growth nucleus, and k2, the (linear) 
rate of growth of such a nucleus. I t  would be difficult 
to interpret the pre-exponential factor in kmi but the 
related activation energy is a linear combination of 
Ei and E2. The k in (k/a)cs is related to fc2; since 
we do not have measurements of a (which is a mean ef
fective quantity) for the anhydrous oxalate, we can 
interpret the E  derived from the temperature de
pendence of (k/a)cs but not the A. If random 
nucleation does not occur (and we believe it does 
not, here), the kn = hi of eq. 3 and 5 is or is related to 
k2 but is ki if random nucleation does occur; in either 
case, E  is well defined, but A is only so in the latter. 
In the asymptotic form of the Avrami equation, fcA 
is equivalent to k2 when nucleus growth is three-di
mensional and nA = 3; where nA is smaller, the equiva
lence is probable, especially if the data for low a are 
excluded.

A striking feature of the data collected in Table II 
is the similarity among the calculated activation ener
gies (not including that derived from kA), in spite of 
the varying makeup of the k values with which they 
are associated. The values for the pre-exponential 
factors are similar also (again excepting that derived 
from kA) and are very high. If our surmise concerning 
the relative unimportance of random nucleation is 
correct, the similarity of the activation parameters 
arises because all actually pertain to k2.

This similarity of kinetic parameters was noted 
earlier for the decompositions o: zinc and manganous 
oxalates. In Table III are collected average values of 
these parameters. The span of the values of log A

points to significant differences in the nature of the 
nucleation and growth processes among the three 
compounds. The values of E  and log A exhibit ap
proximate inverse correlation to the squares of the metal 
ion radii—whatever that may mean.

Table III: Average Values of Kinetic Parameters

P y r o l y t e

MgC2(V
MnC2(V
ZnC2Oi

E ,  k c a l ,  m o l e -

71 ±  5 
43 ±  3 
50 ± 3

l o g  ( A ,  s e c .  - 1)

17.8 ±  1.1
11.1 ±  0.2
14.6 ±0 .5

“ Parameters from k A  included for comparability. b Param
eters of the Prout-Tompkins constant excluded.

Conclusions
The stoichiometry of the magnesium oxalate pyroly

sis in vacuo differs by 1% or less from MgC20 4 = MgO 
+  CO +  C 02. As with zinc and manganous oxalates, 
the deviation is in the direction of excess carbon 
dioxide in comparison with monoxide.

Our kinetics results indicate that random nucleation 
processes are important only in the very early phases 
of the decomposition, if at all; apparently, the reac
tion proceeds primarily through the growth of nuclei 
formed during dehydration of the magnesium oxalate 
dihydrate.

Acknowledgment. This research was supported by 
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Simultaneous, Independent Hydrogen-Bonding Equilibria and 

Self-Association in Some Halomethanes and Haloethanes

by A. L. McClellan and S. W. Nicksic

California Research Corporation, R ichm ond Laboratory, R ichm ond, California (.Received J u ly  20, 196If)

The n.m.r. shifts of 18 chloro- and bromomethanes and -ethanes and 8 related compounds 
have been measured for the pure compounds and for 5% solutions in dimethyl sulfoxide, 
cyclohexane, and CC14. A more extensive study of some 1,1,2-trihaloethanes in dimethyl 
sulfoxide is reported. The various results can be summarized.by three general statements,
(a) Hydrogen bonding between 1,1,2-trihaloethanes and dimethyl sulfoxide can be ade
quately accounted for by assuming that each type of hydrogen acts independently to 
form a 1:1 complex with the sulfoxide, (b) All the halogenated compounds are self- 
associated to about the same extent when grouped according to the number of protons 
per carbon atom, (c) The hydrogen-bond shift for the various compounds in dimethyl 
sulfoxide solution is roughly proportional to the diamagnetic shielding, as measured by their 
resonance frequencies in cyclohexane solution.

Introduction
Following our study of chloroform-dimethyl sulfox

ide, 1 we looked at all the chloromethanes and -ethanes, 
a number of the bromo analogs, and a few similar com
pounds, to see if there were any unusual effects. In 
particular, we were looking for large self-associations or 
strong interactions with proton acceptors. All the ob
served data are presented first; then the case of inde
pendent equilibria is considered.

Experimental
The same general procedure and equipment were 

used as in our previous work.1 The irradiating fre
quency was 60 Mc.p.s. In these present experiments, 
the reagents were generally Eastman White Label 
quality used without further purification. Tetramethyl- 
silane was used as an internal standard so magnetic 
susceptibility correction was not needed.

Results
Table I gives the results. Figure 1 shows a plot of 

the chemical shift for these halogenated hydrocarbons 
in cyclohexane (considered inert) vs. the hydrogen- 
bond shift in dimethyl sulfoxide. The line in the figure 
is the least-squares best fit for compounds 1-20 and 25. 
Its equation is

Y  = A +  0.23X

where Y  = hydrogen-bonding shift = resonance in 
dimethyl sulfoxide minus the resonance in cyclohexane, 
in c.p.s.; X  = resonance in cyclohexane, in c.p.s. ; 
A = —27.8 c.p.s.

There is a rough correlation between these variables. 
Those resonances which occur farthest from the tetra- 
methylsilane reference point show the largest hydrogen- 
bond shift. One interpretation is that these compounds 
have an electron configuration in which the electrons 
around the proton are considerably displaced. As the 
dimethyl sulfoxide approaches such a “polarized” 
proton, it then exerts a large effect on it, and a large 
hydrogen-bonding shift is observed.

The third and eighth columns in Table I show that, 
although the proton resonances occur over a wide 
region (120-440 c.p.s.), the shift on dilution in cyclo
hexane is roughly the same for all. The data in Figure 
2, although rather widely scattered, suggest a trend for 
both the self-association and hydrogen-bonding shifts 
to decrease as the number of protons per carbon goes 
from 1 to 3. This is a rough way to allow for the 
successively greater activation of the protons as addi-

(1) A. L. McClellan, S. W. Nicksic, and J. C. Guffy, J . Mol. Spectry., 
11, 340 (1963).
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Table I: N.m.r. Shifts (from Tetramethylsilane) at 27 ±  2°

--- P r o t o n  r e s o n a n c e ,  c . p . s . — ✓----------- ---S h i f t ,  c . p . s . —
C o m p d . 9 5 % . 9 5 % 9 5 % D M S O  — P u r e  — P u r e  —

n o . C o m p o u n d P u r e D M S O C.Hi! CCI. CôHia C.Hi! CCI.
l Chloromethane a 183 172 186 i l
2 Dichloromethane 321 344.5 309.1 318.2 35 4 11.9 3
3 Chloroform 436 498 426 436 72.0 10.0 0
4a Chloroethane, HA 86 85 83 90 2 3 - 4
4b Chloroethane, Hbe 208 220 205 211 15 3 - 3
5a 1,1-Dichloroethane, Ha 122.5 120.8 118.3 134 2 2.5 4.2* -12
5b 1,1-Dichloroethane, Hb 357 385.8 345.6 352.2 40.2 11.4 5
6 1,2-Dichloroethane 226 234 2 214.5 221.7 19.7 11.5 4
7 1,1,1-T richloroethane 163.8 171 158.3 165 12.7 5.5d -1
8a 1,1,2-Trichloroethane, Ha 239 0 253.2 228.9 236 24.3 10.1 3
8b 1,1,2-Trichloroethane, Hb 350.6 394 336 8 344 57.2 13.8 7
9 1,1,1,2-Tetrachloroethane 258.5 287.5 249.5 256.5 38 9.0 2

10 1,1,2,2-Tetrachloroethane 360 416.5 347 355.5 69.5 13 5
11 Pentachloroethane 367 449.5 358.5 367 91 8.5 0
12 1,1,2-Trichloroethylene 386 440 380 388 60 6 - 2
13 Bromochloromethane 314 332 301 309 31 13 5
14 Dibromomethane 300 324 288 297 36 12 3
15 Bromoform 409 462 404 410 58 5 -1
16a Bromoethane, Ha 96 103 96 100 7 0 - 4
16b Bromoethane, Hb 205 211 196 205 15 9 0
17 1,2-Dibromoethane 221 228 210 216 18 11 5
18 1,1,2,2-Tetrabromoethane 368 414 356 363 58 12 5
19 l-Bromo-2-chloroethylene 223 232 212 221 20 11 2
20 1,2-Dibromoethylene 409 438 391 409 47 18 0
21a 1,2-Dibromopropane, CH3 108 104 112 110 - 8 - 4 -2
21b 1,2-Dibromopropane, CH. 222 229 213 222 16 9 0
21c 1,2-Dibromopropane, CH 250 270 242 246 8 28 4
22a 1,3-Dibromopropane" 140.5 138 142 142 - 4 -1 .5 -1
22b 1,3-Dibromopropane7 213 218 207 212.5 11 6 0
23 Dibromoacetonitrile 355 418" 342 349 76 13 6
24 Dichloroacetonitrile 385 446°
25a 1,1,2-Tribromoethane, Ha 249 259 238 245 21 11 4
25b 1,1,2-Tribromoethane, Hb 346 384 333 339 51 13 7
26a l-Chloro-2-phenylethane* 167 181.5 177 181 4.5 -10 -14
26b l-Chloro-2-phenyle thane7 204 231 212.5 217 18.5 -8 .5 -13

° Gas at room temperature. b Ha refers to the proton on the carbon having more protons. c Hb refers to the proton on the carbon 
having fewer protons. d Methyl protons. * Proton on carbon 2. 7 Proton nearer halogen atom. ° 10% in DMSO. h Proton nearer
phenyl group.

tional electronegative substituents are added to the 
molecule. The same trend is observed for bromo and 
chloro derivatives.

Such curves indicate that chloroform (compound 3) 
is not particularly outstanding as a proton donor. A 
similar conclusion was reached by Allerhand2 for infra
red studies of C-H  stretching frequency. For example, 
the relative hydrogen-bonding shifts for CHC13, C12CH- 
CN, and Br2CHCN were 29, 66, 80 cm .-1 when the 
compounds were very much diluted in dimethyl 
sulfoxide-d6. N.m.r. showed a smaller variation of 
hydrogen-bond shifts, namely 72, 61, 76 c.p.s. in di
methyl sulfoxide.

The data of Table I allow a further comparison of

the differing effects of dilution in CC14 or cyclohexane. 
We might expect cyclohexane to be inert, merely break
ing up association by dilution, while CC14 would offer 
chlorine atoms for hydrogen bonding similar to the 
self-association present in the pure compound. If 
these expectations are realized, the shift on dilution 
with cyclohexane should be larger than that in CC14. 
A comparison of the last two columns in Table I shows 
that usually such is the case. Occasionally, a negative 
value of shift is found. According to the interpretation 
above, a negative number means that bonding to the 
added solvent is greater than self-association.

(2) A. Allerhand, Dissertation, Princeton University, 1963, p. 94.
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Figure 1. Hydrogen-bond shift vs. 
resonance position in cyclohexane.

0 1 2  3
PROTONS PER C ATOM

Figure 2. Hydrogen-bonding and self-association 
shifts vs. protons per carbon atom.

Figure 3. Hydrogen-bonding shifts for 
1,1,2-trihaloethane protons in dimethyl sulfoxide.

Compounds with Two Types of Protons. Chloro-, 1,1- 
dichloro, and 1,1,2-trichloroethane and the corre
sponding bronro compounds each have two types of 
protons with different electronic environments, and 
the n.m.r. spectra reflect this by showing two proton 
resonances. The dilution shifts of the two different 
protons in cyclohexane still fit the trend shown in Figure
2. A similar effect on hydrogen bonding is also noted. 
The results of a more extensive study of 1,1,2-trihalo- 
ethane-dimethyl sulfoxide mixtures at room tempera
ture are shown as the circles and triangles in Figure 3. 
The data are corrected for self-association as in our 
previous work.1 The lines represent trends calculated 
as subsequently discussed.

Preliminary calculations were based on the assump
tion, suggested by data of the type in Figure 2, that the 
Hb proton would form the stronger hydrogen bond. 
The equilibrium between sulfoxide and the Ha proton is 
imagined as somewhat weaker. The resulting equa
tions, derived as outlined earlier,1 were complicated 
and did not give the observed dependence of n.m.r. 
resonance position upon concentration. After con
sidering and rejecting various schemes, involving as 
many as five equilibria, we found that the observed

The Journal of Physical Chemistry
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shifts can be adequately explained by assuming that 
there are two complexing equilibria each forming a 1 : 1  

complex. If we symbolize the haloethane as HaCHb to 
emphasize the two different protons and dimethyl 
sulfoxide as S, then we can write

fa
HaCHb +  S = H„CHb • • • S (1)

S +  HaCHb = S ■ • • aHCHb (2)

With the further assumption that these equilibria are 
satisfied independently, we can calculate shifts following 
our previous work. 1 The equilibrium constants used 
to make these calculations, as well as some on 1 ,1 ,2 ,2 - 
tetrachloroethane, are given in Table II for which v- 
values were found by the method of Huggins, Pimentel, 
and Shoolery. 3

T a b le  II  : Summary of Equilibrium Calculations at
27 ±  2°

Chloroform (from ref. 1)
1.1.2- Trichloroethane, Ha
1.1.2- Trichloroethane, Hb
1.1.2- Tribromoethane, Ha
1.1.2- Tribromoethane, Hb
1.1.2.2- Tetrachloroe thane

»tree. C.p.8.
b̂onded»
C.p.8.

10»i,
M ~ l

426 516 30
238 261.5 1.4
346.5 409 1.4
250.1 272.2 5.6
347.4 397.8 5.6
360 416 5.6

We see the same variation in k as shown for hydrogen
bonding shift in Figure 1. Chloroform forms a con
siderably stronger hydrogen bond than the haloethanes. 
The uncertainty of the k values is moderate, being 
perhaps ± 1  M ~l.

There still remains the intuitive feeling that the two 
types of proton should have different hydrogen-bonding 
equilibrium constants. Why is this not found in the 
calculations? One answer may be simply that the 
bonds are so weak that small differences are not detected 
by the technique used. In addition, the data and cal
culations do not exclude another possibility. That is 
that the two different protons form hydrogen bonds at 
the same time to the oxygen atom of the sulfoxide 
group. Such a complex could be shown diagrammati- 
cally as

Cl
CH, ,Hb\  |

\  /  XC -C 1
s=o |

/  \  / C - C l
CHs Ha I

Ha

For this complex, we would expect weak bonding 
since the C-H ■ • • 0  angle is high (about 100°). 
Pimentel and McClellan4 discuss the problem of bent 
hydrogen-bond configurations, and, for the very simple 
view adopted there, bending is calculated to have little 
effect. As they point out, no great weight can be 
attached to their computation, but it is perhaps indica
tive that such complexing is possible. In a similar 
way, we can argue that the finding of the same k value 
for Ha and Hb in the same molecule is compatible with, 
but not a compelling argument for, simultaneous 
formation of two hydrogen bonds.

Nuclear magnetic resonance spectra were recorded 
for the 1 ,1 ,2 -trichloroethane-dimethyl sulfoxide mix
tures at 2.5°, the lowest temperature which did not 
freeze some of the samples. The data for Ha shift 
lies essentially on the line observed at 27° (Figure 3). 
For Hb the points are higher by about 2 c.p.s., an 
amount just outside experimental error. The trend 
of the Hb line is the same as a t 27° so we cannot detect 
a change in the k values. This behavior would be 
expected for the cyclic 1 : 1  complex, lending some 
additional support for this proposed structure. N.m.r. 
spectra were not measured at higher temperatures 
because the k values, which are already small at room 
temperature, would be still smaller, and differences 
could not be detected.

Perhaps it is best to say that chemical intuition 
suggests the two types of protons should have different 
equilibrium constants, but our observations are fit 
more easily by the assumption that they do not. 
The difference may be too small for observation, or a 
1 : 1  complex with two hydrogen bonds from the same 
haloethane molecule may somehow “average out” the 
properties of the two protons.

Summary
We have observed an example in which two types of 

protons in the same molecules form hydrogen bonds 
independently in the same mixtures of 1 ,1 ,2 -trihalo- 
ethane-dimethyl sulfoxide. We have noted hydrogen- 
bond shifts of 26 halogenated hydrocarbons in dimethyl 
sulfoxide, cyclohexane, and CC14 and have shown a 
relation between self-association shifts and the number 
of protons per carbon atom.

Acknowledgments. We appreciate the thoughtful dis
cussions with Dr. L. L. Ferstandig and the permission 
of California Research Corp. to publish this work.

(3) C. M. Huggins, G. C. Pimentel, and J. N. Shoolery, J. Chem. 
Phys., 23, 1244 (1955).
(4) G. C. Pimentel and A. L. McClellan, “ The Hydrogen Bond,” 
W. H. Freeman and Co., San Francisco, Calif., 1960, p. 243.
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The Thermal Decomposition of Cadmium Hydroxide

by M. J. D. Low and A. M. Kamel

School o f Chemistry, Rutgers, The State U niversity, N ew  B runsw ick, New Jersey (Received J u ly  21, 1964)

Differential thermal and thermogravimetric analyses of Cd0 1.65H20  showed that four 
processes were involved in the thermal decomposition. Isothermal weight loss deter
minations showed that, a t 300° and above, the decomposition to CdOo.so was continuous. 
The composition of intermediates is uncertain because of the rapid and continuous reac
tion. Some oxide was formed as low as 265°. The decomposition was accompanied by 
marked textural changes of the solid. Surface areas of pure hydroxide as well as samples 
containing 1 atom % Li+, Zn+2, M g+2, or A1+ 3 were measured after heating in vacuo for 
various times at temperatures from 150 to 500°. Al+3-addition inhibited and Li+-addition 
enhanced oxide sintering up to 400°, through the destruction or creation of oxygen vacan
cies. At 450 and 500° both A1+ 3 and Li + additions increased sintering, suggesting that a 
cation vacancy mechanism became dominant.

During a study of the surface properties of CdO, it 
became necessary to prepare well-defined CdO samples 
by various means, including the thermal decomposition 
of the hydroxide. Although some work has been re
ported on the isobaric and isothermal dehydration of 
cadmium hydroxide, 1’2 the information available was 
incomplete. Additional work was required and, con
sequently, the thermal decomposition of doped and un
doped cadmium hydroxides was studied.

Experimental Details
Cadmium hydroxide was precipitated from the 

nitrate with ammonia, 3 thoroughly washed and dried 
at 100° in air. A portion of the powder was mixed with 
enough LiOH, Zn(N03)2, M g(N03)2, or Al(N03)a solu
tion to yield a stiff paste, which was dried at 1 1 0 °. 
The amounts of solutions and their concentrations were 
sufficient to result in hydroxide samples that, when 
converted to CdO, would contain 1 atom %  of foreign 
cations. Differential thermal analyses (d.t.a.) were 
made at linear heating rates of 10°/min., using Pt-10%  
Pt-Rh thermocouples. A slowly moving stream of 
purified nitrogen passed over the nickel detector block. 
Thermogravimetric analysis (t.g.a.) was made in air 
with a modified Ainsworth automatic recording bal
ance, a t linear rates of 4.6°/min. from room tempera
ture to 500°. Isothermal weight loss (i.w.l.) was 
measured in air with a modified analytical balance. 
Nitrogen adsorption isotherms and B.E.T. surface

areas4 were obtained with an apparatus of conventional 
design.6 The initial degassing of each sample was car
ried out overnight at room temperature because of the 
instability of the hydroxide. Surface areas were then 
measured for a sequence of heat treatments of various 
durations in vacuo ¡at each temperature. The surface 
areas, "each calculated from data at six relative pres
sures, are given in m.2/g. of starting material.

Experiments and Results
D.t.a. Experiments. These experiments are de

scribed in somewhat greater detail than would normally 
be warranted, because electrical disturbances of the 
instrument brought about by CdO can be used to de
duce information about the extent of the decomposi
tion. In studying the hydroxide-oxide transformation, 
it seemed reasonable to use CdO as a reference sub
stance. A sample of Baker Company C.p . material 
which had been heated in air to 300° for 2 hr., and which 1 2 3 4 5

(1) G. F. Hüttig and R. Mytyzek, Z . anorg. allgem. Chem., 190, 353 
(1930).
(2) G. F. Hüttig, “Hydroxyde und Oxyhydrate,” R. Fricke and G. F. 
Hüttig, Ed., Akademische Verlagsgesellschaft m.b.H., Leipzig, 1937, 
p. 413 ff.
(3) A. Cimino and M. Marezio, J . P hys. Chem. Solids, 17, 57 
(1960).
(4) S. Brunauer, P. H. Emmett, and E. Teller, J . A m . Chem. Soc., 
60, 309 (1938).
(5) P. Faeth, “Adsorption and Vacuum Technique,” Report No. 
66100-Z-X, University of Michigan, 1962.
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was the material it had been intended to use as refer
ence, was subjected to d.t.a. using a 7 -alumina refer
ence. Near 200° a voltage indicating an endothermic 
process was produced that rapidly increased with in
creasing temperature. Cadmium hydroxide was ex
amined in another experiment using alumina as the 
reference; in addition to endothermic peaks of de
hydration processes, a large and increasingly endo
thermic signal began near 400°. On holding the tem
perature constant a t 600° for 107 min., the signal re
mained at a constant value, then progressively became 
smaller as the temperature was decreased, and vanished 
near 350°. Figure 1 shows the results of another ex
periment in which the positions of hydroxide and 
alumina were reversed. The decomposition processes 
appeared as exothermic peaks. Near 265° the signal 
indicated an endothermic process. After keeping the 
temperature constant near 300° for 30 min., the tem
perature was decreased, and the signal declined.

The results of these and similar experiments suggest 
that the large endothermic signal appearing in the 
presence of the oxide was an artifact produced by elec
trical “leakage” between thermocouples and the de
tector block permitted by the relatively high electrical 
conductivity of CdO. More important is the deduc
tion that CdO was formed at temperatures in the 
vicinity of 265°. This is in agreement with the ob
servation that the white hydroxide turned brown 
within a few minutes at 300°.

Figure 2 shows the details of typical d.t.a. curves. 
All of the curves pertain to the Mg-doped sample, and 
were obtained under different conditions of packing of 
the sample into the heater block. The peak near 110° 
is ascribed to the desorption of water. An alumina 
reference was used with these and all other samples be
cause of the electrical disturbance produced by a CdO 
reference substance. There were no significant differ
ences in the d.t.a. curves ascribable to the effects of 
doping. The data are summarized in Table I.

T.g.a. Experiments. Each of the samples was sub
jected to t.g.a. with reproducible results. The doping 
of the hydroxide was without effect. There was no 
increase in sample weight on cooling the samples from 
500° to room temperature in air, suggesting that oxy
gen sorption was negligible. The d.t.a. peak of Figure 
2 near 260° split into peaks centering at 255 and 275°, 
and the shoulder near 325° appeared as weak shoulders 
centering near 230, 260, and 300° of a large shoulder of 
the t.g.a. curve. The data are summarized in Table I.

I.w.l. Experiments. A fresh sample was used at each 
temperature. With the exception of the plot of the 
Li-doped sample, marked Cd(OH)2/Li, all plots of 
Figure 3 are for the decomposition of the undoped hy-

Tamperatur«, ®c

Figure 1. D.t.a. of AI2O3 vs. cadmium hydroxide. The 
alumina reference material was placed in the position 
normally used as sample position, the cadmium 
hydroxide being in the reference position of 
the detector block of the d.t.a. instrument.

T«mp#ro»ur*t *q
Figure 2. D.t.a. curves of cadmium hydroxide.

droxide. The following observations are noteworthy:
(a) at and above 300°, a weight loss of about 21% oc
curred, indicated with arrow P; (b) decomposition at 
300 and 350°, although much slower, was as effective as 
decomposition at 750°; (c) there was a change in 
slopes after about an 8 % weight loss, indicated with 
arrow Y ; (d) there was a pronounced arrest in some 
plots after about 1 2 % weight loss, indicated with arrow
Z. The various plots suggest that the decomposition

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  1 9 6 6
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Table I

■ T e m p .,  ° C .-
.------------------------- T . g . a . ^  .--------------------------------D . t . a . ---------- C o m p o s i t io n  a t  e n d  o f

P ro c e s s I n i t i a l C e n t e r F i n a l I n i t i a l C e n t e r F i n a l p ro c e s s P ro c e s s

I 25 190 110 170 Cd0-1.65H20 Desorption

i i 190 230 240 170 255 Cd0-1.38H20  Ì Dehydration
i n 240 260 270 275 CdO1.03H2O J

IV 270 300 340 325 350 CdO-0.76H2O Ì Dehydration and
V 370 410 430 350 420 450 CdOo.80 / deoxygenation

Time (hours)

Figure 3. Isothermal weight loss of cadmium hydroxide.

at and above 350° was continuous, the various proc
esses indicated by d.t.a. and t.g.a. experiments not 
being clearly distinguishable. Sequential decomposi
tion is indicated at and below 300°.

Product Coin-positions. The interpretation of t.g.a. 
and i.w.l. curves was based on the final weights of the 
samples, in order to avoid errors in initial sample 
weights caused by fortuitous water loss or gain. To 
permit this, and also to check on the completeness of 
the decomposition, 11 samples of end decomposition 
products of pure and doped samples obtained at tem
perature from 350 to 750° were analyzed. Cadmium

was estimated by the method of Fernando and Freiser.6 
As the dissociation pressure of CdO is small7 and the 
formation of cadmium mirrors was never observed, 
the empirical formulas of the final decomposition prod
ucts were calculated on the assumption that the sam
ples consisted only of cadmium and oxygen and that 
loss of water and oxygen accounted for the observed 
weight decreases. This resulted in the formula

(6) A. Fernando and H. Freiser in “Treatise on Analytical Chemis
try,” I. M. Kolthoff and P. J. Elving, Ed., Part II, Vol. I l l ,  Inter
science Publishers, Inc., New York, N. Y., 1961, p. 199.
(7) I. G. F. Gilbert and J. P. Kitchener, J. Chem. Soc., 3919 (1956).
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CdOo.8o±o.o3- There was no correlation between de
composition temperatures or coping and the small 
variation in formula, and consequently the average 
formula was used to compute the compositions given in 
Table I. If the end product a t P in Figure 3 was 
taken as CdOo.s, then at points corresponding to Y of 
that figure a product CdOH20 was formed. At points 
corresponding to Z, the product had the approximate 
composition CdO0.6H2O. Process I, indicated by an 
endothermic peak near 110° in d.t.a. curves and by a 
plateau in t.g.a. curves, is considered to be a loss of ad
sorbed water. Processes II, III , and IV are taken as 
dehydration steps. In view of the rapidity of the de
composition and the continuous weight loss indicated 
by the i.w.l. curves, it is probable that the compositions 
of intermediate products indicated in Table I are'sub
ject to some error. Also, the production of brown 
coloration at 300°, the continuous i.w.l. curves, and 
the electrical disturbance of the d.t.a. apparatus suggest 
that some oxide is produced near 265° and that some 
loss of oxygen occurs at stages of decomposition very 
far from completion.

Nitrogen Adsorption. The surface areas of pure and 
doped samples are shown by the plots of Figures 4 to 8. 
Some nitrogen adsorption-desorption isotherms at 
liquid nitrogen temperature were made with undoped 
samples after heating in vacuo and are shown in 
Figure 9. The adsorption-desorption cycles shown 
there as plots A, B, and C were made in sequence with 
one sample. A second sample was used for plot D.

The color changes that occurred during such heat 
treatments are of interest. The original hydroxide was 
a white powder and became yellowish after heating at 
150° for 9 hr., suggesting that a small amount of de
composition had occurred. At 200°', however, the 
sample turned brown after about 1 hr., suggesting that 
substantially more decomposition had occurred than at 
150°. At 300° the sample was within the furnace for 
15 min. and emerged totally brown.

Discussion
The Decomposition Process. The present observa

tions agree, in general, with those of Hiittig and 
Mytyzek,1-2 who studied the isobaric dehydration of 
cadmium hydroxides. Their samples, ranging in com
position from CdO1.041H2O to CdO-2.207H2O, were 
stated to lose water continuously and irreversibly with
out a change of phase until CdO H 20  was formed. A 
second phase, termed “hydro-oxide,” of approximate 
composition CdO0.4H2O was then formed, which could 
undergo further dehydration. On heating a cadmium 
hydroxide sample with a Teclu burner, they obtained 
a material of composition CdO0.87, not inconsistent with

p_

Figure 4. Nitrogen adsorption-desorption isotherms. The 
direction of the arrows indicates the order in which the various 
points were obtained: A, after degassing overnight at room 
temperature; B, after heating at 300° for 30 min.; C, after 
heating at 300° for 12 hr. displaced by —1 ml.; D, after 
heating at 500° for 1 hr., displaced by —2.5 ml.

that reported presently. These observations are 
borne out by the continuous dehydration shown by the
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Figure 6. Surface area isotherms of Cd(OH)2-Li+. Figure 9. Surface area isotherms of Cd(OH)2-Al+3.

Figure 7. Surface area isotherms of Cd(OH)2-Mg+2.

Figure 8. Surface area isotherms of Cd(OH)2-Zo+2.

i.w.l. experiments. The points Z, corresponding to a 
composition CdO'0.6H2O, as well as process IV of
d.t.a. and t.g.a. experiments, corresponding to a for

mula CdO0.76H2O, can be taken as being reasonably 
close in composition to the hydro-oxide of Hiittig and 
Mytyzek. That the dehydration is not, in reality, 
continuous but occurs ih four rather than two stages is 
shown by the present experiments. The precise nature 
of the structural changes occurring in the solid during 
the dehydration is not known and, in the absence of sup
porting data such as X-ray diffraction, speculation on 
the changes is fruitless. That considerable textural 
changes of the solid occur, however, is indicated by the 
changes in surface areas and in nitrogen absorption- 
desorption isotherms.

The surface areas of pure hydroxide increased by al
most 20% on heating for 15 or 30 min. at 150 or 200°, 
respectively. Although some decomposition occurred 
at 150°, it is more plausible to ascribe this increase to 
an opening of a previously blocked pore system than 
to a generation of new surface through decomposition 
because the amount of decomposition occurring in 15 
min. was small. This suggests that the overnight de
gassing at room temperature was incomplete, and that 
the untreated hydroxide had a system of small pores. 
Presumably, water molecules blocked the pore system 
and were desorbed above room temperature. This 
is in agreement with the existence of a system of cylin
drical or ink bottle-shaped pores than can be deduced 
from the hysteresis8 and from the smooth closing of the 
hysteresis loop of plot A of Figure 9. The curves of 
Figure 4 of areas at 200, 250, 300, and particularly 
350° show that rapid declines in areas occurred. This, 
as well as the disappearance of hysteresis and decline 
in area shown by plots B and C of Figure 9, suggests

(8) S. Brunauer, “Physical Adsorption of Gases and Vapors,” Oxford 
University Press, Oxford, 1944.
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that the original structure was subject to drastic 
change, the system of small pores and pore openings 
being destroyed or converted to one having relatively 
large pores. Increases in area occur at higher tem
peratures, shown by the 350 to 450° plots and in Figure 
9 by plot D. The reappearance of a hysteresis loop in 
the latter indicates the reformation of a network of 
fine pores. Similar information can be derived from 
Figures 5 to 8, and also more clearly from isochrones 
or plots of surface area as function of temperature 
at constant heating times. The various decomposition 
processes cause minima in surface areas near 350 and 
450° and a maximum near 400°. This is shown 
schematically by the generalized isochrone in part A 
of Figure 10.

The various data suggest that several general trends 
occur, (a) There was a .rapid decline in surface area 
on heating to 300°, ascribable to the destruction of an 
original system of small pores. There was little change 
at 300° after this had occurred, (b) A new pore system 
began to form at 350°, but the new system also 
was subject to slow change, (c) The degree of 
porosity of the second system depended on the velocity 
of formulation of the pores, (d) The new pore system, 
if formed rapidly, was relatively stable. These data, 
in conjunction with those derived from d.t.a., t.g.a., 
and i.w.l., suggest four general processes: (1) loss of 
water with attendant destruction of the texture of the 
hydroxide; (2) formation of CdO, attended by increase 
in area; (3) sintering of CdO; and (4) deoxygenation 
of cadmium oxide. These are indicated schematically 
in part B of Figure 8, and result in the composite C.

The surface area and stability of the solid were, in 
general, greater the higher the temperature of decom
position. This may be connected with the change in 
crystal structure attending the hydroxide-oxide con
version. Cadmium hydroxide forms a layer structure9 
in which every Cd is surrounded by 60H. Every 
OH forms three bonds to Cd atoms in its layer and is 
in contact with 30H of the adjacent layer. The char
acteristic feature of such a layer structure is unsym- 
metrical environment of the OH groups, which have 
their Cd neighbors all to one side and on the other side 
are in contact only with OH groups, in marked contrast 
to the rock salt structure of CdO. Two over-all steps 
are involved in the rearrangement from layer to rock 
salt structure: dehydration, whereby H20  is lost,
O-2 is formed, and QH vacancies are made in the 
anion sublattice; and rearrangement, whereby the 
depleted layer lattice collapses to form the rock salt 
lattice. In view of the larger surface areas found with 
increasing temperature, it is not implausible to suggest 
that this effect was in part brought about by a reten-

300 400 500
T  (”C)

Figure 10. Schematic decomposition mechanism.

tion of the gross structure of the hydroxide crystallites 
by the newly formed oxide. Although local rearrange
ment could occur rapidly over regions of a few unit 
cells, the densification resulting from the diffusion and 
rearrangement of O * 2 and Cd+2 ions attending the re
crystallization of an entire crystallite could lag beyond 
the dehydration. The surface area of the original ma
terial could then be retained or increased at high de
composition rates.

The Effects of Doping. I t  is recognized that the 
foreign cations could not be distributed throughout 
the host lattice but were, initially, at least, on the 
surface of the hydroxide crystallites. Yet several ef
fects of doping were discernible, appreciable changes in 
surface areas occurring even at low temperatures. 
As the “sintering curves” reflect the summation of the 
changes occurring in the solid, some attempt must be 
made to separate the effects of the two major over-all 
processes, i.e., the hydroxide-oxide conversion, and 
the oxide sintering and deoxygenation. This can be

(9) G. Natta, Gazz. chim. ital., 58, 344 (1928) ; Atti Accad. Lincei, (6)
2, 495 (1925).
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done by considering relative surface area, i.e., the actual 
surface area measured after a heat treatment divided 
by the surface area of the unheated sample. Table 
II summarizes the sintering data, using the simplified 
symbolism indicated. In each vertical column the 
samples are arranged in decreasing order of surface 
area, e.g., a t 300° the highest and lowest actual surface 
areas are given by E and C, respectively.

Table I I :  Actual and Relative Surface Areas after 12 Hr.°

3 0 0 3 5 0
— T e m p . ,  ° C . —  

4 0 0 4 5 0 5 0 0

E c E c E  c A C C* c
A e D e C e D a A a
D a A a A a E d E  d
B b C b D b C e D* e
C d D d B d B b B b

“ a, A =  Cd(OH)2; b, B =  Cd(OH)2-L i + ; c, C =  Cd- 
(OH)2-M g+ 2; d, D =  Cd(OH)2-Z n+ 2; e, E  = Cd(O H)2-A l+ 3; 
C*: 12.5 m .2/g ; D*: 4.9 m .2/g. Capital letters indicate the 
actual areas, lower case letters the relative surface areas.

There is little regularity in the order of actual surface 
areas, implying that doping had a random effect, but 
the order of relative areas is more consistent. Also, 
there appears to be a change in order in going from 400 
to 450°. Reference to the postulated mechanism 
schematically shown in Figure 10 shows that this region 
is near that at which the hydroxide-oxide conversion 
is complete and also near the maximum of the range of 
existence of stoichiometric cadmium oxide. Although 
it thus seems possible to separate the effects of doping 
on the two major processes, only the sintering of the 
oxide will be considered because no supporting data 
such as electrical conductivities are available for the 
hydroxide.

Haul and Just10 and Diimbgen11 studied the disorder 
and oxygen transport in CdO by measuring the O16-  
O18 exchange between gaseous oxygen and CdO crystals 
from 630 to 855°. They found that Li+ addition re
sulted in a marked increase in the diffusion coefficients 
of oxygen in the oxide lattice, while In+3 addition had 
the reverse effect. The doping effects and the increase 
of diffusion coefficients with decreasing oxygen pressure 
furnished strong evidence for a transport mechanism 
involving vacancies in the anion sublattice. This is in 
agreement with the results of Baumbach and Wagner,12 
who found a decrease in the electrical conductivity of 
CdO with increasing oxygen pressure, and does not 
conflict with the results of Engell’s study13 of doping 
on CdO electrode potentials. Cirnino and Marezio3

studied the effect of Ag+ and I n +3 doping on the 
lattice parameter of CdO and explained the results in 
terms of interstitial metal. However, as pointed out 
by Haul and Just, Cirnino and Marezio’s results are 
equally well in agreement with the concept of oxygen 
vacancies. Acceptance of the oxygen vacancy mech
anism suggests that vacancies are also involved in the 
sintering of cadmium oxide.

The various sintering data suggest that up to 400° 
the oxygen vacancy mechanism could account for the 
increased loss of surface area of the Li+-doped samples, 
Li+ incorporation causing an increase in oxygen vacan
cies, O(V)

Li20  (CdO) — ► 2Li+ (Cd+2) +  O -2 +  0(V)

and the decreased loss of area of the Al+3-doped samples 
through the destruction of vacancies

A120 3 (CdO) • > 2A1+3 (Cd+2) +  3 0 - 2 -  O(V)

At 450 and 500°, however, the Al+3-doped samples 
exhibited smaller surface areas than undoped samples, 
suggesting that the effect of A120 3 addition had brought 
about an increased rate of material transport. This 
does not necessarily mean that the oxygen vacancy 
mechanism ceased to operate, but merely suggests 
that that mechanism was no longer the dominant one 
above about 400°. An additional mechanism could 
become operative or dominant

A120 3 (CdO) — > 2A1+3 (Cd+2) +  3CdO +  Cd(V)

where Cd(V) symbolizes a cadmium vacancy. This is 
based on the premise that the incorporation of 2A1+3 
would result in the displacement of 3Cd+3 with the 
creation of one Cd(V). The postulated cation vacancy 
mechanism does not conflict with the anion vacancy 
or with changes of electrical conductivity of the solid. 
The effects of cation vacancies on the lattice parameters 
cannot be assessed.3

An adequate explanation for the effects of Zn+2 
and Mg+2 additions is not at hand. In terms of a 
substitution mechanism, the presence of Zn+2 or M g+2 
at Cd+2 lattice positions should be without effect. The 
fact that large sintering effects have been found, how
ever, suggests that the incorporation of the homovalent 
impurities brings about significant changes in the elec-

(10) R. Haul and D. Just, / .  Appl. Phys., 33, 487 (1962).
(11) R. Haul, D. Just, and G. Diimbgen, “Reactivity of Solids,” 
Proceedings of the 4th International Symposium on Reactivity in the 
Solid State, J. H. deBoer, Ed., Elsevier Publishing Co., New York, 
N. Y., 1961, p .  65 ff.
(12) H. H. Baumbach and C. Wagner, Z. physik. Chem., B22, 199 
(1933).
(13) H. J. Engell, Z. Elektrochem., 60, 905 (1956).
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ironie nature of the solid which then make themselves 
felt as changes in rates of surface and bulk diffusion.
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The Catalytic Vapor Phase Oxidation o f o-Methylbenzyl Alcohol

by Theodor Vrbaski and Walter K. Mathews

Sincla ir Research, Inc ., Harvey, Illin o is  (Received August S, 196’4)

A study was made of the oxidation of o-methylbenzyl alcohol over fused vanadium oxide 
catalyst from 280 to 460° in a flow system. The reaction course consists of four parallel 
routes: (1) the formation of phthalic anhydride by way of o-tolualdehyde, o-toluic acid, 
and phthalide as intermediates; (2) the simultaneous direct oxidation to phthalic anhydride;
(3) the formation of carbon oxides by way of maleic anhydride; (4) the direct oxidation to 
carbon oxides. A minor portion of both maleic anhydride and carbon oxides is formed from 
phthalic anhydride and its precursors. The activation energy for the over-all reaction is
20.0 kcal /mole in the range from 300 to 350°, and the order of reaction with respect to the 
concentration of o-methylbenzyl alcohol is 0.48. The oxidation rate shows a square root 
dependence of the oxygen concentration below 0.2 atm. Both the reaction order and the 
activation energy for the formation of o-tolualdehyde were also determined.

Introduction
The vapor phase oxidation of o-xylene has gained 

considerable importance in the past decade as a com
mercial method for producing phthalic anhydride. The 
published literature,1-7 however, is scanty and deals 
primarily with obtaining high yields. About 70 mole %  
of phthalic anhydride is attainable from o-xylene, 
whereas yields in the naphthalene oxidation are 85 to 90 
mole %.8,9

This discrepancy combined with the fact that about 
85 mole % of o-toluic acid is converted to phthalic an
hydride under conditions similar to those used in the o- 
xylene oxidation10 tends to indicate that in the o-xylene 
oxidation different branching reactions in the intermedi
ate steps are taking place. Such reactions could be, 
for instance, decarbonylation of o-tolualdehyde and de

hydrogenation of o-methylbenzyl alcohol followed by 
decarbonylation. Both of these reactions would lead, 
via toluene and benzoic acid, eventually to additional 
formation of carbon oxides. o-Methylbenzyl alcohol is 1 2 3 4 5 6 7 8 9 10

(1) W. G. Parks and C. E. Allard, Ind. Eng. Chem., 31, 1162 (1939).
(2) I. B. Gulati and S. K. Bhattacharyya, J. Sci. Ind. Res. (India), 
12B, 450 (1953).
(3) G. L. Simard, J. F. Steger, R. J. Arnott, and L. A. Siegel, Ind. 
Eng. Chem., 47, 1424 (1955).
(4) S. K. Bhattacharyya and I. B. Gulati, ihid., 50, 1719 (1958).
(5) G. Ibing, Brennstoff-Chem., 42, 357 (1961).
(6) T. P. Forbath, Chem. Eng., 69, No. 19, 98 (1962).
(7) S. K. Bhattacharyya and R. Krishnamurthy, J. Appl. Chem., 
13, 547 (1963).
(8) A. B. Welty and W. F. Rollman, U. S. Patent 2,489,346 (1949).
(9) W. F. Rollman, U. S. Paient 2,489,347 (1949).
(10) C. E. Morrell and L. K. Beach, U. S. Patent 2,443,832 (1948).
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not found as a product of oxidation under conditions 
used in the oxidation of o-xylene to phthalic anhydride. 
Benzyl alcohol, however, was identified among the 
products of vapor phase oxidation of toluene at higher 
pressure.11’12 Finally, the formation of phthalide in 
the oxidation of o-toluic acid suggests that the oxida
tion of the methyl group proceeds by way of the corre
sponding alcohol.10'11’13

Data on the reaction kinetics of the catalytic oxida
tion of o-xylene to phthalic anhydride are few with no 
firm agreement on the intermediates formed and reac
tion mechanism involved.11’1416 Kinetic data on the 
catalytic oxidation of potential intermediates are com
pletely lacking.

Clark, Serreze, Simard, and Berets14 15 reported that, in 
the presence of a silicon carbide supported vanadium 
catalyst, o-xylene is simultaneously oxidized by at least 
two mechanisms, of which one involves zero order ki
netics with respect to the xylene and the other possibly 
entails first-order functionality. Maleic anhydride, 
carbon oxides, and part of the phthalic anhydride are 
formed by the first mechanism directly from o-xylene, 
whereas o-tolualdehyde and part of the phthalic an
hydride (from o-tolualdehyde) are formed by the 
second. The rates of all reactions were dependent on 
the square root of the oxygen pressure below 0.2 atm.

Novella and Benlloch16 measured the temperature 
and concentration effects on the oxidation of o-xylene 
over a vanadium oxide-potassium sulfate-silica gel 
catalyst in a semifluidized system and postulated a 
parallel consecutive oxidation mechanism similar to that 
proposed by Clark, et al.14

A basic study of vanadium oxide catalyzed oxidation 
of o-methylbenzyl alcohol and o-tolualdehyde, respec
tively, is of interest both for improving the existing art 
of phthalic anhydride manufacture and for advancing 
the general knowledge of heterogeneous catalysis. This 
work was undertaken to shed light on the reaction ki
netics and mechanism which govern the formation of 
phthalic anhydride. It is also a contribution to the 
better understanding of oxidation processes which take 
place on the catalyst surface. The present study is the 
first contribution of a larger program directed toward 
the clarification of both the mechanism and kinetics of
o-xylene oxidation over vanadium oxide catalyst.

Experimental
Apparatus. The all-glass flow unit used in this 

study consisted of a flow metering and preheating sec
tion, evaporator, gas carburetor, reactor, and product
collecting section. The gas input flow rates of pre
purified nitrogen and oxygen were measured by three 
capillary flow meters. Addition of the o-methylbenzyl

alcohol to the system was performed by saturation of 
the nitrogen flow with the alcohol vapors in the evap
orator at a fixed temperature (±0.1°). After uniting 
the three preheated gas flows (N2 +  feed, 0 2, and 
secondary N2) in a mixing bulb, the combined stream 
was passed through capillary tubing to a reactor which 
consisted of a preheat section and a reaction chamber. 
The preheat section was 1-mm: capillary tubing 20 cm. 
long. This was sufficient to heat the gas mixture from 
about 150° to the reaction temperature. The reaction 
chamber was of an annular design (11.3-mm. i.d.J with 
a central thermowell (6.0-mm. o.d.) which reached from 
the top to about 3 mm. above the bottom of the unit. 
The annular space between the thermowell and the 
reactor wall had a width of one diameter of the catalyst 
pellet. Four such reactors of identical design, but dif
ferent lengths were used in most of the experiments. 
Their volumes were 3.0, 4.2, 5.1, and 8.4 ml. In a 
limited number of runs at very high volume hourly 
space velocities, three additional reactor volumes of 0.8,
1.6, and 2.3 ml., respectively, were used. In this man
ner,, it was possible to keep the evaporation rate of o- 
methylbenzyl alcohol within a narrow range (6.35 to 9.85 
X 10“"* mole/hr.) even at widely different operating con
ditions. As a result, a fairly comparable temperature 
gradient in the catalyst bed was obtained in all the ex
periments. The temperature was measured by three 
chromel-alumel thermocouples in the lower, middle, 
and upper sections of the catalyst bed. The reactor 
was immersed in an electrically heated and stirred 
bath of Du Pont low-melting, heat-treating salt. The 
temperature was controlled to ±0.5°.

Although isothermal conditions were not entirely a t
tained in the catalyst bed, the temperature gradients 
were small. An average temperature increase of 1° 
above that in the bath was observed in experiments with
o-methylbenzyl alcohol lean gas mixtures and also with 
rich gas mixtures at lower temperatures. In runs with 
highest severity (460° and 1.857 X 10 ~4 mole of o- 
methylbenzyl alcohol/1.) a maximum increase of 4° was 
recorded.

(11) I. E. Lavine, “The Chemistry of Petroleum Hydrocarbons,” 
Vol. 3, Reinhold Publishing Corp., New York, N. Y., 1955, p. 1.
(12) W. G. Parks and J. Katz, Ind. Eng. Chem., 28, 319 (1936).
(13) W. R. Edwards and R. D. Wesselhoft, U. S. Patent 3,128,284 
(1964).
(14) H. Clark, G. C. Serreze, C. L. Simard, and D. J. Berets, unpub
lished results of the American Cyanamid Co. presented at the 
Gordon Research Conference on Catalysis, June 1956. See J. K. 
Dixon and J. E. Longfield, “Hydrocarbon Oxidation in Catalysis,” 
Vol. VII, P. H. Emmett, Ed., Reinhold Publishing Corp., New York, 
N. Y., 1960, p. 183.
(15) E. C. Novella and A. E. Benlloch, Anales Real Soc. Espafi. Fis.
Quint. (Madrid), B58, 291 (1962).
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The product-collecting section consisted of a detach
able air-Dry Ice-glass condenser of special design, a 
Dry Ice trap, and scrubbers. The gas leaving the 
system was dried and then continuously analyzed for 
carbon oxides in a programmed temperature gas chro
matograph equipped with a thermal conductivity de
tector and using a built-in 5A molecular sieve column. 
Finally, the gas was passed through a calibrated, wet 
test meter.

Materials. The o-methylbenzyl alcohol was pre
pared by the method of Colson.16 a-Bromo-o-xylene 
(Eastman Kodak) was hydrolyzed with a 0.5% aque
ous solution of sodium hydroxide at reflux temperature 
for 72 hr. The crude o-methylbenzyl alcohol was 
salted out at room temperature, washed with a satu
rated solution of sodium bisulfite, and dried over sodium 
sulfate. The o-methylbenzyl alcohol obtained in this 
manner was 99% pure. Several distillations of the 
yellow oil at a pressure of 5-7 mm. and 90° gave a bro
mine-free, 99.9% pure o-methylbenzyl alcohol, m.p. 
32°, w20d 1.5586, and ultraviolet adsorption maxima 
in ethyl alcohol at 2623 and 2715 A. (a = 2.02 and 1.46, 
respectively). The purity of the o-methylbenzyl al
cohol was established both by mass spectrometric and 
gas-liquid chromatographic analyses.

The oxygen used was 99.9% pure and was dried over 
anhydrous calcium chloride before use. The prepuri
fied nitrogen was passed through a calcium chloride 
column and a Deoxo unit before use.

Catalyst. Fused vanadium pentoxide (C.p. grade, 
99.9% pure) was obtained from the Vanadium Corp. 
of America. I t  had a surface area of about 2 m.2/g .17 
By using this catalyst, with practically no interior 
surface, the harmful effect of internal diffusion was 
greatly minimized. Various charges of catalyst, de
pending on the volume of the reactor employed, were 
used. The void volume of the catalyst bed, deter
mined as the volume of water which could be contained 
within a measured volume of catalyst, was 0.6 ml./ml. 
of catalyst bed.

Analytical Procedure. Total acids were determined 
in aliquots of solution of products in tetrahydrofuran 
by titration with aqueous sodium hydroxide. Maleic 
anhydride was determined by means of high tempera
ture mass spectrometry and the volumetric method of 
Lange and Kline.18

o-Toluic acid was determined by high-temperature 
mass spectrometry, and per-o-toluic acid by iodometric 
titration. The identity of the latter was confirmed by 
infrared spectroscopy. Relative proportions of phthalic- 
anhydride, phthalide, o-tolualdehyde, and unreacted
o-methylbenzyl alcohol in the product were determined 
by both high-temperature mass spectrometry and gas-

liquid chromatography. These proportions, together 
with the values for total acidity and maleic anhydride, 
were used to calculate actual concentrations of prod
ucts. The gas-liquid chromatograph was a high-tem
perature unit with a filament detector and a 0.635 cm. 
i.d. X 3.04 m. stainless steel column packed with 15% 
bis(phenoxyphenoxyphenyl) ether on 60-80 mesh 
Chromosorb W. The unit was operated at 30 p.s.i. of 
helium and 175°.

In addition to the continuous determination of car
bon oxide and carbon dioxide in the effluent gas during 
the experiment, gas samples were also analyzed by low 
mass spectrometry for carbon oxides, oxygen, and nitro
gen. The concentration of carbon oxides was adjusted 
for the amount formed concurrently with maleic anhy
dride. The amount of o-methylbenzyl alcohol intro
duced into the system was determined from the dif
ference in weight of the evaporator prior to and after 
the experiment. The carbon balance varied between 
97 and 102% in all runs. ^

Experimental Procedure. The concentrations of o- 
methylbenzyl alcohol in the gas mixture entering the 
reactor were 0.62, 0.93, 1.24, and 1.86 X 10-4 mole/1., 
respectively. The gas mixture of desired composition 
was passed over the catalyst for 1 hr. at desired experi
mental conditions prior to the main run. After this 
period, steady-state conditions in the system were a t
tained. Quantitative collection of the products was 
started by connecting the product-collecting section to 
the system and terminated by disconnecting it. The 
total length of the experiment varied from 3 to 4 hr. 
Three gas samples of the effluent gas were collected 
during the main experiment. Contact times varied 
from 0.075 to 0.6 sec. They were calculated from the 
void space of the catalyst bed and the feed rate of the 
reaction mixture corrected to the temperature and pres
sure in the reaction chamber. The mass velocity cal
culated with respect to the cross section of the empty 
reactor varied from 4 to 11 X 10-4 g. cm.-2 sec.-1.

In order to determine the mass transfer effect on the 
product distribution, a few experiments were carried 
out in a specially designed reactor at a mass velocity of 
500 X 10-4 g. cm.-2 sec.-1 but at otherwise unchanged 
conditions. Since identical results were obtained it 
was concluded that mass transfer effects due to the re
actor geometry were not significant.
Results

In order to determine the extent to which the homo
geneous gas phase oxidation and also reactions on the

(16) A. Colson, Ann. chim. phys., 6, 114 (1885).
(17) M. M. Marisic, J. Am. Chem. S o c 62, 2312 (1940).
(18) N. A. Lange and H. Kline, ibid., 44, 2709 (1922).
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TEMPERATURE, °C
Figure 1. The oxidation of o-methylbenzyl alcohol (OMBA) over vanadia catalyst. Average oxygen concentration 9.3 X 10-3 
mole/1. Contact time 0.6 sec. Initial OMBA concentrations: (1)0 .62; (2)0 .93; (3)1 .24; (4) 1.86 X 10~4 mole/1.

reactor wall participate in the catalytic reaction, a non- 
catalytic run was carried out under the most severe 
conditions of catalytic experiments, i.e., 450° and 0.6- 
sec. contact time. Ninety-eight mole per cent of o- 
methylbenzyl alcohol was recovered unchanged. The 
remainder consisted of 1.4% o-tolualdehyde, 0.2% o- 
formylbenizyl alcohol, and 0.1% each of per-o-toluic 
acid, o-toluic acid, o-xylene, and maleic anhydride. 
Since the contribution of the above reactions was almost 
negligible, no correction of the measured catalytic 
rates was made.

In the catalytic oxidation the isolable products are
o-tolualdehyde, per-o-toluic acid, o-toluic acid, o-xylene, 
phthalide, phthalic anhydride, maleic anhydride, car
bon oxides, and traces of o-formylbenzyl alcohol.

In Figures 1 to 4 data for the formation of individual 
products are plotted as a function of temperature for 
each of the four initial concentrations of o-methylbenzyl 
alcohol at a contact time of 0.6 sec. In Figure 1 the 
plot of the total conversion of o-methylbenzyl alcohol 
is also shown. The type of products formed de
pends on the temperature used, and their rates of for
mation vary with the initial concentration of o-methyl
benzyl alcohol in the gas mixture.

Below 390° o-tolualdehyde is the principal product, 
and o-toluic acid, phthalide, and carbon oxides are the 
main by-products. The concentration of carbon oxides 
is expressed as moles of o-methylbenzyl alcohol required 
for the formation of carbon oxides per mole of o-meth-

temperature, “c
Figure 2. The formation of per-o-toluic acid over vanadia 
catalyst. Average oxygen concentration 9.3 X 10~3 mole/1. 
Contact time 0.6 sec. Initial OMBA concentrations: (1)0 .62; 
(2) 0.93; (3) 1.24; (4) 1.86 X lO“4 mole/1.

ylbenzyl alcohol employed. In these values account 
was taken for the carbon oxides formed concurrently 
with maleic anhydride. At temperatures a t which com
plete conversion of o-methylbenzyl alcohol is obtained, 
the formation of o-tolualdehyde and that of carbon 
oxides reach maximum points which vary with the com
position of the gas mixture used.

Above 380° phthalic anhydride begins to form, and 
it becomes the principal product at about 425°. I t  is
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Figure 3. The formation of phthalide from o-methylbenzyl 
alcohol (OMBA) over vanadia catalyst. Average oxygen 
concentration 9.3 X 10-3 mole/1. Contact time 0.6 sec. The 
initial OMBA concentrations: (1) 0.62; (2) 0.93; (3)
1.24; (4) 1.86 X 10~4 mole/1.

Figure 4. The formation of maleic anhydride and carbon 
oxides, respectively, from o-methylbenzyl alcohol (OMBA) 
over vanadia catalyst. Average oxygen concentration 
9.3 X 10-3 mole/1. Contact time 0.6 sec. The initial 
OMBA concentrations: (1) 0.62; (3) 0.93; (3) 1.24; (4) 1.86 
X 10 _4 mole/1. In  the values for carbon oxides account was 
taken for the am ount formed concurrently w ith maleic anhydride.

accompanied by carbon oxides and maleic anhydride 
as the main by-products. Its formation goes through a 
maximum at temperatures between 420 and 430°, de
pending upon the concentration of o-methÿlbenzyl alco
hol in the reaction mixture employed. The formations 
of per-o-toluic acid (Figure 2), o-toluic acid (Figure 1), 
and phthalide (Figure 3) exhibit similar behavior with 
rising temperature.

The formation of both carbon oxides and maleic an
hydride (Figure 4) go through maxima at temperatures

where the over-all conversion of o-methylbenzyl alcohol 
has become unity. With rising temperature, the 
concentrations of carbon oxides and maleic anhydride 
decrease and proceed through minima at about 425°, 
which is the temperature of maximum formation of 
phthalic anhydride. At temperatures higher than 
425°, the concentrations of these products increase, 
mainly because of the oxidation of phthalic anhydride.

Concerning the formation of phthalic anhydride two 
possible paths are considered. (1) Phthalic anhydride 
is formed by a consecutive route in which o-tolualde- 
hyde, o-toluic acid, and phthalide are intermediates, 
and (2) phthalic anhydride is formed directly from
o-methylbenzyl alcohol by a process parallel to (1).

With regard to point (1) two additional series of ex
periments at 400 and 430° were carried out in which the 
contact time was varied while the concentrations of re
actants were kept constant. At 400° (Figure 5) the 
concentration of phthalide increased with increasing 
contact time while a decrease of the concentrations of
o-tolualdehyde and o-toluic acid occurred. This indi
cates that a reaction leading to the formation of phthal
ide from o-tolualdehyde and o-toluic acid is involved. 
The fact that per-o-toluic acid was found among the re
action products under these conditions suggests that o- 
toluic acid is also an intermediate.

At 430° (Figure 6) the concentration of phthalic 
anhydride increased at longer contact times while an 
almost linear decrease of the concentrations of o-tolu- 
aldehyde, o-toluic acid, and phthalide occurred. This 
indicates that phthalic anhydride is formed at least in 
part from phthalide under these conditions.

Unpublished results, to be reported at a later date, 
show that the oxidation of o-tolualdehyde, o-toluic acid, 
and phthalide, respectively, gives, under similar condi
tions, a product distribution and yields comparable to 
those obtained from o-methylbenzyl alcohol. Thus, 
about 82 mole % of phthalic anhydride is formed from
o-toluic acid at more severe conditions, and about 55 
mole % of phthalide is formed at milder conditions, with 
no o-phthalaldehydic acid present in the reaction 
product in either case.

I t  is therefore concluded that phthalic anhydride is 
formed at least in part from o-methylbenzyl alcohol by a 
consecutive series of reactions in which o-tolualdehyde,
o-toluic acid, and phthalide are intermediates.

The formation of small amounts of o-xylene at 340° 
can be explained by a disproportionation reaction of 
two molecules of o-methylbepzyl alcohol. In addi
tion, only trace amounts of o-formylbenzyl alcohol were 
occasionally formed. I t is the authors’ opinion that 
both o-xylene and o-formylbenzyl alcohol have no sig
nificance in the formation of phthalic anhydride.

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  I 9 6 0



4 6 2 T h e o d o r  V r b a s k i  a n d  W a l t e r  K .  M a t h e w s

Figure 5. Variation with contact time of the concentration 
of o-tolualdehyde, o-toluic acid, per-o-toluic acid, phthalide, 
maleic anhydride, phthalic anhydride, and carbon oxides in 
the gas leaving the catalyst bed. In the values for carbon 
oxides account was taken for the amount formed concurrently 
w ith maleic anhydride. Initial OMBA concentration 
0.93 X 10“4 mole/1. Oxygen concentration 9.3 X 10“ 3 
mole/1. Temperature 400°.

With regard to point (2) the phthalic anhydride is 
also formed hy a second simultaneous process directly 
from o-methylbenzyl alcohol; the total yields of phthalic 
anhydride and its precursors were found to be higher 
at the temperature where good yields of phthalic an
hydride were obtained than the sum of yields of inter
mediates observed at a lower temperature but still 
at a total conversion of o-methylbenzyl alcohol. Using 
data in Figures 1, 2, and 3, the sum of yields of inter
mediates formed at 360° was found to vary from 0.70 to 
0.77 mole/mole, depending on the o-methylbenzyl al
cohol concentration in the gas mixtures used, whereas 
the corresponding values for phthalic anhydride and 
precursors at 425° were 0.82 and 0.84 mole/mole, re
spectively. The difference, therefore, varies from 7 
to 12 mole %.

The fact that no toluene, bitolyl, or benzoic acid were 
found among the oxidation products ruled out the pos
sibility that competitive degradation reactions occurred, 
especially a t lower temperatures where o-tolualdehyde 
is in the highest concentration. These reactions, rep
resenting an alternate interpretation of the data, were 
believed (probably) to take place with lower activation 
energies than the sequential process and to become sub
stantially less important at the higher temperatures.

I t  is noted that the catalytic vapor phase oxidation 
of o-tolualdehyde at a temperature of 380° but under 
otherwise similar conditions gave, in addition to a few 
per cent of o-toluic acid and phthalic anhydride, only

about 2 mole % of carbon oxides. No trace of toluene, 
bitolyl, and benzoic acid was found among the prod
ucts. Furthermore, in a homogenous gas phase oxida
tion only a 6 mole % conversion of o-tolualdehyde was 
observed at 450°. The main product was per-o-toluic 
acid. A small quantity of o-toluic acid and trace 
amounts of maleic anhydride and carbon oxides were 
also formed.

The degradation reactions of o-tolualdehyde, prob
ably by way of a free-radical mechanism, were found 
to become significant in the catalytic process a t contact 
times higher than 8 sec. under otherwise comparable 
conditions.

I t  was therefore concluded that a portion of phthalic 
anhydride, corresponding approximately to the dif
ference in concentrations previously mentioned, was 
formed by a simultaneous reaction directly from o- 
methylbenzyl alcohol. Taking into account that, in 
the consecutive route, part of the phthalic anhydride 
precursors is oxidized away to maleic anhydride and 
carbon oxides, this portion can be higher.

With regard to the formation of carbon oxides and 
maleic anhydride two alternatives were considered.
(I) Carbon oxides are formed by a consecutive reaction 
in which maleic anhydride is an intermediate, and (2) 
carbon oxides and maleic anhydride are formed by two 
simultaneous reactions.

If maleic anhydride is an intermediate in the forma
tion of carbon oxides, the ratio of moles of carbon oxides 
to moles of maleic anhydride formed should increase 
with an increase in contact time. If two simultaneous 
reactions are taking place, one leading to maleic anhy
dride and the other to carbon oxides, the mole ratio 
should remain constant unless the two reactions are of 
different order. I t  is the authors’ opihion that a great 
difference in orders is unlikely since the over-all order 
of formation of both maleic anhydride and carbon 
oxides was found to be 0.54.

An almost linear increase of the mole ratio from 1.6 
to 2.4 for an increase in the contact time from 0.3 to 0.6 
was observed at 340° for reaction mixtures containing 
0.93 X 10~4 mole of o-methylbenzyl alcohol and 9.3 X 
10 3 mole of o'xygen/1. of gas. At 430°, however, 
(Figure 6) this ratio increases only from 3.74 to 3.85 
for an increase in the contact time from 0.15 to 0.60 sec. 
I t  is noted that the curves for carbon oxides and those 
for maleic anhydride in Figure 4 bear great resemblance 
through the temperature range studied, indicating an 
intrinsic relationship in the nature of their formation.

The rather unexpected decrease in concentrations of 
carbon oxides and maleic anhydride between about 360 
and 425° (Figure 4) tends to indicate that a change in 
the rates of the competing reactions involved in the
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formation of car.bon oxides, on one side, and of phthalic 
anhydride, on the other side, is taking place. Nor
mally, one would expect the concentration of carbon 
oxides to increase gradually or a t least to remain con
stant as the temperature is increasing after all the
o-methylbenzyl alcohol has been converted. Similar 
observation of increased formation of carbon oxides be
low the temperature of incipient formation of phthalic 
anhydride was observed in the oxidation of o-xylene and
o-tolualdehyde, respectively.

I t was concluded that, a t lower temperatures and 
partial conversions of o-methylbenzyl alcohol, the car
bon oxides are predominantly formed from o-methyl
benzyl alcohol by a consecutive reaction in which maleic 
anhydride is the intermediate. At higher temperatures, 
such as 430°, the direct oxidation to carbon oxides ap
pears to become competitive with the postulated con
secutive route. Portions of both carbon oxides and 
maleic anhydride are also formed from the intermedi
ates.

The data in Figures 1 to 6 therefore appear to be con
sistent and can be represented by the reaction scheme

Figure 6. Variation w ith contact time of the concentration 
of o-tolualdehyde, o-toluic acid, phthalide, maleic anhydride, 
carbon oxides, and phthalic anhydride in the gas leaving 
the catalyst bed. In the values for carbon oxides account was 
taken for the amount formed concurrently with maleic 
anhydride. Initial OMBA concentration 1.86 X 10~4 mole/1. 
Oxygen concentration 9.3 X 10-3 mole/1. Tem perature 430°.

np  OTA.-* O T A c P  -* PA

(pMBA I

1-----------------------------------* MA -*  COz +  CO
i t

OMBA, o-methylbenzyl alcohol 
OTA, o-tolualdehyde 
OTAc, o-toluic acid 
P, phthalide 
PA, phthalic anhydride 
MA, maleic anhydride

I t is noted that the ratio of the moles of carbon mon
oxide to carbon dioxide in the gas leaving the reactor 
increased about three times as the temperature was 
changed from 320 to 460° a t constant gas composition 
and contact time. The ratio increased about two times 
as the concentration of o-methylbenzyl alcohol was in
creased from 0.6 to 1.8 X 10~4 mole/1. at otherwise 
unchanged conditions.

In Figure 7 the over-all reacjion rate of o-methyl
benzyl alcohol is plotted against the average of initial 
concentration of o-methylbenzyl alcohol in the reac
tion mixture. A series of rate isotherms is, thus, ob
tained. The conversion rate is dependent upon the
o-methylbenzyl alcohol concentration at low values of 
the alcohol concentration and at higher temperatures. 
At higher concentrations and at lower temperatures the 
rate tends to become independent of the alcohol con
centration.

MOLES OFOMBA PER LITER OFGASnlO4

Figure 7. R ate of oxidation of o-methylbenzyl alcohol 
(OMBA) as a function of the initial concentration of OMBA. 
Average oxygen concentration 9.3 X 10-3 mole/1. Tem peratures; 
(1) 350°; (2) 340°; (3) 330°; (4) 320°; (5 )310°; (6) 300°.

The apparent order of reaction, amounting to 0.48, 
was determined from the slopes of the lines in a plot 
where logarithms of the reaction rates were plotted 
against logarithms of the initial concentrations of o- 
methylbenzyl alcohol in the gas mixture. The loga
rithms of the averaged specific rate constants calculated 
by using this reaction order show a linear functionality 
of reciprocal absolute temperature (Figure 8). Thus
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In fci = 3.28
20,000

R T (1)

The average activation energy for the over-all con
version of methylbenzyl alcohol in the temperature 
range studied is 20.0 kcal./mole.

The variation of the k2 values with the initial concen
tration of o-methylbenzyl alcohol at three different 
temperatures is given in Table I.

Table I :  Variation of the Over-All Specific R ate Constant
ki with the In itial Concentration of o-Methylbenzyl 
Alcohol in the Gas M ixture a t Various Tem peratures

C X  1 0 5, m o le /1 . 3 2 0 °

6 15.1
8 15.1

10 14.9
12 14.6
14 14.3
16 14.0
18 13.6
Av. 14.5

-ki X 107, l./g./sec.—  
330° 340°

19.1 21.9
19.5 23.1
19.6 23.7
19.5 24.2
19.3 24.3
19.0 24.3
18.7 24.2
19.2 23.7

The rate isotherms for the formation of o-tolualde- 
hyde are plotted in Figure 9. I t  is seen that the rate of 
formation is more dependent on the o-methylbenzyl 
alcohol concentration at higher temperatures and also 
on lower values of the alcohol concentration. At 
higher concentrations and lower temperatures the rate 
tends to become independent of the alcohol concentra
tion.

The order of reaction, amounting to 0.37, was deter
mined from the rate isotherms in Figure 9 in a manner 
similar to that described for the over-all reaction rate 
of o-methylbenzyl alcohol. The Arrhenius plot of the 
calculated specific rate constants, fc2, is a straight line 
(Figure 8) which can be represented by the equation

In k2 = 10.02 30,400
R T (2)

and the activation energy for the formation of o-tolual- 
dehyde is 30.4 kcal./mole. The variation of the k-2 
values with the initial concentration of o-methylbenzyl 
alcohol in the gas mixture is shown in Table II.

The dependence of the over-all reaction rate on the 
oxygen concentration was determined at constant ini
tial concentration of o-methylbenzyl alcohol, constant 
contact time, and a temperature of 330°. The straight 
line in Figure 10 shows that the oxidation rate changes 
proportionally with the square root of the oxygen con
centration in the concentration range studied. The re

Figure 8. Arrhenius plot of ( 1 ) the over-all conversion of 
o-methylbenzyl alcohol {h )  from 300 to 350° and (2) the 
formation of o-tolualdehyde (fe) from 320 to 350°.

MOLES OF OMBA PER L IT E R  OF GAS s |0 4

Figure 9. R ate of formation of o-tolualdehyde as a function 
of the initial concentration of o-methylbenzyl alcohol. 
Average oxygen concentration 9.3 X 10~3 mole/1. 
Temperatures: (1) 350°; (2) 340°; (3) 330°; (4) 320°.

production of data in experiments with oxygen-lean re
action mixtures was found to be somewhat difficult be
cause of the increased instability of the catalyst under 
the conditions employed. Gas mixtures containing ox
ygen (less than 32.0 X 10~4 mole/1.) rapidly deactivated 
the catalyst by reducing it to a lower oxide which then 
promoted abundant formation of carbon oxides. Its 
original activity, however, was restored by simply flow
ing air over it for a few hours at a temperature of 450°. 
A similar observation was made by Simard, et al.,z and
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Table I I :  Variation of the Specific R ate C onstant kt
with the In itial Concentration of o-Methylbenzyl 
Alcohol in the Gas M ixture a t 330 and 340°

—M  X 1 0 7, l . / g . / s e c .
C X 1 0 ‘ , m o le /1 . 3 3 0 ° 3 4 0 °

6 2.2 2.7
8 2.1 3 .0

10 2.1 3.1
12 2.0 3.2
14 2.0 3.2
16 1.9 3.1
18 1.9 3.1
Av. 2 .0 3.1

Figure 10. R ate of oxidation of o-methylbenzyl alcohol 
(OMBA) as a function of the square root of the 
initial concentration of oxygen in the reaction mixture.
Average OMBA concentration 1.86 X 10-4 mole/1.
Contact time 0.6 sec. and tem perature 330°.

Hughes and Adams19 in the oxidation of o-xylene and 
phthalic anhydride, respectively.

The over-all oxidation rate data for o-methyl
benzyl alcohol were also correlated by an expression 
based on the Hinshelwood model20 and also on that de
veloped by Hughes and Adams19 for unimolecular sur
face reactions. These results will be reported in a 
separate paper.

Discussion
To interpret the postulated parallel oxidation scheme 

in terms of reactions which occur on the catalyst sur
face in the light of solid-state properties of vanadium 
oxide, it is assumed that in the initial step the chemi
sorbed o-methylbenzyl alcohol molecule donates elec
trons to the catalyst and forms an intermediate posi
tive ion. The work of Clark, Serreze, Simard, and 
Berets14 and Berets and Clark21 on the oxidation of o- 
xylene largely eliminates the possibility that free radi

cals are participating either on the catalyst surface or in 
the gas phase in the oxidation process. However, the 
presence of per-o-toluic acid in the oxidation product of
o-methylbenzyl alcohol suggests that the formation of
o-toluic acid may occur at least in part by way of free 
radicals.

The chemisorption of the o-methylbenzyl alcohol on 
the catalyst surface can be visualized as taking place 
by way of (1) the aromatic nucleus, (2) the carbinol 
group, (3) the methyl group, and (4) both the carbinol 
and methyl groups. The available data suggest that, 
at milder conditions, chemisorption of type (1) and (2) 
occurs whereas, at more severe conditions, chemisorption 
of type (4) becomes competitive with (1) and (2). Thus, 
at milder conditions both the carbinol group and the 
aromatic nucleus of the molecule compete for the sites 
on the catalyst surface. The chemisorption of the 
former is expected to be more favored. This appears 
reasonable because of the polar character of the carbinol 
group.

The assumption that intermediate positive ions of o- 
methylbenzyl alcohol are formed on the catalyst surface 
is supported by the fact that chemisorbed o-xylene on 
vanadium oxide was found to donate electrons to the 
catalyst, even at temperatures below those where cata
lytic oxidation was first detected.21 The appearance 
of positively charged naphthalene ions was also de
tected on the catalyst surface when naphthalene was 
adsorbed on the oxidic semiconductors.22 Finally, 
benzyl halides, which may be considered as compounds 
related to o-methylbenzyl alcohol, are known to be 
prone to form intermediate carbonium ions stabilized 
by resonance. In the present instance the resonance 
would involve establishment of positive centers at the 
ortho and para positions in the nucleus as well as in the 
side chains. The hydroxyl radical formed would be 
instantaneously consumed by the oxygen on the cata
lyst surface. A similar series of ions can be visualized 
if the donation of the electron proceeds either from the 
methyl group with the abstraction of a hydrogen atom 
or from the aromatic nucleus by way of the ir-electrons 
with no abstraction of a hydrogen atom.

If one assumes that the positive centers once formed 
remain localized at the part of the molecule adsorbed on 
the surface, the point of attack of oxygen becomes ap
parent. Thus, the o-methylbenzyl alcohol molecule 
chemisorbed by way of the carbinol group forms o-

(19) F. M. Hughes and R. T. Adams, J. Phys. Chem., 64, 781 (1960).
(20) C. N. Hinshelwood, “The Kinetics of Chemical Change,” 
The Clarendon Press, Oxford, 1940, p. 207.
(21) D. J. Berets and H. Clark, Advan. Catalysis, 9, 204 (1957).
(22) I. I. Rooney and R. C. Pink, Proc. Chem. Soc., 70 (1961).
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tolualdehyde upon oxidation whereas the oxidation of 
the nucleus-adsorbed molecule proceeds by way of ring 
rupture to maleic anhydride and carbon oxides. Single 
methyl group chemisorption appears to occur to a 
limited extent under these conditions, for only trace 
amounts of o-formylbenzyl alcohol were found among 
the products.

In the case of o-xylene the same type of ions with 
positive centers localized in the methyl substituent as 
well as in the nucleus are expected to form on the cata
lyst surface. However, the relative concentration of 
the latter is expected to be higher than it is in the oxida
tion of o-methylbenzyl alcohol, owing to the increased 
adsorption rate of the xylene molecule by way of the 
nucleus. This results from the lack of polarity in the 
side chains of the o-xylene molecule. I t  is, therefore, 
concluded that o-xylene is more susceptible than o- 
methylbenzyl alcohol to the nucleus type oxidation, 
.vhich leads to the formation of carbon oxides.

At more severe conditions additional chemisorption 
by way of the methyl group of the o-methylbenzyl 
alcohol molecule, which is already chemisorbed by way 
of the carbinol group, becomes significant. This ad
sorption may occur, depending on the conditions em
ployed, either simultaneously with that of the car
binol group or subsequently, i.e., after the o-methyl
benzyl alcohol has been oxidized to o-tolualdehyde or
o-toluic acid. In either case a decrease in the rate of 
formation of carbon oxides in favor of phthalic anhy
dride would be expected. Experimental results con
firmed this assumption.

The observed square root dependence of the oxygen 
concentration in the catalytic oxidation of o-methyl
benzyl alcohol suggests that the adsorption of oxygen 
on the vanadium oxide is dissociative. Clark, Serreze, 
Simard, and Berets14 observed a square root dependence 
of the oxygen concentration in the oxidation of o-xylene 
and concluded that the chemisorption of oxygen fol
lowed by formation of an oxygen ion on the catalyst 
surface is the probable rate-controlling step.

Since o-tolualdehyde, o-toluic acid, and phthalide 
give, upon oxidation, product distributions compa
rable to that obtained from o-methylbenzyl alcohol, it is 
apparent that none of these compounds acts as a branch 
intermediate in the formation of phthalic anhydride.

In an attempt to shed light on the role of the oxygen 
of the vanadium pentoxide lattice in the oxidation proc
ess, an experiment was carried out in which a gas mix
ture of 0.4 mole % of o-methylbenzyl alcohol in pre
purified nitrogen was passed over vanadium pentoxide 
(8 - 1 0  mesh) under conditions at which normally good

yields of phthalic anhydride were obtained if air was 
used instead of nitrogen, i.e., 420° and 0.6-sec. contact 
time. The normal product distribution was observed 
only at the very beginning, i.e., in the first minute or 
two of the experiment. After 5 min. the formation of 
carbon oxides increased to 40 mole % with respect to the
o-methylbenzyl alcohol introduced. I t  then passed 
through a maximum of 63 mole % after 40 min. and 
gradually decreased to 8  mole % after 6  hr. At this 
point the catalyst was almost completely reduced to 
V2O4, and only o-methylbenzyl alcohol was recovered.

Under these conditions, when the feed rate of o-meth
ylbenzyl alcohol was 94.3 mg./hr. and the ratio of moles 
of oxygen consumed to moles of o-methylbenzyl alcohol 
converted was 4.53 as determined from the product dis
tribution in the oxidation run, the rate of oxygen up
take was 3.55 X 1019 oxygen molecules/min.

Aebi28 found that the 0 - 0  distance was essentially 
the same in V20 6 and V2O4.34 and that the 0 - 0  distanceo
along the octahedron edges of V2O4.34 was 2.7 to 3.3 A. 
Assuming all the oxygen atoms on the surface to be 
about 3 A. apart, the vanadium oxide catalyst bed 
(4 g.) with a 2 m.2/g. surface area would have ap
proximately 8.9 X 1019 oxygen sites. This suggests 
that, in the initial period of 2  min. when normal yields 
of phthalic anhydride were obtained, only about 1.5 to 
2  layers of lattice oxygens in the surface region of the 
catalyst participated in the reaction.

The mechanism which emerges for the phthalic an
hydride formation is that the adsorbed o-methylbenzyl 
alcohol in the form of an ion undergoes oxidation 
principally by oxygen ions which are either incorporated 
in a few surface layers of vanadium oxide or only loosely 
chemisorbed on the surface. Allen23 24 came to a similar 
conclusion by using data reported in the litera
ture21' 25' 26 on the solid state properties of vanadium 
oxide. The slow step appeared to be the rate of diffu
sion of oxygen ions through the surface layers of the 
catalyst.
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Fast Reactions Involving Hydrogen Bonding in 2,2-Disubstituted 

Malonic Acids

by Melvin H. Miles, Edward M. Eyring, William W. Epstein, and 
Richard E. Ostlund1

Departmerd of Chemistry, University of Utah, Salt Lake City, Utah {Received August 5, 1964)

Rate constants have been obtained by the temperature-jump method for acid-base reac
tions of 2,2-disubstituted malonic acids in aqueous solution. Differences of rate constants 
for a given reaction have been correlated with the effects substituent groups have on the 
intramolecular hydrogen bond. Activation energies, enthalpies, and entropies have been 
calculated which indicate that the substituent effect is primarily steric in nature. The 
acid dissociation constants for these substances were determined by potentiometric titra
tions at 0.1 M  ionic strength and 25°.

Introduction
The hydrogen bond is particularly well suited to play 

a role in reactions at or near room temperature because 
of its small bond energy (2 tc 10 kcal./mole). This 
study of a series.of substituted malonic acids shows the 
significant effect of slightly altering the nature of the 
substituents R and R ' on the strength of the intra
molecular hydrogen bond in a series of dicarboxylic acid 
monoanions.

0

R C-----0
\ /

C H
/ \

R ' C----- 0

0

The substituted malonic acids studied were diethyl-, 
ethylphenyl-, ethyl-n-butyl-, ethylisoamyl-, di-n-pro- 
pyl-, di-n-butyl-, di-n-heptyl-, ethylisopropyl-, and di- 
isopropylmalonic acids.

Since in the temperature-jump relaxation method the 
reaction cannot be identified by isolation of product, it 
was necessary to find other experimental evidence to 
establish which equilibrium was being perturbed. The 
results definitely favor the equilibrium

fa
H A - +  O H -  A“ 2 +  H20  (1)

fa, i

over the other possibilities for the chosen concentrations 
where pH >8.3. Thus the rate constants kt and k -1 

can be calculated from the relation2

-  =  M CHA-] +  [OH-]} +  M [ A ~ 2] +  [H20  ]}
T

(la)
and

r 1 = K e„ (ib)

Further experiments also showed that, under the 
chosen conditions, the indicator equilibrium had very 
little effect on the equilibrium in (1), contrary to the 
large effect predicted by theoretical correction factors.

Experimental
Synthesis. All except the diisopropylmalonic acid 

were routinely prepared by basic hydrolysis of readily 
available substituted malonic acid esters. The diiso
propylmalonic acid was prepared by a slight modifica
tion of Marshall’s procedure.3 The synthesized sub

(1) National Science Foundation Undergraduate Research Partici
pant.
(2) M. Eigen and L. DeMaeyer, “ Technique of Organic Chemistry,” 
Vol. V III, P a rt II, 2nd Ed., Interscience Publishers, Inc., New York,
N. Y„ 1963, pp. 901-903.
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stituted malonic acids were purified by recrystallizations 
from organic solvents, and all were found to have the 
physical properties previously reported in the literature.

Potentiomelric Titrations. The ionization constants 
of the various disubstituted malonic acids were deter
mined by means of the standard procedure described by 
Albert and Serjeant.3 4 5 6 7 8 Solutions 0.0100 M  at three- 
fourths neutralization of the acid were titrated with 
0.1020 N  carbonate-free KOH in 0.100 M  KC1. The 
titrations were carried out under a nitrogen atmos
phere with a water bath maintaining the temperature 
at 25 ±  0.1°. The base was added in 0.50-ml. portions 
to give the results as a set of eight points. The results 
of these titrations are shown in Table I. Similar titra
tions were made in 0.079 M  NaClCh-IRO to obtain the 
pK  values at mean ionic strength of 0.10, corresponding 
to the temperature-jump experiments. These pK  
values were approximately 0.03 larger than those of 
Table I.

Table I: Potentiometrically Determined Acid Dissociation
Constants a t 25° in 0.10 M  KC1

C o m p o u n d p K i m p i f j M K i / K i

Malonic acid 2.85 (lit.)“ 5.70 (lit.)“ 700
Diethylmalonic acid 2.15 7.05 80,000
Ethyl-ra-butylmalonic acid 2.15 7.25 130,000
Ethylisoamylmalonic acid 2.15 7.31 145,000
Di-n-propylmalonic acid 2.15 7.34 155,000
Ethylphenylmalonic acid 1.9 7.12 160,000
Di-re-butylmalonic acid Insoluble 7.36
Di-n-heptylmalonic acid Insoluble 7.45
Ethylisopropylmalonic acid 2.03 8.10 1,170,000
Diisopropylmalonic acid 2.18 8.60 2,630,000

“ See ref. 15.

These titrations and subsequent pH measurements 
were made with the radiometer Type TTT1 titrator 
equipped with a PHA630T scale expander calibrated in 
0.01 pH units. The scale expander was standardized 
and adjusted with the Type PHN2 calibrator. A 
radiometer Type G202C glass electrode was used in con
junction with the Type K4312 calomel electrode.

Temperature Jump. A number of complete descrip
tions of the conventional Joule heating type, tempera
ture-jump apparatus are available.6-8 Our equipment 
has been modified after the manner of Hammes and 
Steinfeld9 for single-beam operation.

The solutions studied were prepared by carefully 
weighing the required amount of the substituted ma
lonic acid, adding NaC104 H20  to adjust the ionic 
strength, introducing a measured amount of indicator,

diluting to the desired volume, and finally carefully ad
justing the pH to the desired value. For low concen
trations and high pH values, the change in pH due to 
C 02 absorption becomes a serious problem; therefore, 
the pH was measured immediately before and after 
each temperature-jump experiment. All solutions 
were prepared with distilled, demineralized water, 
freshly boiled to reduce cavitation due to dissolved 
gases.

The main acid-base indicators used in this study were 
cresol red (o-cresolsulfonphthalein) and phenolphtha- 
lein. Relaxation curves observed on the Tektronix 
545A oscilloscope screen were recorded with a Polaroid 
oscilloscope camera (Tektronix C-12). Duplicate solu
tions, where no malonic acid compound was added, 
gave no observable relaxation in the time region of 
interest, thus definitely relating the observed relaxa
tion to the malonic acid component of the solutions. 
Temperature-jump experimental results are shown in 
Table II.

Results and Treatment of Data
Ionization Constants. The ionization constants of the 

malonic acid compounds, given in Table I, are actually 
“mixed constants” 10 11 12 of the form K aM = aH+[A- ]/[HA] 
since the pH is essentially a measurement of aH > , the hy
drogen ion activity.11,12 Appropriate activity corrections 
are needed to convert the constants to either concentra
tion or thermodynamic ionization constants,13 but the 
apparent ionization constants are most convenient for 
temperature-jump measurements. The ratio of K i/K 2 
is believed to be related to the effectiveness of the 2,2- 
substituent groups in strengthening the intramolecular 
hydrogen bond.14 The pAa values given in Table I 
represent the average value of a set of eight titration 
points. The usual scatter was about 0.03 of a pK  unit 
for a set, and no set showed a scatter greater than 0.06

(3) F. C. B. Marshall, J. Chem. Soc., 2754 (1930).
(4) A. Albert and E. P Serjeant, “ Ionization Constants of Acids and 
Bases,” Methuen and Co., Ltd., London, 1962, pp. 16-42.
(5) G. Czerlinski and M. Eigen, Z. Blektrochem., 63, 652 (1959).
(6) See ref. 2, pp. 969-981.
(7) G. G. Hammes and P. Fasella, / .  Am. Chem. Soc., 84 , 4644 
(1962).
(8) H. Eyring and E. M. Eyring, “ Modern Chemical Kinetics,” 
Reinhold Publishing Corp., New York, N. Y., 1963, pp. 96-102.
(9) G. G. Hammes and J. I. Steinfeld, J. Am. Chem. Soc., 84, 
4639 (1962).
(10) Reference 4, p. 57.
(11) Reference 4, pp. 57, 168-169.
(12) R. G. Bates, “ Treatise on Analytical Chemistry,” Vol. I, Part 1, 
Interscience Encyclopedia, Inc., New York, N. Y., 1959, p. 368.
(13) H. A. Laitinen, “ Chemical Analysis,” McGraw-Hill Book Co., 
New York. N. Y., 1960, pp. 5-21.
(14) D. H. McDaniel and H. C. Brown, Science, 118, 370 (1953).
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Table I I :  Relaxation Spectra of Malonic Acids in 0.1 M  Ionic Strength Aqueous Solution and Calculated Rate 
Constants for the Reaction HA~ +  O H " __i>. A~2 +  H 20

C b ^ a , “ C f f l n , “ k i /  1 0 ’ C h . a ,“ C h i d , ' h /  1 0 1
1 0 - ‘ M T '  ^ ° C .  p H ' T ,d  {¿sec. 1 0  -■ M J U “ 1 s e c . “ 1 1 0 - <  M T i , 1 ° C . p H c r , d  /¿ s e e . 1 0 -5  m M ~ 1 s e c . -

2,2-Diethylmalonic acid Ethylphenylm alonic acid
5 .0 3 8.70 405 2.3 19 5 .0 3 8.60 521 2 .0 9 .5
3.38 3 8.40 390 2.5 . 16 3 .0 3 8.50 640 2.0 10
3.38 3 8.51 352 2.5 22 4 .0 3 8.50 610 4 8.5
4 .5 4 5 8.50 360 4 17 5.0 16 8.70 344 2.0 14
3 .0 16 8.65 221 2 34 3.0 16 8.50 364 2.0 15
2 .0 16 8.30 272 27 4.0 16 8.50 370 4 12
5 .0 16 8.70 2C5 2.3 28 2 .5 16 8 . S 8 400 2.0 15
4.5 16 8.55 240 4 22

Ethylisoamylmalonic acid Di-n-propylmalonic acid
2 .0 3 8.35 576 2 9.8 4 .0 3 8.50 462 2.5 8 .2
3 .0 3 8.52 549 2 .5 9 .9 3 .0 4 8.35 430 2.0 8 .5
4 .0 3 8.61 461 2 .0 10 3 .0 3 8 .44 522 2.0 8 .3
2 .0 16 8.30 273 2 17 3.5 3 8.37 465 1.5 7.1
3 .0 16 8.70 3C5 1.5 18 3 .5 3 8.50 523 1.5 8.1
2 .0 16 8.30 2S3 2 16 3.5 3 8.60 562 1.5 9.1
3 .0 16 8.52 316 2.5 15 4 .0 14 8.60 354 2.5 11
4 .0 16 8.61 262 2.0 14 5.1 16 8.44 226 2 .0 11
3 .0 16 8.42 263 2 14 3 .0 16 8.46 312 2.0 13
3 .0 16 8.90 310 2 18 3 .5 16 8.33 230 1.5 12

3 .5 16 8.50 294 1.5 13
Ethylisopropylm alcmc acid 3 .5 16 8.80 309 1.5 16

2 .0 3 8.30 553 2 2 .6
4 .0 3 8.60 490 2.7 2 .4
3.34 3 8.40 405 2.5 2 .5 Diisopropylmalonic acid
3.34 3 8.60 464 2.5 3.1 2 .0 5 8.30 417 2.0 1.8
5.41 3 9.35 629 4 4.7 3 .0 4 9 .3 601 2 2.7
3 .0 3 8.30 383 3.0 2 .5 4 .0 3 8.61 194 2.7 2.6
3 .0 3 8.69 464 1.7 3 .3 3.19 3 9.52 755 2 2.7
2 .0 6 8.20 411 2.0 3 .0 3.08 3 8.80 453 4 1.9
2 .0 16 8.20 181 2.0 6 .5 3 .0 3 9.30 654 2 2.7

' 5 .0 16 9.50 288 2 5.9 6 .5 3 9.55 588 3 2 .2
4 .0 16 8.80 283 1.5 5 .2 2 .0 16 8.30 194 2.0 3 .7
2 .0 16 8.30 249 2 5 .4 3 .0 16 9.50 287 2 4 .5
4 .0 16 8.60 203 2.7 5 .4 3.19 16 9.54 321 2 4 .0
5.41 16 9.40 296 4 . 6 .3 3.08 16 8.70 214 4 3 .2
3 .0 16 8.38 256 3 4.0 3 .0 16 9 .7 156 2 7 .4
3 .0 16 8.68 323 1.7 4 .9 6 .5 16 9 .6 228 3 4 .0

“ Total malonic acid concentration. 6 Solution tem perature immediately before the tem perature jump. '  pH  measured 10° 
above T t. d Experim ental relaxation time. 6 Total indicator concentration. 1 Rate constant calculated from eq. la .

of a pK  unit. Several determinations at 12° showed 
that the pK  values varied only slightly with tempera
ture, with pK , (12°) = pKt (25°) -  0.03. This is 
about the same effect as has been found for malonic 
acid15 16 and other carboxylic acids.16

Several values located in the literature compared 
favorably with the pK  values given in Table 1.17-18

Equilibrium Identification. Before interpreting rate 
data, one must first establish that the reaction under 
study is properly identified. This often presents a 
problem in temperature-jump studies, for a variety of 
equilibria may exist in the solution. For example, in 
this study with pH >7, we have the following equilibria

to consider, of which only three are thermodynamically 
independent19

h
H A - +  O H - ^  A“2 +  H20  (1)

k—i

(15) S. N. Das and D. J. G. Ives, Proc. Chem. Soc , 375 (1951).
(16) S. Bruckenstein and I. M. Kolthoff, “ Treatise on Analytical 
Chemistry,” Vol. I, Interscience Encyclopedia, Inc., New York, 
N. Y., 1959, p. 435.
(17) M. Levy and J. P. Magoulas, J . A m . Chem. Soc., 84, 1345 
(1962).
(18) R. Gane and C. K. Ingold, J . Chem. Soc., 2153 (1931).
(19) G. W. Castellan, Ber. Bunsenges. P hysik . Chem., 67, 905 (1963).
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ki
H in -  +  OH“ I n - 2 +  H20

L-!
(2)

k,
H A - +  In “2 A”2 +  H in “

k-z
(3)

ki
H+ +  A -2^ H A - (4)

ki
H+ +  I n - 2 H In -

k—h
(5)

kç
H+ +  O H - H20 (6)

k— 6

The rate of reaction 6 is much faster than the rates of 
the other reactions and is not observable with our tem
perature-jump apparatus; thus, it can be neglected. 
Reactions 4 and 5 may also be neglected outside the 
acid region. For pH ~ 7  the observed relaxation is 
due principally to equilibrium 3,20 while for more basic 
solutions the observed effect can be attributed mainly 
to reaction 1 if an indicator system is chosen which 
responds much faster to the pH increase than does the 
system under investigation. Cresol red and phenol- 
phthalein have been found to satisfy this requirement.21

The above assumptions can be demonstrated ex
perimentally by considering the following expressions 
for the re’axation times

;  =  *■ {[■“ -] +  io n - ]  +

where K i

-  = k A  [HIn-] +  [OH-] +  - ^ - 1

where Kmn =

-  =  h  {ff([HA-] +  [In -2]) +  [A-2] +  [HIn-]}
T

where K  =  (9)
Amin

- = fc4 { [A-2] +  [H+] +  K ,\  (10)
T

The equilibrium most nearly related to the observed 
relaxation time can be distinguished by the manner in 
which 1 /r  varies with changing concentration of the 
species in the above expressions. This is most clearly 
shown by plotting 1 / r k t vs. pH for fixed total acid and 
indicator concentrations. The calculated curve can 
then be compared with the experimental value of

l/rfcj where r is assumed to depend solely on equilib
rium i. For the pH regions where the relaxation time 
t is related entirely to a particular equilibrium, the 
theoretical and experimental points will coincide. The 
results for the ethylisoamylmalonic acid-cresol red 
system at 25° are shown in Figures 1 and 2. Since fc4 
could not be obtained experimentally, a value was 
chosen such that one point fit the calculated curve. 
The results clearly show that reactions 4 and 5 can be 
ruled out for pH >7. Figure 2 shows that, for pH ~ 7 , 
r is determined by reaction 3, and, for pH >8.3, r  is 
determined by reaction 1. For 7.5 <  pH <  8.3, reac
tions 1, 2, and 3 must all be considered collectively.

The kinetic salt effect is also useful in identifying the 
reaction under study. A combination of the Br0nsted- 
Bjerrum equation with the Debye-Hiickel equation 
yields the following relationship between the rate con
stant and the ionic strength m of the solution at 25°22'23

Figure 1. P lot of (rlc) 1 vs. pH  for reactions 2 and 4 for 
the ethylisoamylmalonic acid-cresol red system where CTHja =  
3.00 X 10~4 M  and C °H in =  0.20 X 10~l M;  25°.

(20) M. Eigen, Angew. Chem., 7S, 489 (1963).
(21) M. Eigen, W. Kruse, G. Maass, and L. DeMaeyer, “ Progress in 
Reaction Kinetics,” Vol. 2, G. Porter, Ed., Pergamon Press, Ltd., 
Oxford, England, 1964, p. 315.
(22) S. Glasstone, K. Laidler, and H. Eyring, “ The Theory of Rate 
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941 
pp. 427, 430.
(23) R. Livingston, “ Technique of Organic Chemistry,” Vol. VIII, 
Part 1, 2nd Ed., Interscience Publishers, Inc., New York, N. Y„ 1963, 
pp. 43-45.

[H+] [A~2 ] 
[HA-]

[H + ][In- 
[Hln] (8)
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log k -  log fc0 +  1.02ZaZb v V (11)

For reactions 1 through 6, Z aZ b = + 1 , + 1 , + 2 , —2, 
— 2, and + 1 , respectively. For ethylisoamylmalonic 
acid, the best agreement with theory is obtained by as
suming that r is determined by reaction 1 for data at 
pH >8.3.

Figure 2. Plot of (rk )-1 vs. pH  for reactions 1 and 3 for the 
ethylisoamylmalonic acid-cresol red system where C°h2a =  
3.00 X 10 ~4 M  and C°h i„ =  0.20 X 10 ~4 M ; 25°.

Indicator Correction. Considering once again equilib
rium 1 and absorbing [H20 ] into Aeq, we obtain the 
expression

[HA-HOH-] =  Aw 
[A"2] A

where A2 is insensitive to temperature change but where 
Aw changes significantly with temperature, increasing 
from 10~14-85 at 15° to H)-14-00 at 25°. Thus, the net 
effect of the temperature jump is a perturbation of 
equilibrium 1 to the left. This perturbation is followed 
by the color change of the coupled indicator reaction 
going to the right. For cresol red we have

H In - +  OH" — ► I n - 2 +  H20
yellow red

which results in decreasing light intensity being trans
mitted at 580 mp. The question now arises as to what 
effect the coupled indicator reaction has on the ob

served reaction. A correction factor previously given24 
is calculated from the conservation equations

<5HA- +  6A~2 =  0 (13)

5HIn~ +  Sin-2 = 0 (14)

SOH- -  5HA- -  jH In -  =  0 (15)

with the assumption that only equilibria 1 and 2 require 
consideration. Solving (15) for 60H~, we obtain

50H - =
5HA-

1 +
5In-2
ÓOH-

5HA-
1 -)- a (16)

where a = 5ln2/5 0 H _. This leads us to the rate ex
pression3

— d5HA~
di! h

/ [HA~] 
\1  +  a

+  [OH- ] +-o SHA-

(17)
Thus the corrected expression for the relaxation time 
becomes

-  =  fci ( -  -  |- [OH j']  +  fc_i (18)
t \1 +  a /

By assuming that reaction 2 is already in an equilib
rium state as reaction 1 approaches equilibrium, a can 
be calculated from the expression

A In =
[H In-][O H -] = K^_ 

[In -2] A Hi„
(19)

where Asm = [H+] [In -2]/[H In“ ]. Thus

AmSIn-2 =  [H In-]50H - +  [OH-]«HIn-

or

5In-2 [HIn“ ]
SOH- _  a _  Am +  [OH-]

(20)

Thus, if the assumptions made are valid, the expression 
for the relaxation time corrected for the presence of 
indicator is

[HA-

1 +
[HIn "

+  [OH-] +

Ain +  [OH

Aw
A 2

(21)

The experimental verification of the indicator correc
tion factor of eq. 21 fans, as is evident from Table III. 
The precision of the uncorrected ki values for ethyliso
amylmalonic acid is much better than that of the ki 
values obtained using the correction factor. This in-

(24) M. Eigen and W. Kruse, Z. Naturforsch., 18b, 857 (1963).
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Table III : Comparison of the Corrected and Uncorreeted
ki Values for Ethylisoamylmalonic Acid Showing the 
G reater Precision Where the Indicator Correction 
Is N ot Applied“

k i , d i l f - i h * M - I

s e c . -1 u n - s e c .  " 1 (1  +
p H C h 2a ' C W c o r r e c t e d c o r r e c t e d « ) '

8 . .0 0 2 . 0 X 1 0 - < 0 . 2 X 1 0 --4(7 1 . 5 X 10» 6 . 7 X 108 5 . 4

8 . .3 0 3 .0 X 1 0 - 4 0 . 6 X 10 -4* 1 . 3 X IO» 6 . 1 X 108 7 . 6
8 .4 2 3 . 0 X 1 0 - 4 0 .2 X 1 0 -4 h 1 . 4 X 10» 2 . 9 X 108 2 . 6

8 .6 0 4 .0 X 1 0 - 4 0 .2 X 1 0 --4 h 1 . 4 X IO» 2 . 1 X 1 0 8 1 . 9
8 .7 0 3 .0 X 1 0 - 4 0. :15 X 1 0 - -4 h 1 . 8 X IO» 2 . 3 X 108 1 . 5
8 .8 0 1 0 . 0 X 1 0 - 4 0 .2 X 1 0 -4 h 1 . 6 X 108 2 . 1 X 108 1 . 5

“ P-Khih = 8.20 for cresol red and 7.90 for phenol red; 25°; ¡x 
= 0.1. 6 Total ethylisoamylmalonic acid concentration, mole/1.

c Total indicator concentration, mole/1. d Calculated from eq. 
la . * Calculated from eq. 10. ,  «  is the correction factor of
eq. 9. " Phenol red. h Cresol red.

dicates that the true indicator correction required is 
small and can be neglected in comparison to random 
errors inherent in the temperature-jump method (see 
Table VII). The failure of the correction factor in eq. 
2 1  is probably due principally to the assumption that 
only reaction 2  need be considered in calculating In ^ 2/  
<50H~. Other equilibria are present such as the proton 
exchange reaction, HA-  +  In - 2  r ” HIn~ +  A-2. The 
neglect of these reactions in calculating a is not justi
fied. A more exact treatment including the proton 
exchange reaction has been given19' 20 which leads to

where

and

1 s  ( 4 P \—  = -  -  1 ±  \ i
ri.ii 2  \  '

(2 2 )

S  = du +  (Z22 (23)

P  — (inO-22 — Ö12U21

On — — {ki(Cnx- ~r Cin-2) +  fc_3(CA-2 +  C hin-) +

fc_2 +  feCoH-}

O22 =  — { k i C i u n -  +  fc_ 1 -(- k i ( C o K -  +  Cha-)}  (24)

a12 = —{kzC In-2 +  k-iCjlln- ~  k2Cn In-j

021 =  — {fc—1 +  kiCoH- — fc-2 — kiCOH-}

The values for fc3, 3, k2, and k -2 can be determined 
experimentally and are given in Table IV. Also, k - 1 = 
K Kk-,/K-2M{{).$3) I H«() ]: thus, only one unknown (/q) is 
left to solve for in eq. 22. Since the additional rate 
constants are not known exactly, the use of eq. 2 2  intro
duces other sources of error, but the several values cal
culated for ki from eq. 2 2  agree better with those cal

culated from the simple uncorrected expression 7 than 
with values of k\ calculated from eq. 21. This supports 
the assumption that, for the chosen experimental condi
tions, the indicator reactions can be neglected.

Kinetic Data. The measured t  characteristic of the 
perturbed equilibrium is a function of both the forward 
and back rate constant; hence, both k t and k .( have 
been determined from the experiments. As seen in 
Figure 3, r changes greatly with temperature resulting 
in a large change in k t. Thus, the energy of activation 
and AH*, AS*, and AF* were calculated from the Ar
rhenius equation

k = Ae~EJRT (25)

and from the Eyring rate equation25 26

k = — kTF*---- e~ * /BT = i T e- W * T eM R  (26)
hFaFb • • • h

Measurements were made at various concentrations 
and pH values. The results of the kinetic study of the 
forward reaction (/q) are given in Table V, and the re
sults for the reverse reaction (k 1) are found in Table
VI. The reported rate constant for each acid is the 
arithmetic mean of not less than three determinations, 
and the activation energies, enthalpies, and entropies 
are the values calculated assuming that the sample 
means are the true values of the rate constants. A 
statistical treatment of the errors is given in Table VII 
for the forward reaction. It was found that the sample 
standard deviation26 between individual measurements 
was about 1 0 % of the mean value, which is largely due 
to random errors inherent in the temperature-jump 
method. By taking n observations, the random errors 
present can be reduced by the factor27 1 /y /n i  thus, in 
Table VII sm gives the probable error of the mean. 
Also, Ak\ gives the 95% confidence limits for the mean 
as calculated from the “student” L28 * 30 The probable 
errors in the activation energies and entropies can be 
calculated from the general expression29 30

and are given in Table VII. Since the rate constants

(25) Reference 22, pp. 189-199.
(26) Reference 13, p. 541.
(27) E. B. Wilson, Jr., “ An Introduction to  Scientific Research,” 
McGraw-Hill Book Co., Inc., New York, N. Y., 1952, pp. 252-254.
(28) C. A. Bennett and N. L. Franklin, “ Statistical Analysis in Chem
istry and the Chemical Industry ,” John Wilev and Sons, Inc., New 
York, N. Y., 1954, pp. 28, 29, and 105-108.
,(29) O. L. Davies, “ Statistical Methods in Research and Production,” 
2nd Ed., Oliver and Boyd, Ltd., Edinburgh and London, 1949, p. 46.
(30) S. W. Benson, “ The Foundations of Chemical K inetics,” Mc
Graw-Hill Book Co., Inc., New York, N. Y., 1960, p. 91.
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Table IV : Experim ental R ate Constants a t 25° and n =  0.1

S u b s t a n c e  /■— --------------------------------------------------------------- R a t e  c o n s t a n t s —-

Cresol red ki =  6 X 109 M  1 sec.-1 k~2 = 2 X 10! M ~ l s e c . '1
Ethylisoamylmalonic acid k, =  4 .5  X 107 M ~ l sec.“ 1 k - 3 =  0.60 X 107 M ~ 1 s e c .- :
Ethylisopropylmalonic acid ki =  2 .2  X 107 A t“ 1 se c .-1 = 1.5 X 107 M ~ l sec.“ 1

Table V : Kinetic D ata  for Reaction HA +  OH A 2 +  H 20  in 0.10 M  NaCKV

M a l o n i c  a c id
ki,  M ~ l s e c . -1  

( 2 5 ° )
ki,  M  1 s e c .  1 

( 1 2 ° ) Eg,  k c a l . / m o l e A F * ,  k c a l . / m o l e A H * ,  k c a l . / m o l e
A S * , c a l . / m o l e /  

d e g .

Diethyl 28 X 107 19 X 107 5 6 4.5 - 5
Ethyl-n-butyl 16 X 107 10 X 107 6 6.5 5 .5 - 3
Ethylisoamyl 16 X 107 10 X 107 6 6.5 5.5 - 3
Ethylphenyl 14 X 107 9 X 107 6 6.5 5 - 4
Di-»-butyl 14 X 107 9 X 107 6 6.5 5 - 4
Di-n-heptyl 14 X 107 9 X 107 6 6.5 5 - 4
Di-n-propyl 13 X 107 8 X 107 6 .5 6.5 6 - 1
Ethylisopropyl 5 .5  X 107 3 .0  X 107 7 .5 7 7 0
Diisopropyl 4 5  X 107 2 .4  X 107 8 7 7 .5 + 2

“ Values for AF*, AH*, and AS* are for 25°

4-i
Table V I: K inetic D ata  for Reaction A -2 +  H 20  — 3 
H A - +  O H “ in 0.10 M  NaClOT*

k - 1, i l i " 1 k - 1, M ~ x Eg,, A F*, A H * , A S * ,  c a l . /
s e c . -1 s e c . -1 k c a l . / k c a l . / k c a l . / m o l e /

M a l o n i c  a c id ( 2 5 ° ) ( 1 2 ° ) m o le m o le m o le d e g .

Ethylphenyl 0.43 0.10 19 18 18.5 + 2
Diethyl 0.73 0.17 19 17.5 18.5 + 3
Ethyl-n-butyl 0.71 0.15 20 17.5 19.5 + 6
Ethylisoamyl 0.71 0.15 20 17.5 19.5 + 6
Di-n-butyl 0.71 0 15 20 17.5 19 5 + 6
Di-n-heptyl 0.86 0.19 20 17.5 19.5 + 6
Di-n-propyl 0.63 0.13 20 17.5 19.5 + 6
Ethylisopropyl 1.3 0.25 21.5 17.5 21 +  12
Diisopropyl 3 .9 0.72 22 16.5 21.5 +  16

“ Values for AF*, AH*, and AS* are for 25°.

for the reverse reaction were calculated from the expres
sion k - 1  = Awfci/A2M(0.83) [H20], fc_i contains the 
same percentage of error as found for ki. The probable 
errors in the activation energies and entropies for the 
reverse reaction (Table VI) are, on the average, s(E„) 
^  1.5 kcal./mole and s(AS*) ~  5 cal./mole/deg., or 
essentially the same as for the forward reaction.

If the results based on the mean values (Tables V and 
VI) are assumed correct, then a comparison of the ac
tivation enthalpies and entropies suggests that both the 
forward and reverse reactions belong to the extensive 
category for which the changes in rate within the series

Figure 3. Top: experimental relaxation curve a t 25° for 
ethylisopropylmalonic acid w ith C °h 2a  =  2.0 X 10 M ; 
pH  8.2 and 0.1 M  ionic strength. Bottom : experimental 
curve for same system a t 12°. The ordinate of both is in 
arbitrary units proportional to the absorbancy a t X = 580 mu; the 
scale of the horizontal time axis is 0.2 m sec./m ajor division.

are due to parallel variations in AH* and AS*. For 
such reaction series, the slope of the linear plot of AH* 
vs. AS* is the isokinetic temperature—the absolute
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ki
Table V II: Statistical Treatm ent of the Random Errors Present in the D ata  for the Reaction7 HA +  OH -  — A -2 +  H 20

M a l o n i c  a c i d
k u a M ~ l s e c . -1  

( 2 5 ° )
A f a 6 X  1 0 ' 

( 9 5 % ) smc X  1 0 '
k u a M ~ x s e c . _1 

( 1 2 ° )
A f e 6 X  1 0 ' 

( 9 5 % ) SmC X  1 0 '
s ( E a) ,  k c a l . /  

m o l e '7
« ( A S * ) ,  c a l . /  

m o l e / d e g . €

Diethyl 27.8 X 107 ± 7 .3 2.3 18.5 X 107 ± 4 .1 1.3 1.3 5
Ethylisoamyl 16.0 X 107 ± 1 .5 0 .6 9 .9  X 107 ± 0 .3 0 .1 0 .6 2
Ethylphenyl 14.0 X 107 ± 2 .2 0 .7 9 .3  X 107 ± 1 .9 0 .4 1.1 4
Di-ra-propyl 12.7 X 107 ± 2 .0 0 .8 8 .2  X 107 ± 0 .7 0 .3 1.1 4
Ethylisopropyl 5 .5  X 107 ± 0 .6 0 .3 3 .0  X 107 ± 0 .8 0 .3 1.4 5
Diisopropyl 4 .5  X 107 ± 1 .6 0 .6 2 .4  X 107 ± 0 .3 0 .2 1.8 6

“ Arithmetic mean of the experimental rate constants. b Confidence limit of 95% for the mean rate constant. c Sample standard 
deviation of the mean rate constant. d Probable error in the activation energy. '  Probable error in the activation entropy.

Figure 4. Illustration of inversion of relative rates a t the iso
kinetic tem perature Ti.

temperature at which the rate constants of the series 
become identical and the relative reactivity undergoes 
an inversion (Figure 4).81 This illustrates the danger 
in drawing conclusions from rate data for a reaction 
series measured at only one temperature.

Figure 5 suggests that the experimental temperature 
for the forward reaction is below the isokinetic tempera
ture; hence, we have the familiar case where the kinetic 
data are measured in the “region of control by AH*”; 
i.e., the reaction of lowest activation energy has the 
highest specific rate. From Figure 6 it appears that the

Figure 5. E nthalpy-entropy plot giving isokinetic tem perature
ki

as 390°K. for H A -  +  O H -  — >■ A -2 -f- H 20  reaction.

Figure 6. E nthalpy-entropy plot giving isokinetic tem perature 

as 250°K. for A 2 +  H 20  — > HA +  O H -  reaction.
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experimental temperature for the reverse reaction is 
above the isokinetic temperature; hence, we have the 
less familiar case where the kinetic data are measured in 
the “region of control by AS*.1’ Control by AS* is 
often encountered where the solvent is influencing the 
reaction rates, which is certainly 'he case for the reverse 
reaction.

Interpretations and Conclusions
The results in Tables V and VI may be interpreted by 

the mechanism

0

R ' C
\ /

C
/ \

R C

0

0

R ' C
\ /c
/ \

R C

0

activated complex

0

R ' C
\ /

C
/ \

R C
II
0

For the forward reaction, going to the activated com
plex involves seriously weakening the intramolecular 
hydrogen bond which primarily determines the activa
tion energy. Thus, the compounds in Table V are 
arranged in the order of increasing strength of the hy
drogen bond, for the stronger the H bond, the slower the 
reaction rate and the greater the activation energy. 
Not unexpectedly, the order is nearly the same as that 
of Table I based on acid dissociation constants. No 
explanation can be given for the position in Table V of 
di-n-propyl, except that it differs from di-n-butyl by an

—o -

+  h 20

- 0 -

-0

H- -OH

-0

—0
fo

H +  O H - ^

—0

amount smaller than the sample standard deviation of 
the mean. Ethylphenylmalonic acid does not properly 
belong in this series since the electron donor-acceptor 
effect of a benzene ring is opposite to that of an alkyl 
group. From a purely steric point of view, ethyl
phenylmalonic acid most closely resembles ethyl- 
isopropylmalonic acid in this series. The difference of
1.5 kcal./mole in the activation energies for the reac
tion HA" +  OH"-»-A-2 +  H20  (see Table V) for these 
two acids can be attributed to the strong electron-with
drawing effect of the benzene ring which slightly 
weakens the intramolecular hydrogen bond. I t appears 
likely from these observations that the primary effect of 
the alkyl substituents is steric in nature, and the small 
electronic variations of the alkyl groups are of less im
portance. For alkyl groups larger than ethyl the length 
of the chain seems to have little effect, and neither does 
branching on a remote carbon atom. However, branch
ing on the carbon atom attached to the parent molecule 
is highly effective in “closing the jaws” to form a 
stronger intramolecular hydrogen bond.

In evaluating the results of Table VI for the reverse 
reaction, it should be recalled that this reaction was 
studied in the region of control by AS* where the solvent 
is influencing the reaction rate. Thus the positive 
values obtained for AS* may be attributed to the 
“melting” of solvent water molecules “frozen” about 
the A-2 ion. The increase in mobility of the surround
ing water molecules in going to the activated complex 
contributes roughly 5 e.u./mole to AS*, i.e.

a n AH{USion 1440 cal./mole p cal.
A,S'U8ion = T  = 273 deg. ~  mole deg.

The delocalization of charge in the activated complex 
renders it less effective than the dianion in immobilizing 
solvent molecules, thus the positive values of AS*. In 
principle this explanation could be made more quantita
tive by combining alternative forms of the Eyring rate 
equation 15 to obtain

AS* =
d (RT In K*) 

d T
(28)

However, writing a quotient of partition functions for 
K* is difficult when solvent molecules are included.

The position of the di-w-heptyl acid in Tables V and 
VI indicates that doubling back of long alkyl chains is 
less effective than branching on the carbon atom adja
cent to the parent molecule in strengthening the 
hydrogen bond. The position of ethylphenyl in Table

(31) J. F. Bunnett, “Technique of Organic Chemistry,” Vol. VIII, 
Part 1, 2nd Ed., Interscience Publishers, Inc., New York, N. Y., 
1963, pp. 204-210.
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VI is probably due, once again, to the electron-with
drawing effect of the benzene ring.

While we can estimate from Table VI the number of 
water molecules that must be “melted” away from the 
dianion in the formation of an intramolecular hydrogen 
bond, we cannot shed more light on the interesting 
speculations of Chapman, et al.,32 regarding the number 
of water molecules remaining in the hydration spheres 
of this hydrogen bond once it is formed.

Summary
Intramolecular hydrogen bonding in various disub- 

stituted malonic acids was studied by potentiometric 
titrations and by temperature-jump investigations of 
the reaction HA" +  OH" A "2 +  H20. The results 
of both methods support the conclusion that the degree 
of hydrogen bonding is increased as branching close to 
the parent molecule is increased; i.e,, the principal effect 
is of a steric nature. The activation energy for the for

ward reaction is about that expected for disrupting a 
hydrogen bond. The reverse reaction appears to be 
governed by a positive entropy of activation which can 
be attributed to the melting of solvent molecules in 
going to the activated state.
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Cleavage Reactions in Cross-Linked Urethane Elastomers

by A. V. Tobolsky, V. Johnson, and W. J. MacKnight

Department of Chemistry, Princeton University, Princeton, New Jersey (.Received August 17, 1964)

A study of network cleavage in a cross-linked polyurethane elastomer was made using the 
technique of stress relaxation. It was found that the data could be well represented by a 
sum of two exponential decay terms, and-a theoretical explanation for this is presented. 
Stress relaxation in the polyurethane sample investigated is discussed in terms of the re
versible cleavage of various linkages formed by isocyanate reactions. I t  is possible to 
identify two different decay processes and to obtain activation energies for these processes. 
These are identified with cleavage of two different linkages. I t  is not possible, at present, 
to give a certain chemical identification of the linkages responsible for stress decay.

Introduction
The polyurethanes are an important class of polymers 

which continue to find ever-widening applications in 
various fields. The building blocks of the polymer are 
primarily linked by urethane linkages; however, these 
may occasionally be replaced by other linkages. There 
are a large number of ways of preparing polyurethane

elastomers.1 Very commonly a low molecular weight 
polyester or poly ether with hydroxyl terminals is 
treated with an excess of diisocyanate. This leads to an 
isocyanate-terminated, liquid “prepolymer.” The pre-

(1) J. H. Saunders and K. C. Frisch, “Polyurethanes; Chemistry 
and Technology, Part I. Chemistry,” Vol. XVI in the series 
“High Polymers,” John Wiley and Sons, Inc., New York, N. Y., 1962.
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polymer is in some cases treated with a diol containing 
unsaturation in order to produce a “linear” polymer and 
yet allow for a subsequent vulcanization. Triols or 
higher polyols are often used to introduce cross linking 
directly. The isocyanate group is capable of reacting 
with essentially any functional group containing an 
active hydrogen, and it can also react with itself. 
In the case of the polyurethanes obtained by reaction 
with triol, it would be expected that, in addition to the 
urethane linkage, allophanate and “trimer linkage” 
may be present from side reactions.

The urethane linkage results from the reaction of 
an isocyanate and an alcohol; the allophanate, from an 
isocyanate and a urethane; the “trimer linkage,” 
from reaction of three isocyanate groups as

O
1!
c/

/ \
------ v w - N N—

0 = C O
-

II O

\  /  
N

If traces of water are accidentally present at any stage 
of the reaction, disubstituted urea linkages and biuret 
linkages are also formed.

The polyurethanes are a remarkable class of 
elastomers in that they undergo stress relaxation or flow 
at elevated temperatures even though cross linked. 
This behavior is similar to that observed in the poly
sulfide and silicone rubbers. The term “chemical 
stress relaxation” or “chemical flow” is used to describe 
this phenomenon which is due to bond cleavage and 
re-formation.

The chemical stress relaxation of polyurethane 
elastomers was first studied by Offenbach and 
Tobolsky.2 It was established that stress relaxation 
in the cross-linked elastomers occurs by scission of 
weak linkages formed by the reaction of the isocyanate 
group and other active hydrogen groups present in 
the cure mixture of prepolymer and polyol. Further 
work by Colodny and Tobolsky3 established that the 
disubstituted urea and biuret linkages are the weakest 
linkages normally present in the polyurethanes when 
water is purposely or accidentally present during cure.

It is the purpose of the present paper to show that 
stress relaxation in a particular sample of cross-linked 
polyurethane elastomer could be well represented by a 
sum of two exponential decay terms and to discuss 
the theoretical basis for this phenomenon.

Experimental

The cross-linked urethane elastomer (A) used in this 
study was kindly donated by the American Cyanamid 
Co. I t was prepared from an isocyanate-terminated 
polyester prepolymer (Cyanoprene 4590) and 1,2,6- 
hexanetriol. A tertiary amine (dodecyldimethylamine) 
designated Armeen DM12D was used as a catalyst. 
The mixture was cured at 100° for 16 hr. Schemati
cally

OCN---------NCO +
OH

IIO-C H2-C -C H 2-C H 2-C H 2-C H 2OH —> (A)
i
H

Stress relaxation studies were carried out on a relaxa
tion balance.4 Purified nitrogen was kept streaming 
at slight overpressure through the thermostatic oven 
which contained the sample. Scission due to molecu
lar oxygen was negligible under these conditions.2 
This was confirmed by “intermittent stress measure
ments.”4 The intermittent modulus remained un
changed with time, showing that the bonds being 
cleaved were regenerating. A constant “intermittent 
modulus” is practically never observed under condi
tions of cleavage by molecular oxygen.

Results and Discussion

If there are exactly m identical linkages per network 
chain susceptible to cleavage or interchange, the ex
pression for relative stress is obtained8

/(<)//('0) = exp ( -k m t)  (1)

where f(t) is the stress on the network at time t, /(0) 
is the initial stress, k is the specific (first-order) rate 
constant for cleavage or interchange, and m is the 
number of bonds per network chain susceptible to 
cleavage or interchange. This simple exponential 
decay of stress was found to apply very well to the 
polysulfide rubbers6' 7 although use of two exponential 
decay terms gives a slightly better fit to the data.8'9

(2) J. A. Offenbach and A. V. Tobolsky, J . Colloid Sci., 11, (1956).
(3) P. C. Colodny and A. V. Tobolsky, J .  A m . Chem. Soc., 79, 4320 
(1957).
(4) A. V. Tobolsky, “ Properties and Structure of Polymers,” John 
Wiley and Sons, Inc., New York, N. V., 1960, Chapter V, p. 143.
(5) A. V. Tobolsky, ibid., Chapter IV, p. 12.
(6) A. V. Tobolsky, R. B. Beevers, and G. D. T. Owen, J . Colloid 
Sci., 18, 395 (1963).
(7) A. V. Tobolsky, Polym er Letters, 2, 637 (1964).
(8) R. B. Beevers, J . Colloid Sci., 19, 40 (1964).
(9) A. V. Tobolsky, Polymer Letters, B2, 823 (1964).

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  196 5



4 7 8 A . V . T o b o l s k y , V . J o h n s o n , a n d  W . J .  M a c : K n i g h t

Stress decay in the polyurethanes was also originally 
discussed on the basis of simple exponential decay.2'3 
Equation 1 may be cast into the form

/ © / / (  0) = e x p (-< /rCh) (2)
where rCh = 1 /km . r 0h may be measured as the time 
at which/(£)//(0) = 1/e.

A more searching examination of the data shows 
that stress relaxation in the polyurethanes is more 
closely approximated by a sum of two exponentials 
rather than by a single exponential. The empirical 
expression for stress decay becomes (see Acknowledg
ment)

/(<)//(0) = A e x p (- i /n )  +  B exp( - t / n )  (3)
with A +  B = 1 and r2 >  n.

If a plot of In 0) is made as a function of
linear time, the curve should become a straight line 
at long times with a slope of — l / r 2. If this line is 
extrapolated back to the ordinate, B is obtained. 
Also, a plot of In (/(£)//(0) — Be~t/n) as a function 
of time should be a straight line with slope — 1 /n  
and intercept A. This method is mathematically the 
same as procedure X .10 I t was found that the stress 
decay of sample (A) could be extremely well repre
sented by this procedure. Only two exponential decay 
terms were required. For example, Figure 1 is a 
procedure X plot for (A) at 160°.

Experimentally, then, A, B, n, and r2 are accessible 
from stress relaxation data. These are tabulated in 
Table I. A plot of In n  or r2 as a function of l / T  
should be a straight line, the activation energy for the

+>
Q> 03 
I
O

OO

oz<

CD O

T I M E  , (  H O U R S )

Figure 1. Procedure X for (A) a t  160°.

associated decay process being determinable from the 
slope. Figure 2 shows that ri and r2 both fit the 
Arrhenius relation very well for (A). The activation 
energy for r2 is 42 ± 2 kcal. mole-1, and for n , 37 ±  
3 kcal. mole-1.

2.20 2.24 2.28 2.32 2.36 2.40 2.44

l / T  X I 0 3 , ( #K - 1 )

Figure 2. Log «  and t2 v s . l / T  for (A).

Theory
The relaxation of stress represented by a sum of ex

ponentials has been recently discussed theoretically 
in the following manner.9 I t  is assumed that the 
cleavable linkages divide into two types—strong and 
weak.

Consider a network with exactly m cleavable bonds 
per network chain. A fraction a of these bonds is 
weak linkages. Let the network chains be classified 
as IVnui, N h N 2. . . N n chains per cc. containing 0, 
1, 2, 3. . .m  weak linkages. The total number of net
work chains per cc. is N0. From the binomial theorem

Xnu, = N0(l -  a)m 

N x =  N 0m (l -  a)™-1 a

(10) A. V. Tobolsky and K. M urakami, J . Polym er Sci., 40, 433 
(1959).
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iV2 = N 0m 1}- (1 -  a)m~2a1 (4)¿t

N m = N 0am

Restricting attention to N nui and Ni only, the theo
retical equation for stress decay becomes

f(t)
—  = m il — a)m xa e x p — l)i +  M ] +

(1 — a)mexp( — kmt) (5)

where k represents the specific rate constant for cleav
age of the “strong” linkage and kw represents the spe
cific rate constant for cleavage of the “weak” linkage.

Comparing (5) with (3)

A  = m( 1 — a)m~loL

B  =  (1 -  a)m

1 /n  =  k(m — 1) +  kw

1/t2 =  km (6)

A , B, n , and r2 are determinable experimentally as 
already discussed. I t  remains to determine m, the 
number of cleavable linkages per network chain.

Inasmuch as the polyester and polyether chain 
backbones are very strong (and resistant to oxidative 
cleavage under our conditions),2 the network linkages 
of interest are the urethane, allophanate, and perhaps 
the “trimer linkage.” The rigorous exclusion of water 
during the preparation of sample (A) and the magni
tude of n  and r2 compared with previous data3 permit 
us to eliminate disubstituted urea and biuret linkages. 
I t  is probable that the trimer linkage is quite strong, 
and the allophanate linkage is weaker than the urethane 
(ref. 1, p. 328).

In principle, the possible number of distinct cleavable 
linkages in sample (A) is even greater than three since 
the urethane linkages formed from primary and sec
ondary hydroxyls are different.11 Different types of 
steric hindrance could also produce nonequivalent 
urethane linkages.

I t is quite possible to generalize the theory to consider 
three or more types of cleavable linkages rather than 
just two. The theoretical treatment would invoke 
the multinomial theorem rather than the binomial 
theorem.

At present the experimental results are not extensive 
enough to warrant such a refinement. Equations 3 
and 5 seem to fit the experimental data very well. 
However, we have somewhat of a problem with m 
because we cannot identify the two linkages being

cleaved with certainty at the present time. In  order 
to identify these linkages a great deal of chemical 
work is required. Networks have to be prepared in 
which one could be sure that either the urethane or the 
allophanate or the trimer linkage was definitely absent, 
as well as the disubstituted urea and biuret. In addi
tion, one would wish to be sure that all urethane link
ages were equivalent. Such work is under way now 
and is very painstaking and time consuming.

Determination of the Value of m. If NCO-terminated 
prepolymer could be made to react quantitatively with 
an equivalent amount of triol, a network would be 
formed for which the only NCO-based linkages would 
be urethane linkages. In this case m is exactly 4 for 
each network chain. If there were two different types 
of urethane linkages, m would still be 4, and eq. 6 
would hold exactly. This may be what is happening 
in sample (A).

On the other hand, if the NCO prepolymer were 
heated in the complete absence of triol or other curing 
agent, a gel would be formed based on allophanate 
and trimer linkages. If only allophanate formed, m 
would be 2.

Suppose sample (A) contained one type of urethane 
and one type of allophanate linkage (excluding trimer 
for the sake of argument), then m would not be the 
same in all chains but would have some average value 
m between 2 and 4. Equations 4 still hold quite well 
even if m is an average value rather than the same in 
all network chains,7 but how could we obtain m?

Suppose a were the fraction of weak linkages, namely 
allophanate linkages. Then the following equation 
would hold

in = 4(1 — at) • (• 2a = 4 — 2a (7)

On the other hand, from eq. 6

B  =  (1 — «)“  = (1 -  a)4“ 2“ (8)

In other words, if the two linkages in question were 
a urethane linkage and an allophanate linkage, a could 
be determined from eq. 8 and the experimental value 
of B. From a, in could be obtained from eq. 7. Then 
eq. 6 could be used to obtain k and from n , r2, 
and in.

A graphical solution of a from the experimental 
value of B, according to eq. 8, is shown in Figure 3.

At this stage our ability to analyze the problem from 
a mathematical point of view is ahead of our ability to 
control the structure o: the polyurethane networks. 
However, the interpretation of stress relaxation data

(11) T. L. Davis and J. M. Farnum, J. Am. Chem. Soc., 56, 883 
(1934).
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Figure 3. Plot of the relationship B =s (1 — a ) 4-2“ .

for polyurethane networks prepared under very careful 
and well-defined conditions will be a very valuable 
conjunctive method for elucidation of the network 
structure.

The analysis presented in the present paper is more 
searching than the use of a single exponential decay 
term, which characterized earlier work in this field.2-3-12 
Many of the previous conclusions are still valid, 
but it is quite possible that the role of allophanate 
and trimer linkages was overlooked.

The question arises as to whether a simple exponen
tial decay as assumed here would occur even if only 
one type of linkage were susceptible to cleavage. 
Several theoretical discussions of this have been 
given,7'12 13’14 15 and the viewpoints vary to some extent. 
One author writes,13 “a partial analysis of randomiza
tion through interchange of chain bonds suggests that 
stress relaxation brought about by such processes 
should proceed by simple exponential decay.” This is 
also the theoretical viewpoint taken in this paper and 
in previous papers emanating from this laboratory.7 
The final proof has to be an experimental one, which 
is the attitude we have previously adopted.7

Table I

T ,  "C. rj, hr. rz, hr. A B

140 4 .0 29 0.470 0.480
160 0.44 3.40 0.490 0.480
165 0.31 2.09 0.470 0.484
170 0.20 1.22 0.470 0.470

Acknowledgment. We are grateful to Drs. G. Mino, 
A. Singh, and L. Weissbein, who pointed out to us that 
chemical stress relaxation data for polyurethanes are 
better fitted by two relaxation times than by one. A 
preliminary report of their work has appeared16 and a 
complete paper has been submitted to the Journal of 
Polymer Science.

(12) A. V. Tobolsky and E. Peterson, J. Phys. Chem., 67, 930 (1963).
(13) P. J. Flory, Trans. Faraday Soc., 56, 722 (1960). See especially 
p. 743.
(14) J. Scanlan, ibid., 57, 839 (1961).
(15) A. Singh and L. Weissbein, Abstracts, 148th National Meeting
of the American Chemical Society, Chicago, 111., Sept. 1964, p. 14X.
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The Shapes and Close-Pack Areas of Oriented Long-Chain Dipoles 

at the Water-Octane Interface

by Joseph J. Jasper and Robert D. Van Dell

D epartm ent o f Chemistry, W ayne State U niversity, Detroit, M ichigan  (Received August 17, 1964)

A vertical-pull filmometer with a sensitivity of ±0.01 dyne was used to measure the inter
facial surface pressures produced by soluble monolayers of eight normal alcohols which 
formed spontaneously at the n-octane-w ater interface as the result of positive adsorption 
from the n-octane phase. The pressures and other directly measured quantities are applied 
in the determination of a number of properties of the microscopic state of the monolayers. 
A number of equations are developed and from their plots (presented in two figures) the 
close-pack areas of the oriented dipoles, thickness of the monolayer, desorption energies, 
and the Szyszkowski constant, a, specific for each alcohol, are evaluated. The curves and 
the magnitudes of these quantities are analyzed and conclusions drawn concerning the 
structure of the monolayers.

A large body of data  has been accumulated over the 
years with respect to insoluble monolayers on aqueous 
substrates as a consequence of pioneering studies of 
Rayleigh , 1 and in later years by Adam ,2 Langmuir, 3 

Harkins , 4 5 and many others. These numerous and ex
tensive investigations have led to a broad knowledge 
of the structures, states, and thermodynamic properties 
of a large number and variety of monolayers which 
were established a t air-w ater interfaces. This knowl
edge has in turn  enabled the formulation of im portant 
generalizations with respect to monolayers which have 
been very useful in surface chemistry.

Relatively little knowledge is presently available 
concerning the properties of insoluble monolayers of 
two-phase liquid systems. Although some studies of 
such monolayers have been reported ,6 little experi
mental work appears to have been carried out in this 
direction, since the film-forming component of the sys
tem must be insoluble in both liquid phases but must 
possess a certain optimum work of adhesion with one of 
liquids and a relatively small work of cohesion.6

The primary concern of most monolayer studies re
ported in the literature is the identification and general 
properties of two-dimensional states of aggregation. 
Little consideration has been given, however, to the 
possible microscopic state of monolayers with respect 
to the exact structural arrangements, close-pack

areas of the oriented molecules in the interfacial re
gion, and modes of orientation. I t  seemed reasonable 
to the authors th a t the most satisfactory approach to 
the study of the microscopic state of interfacial mono- 
layers is through the appropriate equation of state. 
The present study is concerned with a series of octane- 
soluble dipoles which form a monolayer by positive 
adsorption chiefly from the organic phase in the 
water-octane interface. The equations applicable to 
the interfacial monolayers under consideration will be 
developed in a later section.

Experimental
P urifica tion  o f the C om pounds. The compounds 

selected for the monolayer component of the systems 
were 1 -pentanol, 1 -heptanol, 1 -octanol, 1 -nonanol, 1 - 
decanol, 1 -undecanol, 1 -dodecanol, and 1 -tetradecanol. 
This series represents a water-solubility gradation from

(1) Lord Rayleigh, P hil. M ag., 48, 337 (1899).
(2) N. K. Adam, “The Physics and Chemistry of Surfaces,” 3rd Ed., 
Oxford University Press, London, 1941, Chapter 2.
(3) I. Langmuir, J . A m . Chem. Soc ., 39, 1848 (1917).
(4) W. D. Harkins, “The Physical Chemistry of Surface Films,” 
Reinhold Publishing Corp., New York, N. Y., 1952, Chapter 2.
(5) F. A. Askew and J. F. Danielli, Proc. Roy. Soc. (London), A155, 
695 (1936); Trans. Faraday Soc., 36, 785 (1940).
(6) N. K. Adam, “The Physics and Chemistry of Surfaces,” 3rd Ed., 
Oxford University Press, London, 1941, p. 99.
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slightly (but appreciable) to completely insoluble, 
which made it possible to compare the desorption 
energy of a soluble compound with those of the in
soluble compounds.

The best quality of Matheson Coleman and Bell 
alcohols were obtained. These were fractionated in the 
usual manner and the middle third was selected for use. 
Vapor-phase chromatographic analysis indicated no 
significant impurities in the 1 -pentanol, 1 -heptanol,
1-octanol, and 1-tetradecanol. The 1-nonanol and
1-dodecanol tested 3% impurities, and the 1 -decanol 
and 1-undecanol less than 1% impurities. The v.p.c. 
curves led to the conclusion tha t the impurities were iso
meric alcohols and this was confirmed by infrared 
analysis. Such impurities, however, would have but 
negligible influence on the properties of the mono- 
layers. Refractive indices of these compounds dif
fered no more than one part in the fourth decimal from 
those of the critical tables. Pure grade re-octane (99 
mole %) was obtained from Phillips Petroleum Co. and 
treated with lithium aluminum hydride. This was 
distilled and the distillate passed through a column of 
chromatographic quality adsorption alumina and silica 
gel. This was redistilled and the distillate examined 
by infrared spectroscopy, v.p.c., and refraction index. 
No impurities were detected.

I t  was essential th a t water of the highest possible 
purity be available. Doubly distilled water was first 
passed through a Barnstead block tin conductivity still 
and then redistilled in an all-quartz double chamber 
Heracus-Quarzschmelze still. The water thus pro
duced had a conductivity of 1 0  _6 mho and was free of 
organic impurities.

D escription o f A pp a ra tu s. The interfacial surface 
pressures were measured with a modified form of the 
Wilhelmy balance adapted for use as a vertical-pull 
filmometer. The force of the vertical pull on the 
pendant slide was measured by an Ainsworth TCY 
semimicro keyboard balance. Complete details of 
instrum entation procedure and more im portant sources 
of error for a similar study have been described in a 
previous report .7 Some modifications, however, de
serve mention. M any preliminary tests showed tha t 
the pendant slide is the most critical part of the ap
paratus and must be prepared with great care for opera
tion. The present investigation required th a t the 
pendant slide be chemically inert, insoluble in all 
liquid phases, form a very small contact angle with the 
organic liquid, and a large one with water. D uPont 
Teflon (FEP) was found to meet these requirements 
very satisfactorily and, in addition, was practically 
impervious to the alcohols which constituted the 
monolayers. In contrast to the Teflon (TFE) used in

an earlier study, no polishing was necessary to remove 
the last traces of the alcohols adsorbed from the mono- 
layer. The slide was constructed from a thin sheet of 
Teflon (FEP) with a perimeter of 3.48 cm. Use of a 
thin slide not only reduces its weight bu t also decreases 
the buoyancy damping effect with negligible change in 
the perimeter. Since it is of fundamental importance 
th a t the surface of the Teflon remain free from con
tam inants, the initial cleaning process and all sub
sequent ones between measurements were carried out 
in a series of boiling acids.

E xperim en ta l Procedure. The initial stage of the ex
perimental procedure was to prepare the two-phase 
liquid systems. Seventy ml. of the purified «-octane 
and 90 ml. of water were mixed in a Pyrex bottle fitted 
with a Teflon seal. The bottle and contents were sus
pended in the therm ostat bath for a t least 5 hr. prior 
to their use in order tha t the two liquids become 
m utually saturated. This also provided the neces
sary time for any residual contaminants to diffuse into 
the interfacial region and become adsorbed. The bot
tle and contents were then carefully removed from the 
water bath  without disturbing the interfacial region. 
Exactly 50 ml. of the organic liquid and 75 ml. of water 
were pipetted from the center of their respective bulk 
phases (again exercising every precaution not to disturb 
the interface) and placed in the pressure-measuring cell. 
To ensure a zero contact angle with octane, the slide 
was refluxed in pure octane for a half-hour period. 
The pendant slide was next attached to a fine gold chain 
suspended from the left arm of the chainomatie balance 
and then inserted through the interfacial region with a 
depth of immersion of about one-half of its length.

Balance readings were made on the interface during 
the first half-hour to test the constancy of the initial 
weight. The alcohols were introduced into the organic 
phase with the aid of a S tarre tt micrometer syringe 
calibrated to deliver liquid volumes up to 0.25 ml. with 
a precision of 0 .0 0 0 1  ml.

The operation involved the addition of exact meas
ured quantities of the alcohols from the micrometer 
syringe into the octane phase just above the interface. 
After each addition, weighings were made until equi
librium was attained. During the weighings, care was 
taken to prevent the balance beam from swinging, in 
order th a t the pendant slide remain a t the same depth  
of immersion throughout a given experiment. This 
minimizes the buoyancy effect, but, more im portant, it 
compensates for slight variations in the contact angle 
during the vertical motions of the slide.8 This proce-

(7) J. J. Jasper and B. L. Houseman, J . P hys. Chem., 67, 1548 (1963).
(8) D. F. Cheesman, Biochem. J .. 50, 667 (1952).
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dure requires a prior estimation of the weight increment 
Aw which must be added to the weight pan before the 
balance arm is released. This technique increased the 
sensitivity from ±0.05 to ±0.01 dyne. The bulk con
centrations of the alcohols, C, are calculated by apply
ing the appropriate data  to eq. 1, in which D  represents 
the density of the alcohol, v the volume delivered from

C  =
Dv

V M (1)

the micrometer syringe, V  the volume of the octane 
phase, and M  the molecular weight of the alcohol. 
The values of C  did not in any case exceed 0.0022 vol
ume m . The interfacial surface pressure measure
ments were made a t 25° and a t this tem perature and 
small concentrations studied, weight equilibrium was 
not atttained in some cases for 72 hr. This seemed to 
imply th a t the desorption mechanism was very slow. 
Since the system could not be agitated, the interfacial 
region was subjected to infrared radiation to hasten de
sorption and, therefore, equilibrium. Although this 
procedure usually did speed up desorption, the system 
would still require 48 hr. to reach equilibrium. When
ever a measurement appeared to be excessively time- 
consuming, it was invalidated and a new one initiated.

The two-dimensional surface pressure P s is a measure 
of the difference in the surface tension of the pure sur
face and th a t of the film-covered surface . 9 If it is as
sumed th a t the surface pressure relation can be applied 
to the interfacial region, it may be w ritten as

P iS =71-7« (2)
in which P  i8 represents the lateral pressure exerted by 
the interfacial monolayer, 7 ;, the interfacial free sur
face energy, and 7 1 , the interfacial free surface energy 
of the monolayer-covered interface. I t  is clear, there
fore, tha t

P is = — A7i (3)
Since the Teflon pendant slide was wet by the less 
dense octane only, the following equation was applied 
to convert differences in balance readings in dynes/cm.

A7i = Pis = -A W g /V (4)
where AW is the weight increment, g the gravitational 
factor, and p  the perimeter of the slide. The sign of 
AW is dependent upon the wetting properties of the 
slide, negative if the slide is hydrophobic, and positive 
if hydrophilic.

Theoretical Discussion
The Szyszkowski equation was first applied to solu

ble monolayers formed a t air-w ater interfaces in

1908,10 11 and a t oil-water interfaces in 1958.n -12 The 
equation is written as

p s (5)

in which C is the bulk concentration, A.0 the close-pack 
area of the monolayer molecules, k  the Boltzmann con
stant, T  the absolute tem perature, and a is a constant 
to be evaluated in following paragraphs. If the 
following form of the Gibbs surface excess equation13

1  =  C_ d/?a
A  ~  k T  AC  (6)

is applied to eq. 5, the resulting relation obtained

1l_ _  _1_

A  A 0

is the Langmuir adsorption equation, in which ( 1  / A )  
represents the area occupied by 1 mole of the mono- 
layer material. In the present systems, the alcohols 
are insoluble in the aqueous phase and the area chiefly 
occupied by these compounds is very probably in the 
octane side of the transitional region . 14 15

When eq. 5 and 7 are combined, the equation of state  
for such monolayers is obtained. This is shown in

C /a

Ll +  C /a
(7)

This relation assumes th a t the molecules are adsorbed 
a t fixed-sites and th a t the monolayer is not mobile. 16 

This assumption, however, is not completely valid for 
two-phase liquid interfaces.

For low bulk concentrations, the Szyszkowski equa
tion may be further simplified by rearranging to give

a

a +  C
exp

P M o '

k T  _ (9)

and expanding the exponential to include the first two 
term s only.

_  kT_ _  P B 
C A0a a

GO)

(9) See ref. 4, p. 121.
(10) B. Szyszkowski, Z . physik. Chem., 64, 385 (1908).
(11) J. T. Davies, Proc. Roy. Soc. (London), A 2 4 5 ,  417, 429 (1958).
(12) H. P. Kling and E. Lar ge, Proc. 2nd In tern . Congr. Surface  
A ctiv ity , 1 ,  295 (1957).
(13) W. Gibbs, “Collected W orks,” Vol. I, Yale University Press, 
New Haven, Conn., 1948, p. 219.
(14) N. K. Adam and E. A. Guggenheim, Proc. Roy. Soc. (London), 
A 1 3 9 ,  218 (1933).
(15) D. A. Haydon and F. H. Taylor, P hil. Trans., 252, 225 (1960) .
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Equation 10 may also be obtained if it is assumed tha t 
the interfacial monolayer obeys the ideal two-dimen
sional gas law equation of Traube, P BA  = k T ,  and by 
substituting the Langmuir isotherm (eq. 7) for A .  
Equation 10, therefore, predicts th a t a plot of P a/ C  
vs. P s should be linear with a negative slope for low- 
bulk concentrations. Under these conditions, the 
intercept is (k T / A 0a) and the slope is (1/a).

To evaluate the constant a, it is necessary to ex
amine the limiting adsorption isotherm (where C  =  0) 
proposed by Davies and Rideal. 16

1 / A  = (dCW/1000) exp( \ / R T )  (11)

where d  and N  represent, respectively, the thickness of 
the monolayer and Avogadro’s constant, X, whose 
significance is discussed below, is the desorption energy 
per mole of film material. If C is very small, approach
ing zero, eq. 7 reduces to

1 / A  = C / A a  (12)

Substitution of eq. 11 into eq. 12 and solving for a gives

a =  exp( - X / R T )  (13)N  dA. q

X depends on the type and number of groups anchored 
in the interfacial region as predicted by Traube’s 
rule . 17 For long-chain dipoles, such as normal acids, 
alcohols, etc., this rule is given by the equation

X =  Xe +  nw  (14)

where Xe is the desorption energy of the hydrophilic 
end group (-CH , -COOH, - N 0 2, -N H 2, etc.), n  the 
number of -C H 2-  groups, and w  the energy of desorp
tion per -C H 2-  group. For dipoles oriented vertically 
to the interface, X = \ e. Normally, curves are ob
tained by plotting A W / v  vs. A W . The resulting curve 
is linear with a negative slope in the low concentration 
range. The slope and intercept enable the calculation 
of a, At>, and A . Substitution of eq. 1 and 4 into eq. 
1 0  gives the following relation expressed in terms of 
A W /v

A W  __ k T D p  D A W
= aA oV gM  ~  ~aVM  (15)

in which the first term  on the right represents the inter
cept (I) and the quantity  (D /a V M ) the slope (S ). 
From these relations, the following are obtained

a = D /S V M

k T p S  
Ao =  — z -gi

and finally

(16)

(17)

A
k T p 1  +  Sv

(18)

When A W /v  is plotted as a function of AW, linear 
curves are obtained for the series of alcohols as pre
dicted by eq. 15. These are shown in Figure 1. The 
slopes all have nearly the same value of 5.00.

Figure 1. Variation of weight increment per unit volume 
of film material delivered with weight increment.

The curve for 1-pentanol is not included in Figure 1. 
The values of a, A 0, and d  are tabulated in Table I. I t 
was found th a t A 0 varies with the fourth power of n  and 
is shown in Figure 2.

I t  appears evident from values of A,, th a t the alcohol 
molecules m ust be oriented perpendicularly in the inter
face as previously predicted . 18’ 19 I t  seems reasonable

(16) J. T. Davies and E. K. Rideal, “ Interfacial Phenom ena.’’ 
Academic Press, New York, N. Y., 1961, p. 155.
(17) I. Traube, Liebigs A n n ., 265, 27 (1891).
(18) E. Hutchinson, J .  Colloid Sei., 3, 413 (1948).
(19) A. F. H. W ard and L. Tordai, Rec. trav. chim ., 71, 396 (1952).
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Figure 2. Close-pack area as a function of the 
fourth power of the num ber of carbons.

Table I: The Szyszkowski Constant, a, Close-Pack Values, 
An, and Monolayer Thickness, d, for the B ight Alcohols

Dipole a, mole -1 Ao, A.» d, A.
l-Pentanol 0.0372 12.4 9.56
1-Heptanol 0.0284 13.0 12.2
1-Octanol 0.0254 13.7 12.8
1-Nonanol 0.0230 14.35 13.4
1-Decanol 0.0210 15.4 14.0
1-Undecanol 0.0193 , 17.3 13.2
1-Dodecanol 0.0179 19.3 12.9
1-Tetradecanol 0.0150 24.7 12.0

to assume, therefore, th a t the hydrophilic hydroxyl 
group is in the dineric interface, and, consequently, the 
only group desorbed. This suggests th a t the desorp
tion energy for all of the dipoles should be identical 
regardless of the chain length. To calculate the de
sorption energy A for the -O H  group, the values of A 0, 
a, and d  must be known for this group.

A a was obtained by extrapolating the curve of Figure
2 to the ordinate, which gives a value of 12.2 A.* 2. Al
though this value is slightly larger than expected from 
bond-length calculations, it is possible th a t this may be 
due to the mobility of the monolayer molecules. To 
calculate the value of d, it is first necessary to postulate 
a shape for the volume occupied by the -O H  group. 
Since this group possesses a degree of free rotation 
about the C -0  bond, it was postulated th a t the effec
tive volume would be cylindrical with a cross-sectional 
area equal to th a t of A 0, and a length d equal to the

radius of the cylinder. The value of a was calculated 
from eq. 16 by applying the density D  which was ob
tained by extrapolating the density vs. chain-length 
curves for normal alcohols to the density ordinate. 
From this, the density of the -O H  group attached to 
the hydrocarbon chain was found to be 0.798 a t 25°. 
W ith the aid of this model a value of 3.471 kcal./mole 
was obtained for A from eq. 13. This value was then 
used in conjunction with the appropriate values of A 0 
and a in eq. 13 to calculate the thickness d  of the mono- 
layer for each of the alcohols.

From examination of Table I, it is seen th a t there is 
a definite increase in the area occupied by a -C H 2-  
group with increasing chain length. This suggests 
th a t the chain is no longer oriented vertically but is 
folding over on itself to an increasing degree as the 
chain length increases. This may be the result of 
steric flexibility with chain length, increasing the 
probability of rotation along an axis parallel to the 
chain.

Chain interaction is ruled out because of the penetra
tion of the octane molecules between those of the 
monolayer alcohols. 20 If this is the case, calculations 
should show a decrease in the monolayer thickness per 
-C H 2-  group with increasing chain length. This 
tendency is clearly evident in Table I. Following 1- 
decanol, there is a slight but definite folding of the 
chain, which starts to level off with 1 -tetradecanol.

The 1-pentanol, which had a slope of 3.12, was not 
included in Figure 1. The unexpected variation in the 
slope of this compound from th a t of the others was first 
considered to be the consequence of evaporation of the 
octane component of the system during the measure
ment. This would increase the bulk concentration 
with a resultant increase in the am ount of monolayer 
adsorbed in the interface. Since the intercept is 
0.392, a value much lower than would be expected, this 
cannot be the case, for evaporation should increase the 
intercept to a value greater than expected. The 
value of A0, however, is 12.4 A. I t  is quite possible 
th a t the variation of the slope from th a t of the other 
alcohols may be due to some degree of solubility of 1 - 
pentanol in the aqueous layer. The desorption energy 
for this compound into the octane phase is 3.203 kcal./ 
mole, while th a t of the other alcohols is 3.471 kcal./ 
mole.

(20) See ref. 16, p. 158.
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Proton Magnetic Resonance Studies of Ten Diolefinsla

by David F. Kosterlb and Alfred Danti

Department o f Chemistry, Texas A . & M . University, College Station, Texas  (Received August 20, 196If)

The proton magnetic resonance spectra of ten diolefins, with six to eight interacting spins 
and more complicated than any studied heretofore, have been measured with care and the 
complete theoretical spectra calculated for four of them. Chemical shifts and coupling 
constants are tabulated as completely as possible. The ten compounds are 1,2-butadiene, 
1,2-pentadiene, 3-methyl-l,2-butadiene, 2,3-pentadiene, 2-methyl-l,3-butadiene, 2,3-di- 
methyl-1,3-butadiene, 1 ,cis-3-pentadiene, l,£rcms-3-pentadiene, 1,4-pentadiene, and 1,5- 
hexadiene. Symmetry factoring of the energy levels was used in a number of instances 
and in some cases the molecule was broken up into lesser interacting parts before running 
the entire eight-spin problem. An interesting additive effect of substituents in reducing 
both the four-bond and five-bond coupling constants in allenic systems has. been found. 
A noticeable coupling through six bonds was evident in two of the conjugated compounds.

Introduction
The proton magnetic resonance spectra of several 

compounds containing cumulative and conjugated 
double bonds have been analyzed previously . 1 2 3 4 5 6 ~ 7 

In most of these cases only three to five interacting 
protons were involved. In this study, more compli
cated members containing six to eight interacting 
protons have been examined. Where there were no 
more than eight interacting nuclei and the spectrum 
was well resolved, the theoretical spectrum was calcu
lated completely using the computer program of Reilly 
and Swalen .8 In  the allenic type systems, an ad
ditive effect on the four- and five-bond coupling con
stants appears to exist.

Experimental
The eight compounds listed in Tables I and II, along 

with 1,4-pentadiene (IX) and 1,5-hexadiene (X), were 
examined. The Roman numerals appearing beneath 
the semistructural formulas in Tables I and II  will be 
used when referring to these compounds. All samples 
were extremely pure API Research samples available 
on loan from the API Research Projects 44 and 58B.9 
Spectra were obtained on the pure liquids and 50% 
and 10% solutions (by volume) in CCR Results 
reported for I through IV are for the pure liquid, the 
remainder being for the 50% solutions. For these 
hydrocarbons, spectra a t different concentrations 
were very much alike. Spectra on which detailed

calculations were performed were run three times 
and peak positions averaged. A trace of tetram ethyl- 
silane was used as an internal reference.

Improved resolution was obtained by degassing the 
samples by the freeze-thaw technique a t liquid nitro
gen tem perature and sealing them under vacuum in 
precision Varian A-60 tubes. Spectra of all of the 
compounds were recorded on a Varian Model A-60 
spectrometer and for two of the compounds spectra 
were also obtained a t 100 Me. through the courtesy of 
Varian Associates. Sample tem perature was approxi
mately 37°. Line positions measured from TM S as

(1) (a) The studies were supported by The Robert A. Welch F o u n d s  
tion, Houston, Texas. Support for one summer for the Predoctoral 
Fellow was received from the American Petroleum Institu te  Research 
Project 44. (b) Predoctoral Fellow of The Robert A. Welch Founda
tion.
(2) E. B. Whipple, J. H. Goldstein, and W. E. Stewart, J . A m . Chem. 
Soe., 81, 4761 (1959).
(3) E. B. Whipple, J. H. Goldstein, and L. Mandell, ./. Chem. P hys., 
30, 1109 (1959).
(4) E. I. Snyder and J. D. Roberts, J . A m . Chem. Soc., 84, 1582 
(1962).
(5) S. L. M anatt and D. D. Elleman, ibid., 84, 1579 (1962).
(6) J. A. Elvidge and L. M. Jackman, Proc. Chem. Soc., 89 (1959).
(7) E, O. Bishop and J. I. Musher, M ol. P hys.,  6, 621 (1963).
(8) C. A. Reilly and J. D. Swalen, J . Chem. P hys.,  37, 21 (1962).
(9) American Petroleum Institu te  Research Project 44, Chemical 
Thermodynamic Properties Center, D epartm ent of Chemistry, Texas 
A. & M. University, College Station, Texas, and A PI Research Project 
58B, Petroleum Research Laboratory, D epartm ent of Chemistry, 
Carnegie Institu te  of Technology, Pittsburgh 13, Pa.
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Table I : Chemical Shifts and Coupling Constants for Alkyl Allenes"

1,2-Butadiene
(3)

H CH,
\  /

(1) C = C = C
/  \

H H(2)
I

1,2-Pen tadiene
(3) (4)

H CH2CH,
\  /(1) c=c=c

3-M ethyl-l,2-butadiene 

(3)

H H(2)

H CH,
\  /(1) c=c=c

1 _ /  \H CH,
II I I I

2,3-Pentadiene
(4) (2)

CH, H
\  /  c=c=c

d )H C H 3(3)
IV

1
2
3
4

4.49g
4.943
1.587

4.547
5.034
1.951
0.993

4.402

1.620

4.89o

1.563

J, C . p . 8 .

12 - 6 .6 7 - 6 .7 7 - 6 .3 5
13 3.45 3.50 S .lö 6 3.20
23 7 10 6.23 6.80
34 7.51

“ Except for III, where a first-order spectrum yields to immediate interpretation, data  were obtained by calculation of the theoretical 
spectra. All data refer to the pure liquid. 6 Snyder and Roberts4 report a value of 3.03 ±  0.06 c.p.s.

Table H: Chemical Shifts and Coupling Constants in Conjugated Dienes" 

2-Methyl-l,3-butadiene 2,3-Dimethyl-l,3-butadiene l,cis-3-Pentadiene 1, irans-3-Pentadiene

(1)H
(6)

CH,
\ /

C = C
/ \

(2)H C = €
/

(5)H

(5)
(1)H CH,

\ /
H(4) C = C  H(4)

/ \  /
(2)H C = C

/  \
H(3) CH, H(3)

(1)H

(2)H

w
/  \

/

(6)
(4)H

H (3) (6) (D H  H(3)
\  /

CH, c=c
/ /  \

C = C (2)H C = C
\

H(5) (4)H

H(5)

\
CH,
(6)

V VI VII VIII

5, p.p.m„

1 4.87 ±  0.05 4 .86 ±  0.05 4.99 ±  0.10 4.83 ±  0.10
2 4.87 ±  0.05 4 .96 ±  0 .05 5.07 ±  0.10 4.92 ±  0.10
3 4.94 ±  0.05 6 .58 ±  0.05 ?

4 5.05 ±  0.05 5.92 ±  0.05 ?

5 6.35 ±  0.05 5.41 ±  0.05 ?

6 1.79 ±  0.03 1.86 ±  0.03 1.70 ±  0.03 1.72 ±  0.03

' J , c.p.».

12 2.2
13 10.5
14 '- '̂0.6
16 1.2 1.0 ~ 0 .6 (? )
23 16.6
24 ~ 0 . 6
26 1.2 ~ 0 .6 (? )
34 1.5 10.5
35 10.5
45 17.4 11.0
46 1.5
56 6.8 5 .8

These data  were obtained from first-order interpretation of the spectra and refer to samples diluted to 50% by volume with CC14.
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zero are accurate to within ±0.3  cycle. Differences in 
peak positions could be measured to ±0.05 c.p.s. on 
expanded scans. Calibration of the chart for linearity 
was checked against CHCh and p-anisaldehyde. 10 

Calculations were performed on the IBM  709 computer 
of the D ata Processing Center a t Texas A. & M. 
University.

The spectra in full have been contributed to the 
“Catalog of N M R  Spectra” of the API Research 
Project 44 and may be found there . 11 The calculated 
spectra are also shown. Where two calculated spectra 
appear, the bottom one with fewer lines pertains to 
an initial calculation with certain lesser interacting 
protons left out. The upper calculated spectrum then 
refers to the full eight-spin problem.

In terpreta tion  o f the Spectra. Where the spectra 
were sufficiently resolved, the theoretical spectrum 
was calculated. This was the case for I, II, IV, and 
IX . Case I I I  gives a first-order spectrum and the 
values given in Table I came directly from our ex
perimental measurements. The remaining spectra 
were analyzed by first-order interpretation to give 
approximate chemical shifts and coupling constants for 
most of the protons.

The general procedure for arriving a t the calculated 
spectrum can be illustrated for I. Because the allenic 
structure is D2d, one would expect the methyl proton 
resonance to be approximately two triplets. The 
high-field quintet tha t is obtained can be explained as 
two overlapping triplets. To give such a symmetrical 
quintet, J 23 must be very close to twice J 13, J n  being 
very nearly equal to the spacing of the lines in the 
quintet. From approximate values of the chemical 
shifts and J n ,  a calculated spectrum closely resembling 
the experimental was obtained. The calculated transi
tions were then assigned observed frequencies, the 
assignment being facilitated by symmetry factoring 
the energy levels. 12' 13

The assigned transitions between these levels, when 
put into an energy level program (NM REN2 ) , 8 gave a 
set of experimental energy levels. Iteration on these 
energy levels gave the calculated spectrum and the 
final set of chemical shifts and coupling constants used 
to calculate it. (See Table I.) All coupling constants 
of the allenic compounds were assumed to be positive 
except the four-bond J n  constant which has been 
shown to be of opposite sign. 4’5 However, it was found 
tha t a change of sign here did not affect the calculated 
spectrum noticeably.

Due to the large number of transitions and length 
of computer time, it was desirable to simplify the 
compounds containing eight protons. In the case of 
II, the previously mentioned procedure was followed

by ignoring the methyl protons, which are only coupled 
to the methylene protons. This gave all the coupling 
constants except J 34. The complete spectrum was then 
calculated including the methyl protons. For II, one 
obtains 256 energy levels tha t can be symmetry factored 
into eight groups, four of which are doubly degenerate; 
869 transitions were assigned and the complete cal
culated spectrum with one iteration ran 198 min. on 
the IBM  709.

Similarly, IX  (1,4-pentadiene) was first treated as

(1) (3)
H H

C = C  (1 )
/  \

H CH 2

(2) (4)

to obtain a good fit to the vinyl part of the spectrum. 
The final spectrum with all eight protons was then cal
culated. The agreement was good and no iterations 
were performed to arrive a t the final spectrum. The 
results are given in a later discussion of this compound.

The spectrum of IV caused some difficulties in tha t 
there is no easy way to treat it without considering all 
eight protons (A3A3*XX*)- A fairly good fit for the 
methyl proton resonance was obtained by removing 
one proton from each methyl and treating it as

C = C = C  (2 )
/  \

H H

This allows coupling constants to be determined with 
fair accuracy. The final calculated spectrum including 
all eight protons was then calculated. The fit was 
good and no iterations were performed.

Results and Discussion

In discussing the compounds studied, it will be con
venient to separate them into three groups; those con
taining cumulative, conjugated, and isolated double 
bonds.

(10) Accurate measurements on p-anisaldehyde made available by 
N. F. Chamberlain, Humble Oil and Refining Co., Baytown, Texas.
(11) “ Catalogs of N M R  Spectra,” American Petroleum Institu te  
Research Project 44, Chemical Thermodynamic Properties Center, 
D epartm ent of Chemistry, Texas A. & M. University, College 
Station, Texas, B. J. Zwolinski, Director; Serial No. 465-475.
(12) H. M. McConnell, A. D. McLean, and C. A Reilly, J . Chem 
P hys., 23, 1152 (1955).
(13) E. B. Wilson, Jr., ibid., 27, 60 (1957).
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Table III : E x p e r im e n ta l  a n d  P re d ic te d  C o u p lin g  C o n s ta n ts  in  A llen ic  S y s te m s

Compound

H  C H ,
\  / c=c=c
/

H H

C H 3 C H s

\  /  c=c=c
/ \

H H
IV

H c h 3
\ /

O =c=c
/ \

Cl H

H C H S
\ /

C ==c=c
/ \

H CHs
I I I

H CHs
\ /c=c=c
/ \

Cl CHs

------Four-bond / rh coupling----- -
Ref. Exptl. Predicted

T h is  w o rk  6 .6 7  =b 0 .0 5

Exptl.

3 .4 5  ±  0 .0 5

-Five-bond « /h , C H 3 coupling-
Predicted

(N o  e n try ,  p a r e n t  m olecu le )

T h is  w o rk  6 .3 5  ±  0 .1 0  6 .3 4  3 .2 0  ±  0 .1 0 3 .1 2

4  5 .8 0  ±  0 .1 0  5 .7 7  2 .4 0  ±  0 .1 0 2.22

T h is  w o rk 3 .1 5  ±  0 .0 5 3 .1 2

4 2 .1 4  ±  0 .1 0 2.22

C um ulative Double B onds. Several previous studies2-6 

on compounds containing the allenic structure have all 
shown two distinct characteristics; a shift to high field 
of the allenic proton resonance relative to a vinyl 
proton, and relatively large four- and five-bond 
couplings between protons separated by this 7r-elec- 
tronic structure. Both effects have been treated 
theoretically . 14' 15 Very good predictions on the mag
nitude of the coupling constants (including relative 
sign) have been made . 14

The chemical shifts and coupling constants for I, II, 
II I , and IV are summarized in Table I. Utilizing 
these data, along with coupling constants reported 
for other substituted allenes, 2 -4  it appears th a t an 
additive effect exists in the four-bond ,/hh and five- 
bond </h ,ch! coupling constants.

If allene, with the four-bond J m i  equal to 7.0 cycles, 2 

is considered the parent compound, the effect of sub
stituting one proton in allene by Cl, Br, I, CH3, or a 
CH2CH3 group is found to be a decrease in the four- 
bond / Hh coupling constant by 0.9, 0.7, 0.7, 0.33, and 
0.23 cycle, respectively. If each substituent has an 
additive (or subtractive) effect, a Cl and a CI13 on the 
allenic structure might be expected to reduce J hh  
by 1.23 cycles, a Cl and Br to reduce it by 1.6 cycles,

etc. Unfortunately, only a few of these compounds are 
available to check this. As shown in Table II I , those 
th a t are known do check very closely.

I t  was thought tha t this same additive effect might 
also exist in the five-bond J h ,c h 3 coupling, and it is 
here tha t some strength is added to the argument. 
If now I is considered the parent compound, and the 
five-bond J h ,c h s coupling is examined in substituted 
compounds, it is found th a t the Cl and CH 3 groups have 
about the same effect here as on the . / H tt four-bond 
coupling. The predicted and known four- and five- 
bond coupling constants are summarized in Table
H I .

A reasonable explanation of this appears available. 
Theoretical calculations14 of these long-range couplings 
involve a a- and ^-electronic term , the cr-term making 
only a small contribution. I t  is evidently the 7r- 
electronic structure th a t allows this relatively large 
coupling, and these mobile electrons are easily affected 
by substituents. I t  is not readily apparent why Cl 
and CH 3 should both reduce the magnitude of this 
long-range coupling.

(14) M. Karplus, J . A m . Chem. Soc., 82, 4431 (1960).
(15) J. A. Pople, J . Chem. P hys., 24, 1111 (1956).
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Correlations of proton coupling with substituent 
have been made for substituted ethanes . 16“ 18 These 
have been of the form, J  = A  — B U E , where A  and 
B  are constants and E  is the electronegativity of the 
substituent (s) based on Huggins electronegativities. 
One might hope to find a similar correlation for allenic 
systems, if enough compounds of the type X H C =  
C = C H Y  were available. However, from the stand
point of electronegativities, this does not appear too 
promising for the limited number of compounds for 
which data  are now available. Information cited 
previously shows th a t bromoallene and iodoallene have 
the same coupling. The effect of substituents on the 
one-bond 18C -H  coupling has also been studied ex
tensively . 19“ 21

C onjugated Double B onds. Previous studies on sub
stituted 1,3-butadienes have been reported .67 A 
relatively small trans-vinyl coupling and a large 2,3- 
coupling (protons on carbons 2 and 3 of 1,3-butadiene) 
were reported for the trans-trans-m uconic  ester.6 Re
cent calculations7 on the trans-trans-m uconic  acid are 
more consistent and it has been suggested th a t several 
J ’s may have been interchanged in the ester. Ap
proximate coupling constants obtained in this study 
are in agreement with the latter authors .7

The spectra of V, VI, VII, and V III were analyzed by 
inspection where possible. The 100-Mc. spectrum of 
V II22 greatly facilitated the assignment of the over
lapping lines. The large number of overlapping 
resonances discouraged any detailed calculation. Our 
results are summarized in Table II. The lack of in
formation on V III is due to its extremely complex 
spectrum. The resonances of protons 3, 4, and 5 can
not be distinguished from an array of lines from 
~.3.33 to 385 cycles. Approximate coupling constants 
for V have been reported elsewhere. 23

I t  is interesting to note th a t there appears to be a 
detectable six-bond coupling between either proton (s) 
1 and (or) 2 and the methyl protons in V II and V III. 
Inspection of the resonance lines of protons 1 and 2 in 
VII and V III suggests th a t it is the proton cis to the 
methyl group th a t is more strongly coupled, i.e.

H C = C
\  /  \

C = C  CH 3 H  C = C  (3)
\  /  \

C = C  CH 3

The vinyl resonance of VI showed two broad lines. 
The line a t higher field was assigned to proton 1 as 
is the case in V II and V III. A ttem pts to analyze the 
spectrum of 1,3-butadiene (not listed in any of the

Tables and not mentioned heretofore) a t 60 and 100 
Me.22 proved fruitless.

Isolated Double Bonds. Only two compounds were 
studied in this group, IX  and X. The spectrum of 
IX  (1,4-pentadiene) was analyzed as described earlier 
(eq. 1), with the following values of J  and chemical 
shifts giving a good calculated spectrum

<>i = 4.92o (p.p.m.) <>2 = 4.95o §3 = 5.71o 64 = 2 . 7 2 3

Jvi =  2.20 J n  =  10.3 J 14 =  -1 .5 0  J 23 =  16.9

J  u  =  —1.30 </34 =  6.30

The negative sign given to J u  and ,/ 24 is on the basis 
of earlier work .6-24-27

One would expect th a t the inclusion of one more 
methylene group between the two vinyl groups would 
have very little effect on the vinyl proton resonance. 
This is not the case in going from IX  to X  (1,5-hexa- 
diene). The twelve lines expected for X  are clearly 
evident, bu t they are superimposed on a much more 
complex group of lines. Likewise, the remaining 
terminal vinyl and methylene proton spectrum in X  
is not clearly resolved as in IX . At present, this can
not be easily explained, but it may be th a t the non
terminal vinyl protons in X  are also coupled to the 
methylene protons in the position ¡8 to them. This 
would require a coupling through four single bonds.

Acknowledgm ents. We are grateful to The Robert 
A. Welch Foundation, Houston, Texas, for support 
of these studies. The API Research Project 44 also 
contributed support for one summer. We express 
thanks to the D ata Processing Center of Texas A. & M. 
University for computer calculations. We acknowledge 
the help from F. S. Mortimer, C. A. Reilly, and J.
D. Swalen of Shell Development, Emeryville, Calif.,

(16) R. C. Glick and A. A. Bothner-By, J . Chem. P hys., 25,362 (1956).
(17) C. N. Banwell and N. Sheppard, D iscussions Faraday Soc., 34, 
115 (1962).
(18) R. J. Abraham and K. G. R. Pachler, M ol. P hys., 7, 165 (1963).
(19) H. S. Gutowsky and C. S. Juan, J . A m . Chem. Soc., 84, 306 
(1962).
(20) C. Juan  and H. S. Gutowsky, J . Chem. P hys., 37, 2198 (1962).
(21) A. W. Douglas, ibid., 40, 2413 (1964).
(22) Spectrum obtained by Varian Associates on a 100-Mc. instru
ment. Courtesy of Jam es Shoolery and Norman Bhacca.
(23) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High- 
Resolution Nuclear Magnetic Resonance,” McGraw-Hill Book Co., 
Inc., New York, N. Y„ 1959, pp. 244, 245.
(24) S. Alexander, J . Chem. P hys., 28, 358 (1958).
(25) F. S. M ortimer, J . M ol. Specify., 3, 335 (1959).
(26) A. D. Cohen and N. Sheppard, Proc. Roy. Soc. (London), A252, 
488 (1959).
(27) C. N. Banwell, A. D. Cohen, N. Sheppard, and J. J. Turner, 
Proc. Chem. Soc., 266 (1959).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



G e n e r a t i o n  o f  C a t a l y t i c  A c t i v i t y  i n  S i l i c a  G e l  b y  I o n i z i n g  R a d i a t i o n 491

in making available the complete computer programs 
and the guidance which they gave. We acknowledge 
discussions with Dr. R. M. Hedges and the encourage

ment of Dr. B. J. Zwolinski. The research samples 
were made available through the API Research Proj
ects 44 and 58B.

Generation of Catalytic Activity in Silica Gel by Ionizing Radiation

by C. Barter and C. D. Wagner

Shell Development Com pany, Emeryville, C alifornia  (Received A ugust 20, 196If)

In  a previous paper it was reported th a t acid centers are generated in silica gel by the action 
of ionizing radiation, in  vacuo. These centers persist in the gel, in the absence of radiation, 
bu t are thermally sensitive. At 25° they disappear with a half-time of a few hours, as 
shown by the loss of acid titer and activity for isobutylene polymerization. Further 
study of irradiated silica gel has disclosed tha t radiation generates a t least two other types 
of chemically active centers. These are stable a t more elevated tem peratures and are active 
for butene interconversions and for the conversion of cyclopropane to propylene.

Introduction
T hat irradiation of silica gel with X-rays results in 

surface changes other than the generation of acid centers 
has been suggested by spectroscopic evidence. 1 Fol
lowing butylamine neutralization of the gel or thermal 
decay of its generated acid centers, the absorption spec
trum  of adsorbed p-dimethylaminoazobenzene is not at 
all characteristic of this indicator in its neutral form, in 
solution or adsorbed on unirradiated gel. The surface 
changes responsible for the altered spectrum are re
versible; they may be due to  atomic displacements, for 
the heating of irradiated silica gel a t 500° for 10 hr. 
prior to adsorption of the indicator results in an ab
sorption spectrum identical with th a t obtained with 
unirradiated gel.

The active centers studied in this work may be similar 
to those observed by Mikovsky and Weisz2 as a result 
of neutron irradiation (1 0 20 n .v.t.) of silica gel; they 
attributed the centers to atomic displacement.

Experimental
Davison 950 silica gel, 60-200 mesh, surface area 

625 m.Vg., aluminum content < 0 .0 1 %, was baked at 
520° in air for several days, evacuated in a glass vessel

a t 520° under high vacuum for 16 hr., and irradiated 
in its sealed container with bremsstrahlung from a
3-Mev. electron beam impinging on a gold target. The 
detailed procedure has been described previously . 1 

The butenes used were Phillips research grade and con
tained less than 0.5% impurities (isomers). The cyclo
propane contained about 0.5% propylene.

After the gel was irradiated, it was stored a t —196° 
until it was used; this storage period varied from 1  to 18 
hr. The 22-ml. vessel, shown in Figure 1, was con
nected to the vacuum system a t B, the seal a t C was 
broken, and the hydrocarbon was condensed into it a t 
— 196°. W ith its contents held a t —196°, the tube 
was sealed under vacuum a t D. Then space F was 
evacuated via  a hypodermic needle through the silicone 
rubber plug E, the contents of A was warmed to about 
—10°, and seal G was broken by a solid needle inserted 
through E. At reasonable intervals, samples of 0.3% 
of the charge were removed from E by a hypodermic 
needle for gas chromatographic analysis.

The column used was a 5-mm. i.d. X 7-m. column,

(1) C. B arter and C. D. Wagner, J . P hys. Chem,, 68, 2381 (1964).
(2) R. J. Mikovsky and P. B. Weisz, J . Catalysis, 1, 345 (1962).
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Figure 1. Gel irradiation apparatus.

filled with silicone on firebrick. This column, run at 
50° with a helium flow rate of 75 cc./min., gave com
pletely resolved peaks for the components analyzed. 
Since mole fractions of the components were found to 
be proportional to the peak heights, the latter were 
used in the analysis.

At the selected reaction tem perature, 80°, the ac
tiv ity  of the catalyst declined during the reaction. 
This was shown by the diminution of the apparent 
ra te constant for the reaction, whether 'it was calcu
lated as either first or second order in reactant partial 
pressure. Activity of the catalyst a t zero time was 
used as the measure of catalyst activity. I t  was deter
mined for the butene system in the following way. 
The product partial pressure was first plotted against 
reaction time. Values of the slope, d P /d t ,  were ob
tained graphically, and quantities, d P /d t  X 1 / R  (R  = 
reactant partial pressure), were plotted against time. 
The apparent first-order rate constants so derived at 
various reaction times decreased markedly as the reac
tion proceeded to half the initial value in 50-150 min.; 
the derived curve was extrapolated to zero time to give 
the apparent first-order rate constant for fresh, ir
radiated catalyst. In  the cyclopropane system, the 
activity of the catalyst decreased very rapidly with 
time, sometimes by two orders of magnitude in 1  hr. 
This made the preceding procedure unreliable. Rough 
estimates of initial activity were made by estimating 
the initial slope of the curve of product concentration 
vs. time, as shown in Figure 2.

Results
In  pilot experiments, portions of gel were irradiated 

at —196° to doses of 5 Mrads, stored for 1 hr. a t

R e a c t i o n  T i m e ,  m i n u t e s

Figure 2. Propylene formation from cyclopropane 
over irradiated silica gel.

various elevated temperatures, and then tested for 
catalytic activity by using m - 2 -butene or cyclopro
pane a t 80°. I t  was found th a t storage of irradiated 
gel in  vacuo a t 1 0 0 ° had an adverse effect upon the 
activity for cyclopropane isomerization but not for 
butene isomerization. Storage a t 200° caused the 
activity for cyclopropane isomerization to decrease still 
more, but the activity for butene isomerization was not 
affected until the gel was heated above 400°. Experi
ments were then performed with storage a t 1 0 0 , 2 0 0 , 
and 420° in order to follow the decay of these activities. 
Other experiments under various irradiation and 
storage conditions were performed to obtain informa
tion about the activation energy for decay of the active 
centers and information on the effect of the irradiation 
tem perature on the generation of activity. The data  
are given in Table I. The activities for butene and 
cyclopropane isomerization are believed reliable to 
±25% .

Discussion
R eduction in  A ctiv ity  during  the Test Reaction. I t  

was stated above th a t treatm ent of the butene isomeri
zation reaction as either first or second order in hydro
carbon reactant partial pressure yielded a significant 
decrease in rate constant with time of reaction. This 
effect is not due to nonlinearity in the adsorption iso
therm  since this cause could only be significant for cis-2 - 
butene, and, in this case, the adsorption isotherm was 
determined and found to be nearly linear over the 
range of interest. The decrease, also, cannot be a t
tributed to the fact th a t the reaction is reversible; with
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G e n e r a t io n  o f  C a t a l y t ic  A c t iv it y  in  S il ic a  G e l  b y  I o n iz in g  R a d ia t io n 4 9 3

a s -2 -butene this has only a small effect over the con
version range studied. A third possibility, thermal 
decay, cannot be responsible because storage of the 
irradiated gel a t 80° for extended periods resulted in 
no change in its initial activity. The decrease in

Table I : C atalytic Activity of Irradiated  Silica Gel“

Post-irradiation 
heating of gel

Irradiation temp., Time, Temp.,
°c. hr. °C. .—-ActivityI  rain. -■ X 10*----

To trans- To
cts-2-Butene 2-butene 1-butene

Blank, unirradiated 1 .0 ,2 .3 1 .0 ,2 .7
-1 9 6 -1 9 6 62, 95, 105 49,58, 79

87 ±  23 62 ±  15
(av.) (av.)

-1 9 6 1 373 75 69
-1 9 6 1 420 19 25
-1 9 6 2 420 12 20
-1 9 6 4 420 1.3 2 .5
-1 9 6 1 448 9.3 19
-1 9 6 1 481 4.5 4 .5
-1 3 0 67 64

25 48, 63 42, 60
100 86 70
200 52 47
300 79,138 79, 123

Cyclopropane To propylene
Blank, unirradiated 0 .2

-1 9 6 85
-1 9 6 1 100 20
-1 9 6 2 100 26
-1 9 6 4 100 29
-1 9 6 1 200 13
-1 9 6 2 200 20
-1 9 6 4 200 17
-1 9 6 1 300 10
-1 3 0 34

25 26
200 23
300 2,5

“ Gel, 3 g . d o s e ,  5 M rads in 1 h r .; tes t reaction tem perature, 
80°; test hydrocarbon, ca. 1 mmole. b Expressed as an apparent 
first-order rate constant a t the s ta r t of the test reaction. Values 
for irradiated samples corrected for blank.

activity must be attributed to some reaction of the 
hydrocarbon with the catalyst. Since a trace of C3 

hydrocarbon was observed in the reaction of a s -2 - 
butene, it seems likely th a t a small am ount of pol
ymerization and cracking occurs, and th a t the products 
gradually cover or inactivate the sites.

In  the case of cyclopropane isomerization, the very 
rapid, initial decrease in catalyst activity, once again, 
may have been due to catalyst poisoning . 3 A part of

the initial activity of the catalyst may have been de
rived from generated acid centers which early became 
ineffective through decay and coking.

A ctiva tion  E nergy fo r  Decay. I t  seemed of particular 
interest to obtain information on the tem perature de
pendence of decay of sites active for butene intercon
versions since these sites are so thermally stable. 
D ata  from Table I show th a t a t 420° the decay fits a 
first-order rate curve reasonably well. An attem pt was 
made to deter nine the decay activation energy by per
forming experiments with irradiated gel heated to 420, 
448, and 481° for 1 hr., assuming the decay to be first 
order in each case. Arrhenius plots of decay constants 
corresponding to the preceding tem peratures were not 
perfectly linear, bu t the general slopes corresponded to 
activation energies of the order of 15 kcal./mole.

Of particular interest is the relative rate of decay of 
sites active for isomerization of a s -2 -butene to 1 - 
butene and to fnros-2-butene. W ithout decay, con
version to imws-2 -butene was slightly faster than to
1-butene by about 20%. H eat treatm ent caused a 
greater decay in sites responsible for conversion to 
Zrans-2-butene so th a t heating above 400° for a t least 
1 hr. reversed the relative rates. I t  is concluded tha t 
a t least two kinds of catalytic sites must be present.

Sites for cyclopropane isomerization behaved quite 
differently. There appeared to be a t least two of them 
with differing degrees of therm al stability. A rapid 
deactivation of the gel to about one-fourth its initial 
value was observed as a result of heating for 1 hr. a t 
100 or 200°. Further heating a t these temperatures 
had little effect on gel activity although a lower level 
was attained by heating for 1 hr. a t 300°. The rapid, 
initial deactivation of the gel might be explainable if 
part of the activity is due to radiation-induced centers 
of the type which polymerize isobutylene . 1 Signifi
cantly, such centers would not have been effective for 
isomerization of the butenes.

E ffect o f Irrad ia tion  Tem perature. W ith regard to 
the activity for the isomerization of a s -2 -butene, the 
tem perature of irradiation was of little effect, within 
experimental error, although there appeared to be a 
trend toward higher activities at higher irradiation 
tem peratures (Figure 3). In  the case of cyclopropane 
isomerization, however, there was a large, adverse 
effect of tem perature in the range —196 to 25°. In 
this region the decrease in induced activity was about 
equal to the rapid, initial decrease in catalytic ac
tiv ity  found as a result of post-irradiation heating.

(3) R. M. Roberts, J. Phys. Chem., 63, 1400 (1959), observed a small 
decrease in the catalytic activity of certain solids with time and an 
increase in the activity of others.
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Figure 3. Effect of tem perature of irradiation on 
generated catalytic activity: silica gel.

Above 200° there appeared to be a second region in 
which the tem perature of irradiation had an adverse 
effect on catalytic activity.

N ature  o f the Catalytic S ites. The catalytic sites 
generated by light parti de radiation in silica gel are 
the first sites reported th a t are chemically active and 
yet' are therm ally stable. The therm al stability 
demonstrates th a t they are not the acid sites, previously 
discovered, which anneal with half-times of the order 
of 1 hr. a t 100°. Moreover, the magnitude of the ac
tivation energy for decay of the sites responsible for 
butene interconversions, ca. 15 kcal./mole, seems large 
for electron displacements (the activation energy for 
decay of the acid sites was only 2  kcal./mole). The 
foregoing and the fact th a t enhancement of activity for

butene isomerization resulted when irradiation was per
formed on heated gel (300°) lead to the belief th a t 
atomic displacements are responsible for activity. 
Durup and Platzm an4 5 have described a mechanism 
for production of atomic displacements by the high- 
energy electrons which are produced in the process of 
irradiation with X-rays. In general, the incidence of 
ionization in an irradiated solid may give rise to po
tentials sufficient to cause atomic displacement. A 
special example is primary ionization involving a K 
electron, followed by a rapid Auger cascade, and result
ing in new electric fields in a small volume th a t can 
displace atoms.

Mikovsky and Weisz2 irradiated silica gel with reac
tor radiation to an integrated neutron flux of 1 0 20

n.v.t., corresponding to an energy deposition of the 
order of 2 X 109 rads .6 A t this very high dose they 
obtained a 50-fold increase in catalytic activity  for 
butene isomerization a t 370°. In  their studies they 
found no effect of heating a t 540° for an undisclosed 
time. This fact, plus the 10% reduction in surface 
area resulting from the high-dose, heavy-particle 
irradiation, led to the conclusion th a t atomic disloca
tions were responsible for catalytic activity. The ex
ten t of disordering was believed to am ount to several 
per cent.

Since both butene6 and cyclopropane2 isomerizations 
are catalyzed by acidic sites, it might be assumed th a t 
the generated sites here are acidic also. However, if 
they are strongly acidic, they m ust be present in 
amounts less than 0 .2  ¿imole/g., undetectable by spec
troscopy applied to adsorbed butter yellow. They 
might, however, have an acid strength insufficient to 
convert bu tte r yellow to the acid form. Experiments 
with bu tter yellow did disclose th a t thermally stable 
sites were generated which changed the spectrum of 
adsorbed bu tter yellow, although not to the acid form.

(4) J. Durup and R. L. Platzman, Discussions Faraday Soc., 31, 156 
(1961).
(5) A. Charlesby, At. Eng. Technol., 5, 12 (1954), determined th a t an 
integrated reactor flux of 1017 n.v.t. delivered a dose of about 5 X 107 
rads to an organic system. A system composed of silicon and oxy
gen should absorb about one-twentieth as much energy from fast 
neutrons as a hydrocarbon system. The above conversion to dose 
was made on this basis.
(6) D. M. Brouwer, J. Catalysis, 1, 22 (1962).
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Analytical Expressions for the Zero Pressure Therm odynam ic Properties 

of Nitrogen Gas Including Corrections for the Latest Values o f the 

Atomic Constants and the New Carbon-12 Atomic W eight Scale

by Robert E. Barieau

Helium Research Center, Bureau of Mines, TJ. S. Department of the Interior, Amarillo, Texas 
(Received August 20, 1964)

Between 100 and 1000°R. (55-550°K.) the tabulated, values of Goff and Gratch for the 
zero pressure thermodynamic properties of nitrogen gas may be represented with complete 
tabulated accuracy by

Cp (cal./mole °K.) =  6.9550789 +  8.0448 X 1 0 ~6T +  +  2.006387 - ~ 6 ■
1 2 (e — l ) 2

0 3786
H  -  H ° 0 (cal./mole) =  -1.90405 -  ----- ------b 6.9550789T +  4.0224 X 10-6T 2 +

2.006387T —
e — 1

[S +  R  In P.tm]p_o (cal./mole °K.) =  6.1295822 +  6.9550789 In T  +  8.0448 X 10-*T -

0.1893 r  u  1
—  +  2.006387 | ^ r — ^  -  In ( 1  -  e~“)J

with T  in °K. and u  =  3353.4061/7’. The preceding equations include corrections for the 
latest values of the atomic constants and also for the new carbon- 1 2  atomic weight scale. 
Equations are also given for these properties expressed in B .t.u ./lb . mole °R. as a function 
of degrees Rankine and in joules/g. mole °K. as a function of degrees Kelvin.

The latest values of the zero pressure thermodynamic 
properties of nitrogen were calculated by Goff and 
G ratch 1 from spectroscopic data. .

We have discovered th a t the values tabulated by Goff 
and Gratch may be represented from 100 to 1000°R. 
by relatively simple analytical expressions. These ex
pressions are

Cp =  6.95033885 +  4.4673 X 10'~6T  +
1.225

f i +  2.005020
(eu -  l ) 2

(1)

H  -  H °
= 6.95033885 +  2.23365 X 1 0 ^ T  -

3.424208 1.225 _  _  u
+  2.005020T  2 eu -  1

(2)

[S +  R  In P]p _0 =  2.0415356 +  6.95033885 In T  +
0.6125

4.4673 X 1 0 - T ------ —-----(-

2.005020

J<2

-  In (1  -  e ~ u) (3)
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where

u
6034.8119 (4)

In  eq. 1-4, T  is in °R .; Cv , (H  — H ° 0) / T ,  and [S +  
R  In P ] P=0 are in B .t.u ./lb . mole °R .; and P  is in inter
national atmospheres.

Goff and Gratch tabulated their values to five deci
mal places. All calculated values of Cp, from eq. 1, 
between 100 and 950°R., differ bjr less than  one unit in 
the fifth decimal place (sixth significant figure) from 
the tabulated values. However, if the values from 
eq. 1  are rounded to the sixth significant figure, then 
eight out of forty of the calculated values differ from the 
tabulated value by one unit in the sixth significant 
figure. In  the case of eq. 2, one out of forty-two of the 
rounded, calculated values differ by one unit in the 
sixth significant figure from the tabulated value. In 
the case of eq. 3, five out of forty-one of the rounded, 
calculated values differ by one unit in the seventh sig
nificant figure from the tabulated value. All other 
rounded, calculated values are identical with the tabu
lated values.

W ith such good analytical expressions, it was de
cided to make corrections for the latest values of the 
atomic constants and for the new carbon- 1 2  atomic 
weight scale. This was done in the following way.

Equations 1-3 were divided by the value of R , the 
gas constant, used by Goff and Gratch. They state 
R  =  1.98581 B .t.u ./lb . mole °R, but in a companion 
paper Goff, et al., give R  =  1.98581 n  ±
0.00018 and tabulate the heat capacity of helium as 
4.964528 B .t.u ./lb . mole °R. W ith Cp/ R  = 1 2 3 4 5 6/ 2 for 
helium, we calculate R  = 1.9858112. If we use ff = 
1.9858111, we calculate for helium Cp = 4.964528, 
which is identical with their tabulated value. If we 
use R  =  1.98581, we obtain Cp(He) = 4.964525. 
Evidently, in their machine calculations, Goff and 
Gratch used R  =  1.9858111 B .t.u ./lb . mole °R.

We first, therefore, divided eq. 1-3 by R  = 1.9858111 
and obtained

Cp 0.617
^  =  3.5 +  2.2496 X lO - 8 ? 7 +  — — 
R  T 2

1.009673
(eu -  1)* (5)

H  -  H ° 0 

R T
= 3.5 +  1.1248 X 10-6T

1.724337 0.617 „ u
+  1.009673rpi eu -  1

(6)

~S

R
+  In P = 1.02806135 +  3.5 In T  +

2.2496 X 10-6T -  

1.009673

0.3085

1
-  In ( 1  -  e ~ u) (7)

where u  = 6034.8119/77. The left-hand sides of eq.
5-7 are dimensionless and are independent of the value 
of the atomic constants. On the right-hand side, T  
must be expressed in °R. In the case of Cp/ R  and 
(.H  — H ° 0) / R T ,  3.5 represents the translational contri
bution to these functions. The remaining parts of eq. 
5 and 6  represent the internal energy state contributions 
to these functions. These all involve quantities of the 
form

Xpi exp

where represents an energy level expressed in cm .-1. 
We assume th a t % is determined independent of the 
atomic constants. Then, if Cp/ R  were tabulated as a 
function of k T /h c ,  we would have a table completely 
independent of the atomic constants. This means that, 
in eq. 5 and 6 , instead of expressing Cp/ R  and (H  — 
H ° o ) /R T  as functions of T , if we expressed them as 
functions of k T /h c ,  we would have expressions com- 
pletely independent of the atomic constants. Then, 
for any two sets of atomic constants k T /h c  = k ' T ' f  
h 'c ' or T  = ( k 'h c /k h 'c ') T ', where k ',  h r, and c' repre
sent new values, and k, h, and c represent old values of 
the atomic constants.

Goff and Gratch used the atomic constant values 
given by Birge . 3' 4 These are h = 6.6242 X 10-27 erg 
sec., k = 1.380474 X 10-16  e rg /°K , c = 2.99776 X 
1010 cm./sec., 0°C. = 273.16°K., 1 atm . =  1.013246 
X 106 dynes/cm .2, A/ =  6.02283 X 1 0 23/rnole (chemi
cal scale), mol. wt. of 0 2 =  32 (chemical scale).

The latest values for the atomic constants, as recom
mended by the National Research Council Committee 
on Fundam ental Constants ,6 are h ' =  6.6256 X 10-27 

erg sec., IP = 1.38054 X 10-16  erg /°K ., c ' = 2.997925 
X 1010 cm./sec., 0°C. = 273.15°K., N '0 =  6.02252 X 
1 0 23/m ole (C 12 scale), mol. wt. of C 12 =  1 2 .

(1) J. A. Goff and S. Gratch, Trans. ASM E, 72, 741 (1950).
(2) J. A. Goff, S. Gratch, and S. W. Van Voorhis, ibid., 72, 725
(1950).
(3) R. T. Birge, Rept. Progr. Phys., 8, 90 (1942).
(4) R. T. Birge, Rev. Mod. Phys., 13, 233 (1941).
(5) A. G. McNish, Chairman, Report of the National Research
Council Committee on Fundamental Constants, April 26, 1963.
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Then

_  1.38054 6.6242 2.99776
1.380474 X 6.6256 X 2.997925 T

or

T  =  0.999781477’' (8 )

Substituting this value of T  in eq. 5 and 6  we have

J  =  3-5 +  2.2491 X 10_67” +  ^  +

1.009673
(eu -  l ) 2

(9)

77 -  77° 
R T '

= 3.5 +  1.12455 X 10~3T '  -

1.724714 0.617 u
—  +  1.009673 -------T (10)

(7” ) 2 eu -  1

with T ' in °R. and u  = 6036.1310/71'.
The translational contribution to S / R  is given by

S

R
6A +  V* In 2 tt +  In

h3(N oy /2P (11)

with k  in erg /°K ., h in erg sec., T  in °K., and P  in 
dynes/cm .2. If we wish an expression with the tem
perature in °R., we must replace T  in °K. by T  in 
°R ./1.8, and, if we wish to express the pressure in atm ., 
we must replace P  by P atm X L , where L  is the number 
of dynes/cm . 2 in 1 atm . Then we have for the trans
lational contribution

— +  In P atm =  6A +  3A hi 2  x +
- R  J p -o

7i3(7V0) 3/2( 1 .8 ) 6/ i7v ( }

Goff and Gratch used L  = 1.013246 X 106 dynes/cm . 2 

atm ., while the latest value is L '  =  1.013250 X 106 

dynes/cm .2 atm ., so th a t —In L ' / L  =  —0.00000.3948.
Goff and Gratch tabulated values for the pure isotope 

N 14 and took for the molecular weight of N 142 on the 
chemical scale a value of the molecular weight, M ,  of 
N 142 =  28.00744 (chemical scale).

Everling, Konig, M attauch, and W apstra6 give the 
atomic weight of N 14 =  14.00307438 ±  0.00000017 
(C 12 =  12.0). Then the molecular weight, M ',  of 
N 142 = 28.00614876, and 3/ 2 In 717'/M  =  -0.000069157. 

Substituting in eq. 13, we have

6A In T  =  -0.00051035 +  5/ 2 In T  (14)

Equation 14, when substituted into eq. 7, will correct 
the translational contribution for the change in atomic 
constants. The remaining temperature-dependent 
part, namely

In T  +  2.24960 X 10~*T -  — ^ 4-  +

r  u1.0096730 -  —  -  -  In (1 -  e ~ u)

is the internal contribution to S / R ,  and this is a func
tion of k T /h e ,  so we substitute

k  ̂  he
T  =  ——  T ' =  0.99978147T'

kh  c

and

k '  h ’ r ’
In T  =  In ------ In ------- I n ------ \- In T '

k h c

In T =  -0.00021855 +  In T '

Substituting for both the translational and internal con
tributions to S / R ,  we have, finally

In  eq. 12, P  is in atm ., fc, is in erg/°K ., T  is in °R., h 
is in erg sec., and L  is in dynes/cm . 2 atm. To change 
from one set of atomic constants to another, we set

( k T ) s/lM a/* ( k 'T ,y /'{ M 'y h  
h 3(N „ yA L  ~  (/i ' ) 3(7V'0) 3/!L '

with the primed and unprimed values being the new and 
old values of the atomic constants, respectively. Then

6A In T  =  6A In \  +  BA In T '  +
/C

M ' W

h
N \

No
3 In r---- 3A In “ -  In — (13)

77
L

We find th a t 6A In k ' / k  = 0.000119521, - 3  In h '/ h  =  
-0.000633972, and - 3A In N '0/ N 0 =  0.000077208.

|  +  h P
=  1.02733245 +  3.5 In T ’ +  

0.3085
2.2491 X 10~3T  -  -  +

1.009673
eu -  1

-  In ( 1  -  e- “) (15)

In  eq. 15, u  = 6036.1310/7” ,■ P  is in international 
atmospheres, and 7” is in °R.

The latest report6 of the National Research Council 
Committee on Fundam ental Constants indicates th a t 
the I.T. calorie is defined as 4.1868 X 107 ergs and also 
gives R  = 8.3143 X 107 ergs/°K . g. mole. Thus

(6) F. Everling, L. A. Konig, J. H. E. M attauch, and A. H. W apstra, 
N ucl. P hys., 18, 529 (1960).
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R  =  — ------------  =  1.9858364 I.T . cal./°K . g. mole
4.1868 X 107

and if we define the B.t.u. so th a t 1 B .t.u ./lb . °R. =  
1 I.T . cal./g. °K. and 1°K. =  1.8°R., then R  = 
1.9858364 B .t.u ./°R . lb. mole.

We may now express eq. 9, 10, and 15 in engineer
ing units by multiplying by R . The results are

Cp (B .t.u./lb. mole °R.) =  6.9504274 +

1.226
4.4664 X 1 0 ~ * T  +  —— +  2.005045y  2 (e* -  l ) 2

H  -  H °
(B .t.u./lb. mole °R.) =  6.9504274 +

2.2332 X lO - T  -
3.425000 1.226

rp rp 2 +

2.005045
u

eu -  1

[<S +  R  In P ]p „ 0 (B .t.u./lb. mole °R.) = 

2.0401142 +  6.9504274 In T  +  4.4664 X 1 0 - T  

0.613

(17)

p2 +  2.005045 -  In (1 -  e -u )J (18)

where u  =  6036.1310/T and T  is in °R. in eq. 16-18.
We may express eq. 9, 10, and 15 in °K. by replac

ing T '  with 1.871. The results are

j  =  3.5 +  4.0484 X 1Q~*T +  +

H  -  H ° 0 

R T

1.009673

=  3.5 +  2.0242 X 10“6T -

0.1905
+  1.009673

(19)

f  + ln p
t i  J p = o

T 2 ' eu -  1

=  3.0845858 +  3.5 In T  +  

0.09525

(20)

4.0484 X 10- T

1.009673
eu -  1

p2

-  In (1

+

' “) ] (21)

where u  — 3353.4061/71, and in eq. 19-21 the tem pera
ture is in °K.

If we wish to express the thermodynamic properties 
in joules, we multiply by R  — 8.3143 joules/mole °K., 
while, if we wish to express the thermodynamic proper
ties in thermochemical calories, where a thermochemical

calorie is defined as 4.1840 joules, we must multiply by 
R  =  8.3143/4.1840 = 1.9871654 cal./mole °K. The 
results are

Cp (cal./mole °K.) = 6.9550789 +

m 0.3786
8.0448 X 10- T  +  +p i

2.006387

(16) Cp (joules/mole °K.) =  29.100050 +  

33.660 X 10-6T +  +  8.394724

(eu -  l ) 2

(6“ -  l ) 2

(22)

(23)

H  -  H °
(cal./mole °K.) =  6.9550789 +

4.0224 X 10-6T -
1.90405 0.3786

p2 +

2.006387
u

(24)

H  m H ~  (joules/mole °K.) =  29.100050 +

16.830 X 10 - T
7.96655 1.584

Jf 2 +

8.394724 (25)

[S +  R  ln P ]P=0 (cal./mole °K.) =  6.1295822 +  

6.9550789 ln T  +  8.0448 X 10 -* T  -

0.1893
J12 +  2.006387

u
-  In ( 1

_e* -  1

[<S +  R  ln P ]P=o (joules/mole °K.) =  25.646172 +  

29.100050 ln T  +  33.660 X 1 0 ^ T  -  

0.792

(26)

y2 8.394724
\ A i  - ln (1 -  e"‘)] (27)

where, in eq. 22-27, u  =  3353.4061/7’, and T  is ex
pressed in °K.

Equations 16-18 and 22-27 are for the species N 142. 
Regarding the thermodynamic properties of the normal 
isotopic mixture of nitrogen (N2), Goff and G ratch 1 

say: “ Its  enthalpy and isobaric specific heat are almost 
identical with those of the most abundant isotope N 142; 
its reduced entropy [jS +  R  ln P ] exceeds th a t of N 142 

by about 0.00078 B .t.u./m ole °R. because it contains 
some isotopes of higher molecular weight M  than  th a t 
of N 142, by about 0.0102 B .t.u./m ole °R. because the 
statistical weights p; of N 14- N 16 differ from those of

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



Z e r o  P r e s s u r e  T h e r m o d y n a m i c  P r o p e r t i e s  o f  N i t r o g e n  G a s 4 9 9

N 142, and by a mixing entropy of about 0.086 B .t.u ./ 
mole °R .”

In  making the calculations for the corrections to be 
applied to obtain the thermodynamic properties of the 
naturally occurring isotopic mixture, it was assumed 
th a t the entropy of pure N 14- N 15 exceeds th a t of N 14-  
N 14 by

3/ 2R  In 14 16 +  R  In 2 
M  14_14

and th a t the entropy of pure N 16- N 16 exceeds th a t of 
N 14- N 14 by

where M i4_16 is the molecular weight of N 14- N 15, 
M i5_i5 is the molecular weight of N 16- N 16, and M U- ,4 is 
the molecular weight of N 14- N 14. The correction is 
then given by

$N! — Snuj =  i/JRy?. In — +
M  14_14

R y 2 In 2 +  3/ i R y z In ±f 1— - —
M 14—14

R y i  In 2/1 — R y t In y 2. -  Ry% In y z

where ?/i is the mole fraction of N 14- N 14, y 2 is the mole 
fraction of N 14- N 16, and y z is the mole fraction of N 16-  
N 15.

In calculating the mole fraction from the atomic 
abundance, it was assumed that, for the reaction, 
N 142 +  N i62 =  2(N 14- N 15), the equilibrium constant 
K  = 2/2V 2/12/3 =  4. If the relative abundance of the 
isotopes is given by N 14/ N 16, then

( V 14/ V 15) 2
2/1 ~  (W 14/ V 16 +  l ) 2

2 ( N U/ N U)

2/2 ”  ( N u / N 15 +  *1)2

1

2/8 “  ( N u / N 15 +  l ) 2

Using the relative abundance N 14/ N 16 =  272.0 ±  
0.3, as determined for atmospheric nitrogen by Junk 
and Svec,7 and the atomic weights of N 14 and N 16 given 
as 14.00307438 and 15.0001081, respectively, by Ever- 
ling, Konig, M attauch, and W apstra,6 we find M u _ u  
= 28.00614876, Af14_« = 29.00318248, Af16_u = 
30.0002162, and 2/1 =  0.9926874 ±  0.0000081, 2/2 = 
0.0072992 ±  0.0000080, y z =  0.000013418 ±
0.000000030.

Thus, we calculate th a t the reduced entropy of the 
naturally occurring mixture exceeds th a t of N 142 by 
0.000763 B .t.u ./lb . mole °R. owing to the molecular 
weight of heavier isotopes, by 0.010047 B .t.u./lb. 
mole °R. because the statistical weights p t of N 14- N 16 
differ from those of N 142, and by 0.086082 B .t.u ./lb . 
mole °R. owing to a mixing entropy. The total ex
cess is, thus, 0.096892 B .t.u ./lb . mole °R. This num
ber should be added to eq. 18 to obtain the reduced 
entropy of the naturally occurring isotopic mixture. 
The corresponding numbers for eq. 26 and 27 are 
0.096957 cal./mole °K. and 0.40567 joules/mole °K.

The Helium Research Center is presently calculat
ing the zero pressure thermodynamic properties of ni
trogen a t even tem perature intervals, both in degrees 
Rankine and in degrees Kelvin.

(7) G. Junk and H. J. Svec, Geochim. Cosmochim. Acta, 14, 234 
(1958).
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The Wien Effect in Uranyl Ion Solutions. I. Uranyl Nitrate 

and Perchlorate from 5 to 65°. Negative Wien Effects1

by Joseph F. Spinnler and Andrew Patterson, Jr.

Contribution No. 1706 from the Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 
(.Received August 24, 196If)

Experimental data on aqueous solutions of uranyl n itrate and uranyl perchlorate are pre
sented for the tem peratures 5, 15, 25, 50, and 65°. Plots of the pH vs. log of concentra
tion, of the equivalent conductance vs. square root of concentration, and of the high-field 
conductance as a function of field are presented. The range of concentration studied lies 
between 10-6  and 10- 3  M . The high-field conductance results are unprecedented, since 
under most circumstances application of the field decreases the conductance of the solu
tions, a phenomenon not heretofore observed with any other electrolytes.

Prompted by the unexpected observation of a de
crease in the conductance of a solution of uranyl 
nitrate under the influence of a high electrical field, 2 

we have studied the pH and low- and high-field con
ductance of a series of uranyl salts, including the 
fluoride,3a sulfate,3b nitrate, and perchlorate as a func
tion of concentration and tem perature. In  this paper 
are presented the results of measurements of the pH 
and conductance as a function of field for dilute 
aqueous solutions of uranyl n itrate and perchlorate 
over a tem perature range from 5 to 65°. In  con
nection with this study we have computed the theo
retical high-field conductances of these solutions 
using the theory of Onsager and Kim as programmed for 
machine com putation . 4

Extensive investigations have been made of the hy
drolysis of the uranyl ion in the solutions of its various 
salts ,5 -19  to which reference will be made in the Dis
cussion. Of particular interest are the results of Baes 
and M eyer, 19 who have made acidity measurements on 
uranyl nitrate a t elevated tem peratures up to 148°. 
They find a rapid increase of hydrolysis with increasing 
tem perature and an increasing proportion of the mono
meric hydrolysis product, U 0 20 H +, as predicted by 
K raus6 and confirmed by the work of Hearne and 
W hite . 15

The conductance of uranyl salts in solution has been 
investigated by numerous workers as well, bu t for 
the present purpose the measurements of Brown,

Bunger, Marshall, and Secoy20 and of West and 
Jones21 are relevant. The measurements of Brown, 
et al., were made a t sufficiently low concentrations 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

(1) This paper is taken in part from a dissertation subm itted by J. F. 
Spinnler to  the G raduate School, Yale University, in partial fulfill
m ent of the requirements for the degree of Doctor of Philosophy, 
M ay 1961. For those who are interested, a lim ited num ber of copies 
of this dissertation are on hand and one can be provided on request.
(2) F. E. Bailey, J. F. Spinnler, and A. Patterson, Jr., J . A m . Chem. 
Soc., 83, 1761 (1961).
(3) (a) J. F. Spinnler and A. Patterson, Jr., J . P hys. Chem., 69, 508 
(1965); (b) ibid., 69, 513 (1965).
(4) H. Freitag and A. Patterson, Jr., J . Electrochem. Soc., 108, 529 
(1961).
(5) J. Bjerrum, G. Schwarzenbach, and L. Sillén, “Stability Con
stants; P a rt II, Inorganic Ligands,” The Chemical Society, London, 
1958, p. 9.
(6) K. A. Kraus, Proc. Intern. Conf. Peaceful Uses A t. Energy, Geneva, 
7, 245 (1956).
(7) J. Sutton, J . Chem. Soc., S275, S57 (1949).
(8) J. Sutton, National Research Council of Canada, Atomic Energy 
Project Report CRC 325 (1947).
(9) S. Ahrland, A cta  Chem. Scand., 3, 374 (1949); 5, 1151, 1271
(1951); 8, 1907 (1954).
(10) B. Singh and G. Ahmad, J .  Chem. P hys., 34, 351 (1937).
(11) L. G. Longsworth and D. A. M aclnnes, USAEC Report M D DC 
911 (1947).
(12) H. Guiter, Bull. soc. chim. France, 64 (1947).
(13) J. Faucherre, Compt. rend., 227, 200 (1948).
(14) R. H. B etts and R. K. Michels, J . Chem. Soc., S286, S58 (1949).
(15) J. A. Hearne and A. G. White, ibid., 3168 (1957).
(16) J. Sutton, N ature, 169, 235 (1952).
(17) H. W. Crandall, USAEC Report M DDC 1294 (1947).
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and with adequate precision for determination of the 
limiting equivalent or ionic conductances, but the ni
trate and perchlorate salts were not studied. Refer
ence 21 gives data  for uranyl n itrate a t 35, 50, and 65°, 
temperatures used in this work, bu t for concentrations 
higher than those of interest to us. D ata  for uranyl 
perchlorate are not available.

Experimental

The experimental procedure was essentially th a t of 
Gledhill and Patterson . 22 Two circuit changes con
tribute to increased precision of measurement, which 
is much to be desired, since the size of the effects ob
served is small: a vernier control of high voltage 
was provided, and small variable capacitors were 
shunted across the two prim ary windings of the 
bridge pulse transformer to compensate for small 
differences in the capacitance in the transformer. 
The precision of measurement on one solution a t a 
given session of measurement was within 0 .0 2  unit 
(absolute per cent) in AA/A(0); deviations of less 
than 0.05 unit were obtained in successive investiga
tions a t different times on the same solution. The 
principal limitation on the precision of measurement 
is drift in the resistance of the solutions. These 
drifts are not the result of inadequate tem perature 
control, this being held to within 0 .0 0 2 ° at all tempera
tures reported, bu t rather appear to be the result of 
passing high power pulses through the cells. The 
low-field conductances are measured to 0 .1  ohm, 
but owing to these conductance drifts are not known 
to better than 0.05% during the entire course of an 
experiment.

The uranyl n itrate was a sample provided some years 
ago by the Atomic Energy Commission for conductance 
measurements. The uranyl perchlorate was purchased 
from the A. O. M ackay Co. Each salt was recrystal
lized from conductivity water and air-dried. The air- 
dry salts were added directly to the conductance cells 
until the desired cell resistance was obtained. The 
concentrations of the solutions whose Wien effects 
are reported were determined from the measured low- 
field conductances and interpolation from specific 
conductance-concentration graphs prepared in con
junction with the pH  measurements referred to below. 
The concentrations are known to within 1 part in 
500. This procedure, which leaves something to be 
desired in term s of precision, was chosen to avoid ex
posure of the cell contents to the atmosphere. The 
conductances reported in this paper were measured 
principally to aid in this determination of concentra
tion and were made to four-figure precision only.

For the pH  measurements, stock solutions of uranyl 
salts were prepared from the air-dry salts and con
ductivity water. The concentration was determined 
by the method of Frere , 23 in which uranyl ion is pre
cipitated with 8-hydroxyquinoline in an acetate buffer. 
The analyzed stock solution was added to a conductance 
cell containing conductance water through a micro
buret whose tip projected into the upper part of the 
cell through a special cap which allowed passage of a 
constant stream of purified nitrogen through the upper 
part of the cell. The concentration of the solution was 
determined from the am ount of stock solution added 
to the previously weighed conductivity water. Samples 
for the pH determ ination were withdrawn from the cell 
through the special cao after attainm ent of a stable 
conductance, indicating th a t the solution was thor
oughly mixed. The low-field conductance was meas
ured on the differential pulse transformer (DPT) 
bridge to within 0 .1  ohm and recorded for later use as 
noted in the preceding paragraph. The pH measure
ments were made with a Pye Catalog No. 11085 pH 
meter. The electrode compartment was suspended 
in the therm ostat oil bath together with the conduct
ance cells. The meter was calibrated against a suit
able reference buffer solution a t each temperature. 
All parts of the apparatus and the solutions were al
lowed to reach tem perature equilibrium before a meas
urement was made. The pH  electrodes were rinsed 
in a 1 0 0 -ml. sample o ’ solution withdrawn from the 
conductance cell and the pH  measured on a separate 
sample taken from the cell shortly before use. The 
pH electrode compartment was kept under an a t
mosphere of purified nitrogen. The contents of the 
conductance and pH cells were magnetically stirred 
except while the pH  ireasurem ent was actually being 
made. Additional stock solution was then added to 
the conductance cell a id  the measurement continued 
a t a higher concentration. The precision of measure
ment is 0.01 pH  unit; the probable accuracy is esti
mated to be within 0.05 unit a t 25° and below, and 
0.1 unit a t 35° and abov-e.

Stock solutions of the reference electrolytes were 
prepared and analyzed in accord with appropriate 
analytical and conductance techniques. The reference

(18) N. P. Komar and Z. A. Tretyak, Zh. Analit. Khim., 10, 236 
(1955).
(19) C. F. Baes and N. J. Meyer, ORNL Reactor Chemistry Division 
Annual Progress Report, Ma./ 1961.
(20) R. D. Brown, W. B. Buaiger, W. L. Marshall, and C. H. Secoy, 
J. Am. Chem. Soc., 76, 1532, 1580 (1954).
(21) A. P. West and H. C. Jones, Am. Chem. J., 44, 508 (1913).
(22) J. A. Gledhill and A. Patterson, Jr., J. Phys. Chem., 56, 999
(1952).
(23) F. J. Frere, J. Am. Chem. Soc., 55, 4362 (1933).
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electrolytes were prepared directly in the conductance 
cells by adding measured volumes of the stock solutions 
to known weights of conductivity water. In  most 
measurements, the reference electrolytes for the 
uranyl salt solutions were salt-acid mixtures; these 
were prepared by adding hydrochloric or nitric acid 
first and adjusting the pH to within 0.1 pH  unit of 
th a t of the uranyl salt solution under study, followed 
by the addition of potassium chloride or potassium 
nitrate to establish the desired cell resistance. These 
reference electrolytes have been found to remain 
remarkably stable in conductance over extended periods 
of time in spite of the brutal electrical treatm ent they 
receive, and to obviate experimental difficulties due to 
differing polarization in the unknown and reference 
electrolytes. Because it is necessary to know some 
details of the behavior of these reference electrolytes 
in order to compute the Wien effects of these mixtures 
and of the uranyl salts, we have studied the high-field 
conductance of these acid-salt mixtures and report 
these results separately . 24

The cell constants of the conductivity cells were 
determined using 0 .0 1  demal solutions of recrystallized 
potassium chloride according to the method of Jones 
and Bradshaw . 25

Results

The observed pH values are plotted vs. log c in Figures 
1 through 3 for the tem peratures 5, 15, 25, 35, 50, 
and 65°. All remaining data are presented for the 
same temperatures. The equivalent conductances, 
A, are plotted vs. c /! in Figures 4 and 5. The high- 
field conductance quotients are plotted in Figures 6 

and 7. In Figure 8 , curves are plotted for the tem
peratures 15 and 50° with AA/A(0) data a t two dif
ferent concentrations of uranyl n itrate represented 
a t each temperature. In  Figure 9 is shown the effect 
on the high-field conductance quotients a t 15 and 65° 
of adding small amounts of nitric acid to uranyl n itrate 
solutions. In Figure 10 are shown theoretical calcu
lations of the high-field conductance quotient using two 
different models for the hydrolysis reactions.

Discussion

In  eaeh of the plots just listed there appear distinctive 
differences between the behavior of uranyl n itrate and 
perchlorate solutions, both as a function of concentra
tion and of temperature.

W ithin the accuracy claimed for the pH  data, uranyl 
perchlorate solutions exhibit a straight-line dependence 
of pH  on log concentration, while uranyl n itrate ex
hibits an inflection point (in the range of concentration 
studied) a t 5 and 15° which disappears a t higher tern-

Figure 1. Observed pH  values for uranyl n itra te  (O) and 
perchlorate ( X ) solutions. The pH values are plotted vs. 
log c for tem peratures of 5 and 15°. The log scales on 
the abscissa are shifted to the left (5°) and to the 
right (15°) so the curves will not overlap.

Figure 2. Observed pH  values for uranyl n itra te  (O) and 
perchlorate ( X ) solutions. The pH  values are plotted vs. 
log c for tem peratures of 25 and 35°. See Figure 1.

Figure 3. Observed pH  values for uranyl n itra te  (O) and 
perchlorate ( X ) solutions. The pH  values are plotted vs. 
log c for tem peratures of 50 and 65°. See Figure 1.

peratures. W ith some exceptions displayed in the 
graphs themselves, the pH  of the perchlorate solutions

(24) J. F. Spinnler and A. Patterson, Jr., J. Phys. Chem., 69, 658 
(1965).
(25) G. Jones and B. C. Bradshaw, J. Am. Chem. Soc., 55, 1780 
(1933).
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Figure 4. The equivalent conductances of solutions of uranyl 
n itrate are plotted vs. c h for a range of tem peratures.

Figure 5. The equivalent conductances of solutions of 
uranyl perchlorate are plotted vs. c h for 
a range of tem peratures.

Figure 6. The high-field conductance quotients of solutions of 
uranyl n itra te  are plotted as a function of field for a range of 
tem peratures and concentrations. All concentrations given 
are to be multiplied by 10“4. The lowest curve (long dashes) 
is derived from the curve immediately above (short dashes) 
by subtracting the high-field conductance quotient of the 
reference electrolyte.

Figure 7. The high-field conductance quotients of solutions 
of uranyl perchlorate are plotted as a function of field 
for a range of tem peratures and concentrations. All 
concentrations given are to be multiplied by 10 “ 4.

Figure 8. Effect of concentration on the high-field 
conductance quotient of uranyl nitra te : data  are 
given a t two concentrations a t each of two tem 
peratures, 15 and 50°. All concentrations given 
are to be multiplied by 10-4.

URANYL NITRATE «UTH ADDED NITRIC ACID

Figure 9. Effect of added nitric acid on the high-field 
conductance quotient of uranyl n itrate. D ata  are 
given for two tem peratures, 15 and 65°. All con
centrations given are to be multiplied by 10 _4.

is lower, suggesting th a t hydrolysis is more extensive 
in these solutions. (See Figures 1,2, and 3.)

The conductance curves for the two electrolytes
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Figure 10. Theoretical calculations of the high-field 
conductance quotient of uranyl n itrate using two hydrolysis 
models; reaction 1 refers to eq. 1 (text) and reaction 2 to eq.
2. The concentrations used are those given in Figure 6 and 
corrections for the behavior of the reference electrolyte 
are included; i.e., the curves are relative to the same 
reference electrolyte employed in obtaining the 
experimental data  of Figure 6.

are similar, but in every case the conductance of the 
nitrate salt is lower than th a t of the perchlorate salt. 
There is also a noticeable difference between the 
tem perature-concentration data in the two sets of 
curves, the most significant one being the appreciably 
lower conductance of the n itrate salt a t 25°. The 
n itrate data  a t 5, 15, and 25° are crowded together in 
a way quite dissimilar to the perchlorate data. As a 
result, the equivalent conductances of the two salts 
are more nearly similar a t 5 and 65°, and least similar 
a t 25°. I t  is of interest tha t the equivalent conductance 
of the n itrate ion is slightly higher than tha t of per
chlorate ion and th a t the conductances of the two 
anions closely parallel each other as a function of tem 
perature, while in these data  the conductance of the 
n itrate salt is in every case lower than th a t of the per
chlorate salt. This observation, coupled with the 
lower pH  of the uranyl perchlorate salts mentioned in 
the preceding paragraph, leads one to conclude th a t the 
n itrate and uranyl ions are associated to a significant 
degree and tha t the extent and variation of this as
sociation with tem perature appear to be the most sig
nificant a t the lower temperatures. (See Figures 4 
and 5.)

The high-field conductance curves are distinctly 
unusual. In contrast with the typical curves shown in 
ref. 4, both uranyl n itrate and perchlorate high-field 
conductance quotients first exhibit an increase of 
conductance a t lower temperatures and fields and a 
decrease in conductance a t the higher temperatures 
and fields. These conductance changes, which one 
may appropriately denote negative Wien effects, are 
quite real and easily reproducible within the precision

of measurements claimed in previous paragraphs. 
I t  m ust also be kept in mind th a t the curves plotted are 
for the conductance changes relative to those of a 
reference electrolyte, in these measurements always 
a salt-acid mixture to minimize polarization differentials 
between the solutions being compared. Since the 
reference electrolytes always exhibit positive Wien 
effects, the absolute Wien effect of the electrolyte 
under study will be shifted by an amount equal to the 
absolute Wien effect of the reference electrolyte, with 
appropriate regard to algebraic sign. The com puta
tion of the Wien effects of these salt-acid mixtures is 
discussed in another paper . 24 For comparison with 
the relative measurements, the 65° data  for uranyl 
n itrate are corrected for the reference electrolyte Wien 
effect and replotted as the lowest curve in Figure 6 . 
This correction removes the inflection in the curve a t 
low fields, which results from the sharp rise in reference 
electrolyte Wien effect toward an approximately con
stan t value above fields of 50 kv./cm ., and moves the 
curve downward to produce a larger absolute negative 
Wien effect. (See Figures 6 and 7.)

These data  are taken a t what is essentially constant 
specific conductance so the concentrations tend toward 
lower values a t the higher temperatures. The curves 
for the perchlorate salt show a consistent downward 
trend, corresponding to an increasing negative Wien 
effect, with increasing temperature. The curves for 
the n itrate salt are similar, except th a t a t the higher 
fields the 25 and 35° curves cross each other and are 
inverted in order. To indicate the effect of concentra
tion on the magnitude of the high-field conductance 
quotient, data for two different concentrations have 
been plotted for the tem peratures 15 and 50°; the con
centrations of uranyl n itrate involved differ by the 
ratios 1.904/1.814 a t 15° and 0.792/0.709 a t 50°. 
In each case, the higher the concentration, the lower 
is the conductance quotient. The inversion in the 
uranyl n itrate 25 and 35° curves cannot be accounted 
for as an effect of concentration, since the magnitude 
of the effect of concentration difference is insufficient 
to account for the difference in high-field conductance 
quotients observed. I t  will be recalled th a t the n itrate 
conductance curves were oddly spaced, with the 
greatest difference occurring a t 25°, so the high- 
field conductance results reflect also the competition 
between uranyl and nitrate ion association and hy
drolysis of the uranyl ion, the pattern  of which changes 
with increasing temperature. (See Figure 8 .)

.In itself, the observation of a smaller Wien effect 
in a more concentrated solution is abnormal. Curves 
for potassium chloride (Figure 1, ref. 4) show increased 
conductance quotients a t increased concentrations.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



W i e n  E f f e c t  i n  U r a n y l  I o n  S o l u t i o n s 5 0 5

Calculations made on a presumably normal 2 - 1  elec
trolyte, calcium chloride, show the same trend; these 
calculations agree satisfactorily with experimental 
measurements.

Since uranyl n itrate solutions are significantly hy
drolyzed, and in anticipation of the probable role of 
hydrogen ion in the Wien effect results, measurements 
were made in which solutions of nitric acid were added 
to those of uranyl n itrate and the Wien effects of the 
mixtures observed, a t the tem peratures 15 and 65°. 
(See Figure 9.) I t  is not immediately clear how cor
rectly to interpret these results; we shall discuss them 
further below in connection with the negative Wien 
effect phenomenon.

To perform theoretical calculations of the high-field 
conductance quotients, it is necessary to have the 
limiting equivalent conductances and, ultimately, the 
limiting ionic conductances of the ions involved. To 
obtain these from the available data, we have resorted 
to the use of the method of Kraus and B ray26 and have 
employed W alden’s rule27 to obtain the values desired. 
Since the method of Kraus and Bray involves extrapola
tion to zero concentration and is an approximation 
technique, it is assumed th a t the values obtained with 
its use are known to be no better than 10%. The effect 
of such an error on the theoretical Wien effect calcula
tions is not serious, however, as will be pointed out. 
The limiting ionic conductances of the well-studied ions 
are known to much higher degrees of precision. The 
data  we have used for the limiting ionic conductances 
of ions such as H +, N 0 3~, and C104~ as a function of 
tem perature were taken from Harned and Owen, 28 

Robinson and Stokes, 29 and other authors . 20-30'31 Limit
ing equivalent conductances of uranyl n itrate were 
taken from ref. 2 1 ; since no data were available for 
uranyl perchlorate, other than the data  we have pre
sented here which indicate essential similarities be
tween the behavior of the two salts, the behavior of 
the cations (U 02+2, H +) in these solutions was assumed 
to be the same as in the n itrate solutions. Following 
the procedure outlined in ref. 24, we have then cal
culated a combined valence and a combined limiting 
conductance for the cations in the mixture. This 
procedure overlooks any possible mixture effects or 
specific interactions. I t  is convenient to proceed in 
this way since it is unnecessary to know the limiting 
ionic conductance of the uranyl ion itself along with 
the individual conductances of the hydrolysis products, 
all of which are uncertain or unknown. Moreover, 
it is simple to determine A0+ by subtracting from the 
limiting equivalent conductance of the total solution 
the limiting ionic conductance of the anion, while the

net 2 + is determined from the total concentration and 
pH  measurements.

We have assumed th a t either of two reactions

2U 02+ 2 +  H20  ^  U20 5+ 2 +  2H+ (1 )

or

U 0 2+ 2 +  H20  ^  U 0 20 H +  +  H + (2)

is responsible for the hydrolysis and the observed pH 
of the hydrolyzed solution and computed the combined 
valence accordingly in the absence of an applied field. 
This entire procedure allows one to compute a Wien 
effect for a mixture of ions, but it does not take into 
account any kind of ionic or other interactions under 
the influence of field beyond those which we might 
term the classical Onsager32 and Onsager-Kim 33 types 
for weak and strong electrolytes.

Theoretical calculations are plotted assuming both 
reactions 1 and 2  as the hydrolysis equilibrium, and 
using conductance data for uranyl nitrate. Similar 
results are obtained for uranyl perchlorate, so these 
calculations are not reproduced here; however, the 
uranyl perchlorate calculations are perfectly regular, 
and any inversions or other unusual features found 
in the uranyl n itrate results are absent. In  each case 
the conductance quotient obtained using reaction 2 

is lower than when reaction 1 is assumed for the hy
drolysis equilibrium. The quotients decrease with 
increasing temperature. The 25 and 15° curves are 
inverted in order when reaction 1 is employed; cal
culations were made only a t 5, 25, 50, and 65° for re
action 2 . A t 65°, reaction 2 gives an apparent nega
tive Wien effect; this is in reality due to the slower 
approach of the reference electrolyte Wien effect to 
its maximum value than th a t of the uranyl nitrate. 
(See Figure 10.) The differences between the calcu
lated and observed values of the conductance quotient 
exceed those which can be attributed to experimental 
error, the choice of limiting conductances, errors in 
extrapolations or interpolations employed, or er
roneous assumptions of the equilibrium status of the 
solutions a t low fields.

(26) C. A. Kraus and W. C Bray, J. Am. Chem. Soc., 35, 1315 
(1913).
(27) P. Walden, Z. physik. Chem., 55, 207, 246 (1906).
(28) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolytic Solutions,” American Chemical Society Monograph 
Series, 3rd Ed., Reinhold Publishing Corp., New York, N. Y., 1958.
(29) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 
Butterworths Scientific Publications, London, 1959.
(30) A. N. Campbell and E. Bock, Can. J. Chem., 36, 330 (1958).
(31) J. Johnston, J. Am. Chem. Soc., 31, 1010 (1909).
(32) L. Onsager, J. Chem. Phys., 2, 599 (1934).
(33) L. Onsager and S. K. Kim, J. Phys. Chem., 61, 198 (1957).

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  1 9 6 6



506 J o s e p h  F. S p i n n l e r  a n d  A n d r e w  P a t t e r s o n , J r .

Keeping in mind as an example th a t the experi
mental conductance quotient of uranyl n itrate a t 65° 
is —0.80% while the calculated value is 0 .1 2 %, we 
may estimate the influence of the factors just noted. 
An error in pH  determination gives rise to an error in 
the computed valence factor fed into the computation. 
Comparing the results of the calculation a t 25° using 
the two different hydrolysis reactions, we find that a 
difference in the valence factor of (1.82 — 1.67) = 
0.15 unit gives rise to a change in the conductance 
quotient of 0.123 unit a t 200 kv./cm. and corresponds 
to a change in hydrogen ion concentration of 0.27 X 
1 0 mole/1. Since the pH can be determined a t this 
tem perature with sufficient accuracy tha t the hydrogen 
ion concentration is known within 0.05 X 10~ 4 mole/1., 
an error in pH  or in the valence factor is not sufficient 
to account for the discrepancy between the experi
m ental and calculated results. Using data for the 15° 
run where nitric acid has been added to the uranyl 
n itrate solution (Figure 9), there is a decrease of 0.19 
in the cationic valence, a concentration change of 
0.312 X 10~ 4 mole/1., an increase of 33 ohm - 1  cm . 2 

equiv . - 1  in the cationic limiting ionic conductance, and 
a resulting decrease of 0.164 unit in AA/A(0) in the 
theoretical computation made with these data. The 
corresponding experimental change in AA/A(0 ) was 
0.01 unit. Variations in the m ajority of the quantities 
used in the calculation are considerably less im portant 
than is the valence factor.

I t  thus appears tha t the processes in solution under 
the influence of high fields are sufficiently complex tha t 
they are not accounted for by the theoretical approach 
which we have used.

I t  can be concluded th a t both uranyl n itrate and per
chlorate are nearly completely dissociated over the 
tem perature and concentration ranges covered, for 
otherwise the small Wien effects a t lower tem peratures 
and the negative Wien effects a t higher tem peratures 
would be overshadowed by the effect of field on as
sociation reactions giving rise to large positive Wien 
effects. The importance of association will be noted 
in papers describing measurements on uranyl fluoride3“ 
and uranyl sulfate.3b In spite of the observation just 
made, there is involvement between the n itrate ion 
and the uranyl ion or its hydrolysis products, since the 
low- and high-field conductances and the pH  measure
ments are distinctively different from those on the pre
sumably unassociated uranyl perchlorate, and since 
the specific conductance of the uranyl n itrate is lower 
than th a t of uranyl perchlorate in spite of the fact 
tha t the n itrate ion has a higher ionic conductance 
than does perchlorate ion.

I t  also appears tha t the limiting conductance of the

uranyl ion in solutions of these two compounds is 
abnormally high. At 65° more than half the uranyl 
ions are in hydrolyzed form with U 0 2OH + predomi
nating . 19 Using our conductance data  for uranyl 
n itrate a t the same tem perature and making a hy
drolysis correction by the method of Owen and G urry 34 

assuming hydrolysis equilibrium (2 ), we find th a t the 
ionic conductance due to uranyl ion or the various 
possible types of uranyl complexes is approximately 
320 ohm - 1  cm . 2 equiv.-1. For comparison, a t this 
tem perature the limiting ionic conductance of potassium 
ion is 135 and th a t of calcium ion is 240. Thus the 
limiting ionic conductance observed is decidedly higher 
than that of a typical univalent ion, an ordinary diva
lent ion, or a combination of the two. I t  is the con
census of the references cited (ref. 5-19) th a t mono- 
and divalent cations are the principal types involved in 
any of the proposed hydrolysis schemes; although 
nonionic and anionic species have been proposed by 
Sutton, these are not to be expected in the range of 
concentration involved here. One is thus led to suspect 
some unusual conduction mechanism a t low fields, 
possibly operating through an oxygen bridging mech
anism as proposed by Longsworth . 11

To explain the unusual conductance behavior and the 
lack of agreement with theoretical calculations a t high 
fields, an influence of field upon the conduction mech
anism must be invoked. Two possibilities are sug
gested by the observations of the previous paragraphs. 
If some bridging process is responsible for the abnormal 
conductance at low fields, orientation times for the 
conducting uranyl species a t high fields may be long 
compared to the pulse lengths involved. A decrease in 
conductance might result from a failure of the ordinary 
conduction mechanism within the period of the high- 
field pulse, corresponding to a bulk polarization. I t  
m ust be pointed out th a t there was no evidence of a 
relaxation process operating in the range of 4-/isec. 
time intervals, so any time-dependent conduction 
mechanism m ust either respond in times shorter 
than 0.5 ¿usee., the shortest time we can conveniently 
observe, in which case it would not be responsible for 
the experimental results, or require times larger than 
1 0  /¿sec., which we cannot observe a t higher fields where 
the phenomenon becomes significant. For this reason, 
and since the solutions are appreciably hydrolyzed into 
hydrogen ions and polymeric uranium species, we 
prefer the explanation tha t the applied field causes 
increased collisions between the fast-moving hydrogen 
ions and the slower uranyl complexes, reversing the

(34) B. B. Owen and R. W. Gurry, J . A m . Chem. Soc., 60, 3074 
(1938).
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hydrolysis equilibria (e.g., eq. 1 or 2). In  either case— 
change of conduction mechanism or reversal of hy
drolysis equilibria—the number of ions available for 
conduction decreases and the conductance decreases 
with increasing field.

The experimental da ta  adduced are not adequate to 
answer which of these processes is operating. Addi
tional confidence would be lent to the second suggestion 
if a model compound could be found which showed 
similar abnormal high-field conductance but had more 
nearly normal low-field conductance behavior. In 
search for such a compound we have examined a number 
of aquo complex compounds, including aquopenta- 
am m inecobalt(III) perchlorate, the several chromium-
(III) aquo complexes, and the formally similar titanyl, 
vanadyl, and related compounds. None has been 
found to behave peculiarly in any way so far as they 
have been studied. We have not yet studied neptu- 
nium(VI) compounds, although we have hopes of so 
doing.

As another approach, we have made three kinds of 
additions of reagents to the uranyl n itrate solutions, 
utilizing nitric a,cid, potassium nitrate, and potassium 
hydroxide. Addition of the first and third is an obvious 
way to change the pH, while addition of n itrate ion is 
a way to examine the significance of n itrate-uranyl 
ion complexing on the high-field conductance results. 
When it became apparent th a t the effects of adding 
hydroxyl and n itrate ion were much less significant 
than th a t of adding hydrogen ion, these experiments 
were not carried out in as much detail as would other
wise have been appropriate.

The addition of hydroxide changed the shape of the 
high-field conductance curves, putting a dip in the 
middle and raising the low- and high-field ends of the 
curve above th a t of uranyl ion alone. The only ex
periments were done a t 25°; it was found th a t stable 
solutions could be prepared with appreciably higher 
pH  than th a t of the hydrolyzed uranyl ion, bu t if the 
increase of pH  went much further than about 0.4 pH 
unit, the solutions were prone to precipitate when the 
high-field measurements were made, although they 
would remain stable if no such measurements were 
performed. The net effect of the addition of such 
small amounts of hydroxide (0.5 X 10~ 4 M  final con
centration) was to lower the high-field conductance 
curve in the direction of a greater negative Wien effect 
a t the given temperature.

The effect of addition of n itrate was much smaller, 
not much larger than the precision of measurement 
in the case of an addition of n itrate to yield a 0.635 X 
10_4 M  concentration of potassium nitrate. W ith 
twice this concentration, 1.210 X 10“ 4 M , the general

result was to raise the high-field conductance quotient 
above th a t of uranyl ion a t lower fields, below 1 0 0  k v ./ 
cm., and to lower it slightly below the salt alone at 
higher fields, above 175 kv./cm . In  the absence of 
more extensive measurements on mixed electrolyte 
solutions than ref. 24, it is not possible to interpret 
this result meaningfully, except to say th a t the addi
tion of n itrate ion should increase the uranyl nitrate 
ion association, and th a t if this occurred a larger field 
effect would be expected, which is w hat is observed. 
On the other hand, potassium n itrate will exhibit a 
normal Wien effect, and the result is not distinguish
able from the expected change from this source.

The addition of nitric acid was studied at two tem
peratures, 15 and 65°. As will be seen in Figure 9, 
adding acid has a very small effect a t 15°; below 150 
kv./cm . it is to raise the conductance quotient slightly 
above th a t of the uranyl ion alone; above 150 kv./cm . 
the trend is reversed ever so slightly, but consistently. 
The concentration of acid added was 0.683 M . A t 
65°, in contrast, a t all fields the conductance quotient 
of the mixture lies above th a t of the salt alone although 
the concentration of acid is 4.2-fold smaller. In  these 
experiments, two phenomena might confuse the results: 
the effect of the n itrate ion in complexing the uranyl 
ion, and the uncertain conductance results to be ex
pected from a mixture of ions of different valence, type. 
By conducting the experiments a t two temperatures 
these concerns are essentially cancelled out. The con
centration of the nitric acid is' much larger a t the 
lower tem perature, while there the effects of the addi
tion are negligible, 0.01 unit a t 200 kv./cm . At the 
higher temperature, the effects are large, 0.45 unit a t 
the same field. The latter effect is 45 times as large 
as the former, and the direction of the change is to 
reduce the observed negative Wien effect. We have 
calculated the effect on the conductance quotient of 
adding the nitric acid if the results were only those to 
be expected from normal ionic interactions. The cal
culated effect on the conductance a t 65° of adding the 
nitric acid, compared to the uranyl ion solution alone, 
is 0.011 unit for reaction 1 or 0.064 unit for reaction 2. 
The experimental effect, 0.45 unit, is so much larger 
th a t it can be ascribed cnly to the influence of the hy
drogen ion on the hydrolysis equilibrium. I t  will be 
recalled tha t the results of other studies6' 16' 19 indicate 
the increased production of U 0 2OH + a t the higher 
tem peratures; thus, a t 65° with an -initial U 0 2+2 

concentration of 0.516 X 10~ 4 M  employed, the H + 
concentration is 0.263 X 10“ 4 M ,  indicating that half 
of the uranyl ion is hydrolyzed.

The observation th a t the addition of base increases 
the negative Wien effect while the addition of acid
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markedly reduces the negative Wien effect indicates 
a clear effect of the change of pH on the hydrolysis 
equilibrium, for example, eq. 2. Addition of base 
favors an increase in the concentration of U 0 20 H  + 
while addition of acid decreases it. These changes 
have been observed to accompany an increase (not 
large) and a decrease (large) in the negative Wien 
effect. The conclusion seems inescapable th a t the 
effect of field is on the involvement between hydrogen

ion and the uranyl complex, presumably U 0 20H +, 
since it is the predominant species present a t 65° 
not present a t 15°.
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The Wien Effect in Uranyl Ion Solutions. II. Uranyl Fluoride from 5 to 65°

by Joseph F. Spinnler and Andrew Patterson, Jr.

Contribution No. 1766 from  the Sterling Chemistry Laboratory, Yale U niversity, New Haven, Connecticut 
(.Received A ugust 24, 1964)

Experimental measurements of the pH and the low- and high-field conductances of solu
tions of uranyl fluoride over the tem perature range 5 through 65° are presented as a func
tion of concentration. The salt exhibits a number of unusual properties. In  keeping with 
the findings of earlier investigators, its behavior a t low fields is th a t of a highly associated 
electrolyte. At high fields, however, it behaves like a relatively strong electrolyte. The 
pH values lie above those of other uranyl salts examined in the same range of tem perature 
and concentration. The high-field conductance quotients vary  only slightly with increasing 
temperature.

As part of a study of the associative behavior of 
uranyl ion in solution , 1’2 we have measured the low- 
and high-field conductances and the pH  of a series of 
solutions of uranyl fluoride over a range of concentra
tion and temperatures. The conductance measure
ments of Brown, et a l.,3 indicate th a t uranyl fluoride 
is a very weak electrolyte. These authors obtained 
values for a dissociation constant of 4.63 to 4.85 X 
1 0 ~ 5 in the concentration range 10~ 4 to 10~ 2 N , as
suming the dissociation reaction is represented by

U 0 2F2 ^  U 0 2F+ +  F -  (1)

The authors point out tha t the dissociation is more 
complex than represented by eq. 1  and th a t the con
stancy of the K  values over this range of concentra

tion may be largely fortuitous. Johnson, Kraus, and 
Young4 commented tha t it is unlikely th a t any signifi
cant concentration of fluoride ion can occur since the 
solutions of uranyl fluoride are acidic to a degree in
compatible with the source of hydrogen ion being the 
ionization of hydrofluoric acid alone. Rather, they 
prefer the reaction

2U 02F2 +  H20  ^  UO,OHF +  H ~ +  U 0 2F 3“ (2)

(1) J. F. Spinnler and A. Patterson, Jr., J . P hys. Chem., 09, 500 
(1965).
(2) J. F. Spinnler and A. Patterson, Jr., ibid., 09, 513 (1965).
(3) R. D. Brown, W. B. Bunger, W. L. Marshall, and C. H. Secoy. 
J . A m . Chem. Soc., 70, 1580 (1954).
(4) J. S. Johnson, K. A. Kraus, and T. F. Young, ibid., 70, 1436
(1954).
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as the hydrolysis equilibrium. These same authors 
present evidence from ultracentrifugation measure
ments th a t uranyl fluoride is dimerized in solution. 
All of these observations are useful in interpreting the 
results of the present paper which reveal uranyl fluoride 
to be an even more curious electrolyte than hereto
fore observed.

Experimental

The experimental procedure was essentially the same 
as described previously in ref. 1. The sample of uranyl 
fluoride was taken from the same lot used by the authors 
of ref. 3 and was provided by them through the courtesy 
of Prof. H. S. Harned. Since it was originally pre
pared for conductance measurements, it was not treated 
further before use.

Results
In  Figure 1 are plotted the pH  measurements as a 

function of log c. Measurements of specific con
ductance as a function of the square root of the con
centration and tem perature are given in Figure 2. 
In  Figure 3 are shown the experimental high-field 
conductance results, which may be compared with a 
variety of computations of theoretical conductance 
quotients in Figure 5. In  Figure 4 is shown the effect 
of changing concentration on the results a t 25 and 35°. 
All measurements have been performed over the range 
5 to 65°.

Discussion
The pH  data of Brown, et a l.,3 are reported only for 

25°. Their results lie close to ours, but not within 
our claimed accuracy of 0.05 pH  unit. Their data are 
smoother, while ours cross theirs a t several points. 
The pH  values of uranyl fluoride solutions lie above 
those of the other uranyl salts examined.

The remaining experimental results exhibit a number 
of unusual features. The low-field conductance of 
uranyl fluoride solutions is appreciably smaller than 
th a t of other uranyl ion solutions, as may be high
lighted by comparing Figure 2 with Figures 4 and 5 
of ref. 1, and with Figure 2 of ref. 2. Thus, for a 
similar specific conductance of L  =  5.00 X 10 ~5, a 
concentration of 1.33 X 10~ 4 M  of uranyl perchlorate is 
required, while for uranyl fluoride the concentration 
must be 16.8 X 10- 4  M , 12-fold larger. If the state
ment is pu t in terms of equivalent conductances, the 
A vs. c l/2 curve sintersect those for uranyl perchlorate 
only when solutions of uranyl fluoride are in extreme 
dilution and at high tem perature and the uranyl 
perchlorate is similarly dilute, in keeping with the con
clusion tha t uranyl fluoride is a very weak electrolyte.
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Figure 1. The pH  of solutions of uranyl fluoride 
plotted as a function of log concentration, moles/l.

Figure 2. The specific conductance of solutions of 
uranyl fluoride plotted as a function of cl't. The 
concentration is specified in moles of the salt/1.

Figure 3. The high-field conductance quotients, AA/A(0), 
per cent, for solutions of uranyl fluoride as a function 
of field in kv./cm . The concentrations specified 
are all in moles/1. X 10-4.
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Figure 4. Plots of the high-field conductance quotient, 
AA/A(0), per cent, plotted as a function of field in 
kv./cm . for solutions of uranyl fluoride to show 
the effect on the results of changing the 
concentration a t  25 and 35°.

Figure 5. Plots of theoretical calculations of the high-field 
conductance quotient AA/A(0), per cent, for solutions of uranyl 
fluoride assuming the reaction products are univalent. See 
text. The curves in the lower sector are computed assuming 
no association constant and are intended to show the trend of 
the computations as a function of tem perature. The central 
curve marked EX P. 25° denoted with O duplicates the 
experimental data  a t 25° found in Figures 3 and 4. The curve 
lying close by, denoted with X , represents a calculation for a 
solution of the concentration and tem perature specified and 
assuming an equilibrium constant of 1.5 X 10 “ 2. In  the upper 
left side of the plot are found two curves computed for 
dissociation constants of 1.0 X 10 ~4 and 2.6 X 10 ~6.

On the other hand, the high-field conductance results 
correspond to the behavior of a relatively strong or un
associated electrolyte, quite in contrast with what 
would be expected from an electrolyte with a dis
sociation constant of 4 X 10~ 5 6 such as reported in 
ref. 3 or from the apparent evidence of lack of dis
sociation indicated by the small low-field conductance.

An additional unusual feature of the results is the 
narrow range within which the high-field conductance 
quotient varies as a function of temperature. The 
range is narrower than th a t observed in the cases of 
uranyl nitrate, perchlorate, and sulfate, as well as in 
the cases of other normal electrolytes thus far examined 
by us.

Finally, there is a large concentration differential, 
compared to the other uranyl ion solutions, to achieve 
the same specific conductance a t two extremes of 
temperature. For example, to yield a value of L  =
5.00 X 10~6 a t 5° required a concentration of uranyl 
fluoride of 28.6 X 10~ 4 M , while a t 65° the concentra
tion was 2.32 X 10- 4  M . W ith a solution of uranyl 
nitrate, the comparable data are 2.2 X 10 4 and 0.50 X 
10 “~4 M . The ratios of the two concentrations are, 
respectively, 12.3- and 4.4-fold. If this same state
m ent is converted into equivalent conductance terms, 
then it is impossible to choose an overlapping range 
of equivalent conductances for the two salts, which re
emphasizes the degree to which the fluoride behaves 
as a very weak electrolyte. In Figure 2 we have plotted 
specific conductance instead of equivalent conductance 
for the reason th a t to plot equivalent conductance 
commits us to some choice of number and valence type 
of ions. Such a commitment is not supportable by 
the complex results discussed below, and it seemed 
wiser not to mislead the reader. We have, of course, 
graphed the equivalent conductance and carried through 
the usual conductance calculations based on the assump
tion th a t U 0 2F 2 dissociates into the expected ions. In  
further agreement with the observation of Brown, 
et al.,* the plots of Kr) vs. c h  with tem perature as pa
rameter cluster very closely together, indicative of very 
little influence of tem perature upon the equilibria in 
the system.

To perform necessary high-field conductance calcu
lations to throw some light on these curious deviations 
from expected behavior, we have used the data of 
Brown, et a l.,3 and applied the procedure of Kraus 
and B ray5 to obtain a value of the limiting equivalent 
conductance. I t  is assumed tha t the value is known to 
no better than 10%. To obtain the values of limiting 
ionic conductance and equivalent conductance a t 
temperatures other than those for which data  are 
available, Walden’s rule6 has been employed. Only 
one value of the limiting ionic conductance of fluoride 
ion is available from the literature . 3 Values a t other 
temperatures were obtained by drawing a curve of 
suitable shape, guided by the actual data for other

(5) C. A. Kraus and W. C. Bray, J. Am. Chem. Soc., 35, 1315 (1913).
(6) P. Walden, Z. physik. Chem., 55, 207, 246 (1906). -
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anions, through this datum. The probable accuracy 
is 10%. Fortunately, as has been shown in ref. 1 , 
these data  are not critical in determining the theoretical 
result, for which the assumed fractional cationic valence 
factor, z+, is much more significant. In  this case, 
we postulate the following set of possible equilibria, 
based on the suggestions of the'authors of ref. 3 and 4. 

mo
(U 02F 2) 2 %% 2U 0 2F2 %% u o 2o h f  +  h + +  u o 2f 3-

u o 2o h + +  f -
applied /  
fidd N.

u o 2f + +  o h -  

u o 2f + +  u o 2f 3-
applied /  
field \

U 0 2F+ +  F -
(3)

Since all the hydrolytic products or products of dis
sociation by the applied field are univalent, z + remains 
unity, and the influence of valence factors vanishes in 
the Onsager-Kim theory (see ref. 1).

Performing the theoretical calculations with the 
data obtained as just described, and following essen
tially the procedure of Freitag and Patterson ,7 one ob
tains results such as those depicted in Figure 5. The 
results conform to what one would conclude from 
inspection of Figure 4, namely, th a t the solute behaves 
as a relatively strong electrolyte. Thus, in Figure 5, 
which includes theoretical calculations of the high- 
field conductance based on the assumption of a field 
effect on the monomer U 0 2F2 or on the hydrolysis 
product U 0 20 H F , the best fit of experimental data is 
obtained with an assumed K ( 0) of 1.5 X 10%  A 
dissociation constant of unity yields values of the con
ductance quotient only slightly larger than if the as
sociation is ignored; examples of the latter assumption 
are shown in the lower portion of Figure 5, while at 
the upper left are shown curves resulting when K ( 0) 
values in the order of 10- 4  and 10 5 are used. The 
maximum change in the computed conductance quo
tient occurs when K (0) lies between 10- 2  and 10~4.

There are several possible interpretations of these 
data, among which the data  themselves offer no unique 
choice. The pH  values of the solutions are relatively 
high, lying a t all concentrations of solute above those 
for the other uranyl salts studied in this group of in
vestigations. At a concentration of 1.00 X 10~ 3 in 
solute, the pH  is just 5.0, indicating th a t only a small 
fraction (about 1 %, depending on the hydrolysis re
action chosen) is hydrolyzed. If the equilibrium con

stan t governing the hydrolysis were 1.5 X 10%  
then the fraction hydrolyzed should be 50% or higher, 
depending on the detailed stoichiometry of the hy
drolysis reaction. Both these estimates have assumed 
no dimerization of the solute. The field effect observed 
with the uranyl fluoride solute is characteristic of a 
weak electrolyte with linear dependence of the conduct
ance quotient on increasing field rather than the 
characteristic ionic field dependence expected of 
univalent ions such as those resulting from hydrolysis 
reaction 2 .

As one possible interpretation, one may conclude 
th a t uranyl fluoride is appreciably dimerized even at 
these low concentrations, in order to account for the 
relatively small concentration of monomer permitted 
if the hydrolysis reaction is governed by a constant as 
large as 1.5 X 10~2. If the hydrogen ion concentra
tion is a unique indication of the degree of hydrolysis, 
if the hydrolysis constant is 1.5 X 10“% and if reaction 
2  is assumed, then the concentration of monomer con
sistent with pH 5 is 2.0258 X 10~s M ,  and the dimeri
zation constant must be in the order of 5 X 107 to have 
a sufficient amount of the solute in dimerized form. 
The authors of ref. 4 found a dimerization constant of 
3; thus, the suggested set of values does not accord 
well with other experimental work on these solutions.

As a second possibility, one m ay undertake to use the 
equilibrium constant value 4.7 X 10%  a numerical 
value found in ref. 3 for the assumed ionization reac
tion 1, as the hydrolysis equilibrium constant. Pro
ceeding as before, then, a monomer concentration of 
2.461 X 10-6  M  is required, yielding a dimerization 
constant of the order of 3.8 X 106. N ot only is the 
dimerization constant still unreasonably large, but the 
very small change in monomer concentration with 
so large a change of equilibrium constant seems un
reasonable as well. This is the m athematical conse
quence of assuming reaction 2 , in which three products 
are formed, with the result th a t in the num erator of 
the expression to be solved the value (1.00 X 10~ 6) 8 

appears, and in the denominator (x  — 2.00 X 10~5)2. 
The factor 2.00 X 10-6  far outweighs all other arith 
metic portions of the expression, demanding a large 
number of significant figures and giving rise to the 
absurd mathematical result. One is perhaps then 
justified in assuming a hydrolysis reaction yielding two 
products in order to obtain a formulation which 
can be handled arithmetically.

If such a reaction is assumed for hydrolysis, for ex
ample

(7) H. Freitag and A. Patterson, Jr., J. Electrochem. Soc., 108, 529
(1961).

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  1 9 6 6
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U 0 2F2 ^  H+ +  X Y Z - (4)

making no commitment to what are the products 
except th a t there are two, then by a process of ap
proximation it is found th a t a consistent set of values 
is obtained with a hydrolysis constant of 1.1 X 10-4 
and a dimerization constant of 9. There are, of course, 
many other possible solutions, but this selection puts 
the dimerization constant in the range found by the 
authors of ref. 4. The required hydrolysis constant 
lies between the extreme values of equilibrium con
stants, 4.7 X 10-5 and 1.5 X 10-2, which apply to 
undefined equilibria investigated by low- and high- 
field conductance methods in ref. 3 and this paper.

On the other hand, it is quite possible tha t some 
specific interactions account both for the low- and high- 
field results, more especially the latter, so the preceding 
interpretation does not apply. The unusual results 
obtained with uranyl perchlorate and nitrate, ref. 1, 
lend credence to such a view. In  those cases, presum
ably normal and unassociated electrolytes yield high- 
field conductance results which are unprecedented.

The suggestion leads us to the most attractive in
terpretation, in which one accepts a dimerization con
stan t of the order of magnitude found in ref. 4 coupled 
with a hydrolytic reaction of small extent, indicated 
by the relatively high pH, producing two ions and 
governed by a small equilibrium constant in the vicinity 
of 10_4, and explains the low conductivity a t low fields 
as the result of the nonionization of U 0 2F 2 and the low 
mobility of the large ion U 0 2F 3_ and the nonconducting 
U 0 20 H F  produced by hydrolysis.

At high fields, the behavior observed (linear de
pendence of the conductance quotient on field) indi
cates a low concentration of ions and small interionic 
attractions, entirely consistent with the assumptions 
just advanced. If the concentration of ions were high, 
then the field effect would be typical of a strong elec
trolyte, with an abrupt rise of conductance quotient 
in the field region below 50 kv./cm . If the electrolytic 
species present were as highly associated as just as
sumed, then the field effect should be large, which is 
not the case. A small apparent increase of conduct
ance with applied field can then arise only by cancella
tion of the expected conductance increase by some 
field-induced effect which lowers the number of ions 
available to conduct. Uranyl n itrate and perchlorate 
are examples of this situation. As was the case with 
these just-mentioned electrolytes, we have observed 
in this study of uranyl fluoride no time-dependent 
field effects which suggest relaxation phenomena in the
1-10-yusec. range of pulse lengths. Uranyl fluoride 
thus appears to combine all the characteristics of a

weak electrolyte a t low fields with those of a rela
tively strong electrolyte at high fields. The behavior 
of uranyl sulfate does not resemble th a t of any of these 
three salts.

Bailey and Patterson have studied two salts whose 
behavior might be formally similar to th a t of uranyl 
fluoride, since they are both 2-1 electrolytes, mercuric 
and cadmium chlorides.8'9 The high-field conductance 
of cadmium chloride a t 1.7 X 10~4 M  and 25° lies 
quite close to tha t of uranyl fluoride; the concentration 
of uranyl fluoride is 10-fold greater to yield the same 
approximate specific conductance, and the shapes of the 
curves are quite different. T hat of cadmium chloride 
is curved and characteristic of “strong” electrolyte, 
although a dissociation constant of 0.011 has been 
attributed to the reaction

CdCl+ ^  Cd+2 +  C l-

it being assumed the ionization of the salt into the 
CdCl+ ions is complete. The shape of the curve is 
thus consistent with a well-developed ionic atmosphere 
and the magnitude of the field effect is consistent with 
the K ( 0) of 1.1 X 10_2. The results for mercuric 
chloride are entirely different. The low-field equiva
lent conductance of solutions of mercuric chloride is 
less than one-tenth as large a t an identical concentra
tion, e.g., 4.0 X 1CU3 N . The high-field conductance 
quotient is much larger, and it was found th a t the 
conductance changed during the pulse. W hether this 
was a result of relaxation phenomena, which were 
being sought in the investigation, or polarization is 
not apparent from the data. Thus, the behavior of 
mercuric chloride is in no way comparable to th a t of 
uranyl fluoride.

We are forced to accept the conclusion th a t uranyl 
fluoride is subject to specific interactions of several 
kinds. At low fields, the conductance behavior is a 
result of a succession of equilibria producing ions whose 
identity undoubtedly changes with change in tem pera
ture. The apparent constancy of ionization is prob
ably due to the interplay of a combination of these 
equilibria. At high fields, there are ample species 
upon which the field may exert an ionizing influence, 
but it is also possible tha t the hydrolysis reaction may 
be reversed by the field owing to collisions of the hy
drogen ion with the other two species postulated in 
reaction 3, thus partly negating the effect of the field. 
Since the change of tem perature at low fields causes 
an increase in the concentration of dimer, according

(8) F. E. Bailey and A. Patterson, Jr., J . A m . Chem. Soc., 74, 5759 
(1952).
(9) F. E. Bailey and A. Patterson, Jr., ibid., 75, 1471 (1953).
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to ref. 4, and little change of ionization according to 
ref. 3, it is perhaps no t remarkable th a t the high- 
field quotients are bu t little changed over the same 
range of tem perature.
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The Wien Effect in Uranyl Ion Solutions. III. Uranyl Sulfate from 5 to 65°

by Joseph F. Spinnler and Andrew Patterson, Jr.

Contribution No. 17S5 from the Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 
{Received August 84, 1964)

The low-field conductance, pH, and high-field conductance of solutions of uranyl sulfate 
have been determined over a range of concentrations and tem peratures from 5 through 65°. 
Uranyl sulfate is found to be an associated electrolyte, although disagreement between low- 
field conductance and ligand displacement determinations of the dissociation constant and 
ambiguities in the high-field conductance results make it impossible to  place the dissociation 
constant precisely. The present results are consistent with the conclusion of low-field 
conductance measurements th a t the association of the electrolyte increases w ith increasing 
tem perature.

We have measured the low- and high-field conduct
ances and the pH  of a  series of solutions of uranyl 
sulfate over a range of concentrations and temperar 
tures from 5 to 65°. In  a previous paper, we have 
reviewed the current understanding of the ionic species 
which are thought likely to  be present in the partially 
hydrolyzed solutions of uranyl n itra te  and perchlorate . 1 

In  contrast w ith these electrolytes, uranyl sulfate is 
appreciably associated, as shown by the measurements 
of conductance over a wide range of concentration and 
tem perature made by Brown, Bunger, M arshall, and 
Secoy, 2 3 and by the ligand displacement measurements 
of Ahrland . 8 The high-field conductance measure
ments are thus of interest to  compare with those on 
the two relatively unassociated electrolytes of ref. 1 .

Experimental
The experimental procedure was essentially the same 

as described in ref. 1. The sample of uranyl sulfate 
is taken from the same lot as th a t used by the authors 
of ref. 2 , and was kindly provided by them  through

the good offices of Prof. H. S. Ham ed. Since it was 
originally prepared for conductance measurements, 
it  was not further treated  before use.

Results
Plots of the pH  of the solutions vs. log c are given in 

Figure 1. The equivalent conductances of the solute 
employed are shown in Figure 2 . P lots of the high- 
field conductance quotients measured are given in 
Figure 3. Figure 4 shows the effects on the high-field 
conductance quotient of changing the concentration 
of the solution a t  two tem peratures, 25 and 35°.

Discussion
The experimental evidence from measurements of 

conductance a t low fields is th a t uranyl sulfate is an 
associated electrolyte. The conductance measure-

(1) J. F. Spinnler and A. Patterson, J . Phys. Chem., 69, 500 (1965).
(2) R. I). Brown, W. B. Bunger, W. L. Marshall, and C. H. Seeoy, 
J. Am. Chem. Soc., 76, 1532 (1954).
(3) S. Ahrland, Acta Chem. Scand., 8, 1907 (1954).
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Figure 1. Plots of t ie  pH of solutions of uranyl sulfate vs. 
log c, moles/1., as a function of temperature.

Figure 2. Plots of t ie  equivalent conductance of 
solutions of uranyl sulfate vs. c1/2, moles/1., 
as a function of temperature.

ments of Brown, et a l.,2 when plotted against c1/s 
approach the conductance axis asymptotically; the 
average dissociation constant a t 25° determined by 
these workers after making correction for hydrogen 
and other expected ions present in the hydrolyzed 
mixture is 5.9 X 10 ~4 *. These authors comment th a t 
the significance of a dissociation constant of an as
sociated higher valence type electrolyte determined 
by  low-field conductance measurements is question
able for lack of a completely dissociated 2 - 2  electrolyte 
w ith which to  compare it. I t  is their opinion th a t 
greater credence should be given to Ahrland’s result,

Figure 3. Plots of the high-field conductance quotient, 
AA/A(0), per cent, as a function of applied field in kv./cm. 
for different temperatures and concentrations. All 
concentrations are to be read as moles/1. X 10-4.
The concentrations correspond approximately to the 
same specific conductance for each determination.

Figure 4. Plots of high-field conductance quotient 
vs. field to show the effect of changing concentration 
at two temperatures, 25 and 35°.

0 .0 2 , because of inherent weaknesses in conducto
metric methods. Magnesium sulfate is another ex
ample of a 2 - 2  valence type associated electrolyte, for 
which low-field conductance measurements yield a 
dissociation constant of 6.3 X 10~3. Bailey and 
Patterson4 have shown th a t it is possible to  combine 
the theories for weak and strong electrolyte high-field 
conductance in such a way as to perm it computation 
of high-field conductance quotients agreeing satis
factorily with the experimental values obtained on 
magnesium sulfate, and Freitag and Patterson6 have

(4) F. E. Bailey and A Patterson, Jr., J. Am. Chem. Soc., 74, 4428
(1952).
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refined this calculation considerably. The excellent 
agreement between experimental and theoretical high- 
held conductance results obtained by them  for magne
sium, zinc, and copper sulfates5 6 lends considerable 
support to  the idea of ion pairs in such associated 
electrolytes and to  the physical significance of the dis
sociation constant in predicting other solution proper
ties. I t  is thus a disappointment to  find the experi
mental high-held conductance measurements of uranyl 
and magnesium sulfates in some ways quite similar and 
in other ways no t: a t 25° for solutions of similar con
centration, 1.4 X 10- 4  M ,  the conductance quotient is 
similar, 3.2%. The da ta  on magnesium sulfate show 
quite a small variation with change in tem perature 
from 5 to 55° in contrast to those of uranyl sulfate 
where the change is one unit in AA/A(0 ) over the same 
range. In  view of the success of F reitag and P a tte r
son ,5 one would be led to assume the two electrolytes 
had similar association constants, which is quite in 
disagreement with the d ata  quoted above. The 
high-held results are no t consistent with the view th a t 
uranyl sulfate is associated to  a degree th a t the equi
librium constant should be as small as 6  X 10~4. 
Magnesium sulfate, for which such satisfactory high- 
held conductance calculations can be performed, has 
a dissociation constant of 6.3 X 10-3, ten times larger, 
bu t the high-held conductances are similar. The hrst 
ionization constant of carbonic acid is of the order of 
magnitude of 1 0 -4, and the results6 are entirely in 
contrast with those obtained on uranyl sulfate, though 
it should be kept in mind th a t the valence' types in the 
two electrolytes m ay be different.

Referring to Figure 3, we observe th a t the shapes of 
the high-held conductance curves are typical of those 
of “strong” electrolytes, in contrast with the results 
on uranyl fluoride,7 in which a linear increase of con
ductance quotient was found. This la tter indicates 
small ion-atmosphere effects, while the shape of the 
curves in Figure 3 are typical of significant ionic held 
influences. T h at the curves dip below the origin a t 
low helds is neither experimental error nor evidence of 
negative Wien effects1; it  is more probably due to  the 
different ra te  of change of the ionic held effect in the 
uranyl sulfate and reference electrolyte solutions.

To perform high-held conductance theoretical cal
culations on uranyl sulfate for comparison w ith the 
experimental results, we have assumed, as in ref. 1 , 
th a t two principal hydrolysis reactions are possible

2U 02+ 2 +  H 20  =  U 20 6+ 2 +  2 H + (1 )

U 0 2+ 2 +  H 20  =  U 0 20 H +  +  H + (2)

We have made no a ttem pt to  deal with mixtures of

these two reactions, b u t have computed mixed valences 
and limiting ionic conductances for the combined 
cations8 and have employed these in the theoretical 
calculations. Further, the calculations have been 
made ignoring association; this is forced upon us by 
the fact th a t the mathem atical development of the 
combined theories embodying association correction6 

will adm it calculations only on symmetrical elec
trolytes, although any valence type, including frac
tional valence types, can be accommodated so long as as
sociation is not involved. In  spite of this limitation, 
the results are of considerable interest, as m ay be seen 
from inspection of Figure 5. A t 5, 25, and 65°, the 
results of calculations assuming both reactions 1  and 
2  are shown. A t the other temperatures, only re
action 1 is shown. Considering for the moment only 
reaction 1 , the theoretical calculation reproduces the 
experimental results quite closely a t 5°, within 0.1 
unit; this widens a t 25°, and a t 65° the disparity is 
0.51 unit a t 200 kv./cm . Reaction 2 is in every case 
a poorer compromise.

The validity of these theoretical calculations may be 
examined by making calculations in which only one 
param eter is varied. As in ref. 1, the concentration, 
limiting combined ionic conductance, and valence 
factor are the im portant variables. Using data  of the

Figure 5. Plots of theoretically computed high-field 
conductance quotients vs. field as a  function of 
tem perature and for two choices of hydrolysis 
reaction of uranyl sulfate; see text.

(5) H. Freitag and A. Patterson, Jr., J . Electrochem. Soc., 108, 529 
(1961).
(6) D. Berg and A. Patterson, Jr., J. Am. Chem. Soc., 75, 5197 
(1953) ; K. F. Wissbrun and A. Patterson, Jr., J. Phys. Chem., 58, 
693 (1954).
(7) J. F. Spinaler and A. Patterson, Jr., ibid,., 69, 508 (19C5).
(8) J. F. Spionier and A. Patterson, Jr., ibid., 69, 658 (1965).
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Figure 6. Plots of theoretically computed high-field 
conductance quotients vs. field to show effect of varying 
the concentration as a parameter. The data used, aside 
from the concentration variable, pertain to the 
experimental determination on a solution of uranyl 
sulfate at 25° found in Figures 3 and 4.

Figure 7. Plots of theoretically computed high-field 
conductance quotients vs. field to show effects of varying 
the limiting ionic conductance of the cation. As in Figure 
6, the data used, except for the ionic conductance variable, 
pertain to the same experimental determination at 25° 
found in Figures 3, 4, and 6.

experimental determ ination found in Figures 3 and 4, 
concentration 1.515 X 10- 4  M ,  and tem perature 25°, 
in Figure 6  is shown the effect of changing the con
centration, and in Figure 7 the effect of varying A0+ 
over quite a wide range in the calculation. A varia
tion of 1 0 %  in the concentration results in a différence 
of approximately 0.1 in AA/A(0) while a variation 
of 15% in the limiting ionic conductance results in a 
difference of less than  0.05 in the same quantity. 
Since the concentration is known with much higher 
accuracy and since the limiting ionic conductance is 
estimated to  be known within 15%, these influences 
are of lesser importance, leaving the valence factor, 
z + ,  which in these measurements depends upon the 
pH  measurements and on the assumption of a given 
hydrolysis reaction, as the determining factor in the 
precision of the theoretical calculation. In  Figure 5, 
the two curves denoted 25° I  and 25° I I  differ only in 
the z+ employed, the values being 1.83 and 1.69, 
respectively. I t  can be seen th a t a decrease in s+ 
of 0.14 results in a diminution of the high-field conduct
ance quotient by 0.39% a t 200 kv./cm ., corresponding 
to a hydrogen ion concentration change of 0.003 X 
10 _4 mole/1. The pH  measurements are made to  
0.01 pH  unit, corresponding to  a variance of 0.007 X 
IQ- 4  mole/1. The importance of the valence factor 
and consequently of the pH  determ ination is thus em
phasized, and it is clear th a t theoretical results agreeing 
within 0 .2 %  with the experimental high-field measure
m ents are in good agreement by this criterion. Cal
culations a t  lower fields or with a smaller conductance 
quotient, as w ith uranyl perchlorate and nitrate, will 
be less seriously affected by errors in the hydrogen ion

determination, and agreement a t the lower tem pera
tures, a t  which the pH  measurements are more precise, 
should be better, as observed.

However, the gradual and increasing divergence 
between the experimental and theoretical results a t 
higher tem peratures suggests, as is known to be the 
case with unassociated uranyl salts, th a t the hydroly
sis pattern  is changing, the valence factors applicable 
to  the theoretical calculation changing a t  the same 
time, so th a t no one arbitrary  choice of hydrolysis re
action, e.g., reactions 1 or 2, will be applicable. A 
comment in ref. 2  is also pertinent; there i t  is noted 
th a t plots of (At]) °/  (A?y)o0 over the wide tem perature 
range studied yield curves with negative slope, in
dicative th a t fewer ions are present to carry the current 
a t higher tem peratures, and th a t accordingly there is 
an increase in association w ith increasing tem perature. 
Inclusion of a dissociation constant would improve 
the agreement a t higher tem peratures where the ex
perimental results he above the  present theoretical 
calculations. The calculation has been performed for 
uranyl fluoride6 in which case the expected hydrolysis 
products are all univalent and the salt itself sufficiently 
associated th a t i t  is reasonable to  consider the ionic 
environment made up of symmetrical valence types. 
Although this cannot be done for uranyl sulfate, our 
results a t 5 and 15° indicate th a t the degree of as
sociation is small, and th a t a t  25° Ahrland’s value of 
0 .0 2  cannot be in error by so much as a factor of ten. 
I t  does seem quite clear th a t the low-field conduct
ance-derived equilibrium constant result of Brown, 
et a l . , 2 while entirely representative of the results of 
their careful measurements, is the consequence of
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Figure 8. Plots of experimental high-field conductance 
quotient determination vs . field on solutions of uranyl 
perchlorate and nitrate, ref. 1, uranyl fluoride, ref. 7, and 
uranyl sulfate, this paper. The concentrations specified 
correspond roughly to constant specific conductance of 
the solutions.

complexities of ionic interaction and association which 
we do not presently understand.

In  view of the decidedly unusual behavior of the 
other uranyl salts studied in this series of investiga
tions, it is of interest to compare the results and to 
temper the conclusions reached in the previous para
graph in light of this comparison. The results for 25° 
and essentially constant specific conductance of the 
solutions have been brought together in Figure 8 . 
The behavior of uranyl n itrate, perchlorate, and fluo
ride has been explained in terms of specific interactions 
under the influence of high fields, in which the hy
drolysis equilibria are reversed and the conductance

quotient decreased below the value which would have 
been expected for a similar valence-type electrolyte. 
I t  is thus puzzling to understand why uranyl sulfate 
should be immune to these effects, if indeed this is the 
case. Thus, it is quite possible th a t the postulations 
of the preceding paragraph are in error, th a t uranyl 
sulfate is indeed as weak an electrolyte as a dissociation 
constant of 6  X 10 ~ 4 would indicate, and th a t the high- 
field conductance results are the consequence of 
specific interactions which are simply different in 
magnitude from those observed in the other uranyl 
salts. The principal basis in the present investigation 
for not coming to such a conclusion is the shape of the 
high-field conductance quotient vs. field curves. As 
noted earlier, the uranyl sulfate curves are indicative 
of an appreciable ionic atmosphere; the uranyl fluoride 
curves are not. Because of the orderly behavior of 
magnesium, zinc, and copper sulfates6 on the one hand, 
and the unusual behavior of uranyl n itrate, perchlorate, 
and fluoride1’6 on the other, one is forced to  conclude 
th a t uranyl sulfate is an associated electrolyte with an 
association constant in the range determined by 
Ahrland rather than  th a t indicated by low-field con
ductance results, bu t th a t a t high fields there is every 
possibility th a t specific interactions cause the results 
to deviate from w hat would be expected of an  ordinary, 
well-behaved, hydrolyzed, 2 - 2  electrolyte.
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Viscosity and Self-Diffusion of Liquid Thallium 

from Its Melting Point to About 1300 °K.

by J. A. Cahill and A. V. Grosse

The Research Institute of Temple University, Philadelphia, Pennsylvania (.Received August 27, 1964)

The viscosity (jj) of liquid thallium  was measured by the oscillating crucible method be
tween its melting point (577°K.) and about 1300°K. The values of 17 a t the melting point 
and a t 1000°K. were 2.65 and 1.05 cp., respectively. Self-diffusion, a t the same tem 
peratures, was calculated using the Frenkel theory to equal 0.16 X 10" 4 and 0.80 X 10- 4  

cm.2/sec., respectively. The experimental activation energy for viscosity, H v, equals 
2500 cal./g.-atom ; an empirical relationship between H v and the melting point gives the 
value 2270 cal./g.-atom.

Neither the viscosity nor the self-diffusion of liquid 
thallium has been measured so far as we could ascer
tain. In  view of its low melting point, the experi
m ental determ ination of the viscosity should be 
rather simple. I t  affords an opportunity to check 
the empirical relationship1 -3  between the melting 
point and the activation energy of viscosity. I t  also 
would complete the subgroup I l lb  of the periodic 
system, since both the viscosity and self-diffusion of 
gallium and indium have been measured.

Experimental
The viscosity was measured by the oscillating crucible 

method as described first by Andrade4 and later, among 
others, by  Yao and Kondic ,6 and reviewed by Bockris.6 

A general treatm ent of this method, including a dis
cussion of the experimental techniques required for 
precise measurements, has been published by Thresh .7 

The apparatus used was similar to  the one described 
by Thiele8 and consisted of a graphite crucible (5 cm.
o.d. X 3.5 cm. i.d. X 9 cm. deep) suspended in a bifilar 
arrangement by a 0.018-mm. tungsten wire. I t  was 
calibrated with several liquids and checked with 
mercury. The relationship between the logarithmic 
decrements, X — X0] (sec.-1), and period of oscillation, 
T  (sec.), of the system and the properties of the liquid 
is

(X -  X„) = c ^ ( v D t T ) 1/‘  (1)
JL/jf

where the constant c =  4.02 X 10 ~ 4 cm.2/sec. g., 
Dm.p. and D T =  density a t the melting point and T ° K .,  
respectively, and 17 =  viscosity in poises.

The am ount of thallium  used in this determ ination 
was ~ 3 5 0  g. or ~ 3 0  cc. The density values deter
mined by Schneider, Stauffer, and Heym er9 from the 
melting point to  920°K. were selected and m ay be ex
pressed by the equation

D  (g./cc.) =  12.16 -  15.21 X 10-4T °K. (2)

Accordingly, the density varies from 11.29 g./cc. a t 
the melting point (577°K.) to 10.64 g./cc. a t 1000°K. 
These data  were preferred to the data  given in the 
“ Liquid M etals Handbook , ” 10 which cover only a 30° 
tem perature range. 1 2 3 4 5 6 7 8 9 10

(1) A. V. Grosse, J.  Inorg. Nucl. Chem., 23, 333 (1961).
(2) A. V. Grosse, ibid., 25, 317 (1963).
(3) A. V. Grosse, Science, 140, 788 (1963).
(4) E. N. da C. Andrade and Y. S. Chiong, Proc, Phys. Soc. (London), 
48, 247 (1936).
(5) T. P. Yao and V. Kondic, J , Inst, Metals, 81, 17 (1952).
(6) J. O’M. Bockris, J. L. White, and J. D. Mackenzie, “Physico- 
Chemical Measurements at High Temperatures,” Academic Press, 
New York, N. Y., 1959, p. 325.
(7) H. R. Thresh, Am. Soc. Metals, Trans. Quart., 55, 790 (1962).
(8) M. Thiele, Doctorate Dissertation, Technical University of Ber
lin, 1956.
(9) A. Schneider, A. Stauffer, and G. Heymer, Naturwissenschaften, 
41, 326 (1954).
(10) R. W. Lyons, Editor in Chief, “Liquid Metals Handbook,” 
II  Ed., Department of the Navy, Washington, D. C., NAVEXOS 
P-42 (Rev.), June 1952.
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The purity  of the thallium  was 99.99%. Maximum 
amounts of impurities were, in  p .p .m .: Pb, 40; Fe, 
10; Cu, 10; Cd, 5; Zn, 2; to ta l of others, 20.

Since the thallium  was contained in  graphite a t high 
temperatures, any oxide present was converted to metal
lic thallium. The solubility of graphite in liquid thal
lium was reported to be negligible near its melting 
point by Moissan . 11 We determined the solubility 
a t 900°K. by exposing a graphite rod to 10 cc. of liquid 
thallium contained in  a stainless steel tube under argon 
for 4.0 hr. After the experiment, the thallium  ab
sorbed in the graphite rod was extracted with dilute 
HNO3. Upon complete extraction, the graphite rod 
was weighed and only 1.5 mg. of carbon or less was 
lost. Thus, the solubility a t 900°K. is 0.03 atomic %  
carbon or less. The usual precautions were taken to 
avoid poisoning by thallium.

A to tal of nine determinations was made during the 
course of five runs and these data  are shown in Table I.

T a b le  I : Experimental Viscosity Data

-Temperature-
°K. 1000/°K. Viscosity, cp.

644 1.552 2.11
645 1.550 1.97
661 1.513 2 .04
665 1.503 2.03
672 1.488 2.26
787 1.270 1.62
928 1.077 1.03

1278 0.7824 0.78
1279 0.7818 0.72
1283 0.7794 0.71

Uncertainties in corrections for therm al expansion, 
inductive electrical effects, and am bient gas viscosity 
lim it the accuracy of this determ ination to  an error 
probability of ±0.05 cp. a t the melting point and ±0.1 
cp. a t the boiling point.

Discussion of Viscosity Data
The best fit of the experimental points on a semilog 

plot is a straight line going through the points ijm.p. 
=  2.65 and ?nooo°K. =  1.05 cp. The equation of the 
straight line, in term s of Andrade’s first equation (see 
ref. 1-3), is

17 (poises) =  2 .9 8 3  X 10_ 3e260(l//'’7' (3)

where R  =  I .9 8 6 5  cal./g.-atom  °K. and T  is in °K. 
The experimental points and the straight line are il
lustrated in Figure 1.

Figure 1. Plots of y vs. 1000/T for 
gallium, indium, and thallium.

I t  follows from the empirical relationship1 - 3

H v (cal./g.-atom) =  (4)

and for T m.p. of thallium  =  577°K., th a t

H v =  2270 cal./g.-atom  (5)

T his is in  reasonable agreement with the experimental 
value of 2500 cal./g.-atom.

Now th a t data  on thallium  are available, i t  is ap
propriate to  compare them  with those of the other 
metals of subgroup I l lb  of the periodic system, namely, 
gallium and indium.

The viscosity of gallium was measured by Spells12 

over the widest tem perature range (30 to 1100°) 
of any metal, using the density measurements of 
H oather13 over the same tem perature range. Indium  
was investigated by Culpin . 14 Their data  were eval
uated previously1 and the constants of Andrade’s 
first equation calculated; both  metals are compared 
with thallium  in Table II.

(11) H. Moissan, Traite Chem. Minérale, Paris, 2, 259 (1905).
(12) K. E. Spells, Proc. Phys. Soc. (London), 48, 299 (1936).
(13) W. H. Hoather, ibid., 48, 699 (1936).
(14) M. F. Culpin, ibid., 20B, 1069 (1957).
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Table II

Scaled» f r o m
A n d r a d e ’ s  C o n s t a n t s  o f  1 s t  A n d r a d e  e q u a t io n — - C a lc d .  H v,

r e la t i o n s h ip  a t  E x p t l .  H tj, c a l . / g . - a t o m ,
M e t a l t h e  m e l t i n g  p o i n t M . p . ,  ° K . a X  10» c a l . / g . - a t o m f r o m  e q .  4 V e x p t l .  a t  t h e  m . p . V e x p t l .  a t  1 0 0 0 °  K ,

. Ga 1.63 303 4.35g 955 954 2.04 0.71
In 1.96 429.3 3.02o 1590 1525 1.94 0.67
Tl 2.86 577 2.983 2500 2270 2.65 1.05

T h e  a g reem en t b e tw een  th e  ex p e rim en ta l a n d  th e  
ca lcu la ted  Hv v a lu es fo r ga llium  a n d  in d iu m  is v e ry  
good. I n  line w ith  in creasing  m e ltin g  p o in t in  th e  se
quence G a  -► I n  -► T l, th e  slope of th e  v isco sity  in 
creases so t h a t  a t  a b o u t 1000°K . in d iu m ’s v isco sity  
equals  t h a t  of ga llium  a n d  a t  te m p e ra tu re s  abo v e  
th e ir  n o rm a l b o d ing  p o in ts  th a lliu m  w ill b e  less v is
cous th a n  in d iu m . T h e  b e h a v io r  of th ese  m e ta ls  is 
il lu s tra te d  in  F ig u re  1; th e  th re e  lines a re  b ased  on  th e  
e q u a tio n s  of T a b le  I I  a n d  th e  ex p e rim en ta l v a lu e s  a t  
th e  resp ec tiv e  m e ltin g  p o in ts  a n d  a t  1000°K .

T h e  v iscosities a t  th e  m e ltin g  p o in t, a s  ca lcu la ted  
fro m  A n d ra d e ’s weU-lcnown fo rm u la ,4 a re  also  show n 
a s  squares in  F ig u re  1; th e  ag reem en t, as  c a n  b e  seen, 
is good ex cep t fo r ga llium , w here  th e  c a lcu la ted  v a lu e  
(1.63 cp.) is below  th e  ex p e rim en ta l one (2.04 cp .).

Discussion of Self-Diffusion Data
T h e  e x p e rim en ta l d e te rm in a tio n  o f self-diffusion of 

m e ta ls  is m u ch  m ore d ifficu lt a n d  less precise  th a n  th a t  
o f v isco s ity ; th u s , th e  self-d iffusion of o n ly  a b o u t 
e ig h t m e ta ls  h a s  b een  m e a su re d 15 16'16 a s  a g a in s t a b o u t 30 
fo r v iscosity . F o r tu n a te ly , th e  self-d iffusion of gal
liu m  w as m easu red  b y  N a c h tr ie b 17 a n d  t h a t  o f in d iu m  
b y  L o d d in g 18 a n d  o th ers .

I t  h a s  been  k n o w n  fo r a  long  tim e  th a t  v isco sity  
a n d  self-diffusion a re  closely  re la te d  b y  th e  S to k e s -  
E in s te in  re la tio n sh ip  eq u a lin g  in  i ts  E y r in g  version , i.e.

Y  =  k/,Qa  (6)

w here k is  th e  B o ltz m a n n  c o n s ta n t a n d  <r th e  average  
d is tan ce  b e tw e e n  a to m s o r  (Vau>m/Na™s.) 1/s.

I t  w as em phasized  in  a  re c e n t a r tic le 19 t h a t  th e  self
d iffusion p ro p e rtie s  of liq u id  m e ta ls  follow  d irec tly  
from  v isco sity  m easu rem en ts , provided t h a t  b o th  
v iscosity , T], in  poises, a n d  self-diffusion, D, in  cm .2/  
sec., a re  expressed in  a  se lf-consisten t m an n e r, i.e., 
t h a t  -q/T X  D e q u a l th e  S to k e s -E in s te in  re la tio n . 
A p p ly in g  one of th e  sim p lest th eo ries  o f liqu ids, nam ely , 
F re n k e l’s k in e tic s  th e o ry ,20 i t  follows th a t

77 =  BTe~ye+E'A/RT (7)

a n d

D =  Doeye - Ê /BT (8)

w here  B, Do, a n d  y  a re  c o n s ta n ts , Ev.d. is th e  a c tiv a tio n  
energy  fo r b o th  v isco sity  a n d  diffusion (c a l./g .-a to m ), 
a n d  R is  th e  gas co n s ta n t. I t  shou ld  b e  s tre ssed

---  1000/T-K '

Figure 2. Viscosity ( q /T )  and self-diffusion of liquid thallium.

(15) H. J. Saxton and O. D. Sherby, Trans. Am. Soc. Metals, 55, 
826 (1962).
(16) H. J. Saxton and O. D. Sherby, Department of Materials Sci
ence Report No. 62-9, Oct. 19, 1962, Stanford University, Stanford, 
Calif.
(17) J. Petit and N. H. Nachtrieb, J . Chem. Phys., 24, 1027 (1956).
(18) A. Lodding, Z. Naturforsch., 11a, 200 (1956).
(19) A. V. Grosse, Science, 145, 50 (1964).
(20) J. Frenkel, “Kinetic Theory of Liquids,” Dover Publishing Co., 
Inc., New York, N. Y., 1955, pp. 31—36.
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t h a t  Er.d. is d iffe ren t fro m  A n d ra d e ’s H v. I t  follows 
fu r th e r  from  F re n k e l’s th e o ry  t h a t  th e  c o n s ta n ts  B 
a n d  Do can  be  calculated for any metal from  th e  expres
sions

B —  hN Av o g . / $ D F  a t o m  ( 9 )

a n d

Do =  (fc/6 tfiVAvog.V3)fcFatomV8 (10)

w here h is P la n c k ’s c o n s ta n t a n d  6n a n d  Fatom a re  th e  
D eb y e  te m p e ra tu re  in  ° K  a n d  th e  liq u id  a to m ic  vo lum e 
of th e  m e ta l (a t  th e  m e ltin g  p o in t) , re sp ec tiv e ly . I t  w as 
fo u n d 21 th a t  th e  tw o  eq u a tio n s  ab o v e  co rre la te  th e  ex
p e rim e n ta l v isco sity  a n d  d iffusion  d a ta  w ith in  experi
m e n ta l e rro r fo r th e  e ig h t m e ta ls  fo r w h ich  self-dif
fu sion  d a ta  a re  a v a ila b le .16'16 T h u s , th e re  is ev e ry  
reaso n  to  ex p ec t t h a t  th e y  w ill describe  th a lliu m  
a s  well. T herefo re , le t  u s co n v e rt th e  genera l e q u a tio n s  
to  th e  specific case of th a lliu m .

S ince Fatom of th a lliu m  =  18.10 c m .3/g .-a to m  a t  i ts  
m e ltin g  p o in t w hile  D e b y e ’s 6 = 100°,22 i t  follow s th a t  
th e  th e o re tic a l v a lues fo r  th a lliu m  a re  A  theory =  2 . 2 0 5  X  
10 -6 (poise) a n d  Do =  3.357 X  10-4  (cm .2/se c .) .

I f  w e express o u r experimental re su lts  in  te rm s  of th e  
F re n k e l e q u a tio n  (7), w e o b ta in  th e  expression

y =  1 .0 1 i X  10- 6r e +440°/«T’ (11)

W e can  a d ju s t  o u r ex p e rim en ta l B v a lu e  (l.O li X 
10-6) to  Dtheory abo v e  (2 . 2 0 5  X  10-6) b y  m ean s of th e  
F re n k e l fac to r, e~y}- in  o u r case, e~y = 0 .4 5 s  o r  y  =  
0 .78. T h u s  eq. 11 now  assum es th e  fina l fo rm

y =  2.205 X  10-6e-0 -78T e+440°/-B2’ (12)

T h is  fo rm  len d s itse lf  read ily  to  describe  self-diffusion 
in  te rm s  of th e  gen era l e q u a tio n  (8) b y  m ean s of th e  
ca lcu la ted  D 0 a n d  th e  E v .a. to g e th e r  w ith  th e  v a lu es  of 
eq. 12, as

D  =  3.357 X  10-% +0-78e _4400/ ^ r  (13)

B ased  on  th e  ab o v e  eq u a tio n , th e  v a lu es  fo r self
d iffusion eq u a l 0 .16 X  10 -4  a t  th e  m e ltin g  p o in t 
(577° K ) ,  0 .80  X  1 0 - 4 a t  1 0 0 0 ° K , a n d  2.05 X  1 0 " 4 
c m .2/s e c  a t  th e  n o rm a l b o d in g  p o in t.

O n  th e  sem ilog p lo t th e  s tra ig h t  fines fo r y / T  a n d  
D  vs. l / T  h a v e  th e  sam e slope of 4400 c a l./g .-a to m , 
b u t  a n  o pposite  sign , as show n in  F ig u re  2.

Acknowledgment. W e g ra te fu lly  acknow ledge  th e  
financia l s u p p o rt o f th e  U . S. A tom ic  E n e rg y  C om 
m ission  u n d e r  C o n tra c t  A T (30-1)2082.

(21) Reference 19 gives the data for sodium and zinc; a com
parison of the other six metals, including gallium and indium, is in 
preparation.
(22) N. F. M ott and H. Jones, “The Theory of the Properties of 
Metals and Alloys,” Dover Publishing Co., Inc., New York, N. Y., 
1958, p. 14.
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C hem ica l reac tio n s  of th e  so r t A  B  +  C  m a y  be  ru n  b y  in jec tin g  pu lses of A  in to  a  ch ro 
m a to g rap h ic  co lum n w hich  ca ta ly zes th e  reac tio n . U n d e r such  cond itions, th e  p ro d u c ts  
B  a n d  C  w ill b e  se p a ra te d  from  each  o th e r  a n d  th e  re a c tio n  shou ld  p roceed  to  com ple tion  
d esp ite  a n  u n fav o rab le  eq u ilib riu m  co n s ta n t. E x p e rim e n ta l v erifica tion  of such  b e h a v io r  
w as o b ta in e d  fro m  th e  d e h y d ro g en a tio n  of cyclohexane to  benzene in  a  co lum n p ack ed  
w ith  a  p la tin u m -o n -a h m u n a  c a ta ly s t. U n d e r th e  m o st fav o rab le  con d itio n s a b o u t 30%  
g re a te r  conversion  w as o b ta in e d  in  th e  ch ro m ato g rap h ic  re a c to r  th a n  w ou ld  re su lt  fro m  
allow ing th e  sam e q u a n titie s  o f cyclohexane a n d  ca rrie r gas to  re a c h  a  s ta t ic  eq u ilib riu m . 
A n  eq u ilib riu m  re a c to r  w ou ld  n eed  a b o u t fo u r tim es  as m u ch  d ilu e n t o r ca rrie r  gas as  th e  
ch ro m ato g rap h ic  one to  re a c h  th e  sam e degree of conversion.

Introduction
T h e  te c h n iq u e s  of gas c h ro m a to g ra p h y  h a v e  p ro v e d  

to  b e  v a lu a b le  too ls  in  th e  field of ca ta ly sis . T h e  m o st 
obv ious a n d  w id esp read  a p p lica tio n s  h a v e  b een  a n a 
ly tica l. T h e  m ic ro reac to r te c h n iq u e  developed  b y  
K okes, et al.,1 is a n  a n a ly tic a l re fin em en t w h ich  m in i
m izes th e  p rob lem s of h a n d lin g  m in u te  sam p les  a n d  
d e te c tin g  low  conversions. P re p a ra tiv e  ch ro m ato g 
ra p h y  h a s  b e e n  in v a lu ab le  in  th e  p u rifica tio n  of re 
a c ta n ts . L ess c o n v en tio n a l h a s  b een  th e  ap p lic a tio n  of 
c h ro m a to g ra p h y  to  th e  m e a su re m e n t of ad so rp tio n  
iso th erm s a n d  h e a ts  o f ad so rp tio n  fo r  cases w here 
a d so rp tio n -d e so rp tio n  ra te s  a re  fa s t.

A  fo u r th  field, in  w h ich  ch ro m a to g ra p h y  a n d  c a ta ly 
sis a re  m u c h  m ore  closely in te rtw in e d , h a s  re c e n tly  
been  su b je c te d  to  s tu d y . T h is  is th e  case w here  a  
c a ta ly tic  re a c tio n  occurs in  a  p u lse  of re a c ta n t  tra v e lin g  
th ro u g h  a  c h ro m a to g rap h ic  co lum n. B a s se tt  a n d  
H a b g o o d 2 s tu d ie d  th e  irrev ersib le  iso m eriza tio n  of 
cyc lop ropane  to  p ro p y len e  in  a  ch ro m a to g ra p h ic  co lum n  
a n d  w ere ab le  to  o b ta in  r a te  c o n s ta n ts  fo r th e  re
ac tio n . K lin k e n b c ig 3 m ad e  a  th e o re tic a l s tu d y  of th e  
reversib le  re a c tio n  A  B  o ccu rrin g  on  a  c h ro m a to 
g rap h ic  co lum n  a n d  c a lcu la ted  th e  sh ap e  a n d  re te n 
t io n  tim e  of th e  e lu te d  p eak . K e lle r a n d  G id d in g s4 
h a v e  an a ly z e d  s im ila r cases in  w h ich  th e  re a c tio n  r a te  is 
slow .

M o re  in te re s tin g  from  a n  ap p lic a tio n  v ie w p o in t is th e  
reversib le  re a c tio n  A  ^  B  +  C  w ith  a  v e ry  low  equ i

lib riu m  c o n s ta n t. I n  a  ch ro m a to g rap h ic  co lu m n  th e  
p ro d u c ts  B  a n d  C  w ill b e  se p a ra te d  fro m  e ach  o th e r  
so th a t  th e y  c a n n o t re -reac t, a n d  th e  re a c tio n  m a y  
proceed  to  co m p le tio n  d esp ite  th e  low  eq u ilib riu m  
c o n s ta n t. T h is  is a  p o te n tia lly  a t t r a c t iv e  m o d e  of 
o p e ra tio n  fo r  such  eq u ilib riu m -lim ited  reac tio n s . T h e  
po ssib ility  h a s  b een  recognized  in  p a te n ts  b y  D in 
w idd le5 a n d  M ag ee ,6 a n d  M agee7 8 su b se q u e n tly  p re se n te d  
a  m a th e m a tic a l an a ly s is  of such  a  reac to r.

R og insk ii, et al.,s p ro p o sed  c h ro m a to g rap h ic  reac 
tio n  in d e p e n d e n tly . T h e  sam e school s tu d ie d  th e  de
h y d ro g e n a tio n  of cyclohexane pu lses u n d e r  irrev e rs ib le9 
a n d  rev e rs ib le10 cond itions. A  m a th e m a tic a l t r e a tm e n t  
w as p re se n te d  in  ref. 10 fo r sim ple irrev e rs ib le  reac tio n s. 
T h e ir  ex p e rim en ta l d a ta  w ere  an a ly zed  acco rd ing  to

(1) R. J. Kokes, H. Tobin, and P. H. Emmett, J . Am. Chem. Soc., 
77, 5860 (1955).
(2) D. W. Bassett and H. W. Habgood, J . Phys. Chem., 64, 769 
(1960).
(3) A. Klinkenberg, Chem. Eng. Set., 15, 255 (1961).
(4) R. A. Keller and J. C. Giddings, J. Chromatog., 3, 205 (1960).
(5) J. A. Dinwiddie, U. S. Patent 2,976,132 (1961).
(6) E. M. Magee, Canadian Patent 63,1,882 (1961).
(7) E. M. Magee, Ind. Eng. Chem. Fundamentals, 2, 32 (1963).
(8) S. Z. Roginskii, M. I. Yanovskii, and G. A. Gaziev, Dokl. Akad. 
Nauk SSSR, 140, 1125 (1961).
(9) G. A. Gaziev, O. V. Krylov, S. Z. Roginskii, G. V. Samsonov, 
E. S. Fokina, and M. I. Yanovskii, ibid., 140, 863 (1961).
(10) S. Z. Roginskii, M. X. Yanovskii, and G. A. Gaziev, Kinetika i 
Kataliz, 3, 529 (1962).
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th is  tre a tm e n t, b u t  e x a m in a tio n  of th e ir  re su lts  ind i
ca te s  t h a t  th e  m ode l w as in ap p licab le  to  t h a t  experi
m en t. T h is  sam e t r e a tm e n t  w as ex ten d ed  to  m ore 
com plex cases11 a n d  seem s fa r  m ore  p e r t in e n t  to  k in e tic  
m easu rem en ts  th a n  to  c h ro m a to g rap h ic  reac tions.

R e c e n tly ,12 13 th e  m a th e m a tic a l m odel of M agee7 w as 
re la te d  q u a lita tiv e ly  to  ex p e rim en ta l d a ta  fro m  th is  
lab o ra to ry , a lth o u g h  co n d itio n s  of s to ic h io m e try  a n d  
e lu tio n  v e lo c ity  w o u ld  n o t  allow  q u a n ti ta t iv e  com 
parison . T h u s  th e  com plex  th e o re tic a l p ro b lem  of th e  
ch ro m ato g rap h ic  re a c to r  h a s  n o t  y e t  b een  so lved  com 
p lete ly .

I t  is fe lt t h a t  c h ro m a to g rap h ic  re a c tio n  ca n  b e  a d 
v an ta g e o u s  o n ly  u n d e r  a  w ell-defined a n d  lim ite d  se t 
of cond itions.

1. T h e  eq u ilib riu m  c o n s ta n t fo r  th e  re a c tio n  m u s t 
be  sm all.

2. R e a c tio n  ra te s  sh o u ld  b e  h ig h  enough  so t h a t  
se p a ra tio n  of p ro d u c ts  r a th e r  th a n  r a te  o f re a c tio n  
lim its  th e  e x te n t of reac tio n .

3. A t le a s t tw o  p ro d u c ts  m u s t b e  fo rm ed  w h ich  a re  
ch ro m a to g rap h ica lly  s e p a ra te d  in  th e  reac to r.

4. R e a c ta n ts  m u s t  n o t  b e  se p a ra te d  in  th e  reac to r. 
F o r  all p ra c tic a l p u rp o ses th is  lim its  one to  a  single 
re a c ta n t, o r  to  tw o  r e a c ta n ts  w here  one also  serves 
as  th e  c a rr ie r  gas.

Equilibrium Comparison
C h ro m ato g rap h ic  o p e ra tio n  of a  re a c tio n  is r a th e r  

com plica ted , a n d  th e  q u es tio n  n a tu ra lly  arises as  to  
w h e th e r  th is  m e th o d  in  p ra c tic e  h a s  a n y  a d v a n ta g e s  
o v e r a  co n v en tio n a l eq u ilib riu m  reac to r. T h e  p ro b 
lem  lies in p ick in g  a  m ean ing fu l b as is  o f com parison , 
since in  th e  p re se n t case th e  p resence  of c a rr ie r  gas 
affects conversion  n o t  on ly  b y  se p a ra tin g  th e  p ro d u c ts  
b u t  a lso  b y  d ilu tin g  th e  re a c tio n  m ix tu re .

C om parison  w as finally  m ad e  on  th e  follow ing basis. 
T h e  ch ro m a to g rap h ic  re a c to r  w as re p e titiv e ly  pu lsed  
w ith  re a c ta n t  a t  ev en ly  spaced  in te rv a ls . E fflu en t 
p ro d u c t w as co llected  ov er a n  in te g ra l n u m b e r of cycles 
a n d  an a ly zed  in  o rd e r  to  o b ta in  th e  ex p erim en ta l con
version . T h e  co rresp o n d in g  “ eq u ilib riu m ”  conversion  
w as th a t  w h ich  w ou ld  re su lt  from  allow ing  th e  a m o u n ts  
o f r e a c ta n t  a n d  c a rr ie r  gas  a sso c ia ted  w ith  a  single 
pu lse  cycle to  re a c h  eq u ilib riu m  in  a  s ta tic  sy stem . 
T h e  ra tio  o f c a rr ie r  gas to  cyclohexane w as ca lcu la ted  
in  th e  p re se n t case  fro m  th e  e q u a tio n

FtN  =  4 . 4 3 -

w here  N  =  m oles of c a rr ie r  g a s /m o le  of cyclohexane, 
F =  ca rrie r  gas  flow ra te  in  c c ./m in . a t  25° a n d  1 a tm . 
p ressu re , t =  tim e  b e tw een  pu lses in  m in ., a n d  S =

cyclohexane sam p le  size in  pi. a t  25°. T o ta l  p ressu re  
w as ta k e n  as  1 a tm . d esp ite  th e  fa c t  t h a t  i t  w as h ig h er 
th a n  th is  ex cep t a t  th e  re a c to r  o u tle t. T h is  is a  ra th e r  
s tr in g e n t basis o f com parison  b u t  i t  seem s to  b e  th e  
on ly  one ju stified  in  th e  p re se n t case. F o r  g iven  
av erag e  flow ra te s  of re a c ta n t  a n d  c a rr ie r  gas th is  w ill 
te ll w h e th e r  ch ro m a to g rap h ic  o p e ra tio n  g ives a n  a d 
v a n ta g e  in  conversion  o v e r c o n v en tio n a l eq u ilib riu m  
o p era tio n .

T h e  p ro b lem  of d ilu tio n  does n o t  ex ist fo r  reac tio n s 
in  w h ich  th e  n u m b e r  of m oles of r e a c ta n ts  a n d  p ro d u c ts  
a re  equa l. A ny  increase  in  conversion  abo v e  equ i
lib riu m  (w hich is h e re  in d e p e n d e n t o f d ilu tio n ) w ould  
be  d u e  to  ch ro m ato g rap h ic  sep a ra tio n . O ne such  re
ac tio n , 2 H D  H 2 +  D 2, w as exam ined  in  th e  p re se n t 
w ork  on  a  re a c to r  p a ck ed  w ith  p a llad iu m -co a ted  
asbestos. N o  q u a n ti ta t iv e  d a ta  w ere  o b ta in ed , b u t  
i t  ap p e a re d  t h a t  th e  re a c tio n  w as p roceed ing  a n d  th a t  
se p a ra tio n  of th e  v a rio u s  re a c tio n  co m p o n en ts  d id  
ta k e  p lace. Som e ea rlie r w o rk e rs18 exam ined  th e  
c h ro m a to g ra p h y  of h y d ro g e n -d e u te r iu m  m ix tu re s  on 
p a llad iu m . I t  is in te re s tin g  to  n o te  t h a t  som e of th e ir  
an o m alo u s re su lts  m a y  b e  exp la ined  in  lig h t of th e  
p re se n t w ork  b y  realiz ing  t h a t  chem ical re a c tio n  p ro b 
a b ly  o ccu rred  on  th e ir  colum n.

Experimental
T h e  m a in  re a c tio n  s tu d ie d  in  th e  p re se n t w ork  w as 

th e  d e h y d ro g en a tio n  of cyclohexane to  b enzene  a n d  
hyd rogen .

C 6H 12 C 6H 6 +  3 H 2

F ish e r  re a g e n t g rad e  cyclohexane w as u sed  w ith o u t 
fu r th e r  p u rifica tion . T h e  c a ta ly s t, com m ercia lly  a v a il
ab le , consisted  of 0 .6 %  p la tin u m  on  a n  a lu m in a  su p p o rt, 
a n d  th e  a lu m in a  served  as  th e  c h ro m a to g rap h ic  a d 
so rb en t. I t  w as g ro u n d  to  4 0 -6 0  m esh  a n d  a c tiv a te d  
b y  h e a tin g  in  a  h y d ro g en  a tm o sp h e re . R e a c to rs  con
s is ted  of len g th s  of 0 .63-cm . s ta in less  s tee l tu b in g  p a ck ed  
w ith  c a ta ly s t. R e a c to rs  w ere  in s ta lle d  in  p lace  of th e  
u su a l a n a ly tic a l co lum n  in  a n  F  a n d  M  M o d e l 500 gas 
ch ro m a to g ra p h , w h ich  w as u sed  w ith o u t o th e r  m od i
fication .

H eliu m  w as u sed  as th e  c a rr ie r  gas. C yclohexane  
w as in je c te d  th ro u g h  a  ru b b e r  se p tu m  a t  th e  co lu m n  
in le t. T h e  th e rm a l c o n d u c tiv ity  of th e  e ffluen t gas 
w as reco rded  p o te n tio m e tric a lly . T h is  tra c e  w ill 
h e re a f te r  b e  ca lled  th e  p ro d u c t c h ro m a to g ram , a l

(11) G. A. Gaziev, V. Ya. Filinovskii, and M. I. Yarovskii, Kinetika 
i  Kataliz, 4 , 688 (1963).
(12) J. M. Matsen, J. W. Harding, and E. M. Magee, A.I.Ch.E. 56th 
Annual Meeting, Houston, Texas, Dec. 1953, Paper 19d.
(13) C. O. Thomas and H. A. Smith, J . Phys. Chem., 63, 427 (1959).
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though it is not a chromatogram in the conventional 
sense of the word. Product samples were trapped 
from the effluent stream at —78° and were analyzed 
on a 2-m. Perkin-EImer “R” column.

Results
During the first few pulses of cyclohexane over a 

fresh catalyst, the product chromatogram changed

PRODUCT CHROMATOGRAM FOR PULSE

Figure 1. Product chromatogram for 3-jul. pulse.

PRODUCT CHROMATOGRAM FOR 5 //I.'PULSE

Figure 2. Product chromatogram for 5-jil. pulse.

PRODUCT CHROMATOGRAM FOR l u  I PULSE

Figure 3. Product chromatogram for 7-/J. pulse.

EFFECT OF PULSE SIZE ON CONVERSION

EFFECT OF CARRIER GAS FLOW RATE AT 210°C

CARRIER GAS FLOW RATE, CC/MIN.
Figure 5. Effect of carrier gas flow rate at 210°.

considerably. This corresponded to coking of part of 
the catalyst surface. Any analysis of products during 
this period would be almost meaningless without knowl
edge of the coking process. After perhaps five or ten 
pulses, the reactor reached a steady state and there 
was little further change in pulse chromatograms. 
Material balances showed that 96 to 98% of the re
actant left the reactor once a “steady state” had been 
reached. In all cases only benzene and hydrogen 
appeared as products, and no cyclohexene or cyclo- 
hexadiene was detected.

E ffect o f P u lse  S ize . Typical product chromatograms 
of single cyclohexane pulses are shown in Figures 1, 
2, and 3. These are for a reactor 50 cm. long packed
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with 8 g. of catalyst operated at 180° with 10 cc./min. 
carrier gas flow. With a small sample (Figure 1) the 
hydrogen and benzene peaks are well separated and 
fairly sharp. As sample size is increased, these peaks 
tend to tail off toward each other (Figure 2). Such 
tailing is inherent in this mode of operation and is due 
to the fact that the products are produced in decreasing 
amounts as cyclohexane is consumed along the column. 
When large samples are introduced, a sharp peak of 
unreacted cyclohexane appears between hydrogen 
and benzene (Figure 3). This peak increases in height 
very rapidly as pulse size is increased.

The quantitative effect of pulse size is shown in 
Figure 4. At a given temperature a certain amount 
of cyclohexane can be almost entirely converted, but 
additional amounts are converted to a lesser, though 
essentially constant, extent.

E ffect o f Flow Rate. Figure 5 shows the slight effect 
of carrier gas flow rate on conversion. This independ
ence of conversion on residence time indicates that 
adsorption, reaction, and desorption were fast under the 
conditions studied and tha t the extent of reaction was 
equilibrium limited. Since conversion was virtually 
independent of residence time, the Roginskii model10 
(which assumes tha t products are separated instan
taneously and tha t forward reaction rate limits con
version) would be clearly incorrect in the present case.

The very slight effects of flow rates are explained as 
follows: a t high flow rates conversion begins to drop 
off a bit because of kinetic effects. At low flow rates 
slightly less carrier gas is used in eluting the products, 
and this means less dilution of the reacting mixture by 
carrier gas and hence lower conversion due to equi
librium limitations.

E ffect o f Reactor Length. Examples cited thus far 
have been for reactors 50 cm. long packed with 8 g. of 
catalyst. When columns of different length were 
tried, it was found tha t the significant variable was 
the ratio of pulse size to column length (and hence 
weight of catalyst). Thus, the same conversions would 
result from pulsing 10 ¡A. of cyclohexane into a 50-cm. 
column and 20 ¡A. into a 100-cm. column. This effect 
is not expected on the basis of behavior in tubular 
flow reactors or in ordinary chromatographic columns. 
Its  explanation awaits the solution of a realistic mathe
matical model of the reactor.

R epetitive-Pulse E xp erim en ts . Thus far only results 
of single-pulse experiments have been described. 
When repetitive pulsing is used, the additional variable 
of pulse frequency enters the picture. At very low 
frequencies, conversions are the same as for single 
pulses. For a given pulse size this represents the 
maximum conversion. This is wasteful of time and

carrier gas, however, and equal or greater conversions 
could be obtained in an equilibrium system diluted 
with that amount of carrier gas. Conversion drops 
off only slightly as frequency is increased, until pulsing 
is so rapid that the hydrogen peak from a fresh pulse 
comes soon enough to pass through part of the benzene 
peak from the previous pulse. When this happens 
the hydrogen and benzene recombine, and a new cyclo
hexane peak appears in the product chromatogram 
where the hydrogen peak had previously been. From 
this point on conversion decreases steadily as frequency 
increases.

C olum n Treatm ent. In  the case of ideal chroma
tography, adsorption isotherms are linear, and peaks 
are sharp and show little tendency to tail off slowly. 
The isotherm for benzene adsorbed on fresh alumina is 
very nonlinear, however, causing the benzene peak to 
tail off slowly. Under such conditions the reactor could 
be pulsed only infrequently, and conversions were 
no better than for a continuous reactor operating at 
the same average dilution of cyclohexane by carrier 
gas. D ata reported to this point are for such a case. 
Several adsorbents besides alumina were tried without 
success in an attem pt to overcome this. Finally, an 
alumina was used which had been treated with a solu
tion of 10% KOH in methanol. The treatment neu
tralized the very strongly acidic sites which give rise 
to the nonlinear isotherm. This reduced retention 
volume and adsorbent capacity and lessened the ben
zene tailing, as is shown in Figure 6.

ÙLLÜQ
a:
ooLÜ
ÍL.

EFFECT OF KOH TREATMENT

CC OF CARRIER GAS

Figure 6. Effect of KOH treatment on chromatogram.

The treated alumina gave slightly less reproducible 
results than did the untreated alumina. Small but 
noticeable differences between successive product 
chromatograms were noted, although these changes 
showed no apparent trend after the first few pulses on 
a freshly activated column. On a long-term basis,

V o lu m e  6 9 ,  N u m b e r  % F e b r u a r y  1 9 6 5



5 2 6 J. M .  M a t s e n , J. W . H a r d i n g , a n d  E .  M .  M a g e e

dependent more on time than on amount of cyclo
hexane injected, the treated alumina showed a greater 
tendency to become deactivated. The platinum- 
on-alumina catalyst used in the remainder of the work 
reported here was treated in this maimer.

C om parison to E q u ilib riu m . Quantitative results a t 
three temperatures are shown in Figures 7, 8, and 9. 
Equilibrium constants were obtained from the data of 
Rossini.14 The “theoretical” equilibrium curve depends 
only on temperature and the extent of dilution of re
actant by carrier gas. Additional parameters would 
be necessary for accurate representation of precise 
experimental data, and the experimental points there
fore do not fall on a single curve. From Figure 9 it is 
seen that carrier gas flow rate has a noticeable effect 
when conversions are plotted in this maimer. The 
amount of carrier gas needed to elute a peak at a high 
flow rate is somewhat greater, partly because adsorp
tion-desorption rates are finite, and partly because gas 
a t the column inlet is a t higher pressure so that more 
moles are needed for a given amount of elution. This

CONVERSIONS AT 183°C.

Figure 7. Repetitive-pulse conversions at 183°; 
equilibrium constant =  4.0 X 10 “5.

CONVERSIONS AT 204°C.

Figure 8. Repetitive-pulse conversions at 204°; 
equilibrium constant =  4.2 X 10-4.

CONVERSIONS AT 225°C.

MOLES HELIUM PER MOL CYCLOHEXANE 
Figure 9. Repetitive-pulse conversions at 225°; 
equilibrium constant =  4.8 X 10“3.

OPTIMUM REPETITIVE PULSING

Figure 10. Optimum repetitive pulsing: 
temperature 225°; carrier gas flow rate 10 cc./min.; 
pulse size 12 ¡A. ; time between pulses 3.5 min.; 8 g. 
of catalyst in  50 cm. long reactor; conversion 96.4%

effect of flow rate is not seen in single-pulse experi
ments because correlation in that case is not made as a 
function of amount of carrier gas used.

O ptim um  Operation. The greatest improvement of 
experimental conversion above theoretical is about 
30%. Three or four times as much carrier gas would 
be needed as diluent in a static system to attain the 
same conversion as in an optimum-pulsed case. The 
optimum mode of operation was to use a sample pulse 
as large as possible without allowing a peak of uncon
verted cyclohexane to appear and to pulse as frequently 
as possible while still keeping a peak of reconverted 
cyclohexane from appearing in the product chroma
togram. This optimum mode of operation is shown 
in Figure 10.

(14) F. D. Rossini, “Selected Values of Physical and Thermodynamic 
Properties of Hydrocarbons and Related Compounds,” Carnegie 
Press, Pittsburgh, Pa., 1953.
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Discussion
I t  has been demonstrated that reactions can be 

conducted in chromatographic columns so that prod
ucts can be separated during the course of reaction. 
Higher conversions can result from this type of opera
tion than in a conventional equilibrium reactor. The 
improvement above equilibrium is modest as yet but 
certainly can be improved. Ultimate performance 
cannot be estimated until a solution is obtained for a 
realistic mathematical model.

In  some cases, the fact that products are separated 
in the reaction step may prove to be a desirable feature 
quite apart from conversion considerations, since a 
separate separation step is unnecessary.

Any factors which would tend to cause peak spreading 
in ordinary chromatography will adversely affect the 
conversions in a chromatographic reactor. Some such 
factors are increase in packing size, increase in column 
diameter, and increase in carrier gas flow rate. These 
are potential trouble spots in scaling up a laboratory 
reactor to a large-scale process.

Nuclear Magnetic Resonance Studies of Boron Trifluoride Addition Compounds.

III. Rates and Mechanism for the Exchange of Boron Trifluoride 

between Ethyl Ether-Boron Trifluoride and Tetrahydrofuran-Boron Trifluoride 

and between Ethyl Ether-Boron Trifluoride and Ethyl Sulfide-Boron Trifluoride1

by A. C. Rutenberg and A. A. Palko

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37881 (Received August 39, 1964)

Kinetic data for the exchange of BF3 between (C2H5)20-BF3 and THF-BF3 and between 
(C2H6)20-BF3 and (C2H5)2S-BF3 were obtained from 19F  n.m.r. spectra of mixtures of 
(C2H6)20 , BF3, and TH F or (C2H 5)2S. Both pairs of addition compounds followed the rate 
law, R  =  h \ [I/'BFs][L-BF3] +  fe.[L'\BF3][L] +  fc3[L]/[L-BF3], in which R  is the rate of 
BF3 exchange between two BF3 addition compounds, molecule L ' forming the stronger 
BF3 addition compound. Rate constants and activation energies were calculated and com
pared to previously measured systems.

Boron trifluoride forms stable 1:1 molecular addi
tion compounds with many ethers and thioethers. 
In  systems containing BF3 and more than one ether 
or thioether, the BF3 exchange between the different 
species is usually very rapid. The strong 19F resonance 
and the large chemical shifts between the different BF3 
addition compounds permit study of these rapid ex
changes by the n.m.r. technique. The exchanges of

(C2H b)20-BF3 with (CH3)20 'B F3 and C6H 5 0 CH3-BF3 
were reported in earlier papers.2-3 I t  was of interest to

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
(2) A. C. Rutenberg, A. A. Palko, and J. S. Drury, J. Am. Chem. 
Soc., 85, 2702 (1963).
(3) A. C. Rutenberg, A. A. Palko, and J. S. Drury, J. Rhys. Chem., 
68, 976 (1964).
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study the exchange reactions of (C2H b)2O BF3 with 
both an addition compound significantly stronger than 
(C2H6)2O B F3 and with a compound weaker than 
C6H5OCH3-BF3. These requirements and the addi
tional restriction that the rates of exchange occur in 
a range suitable for n.m.r. measurements were met by 
the THF-BF3 and (C2H6)2S-BFs addition compounds.

Experimental
The ten mixtures of TH F-(C2H5)20  and BF3 and 

five mixtures of (C2H6)2S-(C2H5)20  and BF3 used in this 
study were prepared from purified chemicals using high 
vacuum techniques. The n.m.r. measurements of the 
19F  resonance were obtained using a Varian Associates 
high resolution spectrometer operating at 56.445 Me. 
The experimental techniques were described in a pre
vious paper.2 The mean lifetime (r) of an organic- 
boron trifluoride species was studied as a function of 
temperature and composition.

Results
The simple spectra obtained consisted a t low tem

peratures of a pair of peaks, which, as the temperature 
was raised, broadened, merged, and coalesced to a 
single peak which narrowed with further increase in 
temperature. The r-values were calculated4 from
n.m.r. measurements of line widths and peak separa
tions over as large a temperature range as the sample 
would permit. Only line width data from the portion 
of the temperature range for which the relaxation con
tribution to the line width was negligible were used. 
The values for the separation between the two peaks 
in the absence of exchange, used in the calculation of 
r  a t the higher temperatures, were obtained from 
extrapolation of low-temperature measurements. The 
rate of exchange (R ) of a BF3 addition compound of 
concentration [A] with another of concentration [B] 
can be obtained from the concentration of either addi
tion compound and its mean lifetime. R  =  [A]/ta 
or [ B ] /t b .

Compositions, mean lifetimes (r), rates of exchange
(R ), and activation energies ( A E r) of organic-boron 
trifluoride species are presented in Tables I and II. 
Table I  contains data on ten mixtures of THF, (C2- 
H6)20, and BF3, and Table II contains analogous data 
for five mixtures of (C2H5)2S, (C2HB)20 , and BF3. 
The mean lifetimes were plotted as a function of 
reciprocal temperature for the mixtures described in 
Tables I and II. The resulting least-squares straight 
lines are shown in Figures 1 and 2. AE ' represents an 
average activation energy for the various paths con
tributing to the exchange. AE ' =  2.30312 X (line 
slope, Figure 1 or 2).

Figure 1. Temperature dependence of t  for ten 
mixtures of THF, (C2H5)20 , and BF3. Compositions 
of mixtures are given in Table I.

Figure 2. Temperature dependence of t for five mixtures 
of (C2H6)2S, (C2H5)20, and BF3. Compositions of 
mixtures are given in Table II.

For convenience in referring to the different types of 
mixtures composed of (C2H6)20 , BF3, and a third ether 
or thioether, the mixture will bear the name of the

(4) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High- 
Resolution Nuclear Magnetic Resonance,” McGraw-Hill Book Co., 
Inc., New York, N. Y., 1959, Chapter 10.
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Table I: Characteristics of Ten C4Ha0-(C2H6)20 -B F 8 Mixtures at 25°

C4H80-BFj, (CjSOíiO-BFs, (CiHshO, r  X 105, B  X 10->, A E', 95% confidence
moles/1. moles/1. moles/I. sec. moles 1.-1 sec.-1 keaL mole”1 limit on AE'

1 0 .75 0 .7 5 8.15 3.48 10.7 1 2 .8 0 .8
2 1.91 1.01 6.71 7.88 8.36 12 .0 1 .2
3 1.39 1.78 6.25 13.8 5.62 11 .8 0 .9
4 1.51 3.06 4.50 30.7 3.30 12.1 0 .8
5 2.32 2.42 4.51 31.8 3.72 12 .3 0 .5
6 3.28 3.27 2.43 72.1 2.27 12.9 0 .5
7 3.95 3.95 0.81 246 0.802 14.0 0 .9
8 4.32 4.13 0.19 1590 0.133 19.2 1 .1
9 4.26 4.26 0 .0 0 “ 157 1.36 11.5 1 .0

10 4.22 4.21 0.00* 34.1 6.18 8 .6 0 .7

“ Sample contains trace of uncomplexed BF3. 6 Sample contains ~ 0 .2  M uncomplexed BFS.

Table H : Characteristics of Five (C2H5)2S-(C2H5)20-B F e Mixtures at 25°

(C^HshS-BFs, (C2H,)20-BF3, (C2H5)2S, T X io5, R  X 10-», A E ’, 95% confidence
moles/1. moles/1. moles/1. sec. moles 1.-1 sec. ”1 kcal. mole-1 limit on AE '

A 1.36 1.41 5.98 1 .34 51.7 12 .5 0 .6
B 2.31 1.18 5.15 2.38 33.5 12 .8 0 .2
C 1.85 2 .90 3.73 2.80 40.4 13.8 0 .6
D 3.18 3.18 1.53 7.01 22.7 14.2 0 .7
E 3 .74 3.74 0:13 13.8 13.55 16.7 0 .7

third component. The expression, anisole system, 
will, thus, refer to mixtures of anisole, (C2H6)20 , and 
BF3.

The study of the TH F system included kinetic 
measurements on two mixtures (9 and 10) which con
tained small quantities of BF3 in excess of the amount 
required to complex all the TH F and (C2H5)20 . The 
presence of uncomplexed BF3 produced an increase in 
rate accompanied by a decrease in activation energy. 
The free BF3 provided a low activation energy route 
for the exchange between the two complexes. The 
exchange between BF3 and TH F-B F3 in toluene solu
tion was studied by Brownstein,5 et al., who measured 
an activation energy of 4.6 kcal. mole-1. No detailed 
study of free BF3 dependence was attempted in the 
present work since the small free BF3 concentrations 
were not known accurately, and larger BF3 concentra
tions would result in high pressures in the glass sample 
tubes. All further discussion of the TH F system will 
be limited to mixtures 1-8 which contained no free 
BF3.

If the kinetic data for the TH F and (C2H6)2S systems 
are compared to similar data for the anisole system,3 
some qualitative differences are apparent. The rates 
of exchange in the present study continue to increase 
as the concentrations of the BF3 addition compounds

decrease, while in the anisole system the exchange rate 
goes through a maximum and then decreases as the 
addition compound concentrations are further re
duced.

The addition of a third term to an expression anal
ogous to that used for the anisole system rate law gave

T a b le  i n : Rate Constants“ for BFS Exchange between 
(C2H6)20-B F 8 and THF-BFE and between (C2Hb)20-B F 3 
and (C2H6)2S-BF8

ku
1. mole-1 sec.”1

kit
1. mole”1 see.”1

k?,
moles 1.-1 see.-1

25°
THF system  

< 7  236 ±  140 882 ±  104
0° < 0 .4 41 ±  33 117 ±  25

AE, kcal. mole-1 ~ 1 9 11.4 13.0

25°
(C2H6)2S system  

878 ±  13 2058 ±  70 7580 ±  1250
0° 60 ±  5 268 ±  29 1085 ±  530

AE, kcal. mole-1 17.4 13.2 12.6

° Confidence limits all at 95% level.

(5) S. Brownstein, A. M. Eastham, and G. A. Latremouille, J. Phys. 
Chem., 67, 1028 (1963).
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Table IV : Reactions of (C 2H 6)20 'B F s

Reaction

(C2H 6)20 -B F 3 +  (C2H 6)2S-BF3 —>  (C

(C 2H 6)20 -B F 3 +  C 6H 5OCH 3-BFs — >  (( 

(C 2H 6)20 -B F 3 +  (C H 3)20 -B F 3 — >  (C

(C 2H 6)20 -B F 3 +  THF-BF-, — > 
(C 2H 6)20 -B F 3 +  O6H 5OCH3 — >- 
(C 2H 6)20-B F 3 +  (C2H 5)2S — >
(C 2H 5)20-B F 3 +  T H F  — >

; Based on measurements of a single mixture.

k a t  2 5 ° , A  E,
1. m o le - 1  s e e . - 1 k c a l .  m o l e -1

a +  (C2H 5)2S-BF3 878 17.4

a +  OeHtOCHa-BFa 353 16.3

a F  (CH 3)20  -BFs ~ 2 0 0 “ ~ 1 6 .1“

'3 +  THF-BFa < 7 “ ~ 1 9 .2 “
+  CaHaOCHa-BFa 798 1 0 . 6

+  (C2H 5)2S-BF3 2058 13.2
+  t h f -b f 3 > 1 0 66

(C 2H B)20  
(C 2H 6)20  
(C 2H 6)20

6 E stim ated from measured rate  of reverse reaction and lower lim it for A e,

eq. 1, which is consistent w ith the data of Tables I  
and II.

R  =  M L '-B F bHL-BFs] +  fc2[L '-B F3][L] +

fc,[L]/[L-BF,] (1)

Molecule L ' forms a stronger B F3 addition compound 
th an  L.

The difference in rate law between the anisole system 
and the T H F  and (C2H B)2S systems merits some discus
sion. There was no a  -priori reason to expect the sys
tems to behave differently. We shall a ttem pt to  ex
plain the experimental data, assuming the same mech
anisms occur in all three systems. The first term  of 
eq. 1 represents the exchange of B F3 between two dif
ferent addition compounds, and the remainder of the 
equation, [L](/c2[L '-B F3] +  fc3/[L -B F 3]), is associated 
w ith the transfer of B F3 from the more stable I / -B F 3 
to a free L to  give Lr BF3. The fc3/[L -B F 3] term  is in
terpreted to result from competition w ith the B F3 
transfer from one L molecule to  another. If  an 
L '-B F 3 compound is near a free L molecule and a B F3 
is transferred to  th a t L molecule from a nearby L -B F 3, 
the L '-B Fs compound is prevented from transferring 
its B F3. In  the anisole, (C2H B)2S, and T H F  systems, 
L is anisole, (C2H B)2S, and (C2H 6)20 , respectively. If 
the B F3 transfer between the anisole addition com
pound and anisole is much slower than  the correspond
ing transfers involving (C2H B)2S or (C2H B)20 , which 
might be expected from steric considerations, the ani
sole system could have a /c3 term  in its ra te law too small 
to contribute measurably to the exchange rate. In  the 
19F  n.m.r. studies, only the exchange of B F3 between 
different environments is observable. The previous 
hypothesis could in principle be tested by proton n.m.r. 
spectroscopy, bu t the more complex spectra combined 
w ith smaller chemical shifts would limit the usefulness 
of this approach.

Table I I I  gives rate constants and activation

energies calculated using eq. 1. The three ra te  con
stants for the (C2H 6)2S system were calculated from 
the rates of exchange and concentrations of the five 
mixtures using the least-squares method. In  the T H F  
system fci was small, and an upper lim it for h i  was 
estim ated from the data  on mixture 8, which contained 
little free (C2H B)20 . The k 2 and k 3 values were calcu
lated from a least-squares treatm ent of the data  on 
mixtures 1-6, neglecting the fci contribution.

The reactions of (C2H b)20-B F3, for which ra te  con
stants were measured, are summarized in Table IV. 
The data  are based on the previously discussed rate 
laws. Although the rate laws presented fit the data  
better than  other simple expressions tested, their 
validity has not been otherwise proven. The data 
of Table IV  indicate the more stable the B F3 addition 
compound reacting with C2H bO-BF3, the slower 
the B F3 exchange. The activation energies for the 
exchange of B F3 between pairs of addition compounds 
(Table IV, reactions 1-4) were larger than  the heats of 
dissociation of the addition compounds involved. The 
reported heats of dissociation of the B F3 addition com
pounds of T H F ,6 (CH3)20 ,7 (C2H b)20 ,7 C6H 6()CH 3,8 
and (C2H B)2S9 are 16.80, 13.65, 11.93, 12.3, and ~ 9 .6  
kcal. mole-1, respectively. Comparing the reactions 
of C6H bOCH8 and (C2H 5)2S with (C2H b)2O B F 3, the 
anisole reaction has an activation energy less than  the 
heat of dissociation of (C2H 6)20-B F3 while the opposite 
is true of the (C2H 6)2S reaction. The anisole reaction 
could, therefore, proceed only by  a displacement mech
anism while the reaction of (C2H B)2S with (C2H B)20- 
B F3 could involve a dissociation step.

(6) D. E. McLaughlin, M. Tamres, and S. Searles, Jr., J. Am. Chem. 
Soc., 82, 5621 (1960).
(7) D. E. McLaughlin and M. Tamres, ibid., 82, 5618 (1960).
(8) A. A. Palko, R. M. Healy, and L. Landau, J . Chem. Phys., 28, 
214 (1958).
(9) A. A. Palko and J. S. Drury, ibid., 40, 278 (1964).
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Table Y gives 19F  chemical shifts relative to (C2- 
H b)20-B F3 =  0 for the addition compounds studied. 
The numbers are average values measured a t  —30 
to — 50°. Although the chemical shifts vary  w ith com
position and tem perature, even if the extreme values 
were used, the order of the compounds would not be 
changed. W ith the exception of TH F-BF3 in which 
the cyclic nature of the compound reduces the shielding, 
the order follows the strength of the addition com
pounds.

The n.m.r. kinetic studies of mixtures of (C2H 5)20 , 
BF3, and three ethers and (C2H 6)2S in which the organic- 
boron trifluoride ratios are greater than  1 are in accord 
with a tw o-path B F3 exchange mechanism. The direct 
exchange between two addition compounds is a

Table V : 1SF  Chemical Shifts“ of B F3 
Addition Compounds

Compound
Chemical shift, 

p . p . m .

(CH 3)20-B F 3 + 5 .3
t h f -b f 3 + 2 .7
(C2H 6)20-B F 3 0 . 0

C6H 6OCH3-BFs - 1 . 3
(C2H 6)2S-BF3 - 1 9 .5

“ +  shifts are upheld (greater shielding).

slower process of higher activation energy than  the 
path  involving B F3 transfer to  a free ether.

Ion Exchange on the Mineral Clinoptilolite

by Darryl G. Howery1 and Henry C. Thomas

Department of Chemistry.,\ University of North Carolina, Chapel Hill, North Carolina (.Received August SI, 1964)

Cation-exchange equilibria on the zeolitic mineral clinoptilolite have been investigated for 
the pairs of ions Na+-Cs+, N a+-N H 4+, and N H 4+-C s+  a t 30 and 70° using column tech
niques with radioactive tracers. The standard values of AF  and A H  are shown to obey 
the triangle rule with discrepancies of only about 0.1 kcal./mole. The system is discussed 
in term s of the excess thermodynamic functions.

The cation-exchange properties of the zeolitic mineral 
clinoptilolite have been the subject of several recent in
vestigations.2-3 The individuality of the mineral has 
been established by M um pton.4 5 I t  is considered to be 
an  altered pyroclastic. Further alteration results in 
its conversion to the  clay mineral hectorite. Clinop
tilolite is being used quite extensively as a selective 
sorbent for certain radionuclides6; its behavior as an 
ion exchanger is of considerable interest for both practi
cal and theoretical reasons. We here give an account 
of the equilibria reached by this material with solutions 
of the chlorides of sodium, ammonium, and cesium, in 
pairs. The measurements have been made a t two

temperatures, so th a t a fairly complete thermodynamic 
treatm ent can be given.

(1) This paper is based on the dissertation submitted by D. G. 
Howery to the faculty of the University of North Carolina in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy. 
The work was supported by the U. S. Atomic Energy Commission 
under Contract No. AT-(40-l)-2130.
(2) L. L. Ames, Jr., Am. Mineralogist, 45, 689 (1960); 46, 1120 
(1961); 47, 1067, 1310, 1317 (1962).
(3) G. R. Frysinger, Nature, 194, 351 (1962).
(4) F. A. Mumpton, Am. Mineralogist, 45, 351 (1960).
(5) D. K. Jamison, et al., Ed., “ The Use of Inorganic Exchange 
Materials for Radioactive Waste Treatment,” U. S. Atomic Energy
Commission, TID-7644 (1963).
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The complexities of ion exchange between solutions 
and silicate minerals of open structure6 are so varied 
th a t little is to be gained by attem pting more than  a 
formal thermodynamic treatm ent of the data, such as 
th a t given by Gaines and Thomas.7 This treatm ent 
implies th a t the free energy function of the solid ex
changer will be simplest if compositions are given as 
equivalent fractions when ions of different charge types 
are involved. Thus the chemical potential associated 
with the ion A in a zeolite combination with ion B, 
(A,B)Z, is w ritten

Mas =  maos( T )  +  R T  In A a/ a (D

where A a is the equivalent fraction of A in (A,B). For 
the solution we write as usual

Ma 1 =  m a o1 +  R T  In W a 7 a  (2)

quotient multiplied by the activity coefficient ratio for 
the solution phase as the r a tio n a l  e q u i l ib r iu m  q u o tie n t,  
K c.

M ost of the interesting detail of the behavior of the 
exchanger is reflected in the activity coefficients; we 
m ay use them  to calculate the various excess therm o
dynamic functions. For this purpose, when ions of dif
ferent charges are to be considered, we m ust broaden 
somewhat the usual definition on the basis of which the 
excess quantities are calculated. We define an  ideal 
mixed solid as one in which the free energy with respect 
to appropriate amounts of pure monoion solids, u a  and 
n B moles, is given in term s of the equivalent fractions
N a , A b

A F1*5
=  n A In N a  +  n B In A B (8)

The condition for equilibrium in the exchange reaction, 
w ritten here for singly charged ions

A+ +  BZ ^  B+ +  AZ (3)

gives the usual equilibrium constant expression

rr a  _  ( ^ b t b )  ( A a / a )  _  „  a / a

B “  (mA7A)(AB/ B) °B / B
(4)

The evaluation of the thermodynamic equilibrium con
stan t and of the solid phase activity coefficients results 
from an appropriate integration of the Gibbs-Duhem 
equation for the solid phase. In  general this requires a 
knowledge of solvent uptake and solvent activity as well 
as of the co-ion concentration in the exchanger phase. 
The activity  coefficients/a, / b are made definite by some 
convenient, arbitrary, selection of standard states for 
the solid, which also fixes the meaning of K b A and of the 
standard free energy. We take the standard states as 
the pure monoion solids and the usual solute standard 
states for the solution. Since it has been shown th a t 
clinoptilolite sorbs no anion and since we confine our 
atten tion  to solutions sufficiently dilute so th a t the 
w ater activity changes inappreciably with composition, 
the Gibbs-Duhem  equation together with eq. 4 gives 
the following rules for computing the activity coeffi
cients and the value of A b a

In / a =  - A b In A cBa +  P '  In A oBa dA B (5)
Jo

In / B =  N a  In A oBa -  f  In A cBa dA B (6) 
J N b

In A ba =  f In A cBa dA B (7)
J o

For brevity, we refer to  the stoichiometric equilibrium

I t  is to be noted th a t while the excess free energy of 
such a solid is certainly zero

AF mx  =  AF m -  AFmid

the solid phase activity coefficients are not equal to 
unity unless the exchanging ions have like charge. 
Thus for A+ competing w ith B+2, we have

N a  =  n A/ ( n A  +  2nB); A B =  2nB/(n A +  2n s )

and

In /A =  A B/2; ln / B =  — A a

but

AFX =  R T ( n a  In / a +  n B l n / B)

is identically zero for our ideal solid.
The tem perature coefficients of the activity coefficients 

a t fixed solid composition lead directly to the heat of 
mixing

i n * - A * ( * £ £ ) _  +

and hence to the excess entropy of the solid

T A S m X  =  AH m -  AF mx  (10)

If  complete exchange studies on three ions, A+, B+, 
C+, in pairs are made, the self-consistency of the work 
can be assessed by the “triangle rule” applied to the 
standard free energies and enthalpies of the exchange

(6) An excellent account of these, with many references to the origi
nal literature, is given in F. Helfferich, “ Ion Exchange,” McGraw-Hill 
Book Co., Inc., New York, N. Y., 1962, pp. 185-193.
(7) G. L. Gaines and H. C. Thomas, J. Chem. Phys., 21, 714 (1953).
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reactions. In  terms of the equilibrium constants we 
m ust have

X ba X K cb =  K ca  (11)

Experimental
The equilibrium column method was used to  deter

mine the ionic uptake of the mineral. In  this procedure 
the exchanger is brought to equilibrium by extended 
treatm ent with a solution of given composition carrying 
an isotopic tracer for one (or possibily more) of the ions 
present. The uptake of the mineral for the traced ion 
is determined by exhaustive elution with any conven
ient “dead” solution. The method depends on a knowl
edge of the free volume of the column, which is simply 
determined from its increase in weight on filling. This 
procedure amounts to a definition of the free volume 
and is satisfactory for reasonably high uptake by the 
mineral. Great care is necessary in the near trace re
gions of composition, when the measured uptake must 
be given by the difference of two nearly equal numbers.

The sample of mineral used in these studies was 
kindly given to  us by the Geochemical and Geophysical 
Research Unit, Hanford Laboratories Operation (Rich
land, W ash.). Because of variability in the composition 
of the mineral, we have carried out all of our experiments 
on this single sample. We are indebted to Dr. Peter A. 
Howell of the Tonawanda Laboratories of the Linde 
Company for optical and X -ray examination of this 
material. He has concluded th a t the m ajor crystalline 
component is clinoptilolite with about 1 0 %  montmoril- 
lonite and quartz. A considerable quantity  was crushed 
and sieved, the 30-140 mesh m aterial being retained. 
This sample was exhaustively eluted, over an extended 
period of time, with 1  N  NaCl until no trace of calcium 
or magnesium could be detected in the washings. This 
“sodium-based” zeolite was then freed of fines by 
swirling and decanting with water. After air-drying, 
the 30-80 mesh fraction was stored in a tightly stop
pered bottle. Samples of this m aterial were decomposed 
with H F -H 2SO4 and, after evaporation, taken up in 
dilute H’Cl. The solution from 0.1 g. of zeolite was 
shown to contain less calcium th an  corresponds to 
0.01% in the sample. We have used this very time- 
consuming method for freeing the mineral of calcite 
because acid treatm ent has been shown to attack  the 
aluminosilicate network and we wished to examine the 
mineral in as nearly its natural form as possible. 
Our results therefore cannot be expected to  agree ex
actly with data  obtained by others, e.g., Ames, 2 who 
have used acid-treated material.

Tem perature control in the ion-exchange columns 
was maintained by pumping water from a therm ostat 
through preheater j ackets on the input lines just above

the columns and through jackets around the columns 
themselves. Previous experience with the equipment 
has shown th a t tem peratures in the ion-exchanger bed 
are accurate to ±0 .1° a : 30° and to ± 0 .5° a t 70°.

Due to the long periods necessary to reach equilib
rium, several experimental factors were varied accord
ing to the relative concentrations of the input solu
tions. The various experimental conditions are sum
marized in Table I. I t  seems most probable th a t in 
some of the earlier work3 equilibrium was in m any cases 
not reached.

Table I : Experimental Conditions

ca cb or
CA — CB CB iS> CA

Weight of zeolite 0 .5  g. 0 .05  g.
Saturation time 1 day 7 days
Saturation volume 0 .7 1 . 3 .8  1.
Flow rate 0 .6  ml./min.
Elution time 1.5  days
Elution volume 0 .51 .
Eluent 0 .3  A  NaCl
Column dimensions 8 X 0.85 em.

M easurements of radioactivity were made on a single
channel y-ray scintillation spectrometer using the 
usual N aI(T l) crystal. Samples for counting were 4- 
ml. portions of the solutions carefully pipetted into uni
form plastic tubes. Each determination was based on 
three independent samples for each of which 50,000-
90,000 counts were taken. To check for complete 
elution, m aterial from the columns was dried and 
counted directly. No significant “fixation” was de
tected with any of the ions here reported.

Carrier-free Cs134 and N a 22 were used as tracers. All 
solutions of the salts were prepared by weight from an
alytical grade reagents, using the m anufacturer’s assay. 
Our cesium chloride was the “optical grade” stated by 
A. D. M ackay, Inc., to be 9 9 .9 + %  pure.

The pH  of all solutions used was in the range of 5.2 ±
0.2 .

Results

The cation-exchange capacities (c.e.c.), based on 
four determinations for each ion, are, for N a +, 2.046 ±  
0.017mequiv./g., and, forCs+, 2.039 ±  0.011 m equiv./g. 
The c.e.c. for N H 4+ is mferred to be the same from an 
experiment in which a sodium zeolite lost 1.97 m equiv./ 
g. when treated with 0.02 N  N H 4C1. Elution chromato
grams demonstrated th a t the selectivity sequence is 
Cs >  N H 4 »  Na.
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When a sodium-based column is treated with solutions 
containing Na+*-Cs+ or N a+*-N H 4+, the activity of 
the effluent first approaches then exceeds the activity of 
the influent. After a period depending on the relative 
input concentration, the activity of the effluent finally 
levels off a t the influent value. These chromatographic 
“humps” indicated the need for the very long satura
tion times mentioned earlier.

The uptake of the N H 4+ ion in mixtures has been ob
tained only by difference. Determinations in the N a +-  
Cs+ system reveal that, although the c.e.c. values for 
N a+ and Cs+ separately are identical within experi
m ental error, the to tal uptake in the mixed systems is 
always less. This is demonstrated in Table II , where 
independently measured uptakes for the two ions are 
given together with their sums, which we would expect 
to be the same as the single-ion c.e.c.

Table II : Total Uptake in the Na-Cs System at 30° and 
co = 0.02 N

c(Cs)/co 3Na 3Cs 30

0.00 2.05 2.05
.05 0.57 1.32 1.89
.10 .45 1.46 1.91
.50 .14 1.74 1.88
.75 .099 1.88 1.98
.90, .07 1.99 2.06
.95 .04 2.02 2.06

1.00 2.04 2.04

T hat this effect is not due to some hysteresis appears 
to be proven by an experiment in which a column pre
viously used in a determination a t c(Cs)/c0 =  0.5 was 
switched to  a solution a t c/c0 — 0.1. The cesium uptake 
a t  c/co =  0.1 was found to be 1.455 m equiv./g. A fresh 
(sodium-based) column equilibrated directly a t c /ca =  
0.1 gave the nearly identical uptake, 1.457 mequiv./g. 
Furtherm ore, when a tagged sodium column was eluted 
with an untagged C s-N a solution a t c/c0 =  0.1, no resid
ual activity was left on the column, implying th a t all 
the sites are equally available to both cesium and so
dium. I t  appears to be highly improbable th a t the varia
tion of the to tal uptake with solution composition could 
be due to a large and variable sorption of negative ion. 
Direct experiment with solutions containing radioactive 
bromide shows th a t the zeolite either selectively sorbs 
water from these solutions or th a t the anion is repelled 
from the surfaces of the mineral. In  addition we have 
found identical sodium capacities for both chloride and 
bromide solutions on two different samples of clinoptilo- 
lite. We are a t  a loss to explain the apparently variable

capacity with the mixed solutions. I t  can, however, 
be demonstrated by direct calculation th a t the uncer
tain ty  in the c.e.c. of the clinoptilolite produces a gen
erally negligible effect in the computed values of the 
thermodynamic functions descriptive of the system.

We express concentrations and uptakes in term s of 
the selectively sorbed component; e.g., if the sorption 
of A is favored, with uptake gA

N a =  QA/(qA +  Qb ) =  q /q 0 =  1 — N b (1 2 )

The solutions used were a t a to ta l concentration of 0.02 
N  throughout, so th a t we identify the molality and 
molarity of the ions. For reaction 3 in which it is sup
posed th a t AZ is favored

N oBA =  ? (C° ~  C\ (13)
c(io — q)

In  the sodium-cesium system, for which the to ta l up
take data  are available, an attem pt has been made to 
make the computations somewhat more self-consistent 
by using the appropriate to tal uptake value. For the 
sodium-ammonium and ammonium-cesium cases the 
single-ion c.e.c. has been used. In  the sodium-cesium 
case, standard free energies calculated for q0 =  1.90 and 
for g0 =  2.04 m equiv./g. differ by only 125 cal. (in 2400 
cal.).

From large scale plots, values of In K c were read 
from which all the computations of the thermodynamic 
quantities have been made. The standard values of 
these are given in Table II I .  Application of the tri
angle rule to these results demonstrates the self-con
sistency of the data. As is seen in Table I I I ,  the dis
agreement between the observed and calculated values 
of AF °  is no more than  might be expected from experi
m ental uncertainty. T hat the agreement for the enthal
pies is equally good m ust be somewhat fortuitous; the 
tem perature derivative of a free energy is a notoriously 
unreliable quantity.

Table III : Standard Values of the Thermodynamic Functions 
at 30° (cal./mole)

Cs-Na NHi-Na Cs-NH4

A F ° -2 4 2 0 -1 2 9 0 -1 0 2 0
A H ° -2 7 0 0 -8 8 0 -1 6 8 0
T A S ° -2 8 0 +410 -6 6 0

AF°(NH4--Na) + AF°(Cs-NH4) =  -2 3 1 0 , A = 110 cal./mole
A£T0(NH4--Na) + A4T(Cs-N H 4) =  -2 5 6 0 , A = 140 cal./mole

Deviations from ideality in the exchanger phase ap
pear a t once in the nonconstant values of K c and are 
reflected in the activity coefficients. These for an  ideal
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T a b le  I V : Excess Thermodynamic Quantities at 30°

--------------------- Ca+-Na+-------------------- , ,-------------------- NH4+-Na +--------------- — . ,--------------------- C s+-NH4+-
Ncs,NH4 1 > Ì - A  Hm* A Smx

<1 - A  Hm* A Smx -AiW * - A  Hmx A Smx

0 .00 0 0 0 .0 0 0 0 0 0 0 .0
.02 13 18 .0 16 18 0 18 37 - 0 . 1
.05 29 23 .0 37 23 0 44 68 - 0 . 1
.10 54 27 .1 66 46 0 .1 83 114 - 0 . 1
.30 130 18 .4 137 278 - 0 . 5 209 242 - 0 . 1
.50 182 - 5 .6 164 383 - 0 . 7 274 160 .4
.70 181 - 1 8 7 1 .2 156 41 .4 240 - 3 3 3 1 .9
.90 102 41 0 .2 83 - 1 4 2 .7 92 - 1 4 2 0 .8
.95 63 55 .0 58 - 9 6 .5 46 - 6 8 .4
.98 33 - 9 .1 21 - 4 6 .2 19 - 2 7 .2

1.00 0 0 0 0 0 0 0 0 0

solid and equi-charge exchanges should have the  con
stan t value unity. A numerical summary of the non
ideal behavior of clinoptilolite is given in Table IV  in 
terms of the excess quantities for the imaginary molec
ular mixing a t 30° of appropriate amounts of the mono
ion solids.

Discussion
Qualitatively, all three systems here examined exhibit 

similar behavior: the values of the K c’s  steadily de
crease from the high value characteristic of the trace 
region for the selectively sorbed component to a lower 
value a t the other extreme of composition. All the 
evidence a t low proportion of either component points 
to  definite limiting values of K c, i.e ., to  Henry’s 
law behavior. This is most clearly seen a t the low ce
sium end of the cesium-sodium isotherm, where the data  
are most abundant. The situation a t the cesium-rich 
end of the isotherm is less satisfactory. For purely exper
imental reasons it is most difficult to obtain reproducible 
data  in  this region'. I t  is also possible th a t an  unob
served competition between cesium and hydrogen ion 
m ay here affect the results to some extent.

The main features, b u t certainly not the details, of 
these results can be accounted for by either of two over
simplifications. We m ight suppose th a t the sites are all 
alike and th a t the difference of the binding energies of a 
pair of ions for a site is influenced only by the population 
of neighboring sites. For simplicity, we suppose th a t 
the entropy of an aggregate of loaded sites is given by 
the ideal mixing law. We thus assume th a t the sites 
are equally accessible to all ions and attem pt to repre
sent the solid as an analog of a regular solution. On 
this basis we have first approximation activity coeffi
cients, for ions of like charge, of the forms

In / a =  ~ J V b2; In / b =  JVA 2 (14)

These lead to  a linear variation of In K0ba with solid 
composition and to the well-known expression for the 
excess free energy of mixing

A Fmx =  w N a N b (15)

There result the parabolic plots for AFmx and AH m vs. 
N b , and if w  is independent of the tem perature, to a 
zero excess entropy. Inspection of Table IV  shows th a t 
our systems indeed exhibit m any of these characteris
tics. Since our values of AH m are very sensitive to  ex
perimental error, we m ight w ith some justice disregard 
the irregularities th a t appear in these quantities or as
cribe them  perhaps more reasonably to an  insufficiently 
elaborate form for the activity coefficients, this latter 
being called for by the complex nature of In K e. Such 
qualitative agreement is an insufficient basis on which 
to  draw conclusions as to the nature of the exchanger, 
as can be demonstrated by showing similar agreement 
with an entirely different model.

Let us make an alternative extreme supposition and 
assume th a t the sites are so widely separated th a t inter
actions between them  m ay be entirely neglected bu t 
th a t the binding energies vary  from site to site. To get 
the simplest results, we suppose th a t the sites are dis
tributed uniformly over a definite to tal energy range 
and th a t in any small range of energy there are the same 
number of sites and th a t in this group the entropy of 
mixing is approximately ideal. As is shown in the 
Appendix, this supposition produces in first approxi
mation the following expression for the rational equilib
rium quotient as a function of exchanger composition, 
y . (Here y  is a mole fraction; the formula does not 
hold for unequal charge types.)

y -  Kx~y
i  -  y  i r »  -  i r "

(16)

The quantities K2 and Kx are determined by the limit-
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ing values of K 0 a t  y  =  0 and y  =  1. The supposition, 
as to  the nature of the  sites and their distribution in 
energy in effect predicts the whole course of K 0 in 
terms of the extreme sorption energies. The predic
tion is very rough when applied to clinoptilolite. As 
can be most easily seen by a numerical example for a 
special case, expression 16 for K c gives a plot of In K a 
vs. y  scarcely distinguishable from the straight line 
between the intercepts a t y  =  0 and y  =  1. Thus two 
extreme suppositions as to the nature of the exchanger 
predict nearly identical results for those thermodynamic 
functions immediately derivable from equilibrium 
data obtained a t a single temperature. We can suggest 
no model which gives a convincing picture of the true 
nature of the exchange process in the zeolite mineral. 
Since we are in any case dealing with a somewhat hetero
geneous material, better than  rough agreement with 
any one model is not to be expected. I t  would be of 
interest to examine similarly highly purified natural or 
synthetic zeolites from the points of view here indicated.

Appendix
I t  is possible to give a nearly complete account of the 

experimental results to be expected when exchange 
sorption of a pair of ions of like charge takes place 
on a surface of varying site energy if we suppose th a t 
the distribution of energy is linear between a lowest and 
a highest value and th a t there are no interactions be
tween sites. T hat is, we suppose th a t between definite 
limits for any given range of energy there are to  be 
found the same number of sites regardless of the value 
of the energy. A t first sight, such a distribution seems 
highly artificial, b u t if one admits an upper and a lower 
bound for the energy, any continuous distribution could 
be imagined as pieced together out of linear segments. 
Thus an exchanger with a complex distribution of en
ergies of sorption could be considered to be a heterogene
ous material, each part of which is in equilibrium with 
every other p art through the medium of the common 
solution with each part obeying a linear distribution 
law.

The above ideas can be pu t into the following mathe
matical form : for a group of noninteracting sites all of 
the same energy, we have

In K e =  In - — -  =  -  f T-2- - - L i d T  (Al) 
1 -  y  x  J  R T 2 V '

where we write y  for the fraction of species 1  on the sur
face and x  for its fraction in solution. Here

L i  =  H i -  H i°  (A2)

is the  partia l enthalpy of species 1  on the surface with 
respect to  its  standard enthalpy in solution. Thus

L 2 — L i  is the enthalpy of exchange a t compositions x , y .
We have already supposed th a t these enthalpies are 

independent of composition; let us in addition suppose 
th a t they are independent of tem perature. We can 
then write

, y  1 — x  A L
I n -----------------=  —

1 -  y  x  R T
(A3)

Now according to the above simplification of the 
nature of the surface, we suppose th a t we have for a 
surface of N 0 sites

. t A  / - m a x  A T m i n  . T  . ,AL =  ---------—--------- N  +  A L min
N 0

or, more simply, for 0  <  £ =  N / N 0 <  1

AL
R T

=  A a  +  B (A4)

where the meanings of A  and B  are apparent. We note 
th a t for a group of sites of highest and lowest energies

K 2 =  exp 

K i  =  exp

A Ln

R T

ALmin

R T

I t  is to be pointed out th a t K \, K 2 are not values of K a 
for the entire surface.

Now if there are dnx ions on the group of sites dlV 
with energy AÇ +  B ,  we have

We find y  for the entire surface from this expression 
after integrating over £ from 0  to  1 , remembering th a t 
all groups of sites are in equilibrium with the same 
solution in which the fraction of ion 1  is a;

- J "
d£

1 +
1  — x -AÇ—B

Because of our simple assumption as to  the nature of 
the distribution of sites, we have here an expression 
which is easily evaluated. The result is the equation 
for the sorption isotherm of our surface

y = i —
R T

ALmax A Lrc

1 +
1  —  X „ — AL ./RTQ  min'

In -
1 +  1------
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1 +

y = i -
, K *  
l n ^

In

1 +

— x  1  

~  K x  

1 — x  1

x  K-i

( A 6 )

We m ay deduce a t once some of the properties of K 0 
for this surface. Thus

lim -  =  lim K 0 =  K * K l
x,y —> 0 X

In
K ,

K ,

(A7)

and

K & ,  I n f 2
v  1 ~  *  v  ^  X ihm  --------  =  h m i f i =  — ------ —

t,y  —> 1 X y  x  —>■ 1 Xi- 2 ix-l
(A8 )

I t  is thus seen th a t the intercepts of a In K a vs. y  plot 
are indeed related to the limiting energies of sorption, 
bu t in no very simple fashion.

Because of the assumed variation of the exchange en
ergy, it is seen a t once th a t the average exchange energy 
is

fJ o
AL d |  =  1/ i  (A L mBX +  Aim in) (A9)

which corresponds to  an average free energy of exchange 
given by

In K 0 d y  =  In s /K ^ K x
f

This is also the standard free energy for the surface. 
I t  is of some interest to  verify th a t we indeed get this 
value by the usual thermodynamic computation from 
In K o as deduced from the isotherm.

Starting by solving the expression for the isotherm 
for (1 — x ) /x ,  we find for K c expressed as a function of
y

In i f  o =  In —
1 ~  V

K j - - y

K r y

K yl ~ y

k 2~ v
(A10)

A direct integration of this expression has not been 
accomplished, bu t we can obtain the required result, as 
well as some illumination about the shape of the In K a 
vs. y  curve, by putting the expression in the form

In K o =  In
1  -  y

+  In V I *  +

V2M if XI2

( K * Y ~ U - 1

( A l l )

Examination of this expression shows th a t if y  -*■ 1 — y , 
the first and third term s simply change sign. Thus, 
the integral of these terms w ith respect to  y  over the 
whole range gives zero, and we verify th a t

f
In K 0 d y  =  1/2 In M 2 (A12)
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Vacuum Ultraviolet Photochemistry. VIII. Propylene

by D. A. Becker, H. Okabe, and J. R. McNesby

National Bureau of Standards, Washington, D. C. 20234 {Received September 5, 1964)

o  o
The direct photolysis of propylene was carried out below (at 1470 A.) and above (at 1236 A.) 
the ionization potential. M ajor products were acetylene, ethylene, hydrogen, m ethane, eth
ane, propane, propyne, aliéné, isobutane, and C.t-unsaturated hydrocarbons. No apprecia
ble energy dependence was observed in the distribution of products. Isotopic analysis of 
photolytic products, hydrogen, methane, ethane, and ethylene, from the mixture of C3H r- 
C3D 6 and from CH 3CHCD 2, was made to  obtain information on the reaction mechanism. 
The isotopic composition of the ethylene product, which must a t least partially be produced 
a t 1236 A. from the ion-molecule reaction, C3H 6+ +  C3H6 -► C4H 8+ +  C2H 4, was not 
sufficiently well defined to confirm the occurrence of this reaction. The following prim ary 
processes reasonably explain the isotopic distribution of products: C3H 6 -*■ C H 3 +  H  +  
C2H 2; C3H 6 C il, +  C2H 2; C3H 6 ^  H 2 +  C8H 4; C3H 6 H +  C3H 6; C3H 6 CH 2 +  
C2H 4; and C3H 6 ->  CH 3 +  C2H S.

Introduction
Since the ionization potential of propylene is 9.7

e.v . , 1’2 it is possible to study its photochemistry above 
and below the ionization potential w ith xenon (mainly 
1470 A., 8.4 e.v.) and krypton (mainly 1236 A., 10.0 
e.v.) resonance lamps. Thus, i t  is of interest to 
examine the product distribution w ith these light 
sources. Isotopic analysis of products m ight reveal 
th a t certain of them  are formed from ion-molecule 
reactions. Since photons of an energy of 10.0 e.v. pro
duce only the parent ion , 3 the interpretation of the re
sults should be simplified. In  this work, attem pts were 
made to  clarify the energy dependencies of the reaction 
mechanisms.

Experimental
The light sources were gettered xenon and krypton 

resonance lamps of high chromatic purity . 4 5 A lithium 
fluoride window was sealed to  the Pyrex body of the 
reaction vessel with Apiezon W wax. The lamps were 
external to the reaction vessel and a 1 -mm. space be
tween the lamp window and reaction vessel window 
was flushed with nitrogen to  prevent atmospheric ab
sorption. In  order to  distribute the reaction products 
throughout the reaction vessel so as to  prevent their 
own photolysis, a circulating pump, similar to  th a t de
scribed by W atson ,6 was employed. Figure 1 is a 
schematic representation of the apparatus.

The volume of the sampling chamber, A, is only about 
1% of the volume containing the reacting gas. In  
order to sample the reaction mixture during photolysis, 
valve B is opened, allowing the mixture to  expand into 
the evacuated sampling chamber, A. After closing 
valve B, the sample is taken by inserting a 1-cc. gas- 
tight hypodermic syringe, which had been flushed w ith 
helium, into A through a self-sealing rubber septum, C. 
This technique allows analysis to be made as a func
tion of time or per cent decomposition. Gas chromato
graphic calibrations (squalane) were done on all m ajor 
products and it was found th a t peak areas (peak height 
X peak width a t thè half-height) were proportional to 
the amounts of products. Flame ionization detection 
was used throughout the work.

M ateria ls. Phillips research grade propylene and 
M erck C3D6 and CH 3C H = C D 2 were purified by gas 
chromatography on a silica gel column. After this 
treatm ent, the only detectable im purity in the pro
pylene was 0 .0 2 %  n-butane.

By mass spectrometry, i t  was found th a t 3.3% pro- 
pylene-fis was present as an im purity in propylene-d«.

(1) K. Watanabe, J. Chem. Phys., 26, 542 (1957).
(2) J. A. it. Samson, F. F. Marmo, and K. Watanabe, ibid., 36, 783 
(1962).
(3) B. Steiner, C. F. Giese, and M. G. Inghram, ibid., 34, 189 (1961).
(4) H. Okabe, J. Opt. Soc. Am.., 54, 478 (1964).
(5) J. S. Watson, Can. J. Technol., 34, 373 (1956).
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Figure 1. Schematic representation of the photolysis apparatus.

I t  is more difficult to  detect a propylene-d4 impurity. 
The number of CD2H  groups in the nominal propylene- 
d6 was determined by near-ultraviolet photolysis of 
D 2S in its presence. The D atom s sometimes add 
nonterminally to  propylene and the excited «-propyl 
(but not isopropyl) decomposes to  give CD2H  and 
CD 3 approximately in the ratio of CD2H  groups :C D 3 

groups.6 The abstraction of D from D 2S by m ethyl is

D +  c d 2h c d = c d 2 — > c d 2h c d 2c d 2* —^

CD2H  +  C2D 4 (1)

D +  c d 3c d = c d , —^  c d 3c d 2c d 2*

CDs -f- C2D 4 (2 )

a fast reaction and the relative abundance of CD2H  
and CD 3 radicals and, therefore, of CD2H  and CD 3 

groups is given by the reaction product ratio CD 3H / 
CD4. I t  was found th a t 5.5% of the m ethyl groups are 
CD2H  and 94.5% are CD3. Mass spectrometer analy
sis reveals 3.3% propylene-d5 in the propylene-d6. I t  
was not possible to  assess the integrity of C I I s C I I^  
C B 2.

Results
Some preliminary photolyses a t 1470 and 1236 A. 

were done in a static, noncirculating system. In  these 
experiments the to ta l number of moles of hydrogen and 
methane produced were determined absolutely by 
means of a Toepler pum p-gas buret assembly and the 
relative am ounts of these by mass spectrometry. The 
relationship between the am ounts of methane and other 
hydrocarbons formed was determined by gas chroma
tography. I t  was found th a t a t 1470 A., H 2/C H 4 =
2.2 and, a t 1236 A., H 2/C H 4 =  3.8. Further, the 
H 2/C 2H 2 ratios were 0 .2 0  and 0.42 a t 1470 and 1236 
A., respectively. While the product analyses for these 
experiments were only in fair agreement with those 
obtained in the more reliable circulating system, they

provided a material balance measurement which is an 
indication of the reliabOty of the analytical method. 
Hydrogen and m ethane were not determined in experi
m ents done with the circulating pump. The m aterial 
balance in the static system experiments is indicated 
by the cumulative formula of the reaction products of 
CaH5.7 and C3H 6.i a t 1471 and 1236 A., respectively.

There is the possibility th a t, even a t conversions of 
less than  1 % , the photolysis of prim ary reaction prod
ucts can contribute in an im portant way to the ob
served chemistry. Such a situation can arise if re
action products accumulate near the window of the 
reaction vessel and if they have very much higher ab
sorption coefficients than  the parent molecule. Table 
I  shows th a t the absorption coefficients of two of the 
most im portant products are smaller than  those of the 
parent and therefore it is unlikely th a t secondary pho
tolysis is im portant. In  the static system, measurable 
amounts of higher hydrocarbons were formed while 
none were produced in the circulating system.

Table I: Absorption Coefficients of Propylene and Some 
Important Reaction Products

1470 Â. 1236 Â.

Propylene1 530 1000
Ethylene' 400 ~ 6 0 0
Acetylene^ ~ 5 3 0 ~ 2 0 0

Definition of e: I / I o  ~  ®Xp( eP  atm^om)» 6 See ref.
text. c M. Zelikoff and K. Watanabe, J .  O p t. S oc. A m .,  4 3 , 

756 (1953). d T. Nakayama and K. Watanabe, J .  C hem . P h y s .,  
40, 558 (1964).

In  order to  learn if the reaction products are involved 
in the reaction to a significant extent, product analyses, 
as a function of conversion, were performed. The ob
served rate of formation of a reaction product, which 
is itself being consumed in proportion to  its rate of ac
cumulation, cannot be independent of the per cent 
decomposition of the parent. The slopes of the curves 
in Figure 2 represent the rates of formation of ethylene. 
The lack of dependence of the ra te on the per cent de-

o
composition a t either 1470 or 1236 A. shows th a t second
ary reactions of ethylene are not involved. Similarly, 
Figures 3 and 4 show th a t acetylene, aliéné, ethane, and 
isobutane are primary products whose rates of forma
tion are independent of conversion a t both wave 
lengths. The analyses for hydrocarbon products other

(6) T. Yokota and B. deB. Darwent, unpublished results.
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Figure 2. Dependence of ethylene production 
on per cent decomposition.

Figure 3. Dependence of acetylene and aliéné production on 
per cent decomposition: O, xenon lines; • ,  krypton lines.

than  CH 4 for photolysis a t low conversion ( 2 %)
are presented in Table II .

Table I I : Percentage Composition of Products in Propylene 
Photolysis'* at 0.2% Conversion

,-------------x, A . ----------------------- .
1470 1236

Hydrogen (7 .6)* (14.7)*
Methane (3 .4)& (3 .8  j
Acetylene 38.0 34.9
Ethylene 12.2 18.2
Ethane 7 .4 4.1
Allene 7 .4 6.8
Isobutane 11.4 8.6
Isobutene +  butene-1 3 .5 4 .8
¿ra»s-Butene-2 7 .2 4.1
cfs-Butene-2 1.9 0 .0

“ Propylene pressure at 10 mm. 6 These figures are from sepa^ 
rate experiments which showed that, at 1470 A., H2/C H 4 =  2.2 
and H2/C 2H2 =  0.20; at 1236 A., H2/C H 4 =  3.8 and H2/C 2H2 =  
0.42. Experiments with a different chromatographic columm 
revealed propyne and propane each approximately equal to 
allene.

Figure 4. Dependence of isobutane and ethane on per cent 
decomposition: O, xenon lines; •  and ©, krypton fines.

P hotolysis o f Labeled Propylenes. The analysis of 
the ethane fraction from the photolysis of C3H 6 +  
C3D 6 a t  both 1470 and 1236 A. was not done w ith great

Table HI : Photolysis of 1:1 Mixture" of C3H 6 +  C8D 6

Isotopic analysis of ethane and ethylene

X, A. CîDe
------ (percentages)—

C2D6H C2D4H2 C2D 3Ha
(C2D3H /
C2D4)cor.

1470 (1295) 25 16 2 57 o.ss6
1236 (1165) 22 19 5 54 0.60

“ Total pressure at 10 mm. 6 The ratio is unchanged by the 
addition of 15% NO.
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Table IV : Photolysis of Propylene“

A, A. h 2 HD
—Isotopic analysis of hydrogen and methane, %— 

D a CHi CHsD CH2D2 CDsH cm

1:1 Propylene :propylene-d6 1470 57 116 32 44 8 (15)' 8“ 25
1:1 Propylene :propylene-d6 +  15% NO 1470 62 3s 34 49 /-̂ O (8)' 0“ 43
CH3C H =C D 5 1470 64 27 8 38 23 (34)' 5 0
1:1 Propylene :propylene-d6 1236 59 18 23 40 12 (8)' 13 27

“ Total pressure at 10 mm. 5 Corrected for blank experiment with nominal CaD6. '  These values are uncertain due to the inability 
of the mass spectrometer to distinguish between the small amounts of CH2D 2 and background H20 .

precision because of the uncertainty of the cracking p a t
terns and the interference of air a t masses 28 and 32. 
However, it  was possible to  analyze the ethanes hav
ing a t least three deuterium atoms using the cracking 
patterns of Bell and Kistiakowsky .7 The results are 
given in Table II I .  Included are the ratios C2D 3H / 
C2D.i after correction for C2D 3H  obtained in the pho
tolysis of the nominal C3D 6. These results show th a t 
an im portant source of ethylene is molecular elimina
tion. Nevertheless, substantial mixing is evident in 
the ethylenes, and abstraction of H  and D by the vinyl 
radical, which is not scavenged by NO, is undoubtedly 
involved. Acetylene produced in the photolysis of 
C3H 6 +  C3Dfj in the presence and absence of NO is more 
than  90% unmixed.

Discussion
J. P hotolysis at the X en o n  L ines. A .  M olecular  

E lim in a tio n  o f H ydrogen and  A llene  Form ation. Table 
IV  shows th a t the hydrogen produced in the photolysis 
of mixtures of propylene and propylene-^ is nearly 
90% H 2 and D 2, which indicates th a t molecular elimi
nation is an im portant process. A small am ount of 
atomic hydrogen is produced which is eliminated almost 
entirely in the presence of NO. Since nearly two-thirds 
of the hydrogen in the photolysis of CH 3C H = C D 2 is 
H 2, it is certain th a t the m ethyl group is involved in the 
elimination of H 2. There are two possible mechanisms

CH 3C H = C D 2* — ► H 2 +  C H C H = C D 2* — >

H 2 +  CH 2= G = C D 2 (3) 

CH 3C H = C D 2* — >  H 2 +  CH 2= C = C D 2 (4)

Table I I  shows th a t the allene is approximately equal 
to  the hydrogen.

B . A cetylene Form ation. The fact th a t (Table II) 
hydrogen and allene are not the m ajor products indi
cates th a t modes of decomposition of the excited state, 
other than  molecular hydrogen elimination, are predomi
nant. The possibility th a t the excited states of cyclo
propane and propylene decompose through intermedi
ates of similar configuration is entirely discounted be

cause ethylene is overwhelmingly the m ajor hydrocar
bon product in cyclopropane photolysis a t 1470 A . , 8 

while acetylene dominates the products of propylene 
photolysis. Since the am ount of acetylene produced 
is so much greater than  th a t of methane, the molecular 
elimination of methane, while it is a m ajor source of 
methane, is only a minor source of acetylene.

CH 3C H = C H 2 -  CH 4 +  C H = C H  (5)

As is the case in the photolysis of ethylene , 9-10 the rapid, 
consecutive rupture of two bonds is probably respon
sible for the production of acetylene.

CH 3C H = C H 2 — >  CH 3 +  C H = C H 2* (6 ) 

C H = C H 2* — >  C H = C H  +  H  (7)

The sum of the sequence (6 ), (7) is 

CH 3C H = C H 2 — ► CHS +  H  +  C H = C H

A H  — 140 kcal. 11 (6.1 e.v.) (8 )

Thus, the energy of the 1470-A. photon (8.4 e.v.) is 
more than  enough to  cause reactions 6  and 7 to  occur.

C. H  A to m  Form ation. From  the observation re
corded in Table IV  th a t HD is produced, to  some extent, 
in the photolysis of C3H e +  C 8D 6, it is obvious th a t H  
atoms are not totally  scavenged by propylene as they 
are by ethylene in ethylene photolysis. Rather, there 
is some contribution to  H  atom  disappearance made by 
the abstraction reaction

H  +  CH 8C H = C H 2 — *■ H 2 +  CH 2= C H — CH 2 (9)

I t  is evident (Table IV) th a t NO scavenges most of the 
H  atoms th a t would otherwise abstract H  from propyl

(7) J. A. Bell and G. B. Kistiakowsky, J. Am. Chem. Soc., 84, 3417 
(1962).
(8) C. L. Currie, H. Okabe, and J. It. McNesby, J. Phys. Chem., 
67, 1494 (1963).
(9) M. Sauer and L. M. Dorfman, J. Chem. Phys., 35, 497 (1961).
(10) H. Okabe and J. R. McNesby, ibid., 36, 601 (1962).
(11) The heat of formation of CHs is 32.6 keal. (ref. 7) and the heat 
of formation of propylene is —1.9 kcal. (“Handbook of Chemistry 
and Physics”). Other data from National Bureau of Standards 
Circular 500, U. S. Government Printing Office, Washington, D. C.
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ene. I t  is possible th a t H  atoms associate rather than  
abstract to  form H 2.

D . E thylene and  B utene Form ation. The fact th a t 
C2D 4 >  C2D 3H  in the photolysis of a mixture of C3H 6 

and C3D 6 (Table III)  shows that, in the photolysis of 
propylene, ethylene is formed partially by a molecular 
elimination reaction.

CH 3C H = C H 2 — ► CH 2 +  C II2= C H 2 (10)

The CH 2 species released in the ethylene elimination 
m ay be expected to react with propylene and this re
action accounts for the appearance of the various bu
tenes . 12

CH 2—CH—c h 3*
CH 2 +  CH 2= C H C H 3 —-> \ /  — >

c h 2

butenes (1 1 )

The question of whether methylcyclopropane is formed 
has not been resolved because of analytical difficulties. 
The observation th a t a substantial am ount of isotopic 
mixing occurs in the ethylene formation a t 1470 A. 
suggests that, in addition to the molecular elimination 
of ethylene, vinyl radicals, which are not scavenged by 
NO, are involved in ethylene formation.

CD 3C D = C D 2 - X  CDS +  C D = C D 2 (12) 

CD 2= C D  +  C3H 6 — ► CD2= C H D  +  C3H 6 (13) 

I t  is also possible to form ethylene from the reaction

H  +  C3H 6 C3H 7 — >  CH 3 +  C2H 4 (14)

E . E thane Form ation. Judging by the dominance 
of CH 3CD 3 in the ethanes resulting from the photolysis 
of C3H 6 +  C3D 6 (Table II I) , ethane formation is largely 
attributed to association of methyl radicals. The ap
pearance of appreciable amounts of C2D 6H  is not easily 
understood b u t it m ay involve atomic cracking re
actions of propyl and isopropyl radicals. However, 
with the information a t hand, further comment on the 
mechanism of C2D 6H  formation is purely speculative.

F . M ethane and  Isobutane Form ation. According 
to Table IV, the m ethane produced in the photolysis of 
C8H 6 +  C3D 6 is mainly CH 4 and CD 4 and, in the pres
ence of a scavenger, NO, it is almost entirely CH 4 and 
CD4. The photolysis of CH 3C H = C D 2 gives CH 4 and 
CH 3D. The mechanisms of molecular elimination of 
methane are, therefore

CH 3C H = C H 2 — > CH 4 +  C = C H 2* — >

C H = C H *  (15) 

CH 3C H =C IT 2 CH 4 +  C H = C H *  (16)

In  the absence of NO, the methanes show some isotopic 
mixing and the abstraction or association reaction is 
responsible for this observation.

CH 3 +  CH 3C H = C H 2 — ► CH 4 +  CH 2C H = C H 2 (17)

CH 3 +  H  — > CH, (18)

Isobutane undoubtedly comes from the addition of 
H  atoms to propylene followed by association of the iso
propyl radicals so formed with m ethyl radicals.

I I .  P hotolysis at the K ryp to n  L ines. The ionization 
efficiency of propylene a t 1236 A., measured by  Samson, 
Marmo, and W atanabe , 2 is 0.32 and only the parent ion, 
C3H 6+, is formed a t this wave length . 3 The only sig
nificant ion-molecule reaction to be expected a t  this 
wave length is the condensation reaction

hv = 10 e.v.
C3H 6 ------------- > C3H 6+ +  e (19)

C3H 6+ +  C3H 6 — >  C4H 8+ +  C2H 4 (20)

which has a large reaction cross section of 74 X 10_16 

cm . 2. 13' 14 If  a mixture of C3H 6-C 3D 6 is photolyzed a t 
1236 A., a large isotopic mixing in the ethylene would 
be expected to  occur from this reaction. Therefore, if 
there were no isotopic mixing in ethylene a t 1470 A., 
where no ions are formed, and a large am ount of mix
ing a t 1236 A., this would suggest the occurrence of re
action 20. Unfortunately, for the purpose of the pro
jected experiment, isotopic mixing in ethylene is appre
ciable a t 1470 A. even in the presence of 15% NO. In  
addition, a large air background, a t masses 28 and 32, 
made it practically impossible to measure an  accurate 
isotopic distribution of ethylene. This and other ion - 
molecule reactions or neutralization reactions involving 
C3H 6+, C4H 8+, etc., appear to have an insignificant effect 
upon the distribution of products.
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Tetrapropylammonium Bromide: Ion Size Parameters 

in Solution and in the Solid State

by H. K. Bodenseh1 and J. B. Kamsey

Department of Chemistry, University of California at Los Angeles, Los Angeles, California 
(.Received September 6, 196Jf)

The association constants a t 25° of tetra-n-propylammonium bromide in CH 3COCH3 

(.D  =  20.7) and CH 3CHC12 (D  =  10.03) have been determined. I t  is shown th a t these 
two K a. values along with those obtained by others in four other solvents conform to a 
straight-line relation between In K a and l / D .  The a param eter of this salt determined 
from the slope of this straight line (a =  e2/ k T  X slope) is found to be ~ 1 7 %  less than  the 
N -B r distance in its crystal. A probable reason for expecting such a difference is given.

From a thermodynamic consideration of a stepwise 
process for bringing about the change from an as
sociated ion pair of a uni-univalent salt (in which the 
interionic distance has been called the “contact dis
tance” and designated the a  parameter) to the two free 
ions with interionic distances sufficiently large to  permit 
the intervention of solvent molecules, the equation

In K a  =  In K a ° +  e '/a D k T  (1)

can be obtained . 2 K a  is the association constant, 
K a° is the association constant of the two uncharged 
ions, D  is the dielectric constant of the solvent a t tem 
perature T , and e and k  are the electronic charge and 
the Boltzmann constant, respectively.

Since 1956, Fuoss and collaborators3 have determined 
the effect of varying the dielectric constant of the 
solvent of a number of uni-univalent salts by use of a 
series of mixtures of two solvents which in their pure 
state differ appreciably in dielectric constant. Their 
results show th a t in general the linearity between In 
K a and l / D  does exist over a limited range of com
position of the solvent mixtures, namely for those mix
tures which have the greater D  values. Recent results 
obtained in this laboratory4 provide substantial 
evidence for the conclusion th a t the deviations from 
linearity found by  these investigators3 in solvent mix
ture having D  values in the lower range are to  be ex
pected and also th a t these deviations may be inter
preted in a  way which is consistent with the require
ment of eq. 1 th a t In K a  vary linearly with l / D  if D

are considered to be the effective dielectric constants of 
these mixtures, not their macroscopic (measured) 
values.

Direct substantiation of the requirement, namely 
th a t In K a  vary linearly with l / D ,  has been given2 by 
the results obtained with tetrabutylam m onium  per
chlorate in a series of one-component, monomolecular 
solvents with D  values ranging from 8.78 to  25.2 at 
25°. No deviation from linearity was observed over 
this entire range.

The values of the a  param eter of numerous uni
univalent salts to  which eq. 1  is applicable have been 
derived from the slope ( = e 2/a k T )  of the straight 
line obtained on plotting In K a  vs. l / D .  In  general, 
the values of a so obtained are in  reasonable agreement 
with qualitative estimates of the sums of the ionic radii 
of the two ions of the salt. G reater confidence in the 
physical interpretation of the a param eter should be 
provided if i t  were found th a t the value of the a  pa
ram eter so obtained, relative to  the minimum center- 
to-center distance between cation and anion in the 
crystalline salt, conforms w ith th a t to  be expected

(1) Postdoctoral Fellow at the University of California at Los 
Angeles, 1961-1962.
(2) H. Y. Inami, H. K. Bodenseh, and J. B. Ramsey, J. Am. Chem. 
Soc., 83, 4745 (1961); for the approximate form of this equation, see 
J. T. Denison and J. B. Ramsey, ibid., 77, 2615 (1955).
(3) References to the publication of several of these investigations 
have been given elsewhere.2
(4) H. K. Bodenseh and J. B. Ramsey, J. Phys. Chem., 67, 140 
(1963).
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from other considerations. As yet a comparison of 
these two values has not been reported.

So far as is known to the authors, the crystal struc
ture of b u t one salt of the type commonly used in the 
determ ination of K a values in solvents with relatively 
low dielectric constants (less than  ^ 4 0  a t 25°) has been 
established. This salt is tetra-n-propylammonium 
bromide, the crystal structure of which was deter
mined by Zalkin5 6 in 1957.

Conductometric determinations of the K a values 
of this salt in six one-component solvents have been 
reported (references given later). The D  values of 
these solvents cover the range 19 to  37.8. In  order 
to  obtain with greater certainty the most probable 
straight line depicting the variation In K a of this salt 
with 1/D , its K a values in the two solvents acetone 
(7)25° =  20.70) and ethylidene chloride (D2b° =  10.03) 
have been determined. I t  is shown th a t the K a 
values found in these two solvents along w ith four 
of the six K a  values obtained by others in other sol
vents give unequivocally a straight-line relation be
tween In K a  and 1 /D . The value of the a param eter 
of this salt derived from the slope of this straight line 
is found to  be ~ 1 7 %  less than  the minimum center- 
to-center distance between the (w-CsH 7)4N + ion and the 
B r-  in its crystal. A probable reason for this dif
ference is suggested.

Experimental
The salt, tetra-n-propylammonium bromide, (n- 

C sID iN B r, was prepared by the interaction of tri- 
n-propylamine and n-propyl bromide in absolute alcohol. 
Exactly 30 ml. of (n-CaH^aN and 30 ml. of n -C3- 
IRBr (mole ratio of the bromide to the amine «2 :1 ) 
were added to 150 ml. of absolute ethanol and the mix
ture was refluxed for 24 hr. a t atmospheric pressure 
in the absence of moisture of the air. During re
fluxing, the boiling point rose from 71 to 74°. Two- 
thirds of the solvent was then removed by  evaporation 
after which the salt was precipitated by the addition 
of ether. After filtering and washing with ice-cooled 
ether, the salt was recrystallized twice from an ethyl 
acetate-ethanol mixture and dried for 18 hr. a t 100° 
in  vacuo. I ts  melting point (252°) agreed with th a t 
reported by Sugden and Wilkins.6 A n a l. Calcd. 
for (n-C3H 7)4]SrBr: C, 54.13; H, 10.60. Found: C, 
54.24; H, 10.35.

T reatm ent and  Properties o f Solvents. The ethylidene 
chloride (Eastm an W hite Label) was fractionally 
distilled and stored as previously described.2 Its  
boiling point a t atmospheric pressure was 57.0-57.1°. 
I ts  specific conductance a t 25° did not exceed 2.4 X 
10-9 ohm -1 cm .-1. Thé value of its dielectric con

stan t determined by the bridge method previously de
scribed4 was found to be 10.03 (~ 0 .1  un it greater th an  
th a t obtained earlier2 by the heterodyne beat, substi
tu tion  method). Its  density and viscosity a t 25°, 
1.168 g./m l. and 4.55 millipoises, were those previously 
accepted by Denison and Ram sey2 from reliable sources.

The acetone (Baker’s Analyzed Reagent) was 
merely dried thoroughly with Davison silica gel and 
stored in contact with this desiccant. I ts  specific 
conductance a t 25° did not exceed 1.06 X 10-7 ohm -1 
cm .-1. The values of its viscosity and density (each 
a t 25°) used in this investigation were those determined 
by Reynolds and Kraus,7 namely 3.04 mpoises and 
0.7845 g./m l., respectively. I ts  D  value, 20.7, is th a t 
given by M aryott and Smith.8

Conductance M easurem ents. The Shedlovsky9 alter
nating current bridge, with the modifications previously 
described,2 was used. The conductance cell of the 
K raus erlenmeyer type10 had a cell constant equal to 
0.1473 cm .-1. The procedure followed in  preparing 
the initial solution and making successive dilutions has 
been described.2

Results
The graphical method based on the equation de

veloped by Shedlovsky11 was used to  determine the 
K a value of the salt (ii-C3H 7)4N B r in each of the sol
vents, acetone and ethylidene chloride. By use of the 
IB M  7090 computer as done previously,4 i t  was found 
th a t the maximum probable error in each of the K a 
values so obtained was less than  1%.

In  Table I  are given the values of the constants perti
nent to this investigation.

In  each of the investigations reported by Sears and 
co-workers, the dissociation constant (= 1  / K a ) was 
determined by use of the Shedlovsky11 equation. 
Gutvang and U tvary (footnote d, Table I) made simi
lar use of the Fuoss12 equation.

The plot of the values of log K a  v s . those of 100/D, 
given in Table I, is shown in Figure 1. I t  was evident 
th a t the points 5 and 7 for benzoyl bromide and di- 
methylformamide, respectively, deviated quite notice
ably from a straight line which would represent quite

(5) A. Zalkin, Acta Cry at., 10, 557 (1957).
(6) S. Sugden and H. Wilkins, J. Chem. Soc., 1297 (1929).
(7) M. B. Reynolds and C. A. Kraus, J . Am. Chem. Soc., 70, 1709 
(1948).
(8) A. A. M aryott and E. R. Smith, National Bureau of Standards 
Circular 514, TJ. S. Government Printing Office, Washington, D. C., 
1951.
(9) T. Shedlovsky, J . Am. Chem. Soc., 52, 1793 (1930).
(10) R. M. Fuoss and C. A. Kraus, ibid., 55, 1019 (1933).
(11) T. Shedlovsky, J. Franklin Inst., 220, 739 (1938).
(12) R. M. Fuoss, J. Am. Chem. Soc., 57, 488 (1935).
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Table I : Constants for (n-C3H7)4NBr in Various 
Solvents at 25°

S o l v e n t D 100/ D Kk log Ka

(1 ) CH3CHCI2“ 10.03 9.97 5.38 X 10* 5.73
(2) CH3CHOHCH36 19.1 5.24 1.00 X 103 3.00
(3) CH3CH2CH2OH9 20.4 4.90 3.85 X 102 2.59
(4) CH3COCH3“ 20.70 4.83 3.32 X 102 2.52
(5) CeHsCOBH 20.74 4.82 2.09 X 102 2.32
(6) CH3CH2CON(CH3)2<! 33.1 3.02 0.417 X 102 1.62
(7) HCON(CH3)F 36.7 2.72 0.123 X 102 1.09
(8) CH3CON(CH3)29 37.8 2.65 0.200 X 102 1.30

a This investigation. 6 H. M. Smiley and P. G. Sears, T ra n s .
K e n tu c k y  A c a d . S c i . , 18, 40 (1957). c T. A. Cover and P. G. 
Sears, J . P h y s . C h em ., GO, 330 (1956). d V. Gutmann and K. 
Utvary, M o n a tsh . C h em ., 89, 731 (1958). 9 E. D. Wilhoit and 
P. G. Sears, T ra n s . K e n tu c k y  A c a d . S c i., 17, 123 (1956). / P. G.
Sears, E. D. Wilhoit, and L. R. Dawson, J .  P h y s . C h em ., 59, 
373 (1955). 9 E. R. Lester, T. A. Gover, and P. G. Sears, ib id .,  
60, 1076 (1956).

1 2  5  8  I I
100/D.

Figure 1. Dependence of the association constant of 
(re-CsHiiiNBr on the macroscopic dielectric constant 
of the solvent. Point numbers correspond to 
those given to the solvents in Table I.

satisfactorily the arrangement of the other six points. 
These two points were therefore not included in ob
taining the straight line shown in Figure 1 which was 
established by the method of least squares. From 
the slope (0.592) of this line the value of the a pa
rameter of (n-CglDiNBr (a =  e2/230.3fcT X slope) 
is determined and found to be 4.11 X 10~8 cm.

From the results of his X-ray analysis, Zalkin8 

showed tha t (n-C3H 7)4NBr crystallizes in the tetrag

onal space group 14 having the cell constants a = 8.24 
±  0.01 A. and c =  10.92 ±  0.01 A., with two molecules 
per unit cell. The ions pack in the cubic zinc sulfide 
type arrangement with each Br~ surrounded by a te tra 
hedron of ■ (ft-C3H 7)4N+ ions and with each (n-C3- 
H 7)4N+ by a tetrahedron of Br~ ions. The distances 
between the Br~ a t 0,0,0 and N a t 1/ 2,0 , 1/ 4 along the 
three-coordinate axis are therefore, Ax = (1/ 2)a  =  4.12 
A., Ay  =  0, and Az =  ( ' / J c  =  2.73 A. I t  follows that

N -B r distance =  V(4.12 ) 2 +  (2?73) 2 =  4.94 A.

I t  is seen th a t the mean distance between the centers 
of the oppositely charged ions of this salt in associated 
ion pairs, 4.11 A., as derived above (viz., its a param 
eter) in the six nonaqueous solvents considered is. 
16.8% less than the N -B r distance, 4.94 A., in its 
crystal.

Discussion
T hat the value of the a param eter of a salt in solu

tion should be appreciably less than  the minimum 
ceil ter-to-cen ter distance between its oppositely charged 
ions in the crystalline state is corroborated by the 
results derived from the electron diffraction patterns13 

and the microwave spectra14 given by the vapors of the 
halides of sodium, potassium, rubidium, and cesium. 
The values derived for the interatomic (i.e., interionic) 
distances (designated the re values) in the molecules 
(i.e., the associated ion pairs) of these halides in the 
vapor state were found in each of these investigations 
to be from ~ 1 0  to ~ 1 7 %  less than corresponding mini
mum distances in the respective crystals. Also, from 
the microwave spectra of the vapors of the chlorides, 
bromides, and iodides of monovalent thallium, indium, 
and gallium, B arrett and M andel15 derived re values 
which were from 21 to 25% less than the corresponding 
crystallographic distances.

Since each ion in an associated ion pair whether in 
solution or in the vapor state is bonded or coordinated 
(electrostatically if the only force stabilizing the ion 
pair is coulombic) with only one ion of opposite charge, 
it seems reasonable to expect from results of the in
vestigations referred to above th a t the distance be
tween the ions in an associated ion pair of a salt in 
solution (namely its a parameter) will be appreciably 
less than the distance between each ion and its equi
distant nearest neighbors of opposite charge in its 
crystal.

(13) L. R. Maxwell, S, B. Hendricks, and V. M. Mosley, Phys. Rev., 
52, 968 (1937).
(14) A. Honig, M. Mandel, M. L. Stretch, and C. H. Townes, ibid., 
96, 629 (1954).
(15) A. H. B arrett and M. Mandel, ibid., 109, 1572 (1958).
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This expectation conforms with the well-known fact 
that the smaller the number of nearest neighbors of 
opposite charge coordinated or associated with any ion 
in a certain salt in the crystalline state, the smaller will 
be the minimum distance between the oppositely 
charged ions of this salt.

From these considerations it may be concluded tha t 
the value of the a param eter of a salt in solution however 
it may be derived from its K a  values, obtained from 
conductance measurements, should be appreciably 
less than the corresponding minimum distance be
tween its oppositely charged ions in its crystal. The 
fact tha t the value of the a param eter obtained for 
(n-CsIRbNBr in a series of one-component mono- 
molecular solvents is appreciably less (approximately

17% less) than the N -B r distance in its crystal gives 
some credence to the method used in deriving its value, 
namely from the slope of the straight line which repre
sents the relation between its log K a values and those of 
1 /Z>. I t  may be noted th a t this conclusion regarding 
the relative magnitude of the a param eter to th a t of 
the crystallographic distance may not be valid for 
a salt if the solvent molecules form such a stable com
plex with either of its ions th a t these complexing 
solvent molecules remain an integral part of th a t ion 
in the presence of oppositely charged ions.
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The Role of Copper(I) in the Kinetics of Hydrogen 

Reduction of Aqueous Cupric Sulfate Solutions

by E. A. von Hahn and E. Peters*

Department o f M etallurgy , The University o f  B ritish  Colum bia ,  Vancouver, Canada {Received September 10 ,1964)

The kinetics and mechanism of the autocatalytic effect of cuprous ions in the hydrogen 
reduction of aqueous cupric sulfate solutions have been investigated a t elevated tem pera
tures and pressures. The reduction rates as measured by the appearance of the 
cuprous species were found to depend on the Cu* 1 and Cu11 concentrations and to be con
sistent with the rate equation

d[H 2] =  h j C u 11] ^ ]  ___________^ [ C u ^ C u 11]2^ ]

di l;1[H+] + [CuII] 6?[h+] + [CuII])(j7[H+] + [CuII])
Values of the rate constants and ratios obtained a t 160° are k , =  3.2 X 10“ 3 M ~ x sec.“ 1, 
fc3 =  6.4 X 10“ 2 M “ 1 sec.“ 1, fc-i/fc2 = 0.13, and fc-3/fc4 =  0.45. Activation energies and 
entropies estimated for ki and fc3 are E \ =  22.4 kcal./mole, A.S'i* =  —21 e.u., E% = 15.3 kcal./ 
mole, and A<S3* =  — 31 e.u.

Introduction
Extensive studies have been made in recent years on 

the kinetics of the homogeneous reduction of aqueous 
metal ions by hydrogen at elevated tem peratures and 
pressures. 1 In  particular, the reduction of the cupric 
salts and the catalytic activity of Cu11 toward H 2 

have been investigated in considerable detail, especially 
in perchlorate and sulfate solutions . 1- 6 I t  was shown6 

tha t in perchlorate solutions the mechanism of this 
reaction can be represented by the set of equations

fa
C u + 2 +  H 2 ^  CuH+ +  H+ (la)

k-1

ki
CuH+ +  C u + 2 —^  2Cu+ +  H+ (lb)

fast
2Cu+ Cu° +  C u+ 2 (lc)

K

Subsequent experimental work2’7 * revealed, further, 
th a t cuprous ions also exhibit moderate catalytic 
activity toward hydrogen in the perchlorate system, 
in addition to this mechanism, and up to 2 0 % of the 
total reduction rates could be attributed to this effect. 
The cuprous species acted, thus, as a homogeneous

catalyst in the reduction of cupric ions. The mech
anism of this effect, however, was not resolved since 
it was observable only if the rates were corrected for a 
perchlorate decomposition reaction.

Also, a considerable cuprous effect had been observed 
earlier in sulfate solutions3 although the kinetics of this 
effect were not completely resolved.

In  view of the preceding it was decided to make a 
reinvestigation of the cuprous activity toward hydrogen. 
This study was conducted in sulfate solutions (a) 
because of the greater cuprous effect and (b) because

* To whom reprint requests should be addressed.
(1) (a) J. Halpern, Advan. Catalysis, 11, 301 (1959); (b) J . P hys. 
Chem., 63, 398 (1959).
(2) E. Peters and E. A. von H ahn in “ Unit Processes in Hydro-
m etallurgy, P a rt II : Pressure Leaching and Reduction,” M. E.
W adsworth and F. T. Davis, Ed., Gordon and Breach Science Pub
lishers, Inc., New York, N. Y., in press.
(3) W. J. Dunning and P. E. Potter, Proc. Chem . Soc., 244 (1960).
(4) J. Halpern, E. R. Macgregor, and E. Peters, J . P hys. Chem., 60, 
1455 (1956).
(5) E. A. Hahn and E. Peters, Can. J .  Chem., 39, 162 (1961).
(6) E. R. Macgregor and J. Halpern, Trans. A I M E , 212, 244 (1958).
(7) E. A. Hahn, Ph.D. Thesis, The University of British Columbia,
1963.
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of the greater stability of sulfate ions toward reduction 
by cuprous ions as compared to th a t of C 1 0 4 ~ . 7

For this purpose accurate measurements of the 
cuprous concentration in solution a t experimental 
tem peratures were required. For obtaining such 
measurements, disproportionation of Cu1 during 
sampling, owing to rapid cooling of the solutions, had 
to be prevented. This was achieved by utilizing a 
pressure-sampling technique developed in earlier studies 
of the perchlorate system . 2

Experimental
M ateria ls. All chemicals were of reagent grade, 

and distilled water was used throughout. Cupric 
sulfate stock solutions were prepared by dissolving 
CuO in sulfuric acid and diluting to the desired con
centration. Nitrogen or helium and hydrogen were 
obtained from Canadian Liquid Air Co. and used with
out further purification.

A p p a ra tu s and Procedure. The experimental ap
paratus, procedure, and sampling technique have been 
described in detail.?-7 The autoclave used in these 
experiments was a 2 -1. vessel manufactured by the 
Parr Instrum ent Co., with a capability of 1000 p.s.i.g. 
working pressure a t 300°. All parts in contact with 
the experimental solutions were made of titanium . 
To follow the course of copper reduction, liquid samples 
were taken periodically, and the Cu1 concentration was 
determined. For obtaining the high tem perature 
concentrations of these ions, a special sampling system 
was designed which included a pressurized sampling 
flask and a pressure “ buret.” These vessels were con
nected with each other and to the autoclave sampling 
valve with 0.16-cm. o.d. titanium  tubing via  a “tee.” 
The hot solution samples flowing into the pressurized 
sampling flasks were oxidized with a measured amount 
of dichromate solution introduced into the sample 
stream from the pressure buret. Prem ature cooling 
of the solutions and disproportionation of cuprous 
ions was, thus, effectively prevented.

A nalyses. The excess unreacted dichromate in the 
samples was determined with a Beckman DU spectro
photometer a t 350 m y, and, from the results, the cuprous 
concentrations were calculated by difference. The 
total amount of dissolved copper was determined 
electrolytically or by titration with EDTA. Total 
sulfate was determined a,s B aS04.

Results and Discussion
The reduction of cupric sulfate by hydrogen and the 

catalytic effect of cuprous ions are illustrated in Figure 
1 with a series of rate curves in the form of [Cu1] vs. 
time plots. These curves show an increase of rates

Figure 1. Rate curves as a function of sulfuric acid 
concentration; 0.15 M  [CuS04]o, 5 atm. H2, 160°.

along a considerable portion of their length, despite 
the accompanying decrease in [Cu11], which indicates 
th a t the enhancing effect of Cu1 is large. I t  is further 
evident that both the initial rates and the catalytic 
effect of cuprous ions are lowered by raising the initial 
acid levels in solution.

Rates measured a t several [Cu1] levels along the 
ascending portions of the curves are shown plotted 
against [Cu1] in Figure 2. The linearity of these 
plots suggests a first-order effect of the cuprous species. 
The intercepts obtained by extrapolating these curves 
to zero [Cu1] correspond to the reduction rates due to 
the activation of hydrogen by cupric ions alone. Also 
evident in Figure 2 is the adverse effect of acidity on 
both the cuprous- and cupric-activated reduction 
rates, as seen from the decreased slopes and intercepts 
with increased initial sulfuric acid concentration.

The most probable mechanism to describe the kinetic 
results is

kl
Cu11 +  H 2 CuH+ +  H+ (2a)

Jfc-l
hi

CuH+ +  Cu11 - h>- 2Cux +  H+ (2b)
hi

Cu1 +  H 2 1  CuH +  H+ (2c)
k- t 

k<
CuH +  Cu11 — > CuH+ +  Cu1 (2d)

fast
2CuJ Cu° +  Cu1 (2e)

K

where Cu11 and Cu1 are the sums of the aquo complexes 
and any possible sulfate complexes of these ions. The 
two-term rate law derived by a steady-state approxi
mation in both of the reactive intermediates CuH + 
and CuH has the form shown in eq. 3.
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d[H 2] =  h  [Cun ]2 [H2] 

d t ^ [ H + ]  +  [Cu11]
A/2

__________ h  [Cu1] [Cun ]2[H2]___________

( ^ [ H + ]  +  [CuII] ) ( /̂ [ H + ]  +  [Cu11])

= i?cun +  -Kcui (3)

The present mechanism (eq. 2) had been proposed 
earlier by Dunning and P o tte r , 3 and they had verified 
the first term  of the rate law (eq. 3). However, 
their second cuprous-dependent term  was linear in 
both [Cu11] and [H + ] in the denominator, rather than 
the quadratic form shown here.

Figure 2. Plots of rate vs. [Cu1] as a function of 
acidity; 0.15 M  [CuSOfio, 5 atm. H2, 160°.

The expression for R cun  in eq. 3 corresponds to the 
rate values obtained from the intercepts, I ,  of the plots 
in Figure 2 since Acui, the cuprous dependent term, 
vanishes .there. By inverting and rearranging /¿<-uii. 
one obtains

1

«Cull
1

— d[H 2] 
di

7 - 1  =

k - 1
[HH

fci [C un ]2[H2
+ fcx [Cu11] [H2] (4)

Figure 3. Plot of 7 1 vs. [H+].

of the intercepts from Figure 2 . Values of ki and 
k - \ / k i  were calculated from the intercept and slope, 
respectively, of this plot with the appropriate expres
sions in eq. 4 and using H 2 solubilities for pure water8; 
they are ki = (3.2 ±  10%) X 10- 3  M ~ x sec . “ 1 and 
k - i / k 2 =  0.13 ±  30%.

The rate constant fc3 for the reaction of hydrogen 
with Cu1 and the ratio fc-3/fc4 can be evaluated from the 
initial slopes of the rate vs. [Cu1] plots in Figure 2 as 
follows. The slopes of these plots are equivalent to 
the equatior

s  =  fc3 [Cun ]2[H2]_____________

( ~ [ H  + ] +  [Cun ] ) 0 ~ [ H + ]  +  [Cu11])  (5)

where <S is obtained on dividing TfcA by [Cu1]. When 
S  is divided into I  (i.e., the first term  in eq. 3), one ob
tains

7
S

f  X % H +] +  V c » " ]
fc 3 /c 4 f t  3

(6 )

which is a linear equation of I / S  in [H + ], Ratios of 
I / S  for each experiment were calculated from the values 
of I  and S  measured from the intercepts and initial 
slopes, respectively, of the plots in Figure 2. They are 
shown plotted against [H + ] in Figure 4. This plot is 
reasonably linear, despite the uncertainties introduced 
by the involved treatm ent of the experimental data. 
A value of fc3 =  (6.4 ±  25%) X 10“ 2 M _1 sec. - 1  was 
calculated from the intercept of this plot, with the ap
propriate expression in eq. 6  and the earlier obtained 
value of ki- Similarly, a value of k - ^ /k i  = 0.45 ±  
40% was obtained from the slope of this plot. I t  is 
evident th a t fc3 is considerably larger than k\ which 
reflects the high catalytic effect of the cuprous ions.

which is a linear equation o i l  1 in [H + ]. A linear plot 
of this form is depicted in Figure 3 for the inverse values

(8) R. T . MacAndrew, Ph.D. Thesis, The University of British 
Columbia, 1962.
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Figure 4. P lo t of 7/.S vs. [H +],

Figure 5. Comparison of experimental and calculated rate 
curves; 0.15 M  [CuS04]o, 0.85 M  [H2S04]„, 5 atm. H2, 160°.

The validity of the copper sulfate reduction mech
anism given in eq. 2 was checked by a graphical inte
gration of the rate law, eq. 3, using the rate constants 
and ratios obtained previously and the experimental 
conditions for one test. Figure 5 depicts both the ex
perimental and integrated rate curves. The agree
ment between the two curves can be considered good, 
despite the uncertainties in the rate constants and 
ratios. Sources of these uncertainties are discussed 
below.

The activation energies and entropies for the hydro
gen activation reactions involving C u 11 and Cu1 (eq. 
2 a and 2c) were obtained from Arrhenius plots of k x 
and k3 (Figure 6 ). They are listed in Table I together 
with values by earlier workers. The agreement is 
reasonably good, despite the approximations used in 
calculating k x and k3 a t tem peratures other than 160° 
(see below). The low value of 9.3 kcal. for E 3 is prob
ably in error since it was obtained from the same ex
perimental work as th a t of 15.9 kcal.

Values of k x and k 3 were estimated for 120, 140, and

Figure 6. P lo ts of log kx and  log k 3 vs. T  \

180° by performing a single experiment a t each of these 
tem peratures under the following initial conditions: 
0.15 M  [CuS04], 0.70 M  [H2S 0 4], 0.15 M  [M gS04], 
and 5 atm . H 2. R ate measurements from each test 
were plotted vs. [Cu1] in the same manner as shown in 
Figure 2. k x and k3 were then calculated, respectively, 
from the intercepts and initial slopes of these plots 
with the first term  of eq. 3, eq. 5, H 2 solubilities for 
pure water, ft~i/fc2 =  0.13, and fc-3/fc4 =  0.45. In 
these calculations it was assumed th a t both k - i / k t  
and fc-3//c4 did not change with tem perature . 9 Values 
of the rate constants for each tem perature are listed in 
Table II.

The rate law and mechanism of this study were 
established from measurements along the initial 
sections of the rate curves in Figure 1 before dispro
portionation of cuprous ions had begun. However, 
the rate law is also valid after disproportionation since 
metallic copper was shown to have no catalytic effect 
on the activation of dissolved hydrogen . 3'6 For it to 
have general applicability, the cupric and hydrogen 
ion concentrations must be given by [Cu11] =  [Culr]o — 
[Cu1] +  Cu° and [H + ] =  [H+]„ +  [Cu1] +  2Cu°. 
Before disproportionation Cu° = 0, and after dis
proportionation Cu° =  [CuIT]o — [Cu11] — [Cu1], 
where [Cu11] = isffCu1]2, and K  is the equilibrium 
constant for eq. 2e. The applicability of the rate law

(9) This assumption is based on an observation in the perchlorate 
system, where it was found th a t fc-i/fo remained nearly constant 
between 120 and 200° in the C u +2-catalyzed hydrogen reduction of 
dichrom ate.5
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Table I : Summary of Activation Energies and Entropies

System E\, kcal./mole ASi*, e.u. Ei, kcal./mole AÄ3*, e.u. Source

Sulfate 22.4 ±  2.2 -21 ±  5 15.3 ±  1.4 -31 ±  3 This woi
Sulfate 24 9.3 Ref. 3
Sulfate 23.5 -10.4 15.9 -34.5 Ref. a
Perchlorate 25.8 ±  1.7 -12.1 ± 4 . 5 Ref. 5

° P. E. Potter, Ph.D. Thesis, The University of Bristol, 1958.

Table II :

Temp.,

Values of ki and k 3 at Different Temperatures

[Eh], M  at 5
°C. ki,a M  - 1 sec. - 1 ka,a M  1 sec. 1 atm.8

120 1.9 X 10-4 1.3 X 10-2 4.50 X 10-3
140 1.1 X 10-3 2.4 X 10-2 5.13 X 10-3
160 3.2 X 10-3 6.4 X 10-2 5.90 X IO-3
180 7.8 X 10-3 16.2 X 10-2 6.80 X 10-3

° Estimated accuracy for k , is ±10%; for k 3, ±25% at each 
temperature.

in the presence of metallic copper was not verified in 
the present work. However, in the reduction of cupric 
perchlorate a similar rate law was shown to be valid 
in the presence of Cu° although the small cuprous 
effect on rates in th a t system was disregarded .7 In 
perchlorate solutions2 K  =  26 M - 1  a t 160°.

One difficulty in evaluating the rate constants 
and ratios is the uncertainty of the correct hydrogen 
ion concentration in the experimental solutions at 
160°, because of the lack of knowledge of the bisulfate 
dissociation constant K b  ’(or rather the concentration 
quotient) a t the high experimental temperatures. 
In this work Kb was assumed to have a value in the 
range of 10- 3  to 10- 2  M  a t 160°,10-12 and the possible 
spread in the hydrogen ion concentration a t each acid 
level was calculated on th a t basis. This spread, 
shown in Figures 3 and 4, is in part responsible for the 
uncertainties in the values of the rate constants and 
ratios.

The effect on the hydrogen ion concentration of com- 
plexing of free S 0 4- 2  with cupric and /o r cuprous ions 
had to be disregarded since no information exists on 
the stability constants of these complexes at 160°, 
and the complex concentrations are also not known. 
I t  is clear, however, th a t [H + ] would be increased by 
complexing of this kind. By inspection of Figures 
3  and 4  it becomes evident th a t this increase would 
cause a lowering of the intercepts and an increase in 
the slopes of the linear plots since the relative increase 
in [H + ] would be greatest a t the lower acid levels. 
The result of this effect would be th a t the values of 
both rate constants and ratios would become larger.

The values of fci = 3.2 X 10- 3  M - 1  sec. - 1  andfc-i//c2 

= 0.13 are smaller than those obtained in the C u+2- 
catalyzed reduction of dichromate in perchlorate 
solutions6 (*i =  5.4 X 10- 8  M - 1  sec.-1, k - i / k 2 = 0.4). 
This is due partly to the uncertainty in [H+] for the 
reasons mentioned previously and partly  to the use 
of hydrogen solubilities in pure water8 in calculating 
ki since no solubility data are available for these solu
tions a t 160°. Both sulfate and perchlorate salts in 
solution will lower the hydrogen solubility, but this 
effect is greater in the sulfate solutions of the present 
work because of their higher ionic strength relative to 
th a t of the earlier work .6

The experimental evidence of this study indicates 
th a t the activation of hydrogen by both cupric and 
cuprous ions takes place by heterolytic splitting of the 
H 2 molecule resulting in the formation of copper hy
drides (CuH+ and CuH) and the simultaneous release 
of a proton in the activation step. The formation of 
C uH 11- 15 in this activation reaction was shown to be 
energetically probable . 18 CuH has been prepared in 
the solid s ta te , 14 and thermochemical data of the gaseous 
species have been published . 16 * Its  formation in aque
ous solutions in the H 2 activation reaction was also

(10) This estim ate for K b  is based on the fact th a t its value decreases 
considerably with increasing tem perature. For example, extrapola
tion of a linear plot of log Kh vs. tem perature from published figures10 11 
between 5° (K h =  1.80 X IQ“2 M )  and 55° (K h = 4.1 X 1 0 '3 M ) 
gives a value of Kb  =  2 X 10~4 M  a t 160°. These are values for 
solutions a t infinite dilution and therefore are not applicable to the 
present experimental solutions because Kb  increases markedly with 
ionic strength. Thus, a value of K b  — 0.48 M  was estim ated from 
published d a ta 12 for a 1.0 M  H 2SO4 solution a t 25°. If  the above 
extrapolation to high tem peratures is used for this figure, then, at 
160°, Kb  =  9 X 10_3 M , which is within the specified range of the 
present work.
(11) R. W. Gurney, “Tonic Processes in Solution,” Dover Publica
tions, Inc., New York, N, Y., 1962, p. 121.
(12) C. J. Brubacker, J . Chem. E duc ., 34, 325 (1957).
(13) E. Peters, Ph.D. Thesis. The University of British Columbia, 
1956.
(14) H. J. Emeleus and J. S. Anderson, “ Modern Aspects of Inorganic 
Chem istry,” 3rd Ed., Routledge and Kegan Paul, L td., London, 1960, 
p. 415.
(15) (a) W. M. Latimer, “ Oxidation Potentials,” 2nd Ed., Prentice-
Hall, Inc., Englewood Cliffs, N. J., 1952, p. 184; (b) F. D. Rossini,
D. D. W agman, W. H. Evans, S. Levine, and I. Jaffe, National 
Bureau of Standards Circular 500, U. S. Government Printing Office,
Washington, D. C., 1952, p. 208.
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shown to be probable on energetic grounds .7 The 
formation of other aqueous metal hydrides in the acti
vation of hydrogen has been reviewed in the literature . 1

CuH is analogous to AgH which has been proposed 
to account, in part, for the kinetics of hydrogen acti
vation by aqueous Ag+ . 16 The mechanism of activa
tion by silver ions in aqueous perchlorate solutions in
volves both homolytic and heterolytic splitting of the 
H 2 molecule. The latter path predominates at higher 
tem peratures ( 1 0 0  to 1 2 0 °) and in dilute silver solu
tions (~0.01 M )  whereas the former, being a termolecu- 
lar reaction, is prevalent in the range of 30 to 70° at 
higher concentrations of Ag+ (~ 0 .1  M ). In  view of 
this, it is plausible that cuprous ions also activate H 2 

by homolytic splitting in aqueous systems, bu t this 
reaction never becomes im portant because at high 
tem peratures it is masked by the heterolytic path, and 
a t  low tem peratures the cuprous ions disproportionate 
to such an extent in acid solutions th a t concentra
tions high enough to permit observation of any activity 
cannot be obtained. The homolytic activation path 
occurs in quinoline solutions in the Cur-catalyzed hy
drogen reduction of cupric acetate , 17 and the activa
tion step of this reaction, which was studied between 
25 and 100°, is 2Cur +  H 2 =  2Cur -H. The same re
action. should also be observable in aqueous solutions 
in this tem perature range if Cu1 is stabilized by com- 
plexing.

The activation energies and entropies for the hetero
lytic H 2 splitting mechanism by cuprous and silver 
ions are markedly different although both have the 
same charge and outer electron configuration. They 
are, for Cu1, E & =  31 kcal./mole and A.S* =  —31 e.u. 
(Table I); for Ag+,lbE a =  24 kcal./mole and AS* =  
—10 e.u. The lower values of E & and AS* for Cu1 as

compared to Ag+ are an indication tha t the heat of 
formation, AH ° , and the partial molar entropy, S°, 
of the activated complex, CuI . . . H 2, are lower than 
those of the complex Ag+. . ,H 2. This is in line with 
the published values of AH °  and S° for the cuprous 
and silver ions. 16 17 I t  suggests th a t water molecules 
are solvated to a greater extent by Cu1. . ,H 2 than  by 
A g+. . . H 2, which would be expected because the charge 
density of Cu1, owing to its smaller ionic radius, is 
greater than  th a t of Ag+.

The mechanism and rate law given in this paper for 
the hydrogen reduction of cupric sulfate are probably 
also valid for the perchlorate system. To resolve this 
question, further work is necessary in which the 
effect on reduction rates of perchlorate decomposition 
due to reaction with Cu1 is measured.

Conclusions
The rate of reduction of aqueous cupric sulfate by 

hydrogen depends, in part, on "a strong first-order 
catalytic effect of cuprous ions. In this reaction the 
activation of hydrogen by both the cupric and cuprous 
ions occurs by heterolytic splitting of the H 2 molecule. 
Rate constants, calculated for the activation steps, 
using a two-term rate law, show Cu1 to be about 20 
times more active toward H 2 than Cu11.
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The Hydration o f Tricalcium  Silicate

by S. A. G reenberg 1 and T. N. Chang

Portland, Cement Association, Skokie, Illino is  (Received September 11, 19641

In  this investigation of the hydration of tricalcium silicate, the solutions were analyzed as a 
function of time for the concentrations of calcium and silicic acid. The electrical con
ductivities and pH values were also measured. The compositions of the solutions were 
examined as functions of the concentration of the tricalcium silicate and stirring speed. 
The rates of formation of hydrated calcium silicate from solutions of monosilicic acid and 
calcium ions were followed by light-scattering measurements. In the latter experiments the 
rate was examined as a function of the concentrations of reactants and of the pH  values of 
the aqueous phases. The results substantiated the .solution theory for hydration. The 
ions in crystalline tricalcium silicate, Ca+2, O-2, and S i04-4, hydrolyzed during the solu
tion reactions. When the concentrations of calcium and H 2S i0 4^ 2 ions in solution are high, 
crystallization of hydrated calcium silicates occurs with the surfaces of the tricalcium sili
cate acting as nuclei. After the reactant surfaces are covered with hydration product, 
the reaction rate decreases. The light-scattering experiments indicate th a t the solution 
reaction proceeds by the combination of calcium and H 2SiO , ~ 2 ions.

Introduction

The substances tricalcium silicate (3C a0-Si02) and 
/3-dicalcium silicate (2C a0-S i02) are considered the 
most im portant constituents of portland cement. 
These constituents contribute to the formation of a 
hydrated calcium silicate gel which gives concrete its 
strength. Because it is im portant for the users of ce
ment to control the rates of hydration and setting, it is 
necessary to know more about the mechanisms of hy
dration and gel formation for these constituents of ce
ment. In  this paper the mechanism of hydration of 
tricalcium silicate is discussed.

Le Chatelier2a in the last century proposed th a t the 
hydrated calcium silicate and calcium hydroxide prod
ucts precipitated from the supersaturated solutions 
produced by tricalcium silicate. I t  is now believed by 
many investigators th a t the hydrated calcium silicates 
immediately cover the surfaces of the unreacted tri
calcium silicate particles.2b After this surface layer is 
deposited, the reaction rate decreases and becomes 
dependent upon the rates of diffusion of the reactive 
species through this layer. Some Russian investiga
tors3 follow the theory of Baikov , 4 5 who proposed that, 
after an amorphous gel of hydrated calcium silicate 
forms, the particles in the gel crystallize.

Graham, Spinks, and Thorvaldson6 have conducted 
an extensive investigation of the hydration of trical
cium silicate. Efforts are being m ade2b to write quanti
tative expressions for th i  kinetics of this heterogeneous 
reaction. The present study will provide some of the 
information necessary for a quantitative approach.

In the present study, samples of pure tricalcium sili
cate were stirred with water, and the compositions of the 
solutions were examined as a function of time by (1 ) 
calcium ion determinations, (2 ) analyses for silicic acid 
contents, (3) pH determinations, and (4) measurements 
of the electrical conductivities of the solutions. Solu
tions of monosilicic acic and calcium ions were mixed, 
and the rates of crystallization of the calcium silicate

(1) Merchrolab, Inc., M ountain View, Calif.
(2) (a) H. Le Chatelier, "Experim ental Researches on the Constitu
tion of Hydraulic M ortars,” translated by J. L. Mack, McGraw-Hill 
Publishing Co., New York, N. Y., 1905; (b) for review see S. Brun- 
auer and S. A. Greenberg, "Proceedings of the 4th International 
Symposium on the Chemistry of Cem ents,” W ashington, D. C., 1960.
(3) P. A. Rehbinder, "R eports of Symposium on the  Chemistry of 
Cements,” P. P. Budnikov, at al., Ed., S tate Publication of the 
Literature on Structural Materials, Moscow, 1956, pp. 125-137.
(4) M. Baikov, Compt. rend., 182, 128 (1926).
(5) W. A. G. Graham, J. W. T . Spinks, and T. Thorvaldson, Can. J .
Chem., 32, 129 (1954).
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product were followed by light-scattering measure
ments.

Theoretical
Before discussing the results of this investigation, it 

would be profitable to list the processes involved in a 
solution mechanism for the hydration of tricalcium sili
cate: (1 ) solution of the solid; (2 ) reaction of calcium 
ions, hydroxyl ions, silicic acid, and water in solution; 
(3) formation of nuclei of hydrated calcium silicate and 
calcium hydroxide crystals; (4) growth of the nuclei;
(5) flocculation and precipitation.

The crystals of tricalcium silicate contain calcium 
(C a+2), oxygen (CD2), and silicate (S i0 4 4) ions.6 D ur
ing the solution reactions these ions will hydrate.

3Ca+2(c) +  0 - 2(c) +  S i0 4~4(c) +  nH*0(l) =
3C a+2(aq) +  40H ~(aq) +  H 2S i0 4- 2(aq) (l)

The H 2S i0 4- 2(aq) ions will hydrolyze to H 3S i0 4_(aq) 
and H 4S i0 4(aq) species as a function of the dissociation 
constants of silicic acid H 4S i04, the concentrations of 
silicic acid, and the pH of the solutions.7

Very little is known about the formation of hydrated 
calcium silicates or calcium hydroxide from solutions. 
These reactions fall into the general class known as 
hydrothermal. Hydrothermal reactions are those 
which proceed in the presence of liquid water and which 
have rates th a t increase with tem perature. Morey and 
Ingerson8 proposed in 1934 tha t hydrothermal reactions 
were those in which products crystallized from aqueous 
solutions. Hydrated calcium silicates have been re
ported215 to precipitate from solutions of sodium silicate 
and calcium salts.

When the concentrations of the calcium, silicate, and 
hydroxyl ions exceed the solubility products of hydrated 
calcium silicate and calcium hydroxide, these products 
will tend to precipitate .9 Reactions 2  and 3 will occur.

Ca+2(aq) +  2 0 H -(aq ) =  Ca(OH)2(c) (2)

C a+2(aq) +  H 2S i0 4~2(aq) =  CaH 2Si0 4(c) (3)

Additional calcium hydroxide may enter the hydrated 
calcium silicate structure by the reaction

CaH 2S i0 4(c) +  wCa+2(aq) +  2nOH~(aq) =
CaH 2Si0 4-nCa(0H )2(c) (4)

The solubility product for hydrated calcium silicate

X spi =  OCa+aUmSiOi-! (5)

(a refers to the activity of each ion) is 1 0 - 7  (pX8pl = 
— log K SVl = 7). At 30° the activity solubility product 
for calcium hydroxide

X sp2 =  UCa+aUOH- 2 (A)

is 8.25 X 10 8 (pX8p! =  5.08).10 Therefore, solutions- 
with pX spi and pX 8P2 values less than 7 and 5.08 are 
supersaturated with hydrated calcium silicate or cal
cium hydroxide, respectively. Those solutions which 
exhibit pA sp values greater than the equilibrium values 
are unsaturated.

Experimental
M ateria ls. A sample of pure tricalcium silicate with 

a surface area of 4400 cm.2/g . was kindly supplied by 
Dr. D. Kantro and Mr. C. Weise of this laboratory. 
This sample has been described . 11 The sample con
tained 0.75% free calcium oxide. Evidence for only a 
trace of dicalcium silicate was noted in the X -ray p a t
tern. Solutions of calcium hydroxide, calcium nitrate, 
and sodium silicate were prepared from Baker A.R. 
grade chemicals. M allinckrodt standard luminescent 
grade silica gel was shaken with distilled, boiled water 
to prepare solutions of monosilicic acid.

E qu ipm en t. A Leeds and N orthrup pH meter, a 
glass measuring electrode, and a calomel reference elec
trode were used for obtaining the pH values of the solu
tions. For measuring the electrical resistances of the 
solutions, an Industrial Instrum ents Co. bridge, Model 
R. C., and a dip conductivity cell with a constant of 2 

were employed. The Brice-Phoenix spectrophotom
eter12 was used for the 135, 90, and 45° scattering meas
urements. The scattering was performed with 4360-A. 
light. The solutions were filtered through Millipore 
HA filters, size 0.45 n (Millipore Filter Corp., Bedford ;1 

Mass.). I t  is possible to make water almost dust-free 
by this procedure.

Procedures A . Reactions o f Soluble Species. Solu
tions of monosilicic acid or sodium silicate were mixed 
with solutions of calcium hydroxide or n itrate or mix
tures of the latter solutions and placed in a 40 X 40 mm. 
semioctagonal, light-scattering cell. Light-scattering 
measurements were made as a function of time.

B . H ydra tion  o f Trica lcium  Silicate. Solutions 
were placed in a three-necked flask with a stirrer in one 
neck; a thermometer, conductivity cell, or tube to 
withdraw samples could be inserted in the other two

(6) J. D. Bernal, J. W. Jeffery, and H. F. W. Taylor, M ag. Concrete 
R es., 11, 49 (1952).
(7) S. A. Greenberg, J .  A m . Chem. Soc., 80, 6508 (1958).
(8) G. W. Morey and E. Ingerson, E con. Geol., 32, 607 (1937).
(9) S. A. Greenberg, T. N. Chang, and E. Anderson, J .  P hys. 
Chem ., 64, 1151 (1960).
(10) S. A. Greenberg and L. E. Copeland, i b i d . ,  64, 1057 (1960).
(11) D. L. Kantro, S. Brunauer, and C. H, Weise, Advances in Chem
istry Series, No. 33, American Chemical Society, Washington D. C 
1961, p. 199.
(12) B. A. Brice, M. Halwer, and R. Speiser, J .  Opt. Soc. A m ., 40, 
768 (1950).
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necks. The flasks were placed in a constant tem pera
ture bath a t 30 ±  0.02°. The samples were stirred at 
moderate speeds, and a t various reaction times por
tions of the solutions were withdrawn and filtered 
through a fine, sintered glass filter in the absence of 
carbon dioxide. Analyses were made immediately to 
avoid the possibility of precipitation from the super
saturated solutions.

Efforts were made to exclude carbon dioxide by mak
ing seals in the equipment airtight and by passing nitro
gen through the solutions. However, these extra pre
cautions were found to  be unnecessary.

A na lyses o f So lu tions. The calcium concentrations 
were determined by a versene titration  with Eriochrome 
Black T as indicator . 13 The molybdenum blue 
m ethod14 15 was employed for the determination of solu
ble monosilicic acid, H 4Si0 4 . The pH and electrical 
resistance values of the solutions were also measured.

E valuation o f the S o lub ility  Products. I t  is possible 
to evaluate the activities of the calcium, hydroxyl, and 
H 2Si0 4- 2  ions from a knowledge of the concentrations of 
calcium ions and silicic acid, the pH values of the solu
tions, the Debye-Hiickel theory , 16 the dissociation 
constants of silicic acid ,7 and the constants for water.

I t  is convenient to keep in mind two equations when 
examining the compositions of solutions of hydrated 
calcium silicates. One is the electroneutrality equa
tion

2(Ca+2) +  (H+) =  (OH- ) +  (H 3S i04~) +
2(H 2Si04-2) (7)

where the quantities in parentheses are the concentra
tions in moles/1. The hydrogen ion concentration is 
negligible in the basic solutions and can be neglected. 
The second equation relates the to tal concentration of 
silicic acid in solution to the concentration of each 
species

(Si02) =  (H4S i04) +  (H3Si04-)  +  (H2S i04- 2) (8 )

I t  is assumed th a t all silicic acid in solution is mono
meric. The am ount of monomeric silicic acid in solu
tion can be detected in the presence of colloidal silicic 
acid in solution . 14

The first, and second dissociation constants for silicic 
acid, H 4S i04, may be expressed by the equations

aH+(H3S i04~)/H3s j04- /QS
1 _  (H 4Si04)/H,s ¡Oi 1

fflH + (H 2Si0 4- 2)/H3sio4-s , ,
2 (H 3S i0 4- ) / H3Sio(- 1 j

where the activity a is the product of the concentration 
and activity coefficient, / , of each species, and the

quantities in parentheses are the concentrations in 
moles/1. Since H 4S i0 4 is not ionic, the activity co
efficient of this species may be assumed to be un ity . 16-18 

The negative logarithms of the ionization constants for 
silicic acid, pKi and pK t , are 9.7 and 11.7 a t 30°, 
respectively .7

From the experimental data  and solution theory the 
activities of the hydroxyl, calcium, and silicate ions 
were evaluated.

Results
So lu tion  Reactions. The dependence of reaction 

rate on calcium concentration was examined first. 
Solutions of sodium silicate, 0.004 M  in monosilicic 
acid, were mixed with equal volumes of calcium ni
tra te  solutions. In  the three experiments, the final 
concentrations were 0.002 M  in monosilicic acid and 
0.0001, 0.0003, and 0.0005 M  in calcium ions. The pH 
values of the solutions were 12 ±  0.1. The light scat
tered from the solutions was measured a t 135, 90, and 
45° as a function of reaction time. The 90° scattering 
results are shown graphically in Figure 1. I t  may be 
noted th a t the rate of change of scattering increases 
markedly with calcium concentration. The dissym
metries, Z  =  U i/iia , for values greater than 1.2 were 
corrected for reflection of the primary beam a t the exit 
window of the cell. 19 The dissymmetries of these solu
tions were in the range 6 ±  1 , and no correlation be
tween the am ount of reaction and reaction time was 
evident.

The rates of reaction were measured also as functions 
of pH. Solutions of monosilicic acid were mixed with 
solutions of calcium hydroxide or mixtures of calcium 
hydroxide and calcium nitrate. The concentrations of 
monosilicic acid and calcium ions were 0 . 0 0 1  and 
0.005 M , respectively. Solutions B, C, and D ex
hibited pH values of 11.9, 11.7, and 11.4, respectively. 
To obtain a solution with a higher pH value, a solution 
of sodium silicate was mixed with a saturated solution 
of calcium hydroxide. This solution (A) exhibited a 
pH value of 12. Figure 2 demonstrates the scattering 
a t 90° of these solutions as a function of reaction time.

(13) H. H. Willard, N. H. Furm an, and C. E. Bricker, “ Elements of 
Q uantitative Analysis,” 4th Ed., I). Van N ostrand Co., Inc., Prince
ton, N. J., 1956, p. 138.
(14) W. E. Bunting, In d . Eng. Chem ., A n a l. Ed., 16, 612 (1944).
(15) P. Debye and E. Huckel, P hysik . Z ., 24, 185, 305 (1923).
(16) S. A. Greenberg and E. P. Price, J . P hys. Chem., 61, 1539 
(1957).
(17) R. G. Bates, “Electrometric pH D eterm inations,” John Wiley 
and Sons, Inc., New York, N. Y., 1954.
(18) H. S. Harned and B. B. Owen, “The Physical Chemistry of 
Electrolytic Solutions,” 2nd Ed., Reinhold Publishing Corp., New 
York, N. Y., 1950, C hapter 15.
(19) R. Moore, J . Polym er Sci., 10, 551 (1953).
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Figure 1. The dependence of the rate of reaction of calcium 
ions and monosilicic acid in solution on the 
calcium concentration.

Figure 2. The rate of formation of hydrated calcium 
silicate from soluble calcium ions and monosilicic 
acid as a function of pH.

Solutions with the same silicic acid and calcium ion 
concentrations at pH values lower than 11.4 did not 
exhibit any turbidity  in 24 hr. I t  may be seen in 
Figure 2 that- the 90° scattering curves for solutions B,

C, and D rise to a peak at 10 to 13 min. Solution A 
with a pH  of 12 did not exhibit this peak. After 30 
min. of reaction time, it may be noted th a t the rate of 
increase of 90° scattering is a function of pH.

The dissymmetry values of the solutions A to D 
varied considerably with reaction time. Peaks in the 
dissymmetry between 9.6 and 16.0 were observed a t 10 
to 13 min. of reaction time. Solution C exhibited a 
second peak of 12.2 a t 50 min. of reaction time. After 
2 0 0  min. of reaction time the dissymmetries of the solu
tions A -D  decreased to 4.

The peaks in the 90° scattering-reaction time 
curves (Figure 2) and in the dissymmetry may be a t
tributed partially to the changes in size of the growing 
particles, to the anisotropy of hydrated calcium silicate 
particles, and to flocculation.

The reaction times necessary to form turbid solutions 
were observed. At pH 12.2, 11.9, 11.7, and 11.4 the 
times were 3 min., 1, 3, and 20 hr., respectively.

H ydra tion  o f T rica lc ium  Silicate. The compositions 
of solutions containing 0.25, 1.25,' and 5.0  g. of trical
cium silicate/1. of water were determined as a function 
of time. In Tables I - I I I  and Figures 3-5 the results 
are given. In  the tables the following quantities are 
listed in order: (1) reaction time, (2) and (3) concentra
tions of calcium and silicic acid, (4) the mole ratio CaO: 
S i0 2 in solution, (5) pH, (6 ) pA sp, for hydrated calcium 
silicate, and (7) p ifep! for calcium hydroxide.

Table I: The Compositions of Solutions at 30° for
0.25 g. of 3Ca0-Si02/l.

R e a c -
t i o n

t i m e ,
m i n .

( C a )  t 
X  1 0 3, 

m o l e s / l .

( S i 0 2) t 
X  101, 

m o l e s / l .
C a O  : S iO ï  

i n  s o in . p H p t ^ s p i P i f . p ,

2 2.11 6.42 3.28 11.50 6.51 7.48
5 2.67 8.17 3.26 11.53 6.31 7.33

10 2.95 9.00 3.28 11.57 • 6.22 7.22
15 3.02 9.33 3.23 11.59 6.18 7.17
30 3.09 9.75 3.17 11.65 6.10 7.04
42 3.24 9.75 3.32 11.60 6.14 7.12
52 3.05 9 92 3.07 11.60 6.15 7.15
62 3.22 8.33 3.86 11.69 6.16 6.95
80 3.14 10.83 2.90 11.69 6.06 6.95

100 3.05 8.92 3.42 11.60 6.20 7.15
124 3.30 10.10 3.27 11.59 6.12 7.14
150 3.14 10.00 3.14 11.65 6.11 7.03
185 3.08 10.25 3.00 11.60 6.13 7.14
223 3.14 10.17 3.09 11.65 6.10 7.03
260 3.10 10.17 3.05 11.60 6.13 7.14
21 hr. 2.95 6.33 4.66 11.60 6.35 7.26

When 0.25 g. of tricalcium silicate was placed in 11. of 
water and stirred at a moderate speed, the suspension
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Table II: The Compositions of Solutions at 30° for 
1.25 g. of 3Ca0-Si02/l.

Reae-
tion (Ca), (SiCh),
time, X 10», X 104, CaOiSiOj
min. moles/l. molee/1. in soin. pH pAspi pABPj

2.5 3.85 11.9 3.23 11.80 5.91 6.66
7 4.00 11.6 3.46 11.80 5.91 6.65

18 3.94 11.4 3.41 11.85 5.90 6.55
35 4.26 19.1 2.23 11.93 5.63 6.37
60 4.68 5.43 8.62 12.00 6.13 6.19
94 5.01 5.93 8.45 12.10 6.05 5.97

120 4.90 2.88 17.0 12.07 6.38 6.04
180 5.23 1.80 29.0 11.90 6.61 6.35
285 5.23 1.37 38.2 12.07 6.68 6.01
20 hr. 5.55 0.766 72.5 12.10 6.91 5.93

Table III: The Compositions of Solutions at 30° for
5 g. of 3Ca0-Si02/l.

Reac-
tion

time,
min.

(Ca), 
X 10=. 

moles/l.

(Si02)t 
X 10\ 

moles/l.
CaO : SiOs
in soin. pH p-K.pi pKBP5

3.5 4.72 10.5 4.48 11.86 5.88 6.47
8 5.02 9.47 5.30 11.92 5.89 6.33

15 5.22 8.10 6.44 12.00 5.92 6.15
25 6.89 5.83 11.8 12.10 5.97 5.86
30 7.18 4.53 15.9 12.20 6.05 5.64
35 7.14 3.90 18.3 12.28 6.11 5.48
40 7.78 2.93 26.6 12.30 6.21 5.41
50 7.87 2.03 38.8 12.45 6.35 5.11
60 8.37 2.77 30.2 12.40 6.20 5.19
70 8.61 1.33 64.7 12.42 6.51 5.14
80 8.86 1.17 75.7 12.60 6.55 4.77
95 9.45 1.00 94.5 12.52 6.61 4.91

110 9.74 1.05 92.8 12.55 6.58 4.84
130 10.3 0.783 132 12.66 6.68 4.60
160 10.3 0.767 134 12.64 6.69 4.64
200 11.0 0.667 165 12.76 6.73 4.38

became clear in 20 min. Only in the case of the 0.25-g. 
sample was solution complete.

A . p H  V alues o f Solu tions. The pH values of the 
solution containing 0.25 g. of tricalcium silicate/1. re
mained almost constant and changed from only 11.50 
to 11.60 in 21 hr. (Table I, column 5). Table II  shows 
th a t with 1.25 g. of solids/1. the pH values rise smoothly 
from 11.80 to 12.10 in 94 min. After 20 hr. the pH was 
12.10. An increase in the pH values of the 5-g./l. 
mixture from 11.86 to 12.76 may be noted in Table III. 
A saturated solution of calcium hydroxide at 30° was 
reported by Bates, et a l.,20 to exhibit a pH value of 
12.29.

B . C alcium  Concentrations. I t  may be seen in

Table I, column 2, th a t the calcium concentration of the 
0.25-g./l. solution increased in 30 min. from 2.11 X 
10~ 3 to 3.09 X 10~ 3 mole/1. The data in Table II 
show th a t the calcium concentration of the 1.25-g./l. 
solution rose to 5.23 X 10~ 3 mole/1. in 180 min. The 
calcium concentration of the 5-g./l. solution is shown in 
Table II I  to increase gradually from 4.72 X 10~ 3 to
11.0 X 10- 3  mole/1. in 200 min.

C. S ilic ic  A c id  Concentrations. The 0.25-g./I. solu
tion showed a smooth, rapid increase in concentration 
(Figure 3; Table I, column 3) to about 9 X 10~ 4 

mole/1. in 10 to 15 min. Figure 3 demonstrates the

Reo ;t ,bn  Time , M.n.

Figure 3. The silicic acid concentrations as a 
function of reaction time.

fluctuations in the concentration of the silicic acid 
in the 1,25-g./l. solution. This experiment was repeated 
to check the reproducibility of the fluctuations in the 
silicic acid concentration. Maxima may be seen in this 
curve a t 35 and 94 min. However, after 35 min. the 
concentration gradually decreased to 0.766 X 10- 4  

mole/1. a t 2 0 'hr. (Table II). The curve in Figure 3 
shows a slow decrease in concentration of the S-g./l. 
solution from 10.5 X 10“ 4 to 0.667 X 10~ 4 mole/1. 
in 200 min. (Table III). A small peak a t 60 min. 
may be noted.

D . M ole R atio  CaO.-SiOi. The mole ratio of the 
0.25-g./l. solution was approximately 3:1 (Table I, col
umn 4) over 260 min. of reaction time. After 21 hr. the 
ratio rose to 4.66. This indicates th a t the solid dis
solves completely, and only sometime between 260 min. 
and 21 hr. does a hydrate product form. If all the 
sample had dissolved, the theoretical concentrations 
would have been 3.3 X 10- 3  mole of calcium 1. and 1.1 
X 10“ 3 mole of monosilicic acid/1. The solutions were 
found to contain maximum concentrations of 3.3 X

(20) R. G. Bates, V. E. Bower, and E. R. Smith, J . Res. N atl. Bur. 
Std ., 56, 305 (1956).
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10~ 3 mole of calcium/1- and 1.08 X 10~ 3 mole/1. of 
silicic acid. The differences between the experimental 
and theoretical values may be attributed to errors in the 
analysis or to the deviation of the tricalcium silicate 
from the theoretical composition.

The C aO :S i0 2 mole ratios of the 1.25-g./l. solution 
are listed as a function of time in Table II. I t  
may be seen th a t the ratio increases from 3.23 to
72.5 in 20 hr. From a knowledge of the solution compo
sition and the quantity  of tricalcium silicate added to 
the water, it is possible to calculate the mole ratio of 
C aO :S i0 2 in the solids. Initially, the solids exhibited 
a ratio of 3:1, but, as the reaction proceeded, the ratio 
dropped to 2:1 in 20 hr. Presumably, under these 
conditions a t complete reaction the ratio would be 
lower than 2 : 1 .

An increase in the C aO :S i0 2 ratio of the 5-g./l. 
solution to 165 in 200 min. may be seen in the data 
listed in Table III.

E . S ilica te  S o lub ility  Products. The pFfBP, values 
of the 0.25-g./l. solution are given in Figure 4 and Table 
I, column 6 . The product is an indication of the degree 
of saturation of the solution. The equilibrium pK api 
value is 7.0 ± 0 .1  for a silicate formed from calcium 
oxide, silica gel, and w ater . 9 A line corresponding to 
this value is drawn in Figure 4. Values of pA spi 
lower than 7.0 indicate a supersaturated solution. The 
pK i  values of the 0.25-g./l. solution may be seen to de
crease to 6 . 2 2  in 1 0  min., after which the value re
mained almost constant for 260 min. After 21 hr., 
the value increased to 6.35.

In  Figure 4 and Table II  the pA spi values for the 
1.25-g./l. solution may be seen to rise from 5.91 to 6.91 
in 20 hr. The pA sp, values of the 5-g./l. solution de
creased from 5.88 to 6.73 in 200 min. (Table III , 
Figure 4).

F. C alcium  H ydroxide So lub ility  Products. In Fig
ure 5 and Table I, column 7, the pA Bp! values for cal
cium hydroxide of the 0.25-g./l. solution may be seen to 
remain essentially constant at about 7.1 after 10 min. 
The 7.1 value demonstrates th a t this solution is un
saturated with respect to calcium hydroxide solid, 
which exhibits a pA sp, of 5.08.10 I t  may be observed in 
Table II  th a t the p K sp, values of the 1.25-g./l. solu
tion decrease from 6 . 6 6  to 6.04 in 2  hr. However, the 
pATsP2 values do not decrease below the equilibrium 
value even in 20 hr. The pK sp, data  in Table II I  of the 
5-g./l. solution show a decrease from 6.47 to 4.38 in 200 
min. At about 70 min. the pA 8p! value is below the 
equilibrium value, which demonstrates th a t the solu
tion is supersaturated with respect to calcium hy
droxide.

I t  is interesting to note th a t the fraction of tricalcium

Figure 4. The p/f8ps values for hydrated calcium 
silicate as a function of time.

100 200 300
Reaclion Time , Min.

Figure 5. The change with reaction time 
in pKsp, values for calcium hydroxide.

silicate th a t dissolved in 3 min. decreased with weight 
of sample per liter of solution in the range 0.25 to 5 g. 
In  the range 0.25 to 5 g. of sample per liter, the frac
tion dissolved was reduced from 64 to 7% . The frac
tion dissolved is defined as the ratio in moles of the cal
cium in solution a t 3 min. to the moles of calcium in the 
original tricalcium silicate sample.

The Paste E xperim en t. The trend shown in Figure 
4 th a t the rate at which the solution becomes saturated 
with respect to hydrated calcium silicate increases with 
the amount of tricalcium silicate was tested again. A 
paste with a 0 .7 : 1  water-tricalcium  silicate ratio by 
weight was examined. To 70 ml. of water at 15.5°, 100 
g. of tricalcium silicate was added in 15 sec. with mild 
agitation. For 45 sec. the paste was vigorously agi
tated  in a Waring Blendor which brought the tem pera
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ture to 25.5°. After 1.75 min. the aqueous phase was 
separated from the solids on a porous glass filter.

The solution was immediately analyzed. A pH value 
of 12.8, a calcium concentration of 0.032 mole/1., and a 
silicic acid concentration of 0.667 X 10~ 4 mole/1. were 
found. The A spi value corresponding to this solution 
is 1.1 X 10" 7 (pA'sp, =  6.96), which is within experi
mental error the equilibrium value for hydrated cal
cium silicate. Therefore, we may conclude th a t the 
saturation concentration was reached within 2.75 min.

The Electrical Resistance M easurem ents. The elec
trical conductivities of stirred suspensions of trical
cium silicate in water were measured. The concentra
tions were varied between 0.20 and 1.25 g./l. of trical
cium silicate. In  Figure 6 the results are shown. The 
specific resistance of each solution may be seen to fall 
with time and then level off. In  each curve a plateau 
appears for a few minutes between 10 and 20 min. I t  
is interesting to note th a t the curves for 0.5- and 1.25-g. 
samples level off a t the same resistance. This behavior 
demonstrates that, when more than 0.5 g. of sample/1. 
is added, the silicate does not dissolve completely. 
Even the 0.5-g. sample may not have dissolved com
pletely.

A comparison of the specific resistances of tricalcium 
silicate solutions after 140 min. of hydration (Figure 7) 
with those of calcium hydroxide solutions having the 
same concentration of calcium illustrates several things. 
The resistances of the calcium hydroxide solutions are

Figure 6. The change in specific resistance 
as a function of time.

9 0 0  -

300 _______ |_______;______ ;_______|_______,_______ ,________
2 3 4 5 6 » iCT3

Concenlrotion of ColOum , Moles / L

Figure 7. The specific resistances of tricalcium 
silicate and calcium hydroxide solutions 
of the same total calcium ior_ content-

lower than those for the silicate solutions. The cal
cium hydroxide solutions contain calcium and hydroxyl 
ions whereas the tricalcium silicate solutions consist of 
calcium, hydroxyl, H 2S i04-2, and H 3S i04“ ions. Since 
the ion conductance of hydroxyl ions at 25° is 198.5 
ohm - 1  cm . 2 compared with the 35 ohm - 1  cm . 2 for the 
ion conductance of H 8S i0 4~ ,7 the silicate solutions 
should show higher resistances than the calcium hy
droxide solutions. This is actually the case, but it was 
found, also, tha t the differences in resistances as shown 
in Figure 7 increased with the am ount of tricalcium sili
cate added to water. This would indicate th a t com
plete solution does not occur with concentrations of 
solids greater than about 0.5 g./l. since, otherwise, the 
curves in Figure 7 would be approximately parallel.

The Effect o f S tirr in g  on Rate. This effect was ex
amined in order to obtain some information on the 
mechanism of solution of tricalcium silicate. To 1 1. 
of water, a 0.25-g. sample was added. It will be re
called that this sample will dissolve completely if the 
mixture is stirred. The curves in Figure 8  demon
strate the results. Curve 1 illustrates the resistance 
vs. time relationship for no stirring, except for an initial 
0.5-min. mixing. Curves 2 and 3 show the effects of 
increased stirring speed. I t  will be noted that the rates 
of solution or slopes of the curves increase with stirring 
speed. I t  is also apparent tha t the resistance values at 
which the curves level off decrease with an increase in 
stirring speed. I t  may be concluded that, unless the 
dissolving species are removed from the surface, crys
tallization of the product will proceed there.
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Figure 8. The effect of stirring speed 
on the rate of hydration.

X -R a y  M easurem ent. Samples of 1.25 g. of trical- 
cium silicate in 1 1. of water at 30° were stirred a t a 
fast rate. After 100 and 200 min., 500-ml. portions of 
the solutions were removed and filtered in a carbon di
oxide-free box. The solid residues were vacuum dried 
for 2 weeks. Then X-ray patterns of the sample were 
made. The patterns showed strong lines for trical
cium silicate, a trace of dicalcium silicate, and evidence 
for the presence of hydrated calcium silicate. No 
evidence for calcium carbonate was detected.

Discussion
M echanism  o f Reaction. The experiments show tha t 

it is possible to dissolve small amounts of tricalcium 
silicate completely in water. Therefore, the hydration 
of the ions in tricalcium silicate shown in eq. 1 can 
go to completion under the proper conditions. On 
the other hand, the results also illustrate that, if the 
calcium and silicic acid species are not diluted by being 
immediately carried into the solution by agitation of 
the suspension, these species may combine on the sur
faces of the particles to form hydrated calcium silicates. 
Therefore, the surface of the tricalcium silicate serves 
as a site for nucléation and growth.

The rate a t which the solution approaches equi
librium, with respect to the hydrated calcium silicate 
product, increases with the weight or surface area of 
calcium silicate (Figure 4) until it is almost instan
taneous with concentrated suspensions. The rate of 
nucléation is, apparently, relatively slow in the case of

the 0.25-g. sample which dissolves completely. The 
solution with this amount of sample begins to reach 
equilibrium with respect to hydrated calcium silicate 
in about 2 0  hr.

Even after 200 min., the 5-g./i. solution was super
saturated with respect to calcium hydroxide. I t  has 
been fairly well established th a t supersaturated solu
tions of calcium hydroxide are relatively stable . 20 

Therefore, it may be concluded from these experiments 
th a t calcium hydroxide crystals are slow to form under 
these conditions.

After the initial rapid reaction of the surface of tri
calcium silicate with water, further reaction in con
centrated mixtures proceeds from a solution which is 
only slightly supersaturated with respect to the hy
drated calcium silicate product bu t highly supersatu
rated with respect to calcium hydroxide. This, of 
course, demonstrates th a t the rate of crystallization of 
the hydrated silicate product from solution is much 
faster than the rate of hydration after the initial sur
face reaction.

The changes in silicic acid concentration with time 
(Figure 3) demonstrate, also, the processes of reaction. 
In  the case of the 0.25-g. sample, no precipitation oc
curs initially. Consequently, the concentration in
creases steadily with time. The concentration in the 
5-g./l. solution shows only a decrease with time, with 
the exception of a small maximum a t 60 min. On the 
other hand, the concentration for the 1.25-g. sample 
first builds up and then drops sharply. Therefore, one 
may conclude that, in the presence of sufficient reactant 
(5-g. sample), crystallization of the product proceeds 
immediately. However, a t intermediate concentra
tions (1.25-g. sample) some time (40 min.) elapses be
fore the silicic acid concentration is sufficient to cause 
rapid crystallization. Similar results were found for the 
solution reaction in the silica-calcium hydroxide solu
tion system . 9

The rate of formation of hydrated calcium silicate 
from solutions of monosilicic acid and calcium ions was 
shown in this investigation to be a function of pH  and 
calcium concentration. I t  may be assumed th a t the 
reaction proceeds through the combination of calcium 
and silicate (H 2S i04" 2) ions (eq. 3). This is based on the 
knowledge that, as the pH of the medium increases, the 
relative am ount of completely dissociated silicic acid 
species increases.7 Therefore, the increase in rate of 
reaction with pH may be attributed to the increase in 
concentration of H 2Si0 4- '2 with pH. I t  has also been 
demonstrated in other studies th a t the hydrated cal
cium silicates may be represented by the formula 
CaH 2Si0 4 and th a t calcium hydroxide may dissolve in 
this substance . 9

The Journal of Physical Chemistry



H y d r a t i o n  o f  T r i c a l c i u m  S i l i c a t e 5 6 1

K inetics o f Solution. Since 0.25 g. of tricalcium sili
cate dissolves completely in 1 1 . of water, it is possible to 
study the kinetics of solution by means of electrical 
resistance measurements. As a first approximation, 
the tricalcium silicate crystals were assumed to be 
approximately spherical and isotropic. The rate of 
solution was not found to be proportional to the sur
face area alone. The data also did not fit the assump
tion th a t solution and precipitation were proceeding 
simultaneously

=  h S  -  fc2(C3S)dS  (11)
df

where ( C 8S )  is the concentration of unreacted trical
cium silicate, ( C 3S ) d  is the concentration of dissolved 
tricalcium silicate, S  is the surface area, which is pro
portional to (C3S)2/s, and k , and k 2 are the constants for 
solution and precipitation respectively.

If the rate of hydration of the surface of 3C a0-S i0 2 

is very fast and the hydrated species form on the sur

face, then the rate of solution is controlled by the rate 
of diffusion of the ions into solution according to the 
N ernst-B runner treatm ent21

_ d ( c 3s) =  k S  [(CiS)i _  (CjS)d] (12)
df

where k  is the rate constant, S  is the surface area of the 
tricalcium silicate, and ( C 3S ) ,  ( C 3S ) 8, and ( C 3S ) d  are the 
concentrations in moles/1. of undissolved C 3S ,  of dis
solved C 3S  a t the surface, and of dissolved C 3S  in bulk 
solution, respectively. The constant k  is a function of 
the diffusion constants of the ions. However, it was 
not possible to fit the data to eq. 1 2 .
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(21) For discussion see C. V. King, Trans. N . Y . Acad. Sci<, 10, 262 
(1948).
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The Use of Large Anodic Galvanostatic Transients to Evaluate the Maximum

Adsorption on Platinum from Formic Acid Solutions

by S. B. Brummer

Tyco Laboratories, Inc., Waltham,, M assachusetts (Received September 11 ,1964)

The adsorption on smooth P t from HCOOH solutions in 1 IV HClCh a t 40° has been studied 
with anodic and cathodic galvanostatic transients. During the application of a large 
anodic current, fa, three processes contribute to the charge passed, Qa. These are (I) 
oxidation of adsorbate, (II) oxidation of a species in solution, and (III) surface oxidation of 
the electrode. By applying a cathodic current, i c, a t  various times during the anodic 
transient, it is possible to measure II I  directly and, from the charge passed in deposition 
of H atoms prior to H 2 evolution, one can follow changes in the concentration of adsorbed 
HCOOH. By varying fa, one can assess the effect of II. I t  is found th a t the contribu
tions of processes I, II, and I I I  can be effectively separated. The maximum adsorption 
from HCOOH solutions of a species which poisons the low potential oxidation of the HC
OOH requires 310 /xcoulombs/real cm . 1 2 of electrode for its oxidation. This value is too 
large to correspond to adsorbed HCOOH itself (~230 /ucoulombs/cm.2). The oxidation 
involves two electrons per surface site. The maximum coverage of the electrode with 
this species is ~ 7 3 % . This maximum coverage is found below ~ 0 .35  v. (vs. H 2/H +  in 
the same solution) in the concentration range investigated, 10- 3  to 1 M . Adsorption de
clines as the potential increases and is essentially zero a t 0.70 v. Surface oxidation, during 
the anodic transient, is considerably retarded even when the electrode is extensively free 
of the adsorbate. This effect is greatest a t small current densities .(~10 m a./cm .2). Some 
studies have also been made of the adsorption kinetics in the low potential region (below 
0 . 2  v.).

Introduction
The anodic oxidation of HCOOH is currently of 

interest as a model system for organic anode materials 
in fuel cells. In a previous publication1 an investiga
tion was made of current potential curves for the re
action on P t in dilute HC104 solutions. In  addition, 
anodic and cathodic transients were used to examine 
the adsorption behavior of the system. I t  was found 
that, especially at low potentials, a material is slowly 
adsorbed which poisons the oxidation of HCOOH. 
Evidence that the oxidation is poisoned by some ad
sorbed species has also been shown by the work of 
Buck and Griffith , 2 S lott , 3 Rhodes and Steigelmann , 4 5 

and Giner.6

Slott and Rhodes and Steigelmann suggested tha t 
this poisoning agent is CO formed from the catalytic 
decomposition of HCOOH on the electrode. The evi

dence presented by Rhodes and Steigelmann is (a) 
th a t during an anodic linear potential sweep, a current 
peak is observed in HCOOH solution which is similar 
to th a t found in CO-saturated solutions and (b) tha t 
the charge passed in the region of this peak is the same 
in HCOOH as in CO-saturated solutions. However, 
it should be pointed out tha t (a) the electrode oxidizes 
in the vicinity of the current peaks, and material not

(1) S. B. Brummer and A. C. Makrides, J . P hys. Chem., 68, 1448 
(1964).
(2) R. P. Buck and L. R. Griffith, J . Electrochem. Soc., 109, 1005 
(1962).
(3) R. Slott, Doctor of Science Thesis, M assachusetts Institu te  of 
Technology, Jan. 1963.
(4) D. R. Rhodes and E. F. Steigelmann, Extended Abstract 213, 
Theoretical Division, Electrochemical Society Meeting, Toronto, May 
1964; J . Electrochem. Soc. 112, 16 (1965).
(5) J. Giner, Electrochim. Acta, 9, 63 (1964).
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previously desorbed from P t is invariably desorbed in 
this potential region; (b) the area under the peak, a 
little more than 1 0 0  /¿coulombs/cm.2, is much too low to 
correspond to the approximate monolayer coverage of 
a species from HCOOH which is thought to be pres
en t1-6'7 or to the coverage of CO found on P t .8-10 

Therefore, the coincidence of the area under the peaks 
is by no means conclusive, particularly as Rhodes and 
Steigelmann4 were compelled to use an arbitrary 
upper potential a t which to terminate their integration 
of charge under the current peak to avoid too much 
overlap with the oxidation of the electrode and with 
oxidation of material from the solution. Gilman , 11 

also, has suggested th a t the evidence of Rhodes and 
Steigelmann may not be conclusive. He has pointed 
out th a t CO oxidation on P t proceeds through a “re
actant pair” mechanism ,8 i.e., a mechanism involving 
the juxtaposition of adsorbed CO and adsorbed oxidant; 
this mechanism is probably not unique to CO and may 
not depend on the exact chemistry of the adsorbate.

Giner6 10 has found a qualitative similarity between the 
material which poisons CH 3OH and HCOOH oxida
tion on P t and the species he obtained on P t under C 0 2 

stirring , 12 which he calls “reduced C 0 2.” He did not 
show th a t the HCOOH poison is entirely or only re
duced C 0 2, nor did he show whether the latter is the 
same as adsorbed CO.

The resolution of the various possibilities for the 
identity of the poison depends, in part, on the avail
ability of good quantitative measurements of the maxi
mum adsorption from HCOOH solutions. To date, two 
attem pts have been made to examine this maximum 
adsorption , 17 and, as will become apparent from the 
present work, neither was completely successful.

Breiter7 has used both anodic and cathodic galvano
static transients on P t electrodes which were slowly 
cycled between hydrogen and oxygen evolution. The 
cathodic transients, which measured the amount of H 
which is plated onto the electrode from solution (see 
below), give the relative coverage of the HCOOH, 
^hcooh; the anodic transient can give the maximum 
HCOOH coverage in absolute terms.

A typical anodic galvanostatic transient as found by 
Breiter7 and Brummer and M akrides1 is shown in 
Figure 1. Breiter suggested th a t plateau BC probably 
corresponds to the oxidation of adsorbed HCOOH. 
Since, however, this plateau is indistinct, he suggested 
tha t a better estimate for Q h c o o h  (the charge/cm . 2 

corresponding to the oxidation of adsorbed HCOOH) 
could be obtained by using the charge in region BD 
and subtracting from it the charge found in the absence 
of HCOOH. This assumes (a) tha t the extent of oxi
dation of the surface during the (fast) anodic transient

t (m i  11 i second s)
Figure I. Typical anodic galvanostatic, potential-time 
trace taken in 1 M  HCOOH solution, 2 min. after 
anodic cleaning of the electrode, with 50 ma./cm.2.

is the same in the presence as in the absence of HCOOH,
(b) tha t double-layer charging is the same in each case,
(c) th a t all HCOOH on the surface is oxidized, and (d) 
tha t the contribution from oxidation of HCOOH, 
diffusing up to the electrode during the transient, is 
negligible.

The evidence presented by Breiter for (a) is that, 
a t 1 . 6  v. during the slow  anodic potential sweep, the 
0  coverage of the electrode is “nearly the same” in the 
absence or presence of HCOOH. I t  was pointed out 
previously1 th a t one may not confidently assume from 
this observation th a t the electrode oxidation is the 
same during the fa s t anodic galvanostatic transient. 
The effect of (b) was shown to be small; (c) was not 
taken into account, and (d) was justified from the fact 
th a t varying the anodic current density apparently led 
to no change in Q h c o o h - I n  this way, Breiter found 
th a t the maximum coverage from HCOOH solutions, 
during the slow potential cycling, is 260 /¿coulombs/ 
cm . 2 of real surface (a definition of a “real” cm . 2 is 
given later).

Brummer and M akrides1 estimated Q h c o o h  directly 
from Qb c . They assumed th a t during BC surface 
oxidation and double-layer charging are negligible, 
arguing tha t the adsorbed species probably has to be 
largely removed before surface oxidation can com
mence and th a t the potential increase during BC is so

(6) C. W. Fleisehmann, G. K, Johnson, and A. T. Knhn, J . Electro- 
chem. Soc., I l l ,  602 (1964).
(7) M. W. Breiter, Electrochim. Acta, 8, 447, 457 (1963).
(8) S. Gilman, J . P hys. Chem., 66, 2657 (1962); 67, 78 (1963); 68, 
70 (1964).
(9) T . B. W arner and S. Schuldiner, Extended A bstract 209, Theo
retical Division, E.C.S. meeting in Toronto, M ay 1964; cf. Naval 
Research Lab. Report 6058, U.S.N.R.L., Washington, D. C., April 
1964. See also J . Electrochem. Soc., I l l ,  992 (1964).
(10) S. B. Brummer and J. I. Ford, to be published.
(11) S. Gilman, discussion or. ref. 4 a t E.C.S. meeting.
(12) J. Giner, Electrochim. Acta, 8, 857 (1963).
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small th a t Qd0ubie uyor may be ignored. Possibility (c), 
above, was ignored and condition (d), above, was as
sumed unim portant from the approximate independ
ence of Qbc on the anodic current density. They 
found th a t Q h c o o h  is 210 ^coulombs/cm.2. Brummer 
and Makrides and Breiter substantiated  their results 
for Q h c o o h  by obtaining good agreement between 
0HCOOH values calculated, from it and those obtained 
from cathodic charging. The values for Q h c o o h  were 
also fairly close to the value expected for close-packed 
HCOOH adsorption (230 ^coulombs/cm.2). However, 
it is not likely th a t HCOOH itself is the adsorbed 
species, 1 for, as has been indicated above, the ad
sorbed species poisons the HCOOH oxidation. (This 
is not to discount a “reactant-pair” mechanism, as 
suggested by Gilman8 for CO oxidation.)

The purpose of the present study is to provide the 
quantitative information required to discuss the nature 
of the adsorbed species. The point of departure of 
th is investigation was that all of the above assumptions 
about the anodic transient can be tested. Thus, by 
applying a large cathodic current sometime during the 
anodic transient, it should be possible to measure 
Qo (the charge/cm . 2 corresponding to the reduction of 
surface oxidized in the preceding anodic transient). 
Also, by measuring 0H (the ratio of the amount of hydro
gen which can be plated onto the electrode to the maxi
mum amount which is determined in the absence of 
HCOOH), one can estimate the fraction of the surface 
which has been bared of adsorbed HCOOH during the 
anodic transient. (For justification of this procedure, 
see below.)

Experimental

The main experimental technique is illustrated in 
Figure 2. The electrode was cleaned with a short 
( ~ 1  sec.) anodic galvanostatic pulse (2 0 - 1 0 0  m a./ 
cm.2) and then put under potentiostatic control 
(Wenking fast-rise potentiostat) a t the potential of 
interest for a time long enough (2  min.) to allow steady- 
state adsorption . 1 The solution was not stirred. 
Then (at D) an anodic current, ia, was applied, and a 
short time later (F) a cathodic current, ic, was applied. 
The potential-tim e sequence from D to J was recorded 
on an oscilloscope (Tektronix Type 535A with Type 
L plug-in). The method of estimating the anodic 
charge, Qa, and Qo and Qh is indicated in the figure.

Unless otherwise stat ed, all experiments were carried 
out in 1 N  HClOj at 40° with a smooth platinum elec
trode. W ater for making up the solutions was triple 
dist illed (once from alkaline KMnCh); the reagents were 
Baker Analyzed grade. N 2 and 11> gases were “pre
purified” grade and were passed through several cold

Figure 2. Potential-time sequence used to clean 
the electrode and to make the measurements.

traps, packed with glass beads, and surrounded with 
liquid N2, before being bubbled first through a pre
saturator containing the test solution and then through 
the cell. The cell has .been described previously . 1 

The working electrode was “thermocouple grade” 
P t wire which was sealed into glass so as to expose 
about 0.6 cm . 2 of geometric area. Prior to use, both 
cell and working electrode were washed in H 2S 0 4 

cleaning mixture and then thoroughly washed with hot, 
triple distilled water and with the test solution. Solu
tions were extensively pre-electrolyzed on a separate 
P t electrode before carrying out experiments although 
there was no evidence tha t this pre-electrolysis affected 
the results. Potentials were measured (and are re
ported) against the reversible hydrogen electrode in 
the same solution (r.h.e.).

Constant current was applied by switching the 
counter electrode line from the potentiostat to a current 
source with a Hg-wett.ed relay (Clare, Type HG 1 0 0 2 ). 
For the simple application of a constant current, the 
circuit consisted of a 45-v. battery and a bank of re
sistors. For the application of the sequence shown in 
Figure 2, a special circuit was developed. This will 
be described more fully elsewhere, 13 but its general 
features are as follows. The circuit consisted of two 
zener diode-controlled, transistor constant-current 
sources. The first current, ta, was applied on the closing 
of the previously mentioned relay. The second circuit, 
which was held off with a silicon-controlled rectifier, 
was applied a short time later (from 2 0 0  ^sec. to 2  sec.) 
in such a way as to overpower the first circuit. The 
time delay was controlled with a slightly modified

(13) R. Dobkin and S. B. Brummer, to be published.
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Tektronix pulse generator (Type 161) which was 
started by the closing of the relay. Currents were 
measured with a Greibach ammeter (Model 510) 
with a precision of 0.5%.

Unless otherwise stated, the measurements are given 
on the basis of “real cm.2.” There is no unambiguous 
way to estimate the real area of a P t electrode, and the 
best way to do so is still in dispute. Thus, G ottlieb 14 

has used both the double-layer capacity, which he 
assumed to be 24 /¿f./true cm.2, and the potentiostatic 
oxidation results of Laitinen and Enke . 15 The latter 
results themselves cannot be unambiguously related 
to true surface area. Schuldmer and Roe16 * have 
asserted that the most satisfactory way to estimate the 
true area is through the assumption th a t the linear 
region from ~ 0 .9  to 1 . 8  v., during an anodic galvano
static transient, prior to O2 evolution, QoN> corresponds 
to a monolayer of chemisorbed 0  atoms. The present 
author has found th a t using wire electrodes (Schuldiner 
and Roe16 used beads) and using a technique whereby 
considerable O2 evolution occurs while making the 
anodic transient measurements tends to roughen the 
electrode. In addition, under these circumstances, 
some dependence on the current density (albeit these 
were usually lower than those employed by Schuldiner 
and Roe) was found.

Yet another method of estimating the surface area 
is to assume tha t there is a monolayer of H atoms, i.e., 
one atom per surface P t atom a t the reversible H 2 

potential. There can be little doubt th a t this is ap
proximately true (see for example Breiter, et a l.,v  
and for a more recent discussion Frum kin18 19 20). The 
predominant face on polycrystalline P t is the (100) 
plane, and this would correspond to 1.3 X 1016 atom s/ 
cm . 2 or 2 1 0  /icoulombs/cm . 2 for a monolayer of H. 
The work of Breiter, Knorr, and Volkl19 suggests tha t 
2 QÍT7 QoN is close to 1 , and this would suggest, unless 
it were mere coincidence, th a t lo th  the oxygen and the 
hydrogen layers are close to monolayers.

The measurement of Q¿N is, as has been indicated 
above, not completely satisfactory. The anodic meas
urement of Qhm, also, is not satisfactory for use as 
a routine measure of surface area since allowance has 
to be made for the molecular PI2 which is generated at 
the reversible potential; recent measurements by 
Gilman20 suggest tha t this cannot be done unambig
uously. I t  was preferred, then, to estimate the area 
by measuring QHax cathodically, i.e., plating the H 
layer onto the electrode with a large constant current, 
starting from a potential where the electrode is bare. 
To ensure th a t the surface was clean, the measurement 
was done while the electrode was slowly cycled at 0 . 1  

c.p.s., without stirring, between 0.25 and 1.25 v., the

measurement being taken from 0 . 6  v. on the anodic 
sweep.

QHax, as determined in this way, is reproducible and 
does not vary with the measuring current, in the range 
investigated, 1-300 m a./cm .2. I t  is not certain tha t 
QSax measured in this way is, in fact, the same as 
Qnax measured anodically; see, for example, ref. 2 0 . 
However, the reversibility observed in slow triangular 
sweeps, 21 and the independence of $Hax on the ra te of 
deposition, in the range used, suggests th a t this is 
a fairly good estimate. Thus, the area of the electrode 
is based on the Q ™  value measured a t 40° in 1 JV 
HCIO4, on the assumption th a t is 2 1 0  /¿coulombs/ 
real cm.2.

As has been indicated, Qh was also measured in the 
presence of HCOOH, and the assumption was made 
th a t 0HSd( = Qh ^ /Q h“ ) is a measure of the cleanness of 
the surface a t the time of the measurement. This tech
nique has recently been used for HCOOH ad
sorption , 1’6’7 for CH3OH adsorption , 22 and for CO 
adsorption .8 I t  seems to have been used originally by 
Oikawa and M ukaibo23 to study the adsorption of 
CH3COOH and by Franklin and Sothern24 for the ad
sorption of nitriles.

The 0h sd values could be in error for one or more 
of the following reasons, (a) Some of the more loosely ~  
adsorbed HCOOH could be desorbed during the meas
urement of QH, particularly as H has a very high af
finity for Pt. (b) Some HCOOH which had been dis
placed a t the higher potentials could readsorb during 
the measurement of QH- (c) HCOOH or one of its 
oxidation products could be reduced during the measure
ment of Qh - Regarding (a), if the HCOOH were 
desorbed during the cathodic pulse, one might expect 
to see discontinuities in the range of 6°^sd independent

(14) M. H. Gottlieb, J . Electrochem. Soc., I l l ,  465 (1964).
(15) H. A. Laitinen and C. G. Enke, ibid., 107, 773 (1959).
(16) S. Schuldiner and R. M. Roe, ibid., 110, 332 (1963).
(1.7) M. W. Breiter, H. Kammermaier, and C. A. Knorr, Z. Elektro- 
chem., 60, 37, 119 (1956); M. W. Breiter, “ Transactions of the Sym
posium on Electrode Processes,” John Wiley and Sons, Inc., New 
York, N. Y., 1961.
(18) A. N. Frum kin, “ Advances in Electrochemistry and Electro
chemical Engineering,” Vol. 3, John Wiley and Sons, Inc., New York, 
N. Y., 1963.
(19) M. W. Breiter, C. A. Knorr, and W. Völkl, Z. Elektrochem., 59, 
681 (1955).
(20) S. Gilman, Interim  Report No. 8 on C ontract DA 44-009-ENG- 
4909, Dec. 1963; see also J . Electroanal. Chem ., 7, 382 (1964).
(21) M. W. Breiter, A n n . N . Y. Acad. Sei., 101, 709 (1963).
(22) M. W. Breiter and S. Gilman, J . Electrochem. Soc., 109, 622 
(1961).
(23) M. Oikawa and T. Mukaibo, J . Electrochem. Soc. Japan, Over
seas Ed., 20, 568 (1952).
(24) T. C. Franklin and R. D. Sothern, J . Phys. Chem., 58, 951 
(1954).
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of the initial state of the electrode. Specifically, 
0Hbsd might tend to unity. In fact (see below), a 
continuous range of was observed from ~ 0 . 2  to 1 . 
W ith respect to (b), HCOOH is apparently readsorbed 
during the cathodic transient if the time of measure
ment is long (see below for discussion). Thus, all 
the measurements of QH were taken with large current 
densities (short times), usually ~ 8 0  m a./cm .2. Con-

Table I : Glossary of Important Symbols

ta

tc

Q

Qa

Q BC
Qbd

Qdouble layer

Qh or Q£bsd

q t x

Qmax HCOOH

Qo

QâN

t — BD /̂ iBD
Qo °r Qo

THCOOH
■pi max A HCOOH

0H or 8 
(8h)qb-

obadH
-̂ 0

8bare

T

T a

T B D

TH

Anodic current density applied to electrode (see 
Figure 2)

Cathodic current density applied to electrode, 
some time after application of (see Figure 2) 

Charge (density) passed during process sub
scripted and superscripted 

Charge passed during anodic transient (ia) for 
time ra

Charge passed during anodic transient corre
sponding to complete cleaning of the elec
trode

Charge passed during region BC of Figure 1 
Charge passed during region BD of Figure 1 
Charge passed during anodic transient used in 

charging the double layer 
Charge passed, galvanostatically, in presence of 

HCOOH, in depositing H atoms on the Pt 
electrode, anodically or cathodically, but 
usually cathodically

Charge passed galvanostatically in 1 N  HC104, 
in absence of HCOOH, in depositing H atoms 
on the Pt electrode anodically or cathodically, 
but usually cathodically 

Charge corresponding to oxidation of the maxi
mum adsorption of HCOOH 

Charge for the reduction of surface oxidized 
during an anodic transient (see Figure 2) 

Charge passed during an anodic galvanostatic 
transient corresponding to surface oxidation. 
Also, total charge passed in this way before O2 
evolution

Qo for the time BD in Figure 1 
Charge for oxidation from solution, during the 

anodic transient
Surface concentration of HCOOH (less than 

maximum)
Maximum surface concentration of HCOOH, 

equivalent to Qhcooh if expressed as ncou- 
lombs/cm.2

Qh/QPT
Value of 8a when Q, tends to zero, i.e., the initial 

condition of the electrode, as obtained from 
the 0n-Qa plots

Average fraction of surface bare during a given 
transient; defined in eq. 5 

Time
Time elapsed during anodic transient
t for time BD in Figure 1
Time elapsed during measurement of Qh

cerning (c), there is no evidence for HCOOH reduction, 
and reduction of the oxidation product, C 0 2, is too 
slow to be relevant here . 12 To justify this point, we 
may note th a t in HCOOH solutions the maximum 
value of #h found was just 1. Occasionally, values of 
On slightly greater than 1 were found, but these were 
never outside the range of the repeatibility of the ex
periments.

A glossary of symbols is given in Table I.

Results and Discussion
General Features o f the A nod ic  Transien ts. In 

Figure 3, the variation of and Qo is shown during 
the progress of two different anodic galvanostatic 
pulses. The measurements were taken in 1 M  HCOOH 
solution from 0.3 v., 2 min. after a cleaning pulse; 
similar results are obtained with other concentrations 
and starting potentials. The usual starting potential 
of 0.3 v. falls in the range where HCOOH adsorption 
is independent of potential and a t a maximum . 1 The 
general features of the potential dependence of the 
adsorption previously reported 1 were substantiated 
in the present work. With starting potentials lower 
than '~0.3 V., it is not possible to compare results 
obtained from anodic transients with those from direct

Figure 3. General behavior of 0H and Qo with Qa 
in 1 M  HCOOH. The measurements were taken 
from 0.3 v., 2 min. after a cleaning pulse.
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cathodic charging (see later). We see th a t both On 
and Qo increase during the progress of the anodic 
transient. On appears to increase essentially linearly 
at first, then less rapidly with increase of Qa, and finally 
comes to a limiting value close to unity. This indi
cates tha t the anodic pulse is effective in removing 
(what for the present we will call) “adsorbed HCOOH.” 
Because the lower current density was not quite as 
effective in cleaning the surface, the cleaning pulse 
was never less than 20 m a./cm .2. We see from Figure 
3 that the oxidation of the surface is retarded particu
larly a t lower current densities. I t  is interesting that, 
a t the lower current density shown, the surface does 
not oxidize even though the On values suggest th a t it is 
almost clean of adsorbate and the potential is sufficiently 
high (cf. Figure 1).

The indication of the “ transition tim e,” t b d , refers 
to the time BD in Figure 1. I t  is interesting tha t Qo 
does not show any change corresponding to this time— 
nor is its value a t t b d  anything like th a t of a monolayer. 
In the range studied, 0.01-1 M ,  t b d  depends on the 
current density. In addition, section D E is not flat 
a t higher current densities, and a second inflection, 
followed by a flat region, is found at the highest current 
densities, particularly in concentrated solutions. Also 
an overshoot (cf. ref. 2 ) is found a t the lowest current, 
densities. Since the over-all description of the anodic 
transients is rather complex, we will concentrate on the 
initial region, in particular on the region BC in Figure 1.

The V aria tion  o f On w ith  QB en d  the M a x im u m  A d 
sorption fro m  H C O O H  Solutions. In Figure 4, we take 
a closer and more detailed look a t the variation of 
On with Qa in a 1 M  HCOOH solution. Measurements 
were taken over a range of currents ( ~ 8  to 90 m a./ 
cm.2) to try  to separate any contribution from the oxi
dation of species which diffuse to the electrode during 
the anodic transient. I t  was not possible in 1 M  solu
tion to work a t less than about 8 m a./cm . 2 as the po
tential tends to oscillate under galvanostatic condi
tions. M easurements were not made above ~ 9 0  
m a./cm . 2 since the oxidation of the surface then ob
trudes more into the low Qa region. For low values of 
Qa (^30-100  Mcoulombs/cm.2), all the points fall, 
more or less, on a common line, but, as Qa increases, 
the lower current densities are no longer effective in 
increasing On, i.e., in cleaning the surface, and the 
0H~Qa lines tail off from the main line. The line in 
Figure 4 has been pu t through the highest current den
sity points. The line has been dotted, a t the top end, 
from the point where electrode oxidation becomes ap
preciable to On =  1. Then, assuming both of the ex
trapolations to the axes indicated by the broken lines, 
we find

(0H) q̂ o =  0.205 (1)

(<2a)«H->-i = 370 /icoulombs/cm . 2 (2)

and

AFT =  2 ' 2 1  (3)dQH

The various current densities overlap fairly well a t 
low and intermediate values of Qa (short times) and 
less so a t longer times (viz., with low values of if) . 
I t  may be th a t for the shorter times the sole process 
which consumes Qa is oxidation of adsorbed material, 
and a t  longer times (but before electrode oxidation 
becomes appreciable) we have some contributions to 
Qa from diffusional processes. There are a number of 
ways of treating the simultaneous contributions of ad
sorption and diffusion to a chronopotentiometric wave . 26 

None of these is applicable in the present case since the 
variation with current density shown in Figure 4 is 
much less than would be found if this process were 
limited by diffusion of the HCOOH. The supply of 
other species (e.g., HCOO“ , (HCOOH)2, (HCOOH ) 2 

single anion) would presumably also be limited by the

CHARGE PASSED DURIN3 ANODIC TRANSIENT, Qa ( f i  coul/cm2)

Figure 4. Variation of 0h with Qa in 1 M  HCOOH.
The measurements were usually taken from 0.3 v., 2 min. 
after cleaning pulse. Also shown are measurements 
taken 5 min. after the cleaning pulse. The line has been 
drawn through the high current density points.

(25) See, for example, H. A Laitinen and L. M. Chambers, Anal. 
Chern., 36, 5 (1964).
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supply of the HCOOH itself. If we assume, then, th a t 
HCOOH from solution will oxidize on the bared surface 
according to

Q s o l n  ~  kj^Obarc (4)

where Qsoin is the charge supported by this oxidation 
from solution during the time of the anodic transient 
Ta, and (tbare is the average fraction of the surface which 
is bare during this time, and if Share is estimated using

Share = 1 /  ° +  Sh* ’'*) (5)

Then k  is 4.5 m a./cm .2, and the data for the different 
current densities overlap in the manner shown in Figure 
5. Again, assuming th a t we can extrapolate, as indi
cated by the dotted regions of the line in Figure 5, we 
obtain

( Q h ) q . - * o  =  0.205 (6 )

(Qa -  Qsoin)eH-*i =  356 ¿¡coulombs/cm . 2 (7)

and

d(Qa Qeoln) 
dQlI 2.13 (8 )

All the current densities now overlap, and, if the ex
trapolations are valid, it can be assumed th a t the 
values given in (6 ), (7), and (8 ) refer to the adsorbed 
film alone. No allowance has been made for charging 
of the double layer.

If we consider measurements taken with a 0.1 M  
HCOOH solution (Figure 6 ), we see that, even without 
correction for Qso\n, the overlap between the different 
current densities is good. This implies th a t almost 
all of Qa is used in oxidizing the adsorbate, and very 
little is used in any other process. In this case, there 
is no surface oxidation until Qa >  300 ¿¡coulombs/ 
cm.2. Then, extrapolating as indicated, we find

(fc)g.-* 0 = 0.235 (9)

(Qa)9H-*i =  331 ¿¡coulombs/cm . 2 (10)

and

dQa
dQE

= 2.03 ( I D

If we correct these values using eq. 5 and assuming k 
to be about 1 m a./cm . 2 (which gives the best overlap), 
we find

and

(Ga)»H-*i = 327 ¿¡coulombs/cm . 2 (12)

dQa
dQiï

2 . 0 1 (13)

Figure 5. Variations of 6a with Qa. The latter is 
corrected for contributions from oxidation from 
solution species by means of eq. 4 and.5.

CHARGE PASSED DURING ANODIC TRANSIENT, Qa (¿¡.coul/cm2)

Figure 6. Variation of Ba with Q„ in 0.1 M  HCOOH. The
measurements were taken from 0.3 v., 2 min. after cleaning pulse,

Since these results differ from those in eq. 9-11 by less 
than the experimental uncertainty, we will pay most 
attention to the more directly observed results in (9), 
(1 0 ), and (1 1 ).
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The value of ( Q depends on the validity of the 
extrapolations which have been dotted in Figures 4-6. 
The upper extrapolation, i.e., to the value of Qa when 
0h =  1, is almost certainly accurate. To justify this, 
we note th a t in Figure 6 , if Qo and Qsoin are subtracted 
from the Qa values, the extrapolation which is present 
as only ~ 0 .1 in 0H essentially disappears. At the lower 
end of the line, it should not theoretically be necessary 
to extrapolate since the measurements themselves can 
be extended right into this region. In practice, the 
initial shape of region E F  in Figure 2 allows considerable 
uncertainty when Qa is less than ~ 3 0  pcoulombs/cm.2. 
For the 1 M  HCOOH solution, the situation is even 
more uncertain as the potential arrests only gradually
(E), eventually becoming more or less flat (E')- This 
directly introduces an uncertainty as to whether to 
measure Qa from E  or E '. This uncertainty itself is 
/—/ 35 pcoulombs/cm.2.

In order to check the lower extrapolation, one can 
adsorb the HCOOH from the various solutions for 2 
min. as before and measure 8h directly without anodic 
charging. In this case, one observes a value between 
0.26 and 0.28, independent of concentration, in the 
measured range of 1(W3 to 1 M  (Figure 7), whereas the 
extrapolated values are invariably lower than this 
(cf. eq. 1, 6 , and 9). We can explain this difference by 
assuming th a t the first part of Q& does not go to the 
oxidation of adsorbed material. Alternatively, we 
could postulate th a t the first part of Q& oxidizes ma
terial th a t is so weakly adsorbed th a t it is desorbed 
during the direct measurement of 0H- I t  seems reason
able to make the former assumption since, if the latter 
were true, the values of (0H)Qa->-i in eq. 1 and 9 would 
presumably be the same. Then, if we make the first 
assumption, (Qft)®H_^i is reduced by about 2 0  pcoulombs/ 
cm . 2 for the 0.1 M  solution (Figure 6 ), and the charge 
required to remove the adsorbed layer, Qhcooh, is 
about 310 pcoulombs/cm.2. For the 1 M  solution, 
we obtain 320 pcoulombs/cm.2. These values agree 
within the precision of the experiments. 26

We may be certain tha t these values represent the 
maximum adsorption on P t from HCOOH solutions 
for the following reasons: (1) 2-min. and 5-min. results
a t 0.3 v., from 1 M  HCOOH solution, are indistinguish
able (Figure 4). (2) Results a t 0.2 v. are indistinguish
able from those a t 0.3 v. Thus, the adsorption does 
not increase, as the potential is lowered, to values 
greater than a t 0.3 v. Above 0.35 v., the adsorption 
declines (Figure 7). (3) Cathodic charging (Figure 7)
showed the same value ( ~ 1 0 %  precision) over a wide 
concentration range a t 0.3 v., so the surface is already 
saturated with quite dilute solution.

The fact th a t the lines are essentially straight

Figure 7. Variation of 0h with electrode potential in 
HCOOH solutions. The measurements were taken 2 
min. after cleaning pulse, usually with 50-ma./cm.2 pulses.

over the whole range of 0H means th a t the adsorbed 
species is homogeneous. At least, it is homogeneous 
in the sense th a t its oxidation involves the same number 
of electrons per unit over the whole range of electrode 
coverage. Since the maximum value of QH closely 
corresponds to a monolayer17' 18 of H atoms and these 
each release one electron in their oxidation, the ratio 
dQa/dQn is the number of electrons required for each 
site which is oxidized free from absórbate. We see 
th a t this number is 2. This is the value which one 
would expect for adsorbed CO, and, indeed, the value 
reported for Qhcooh is close to tha t reported previously 
for CO . 1,8 However, other experiments by the present 
au thor10 and by W arner and Schuldiner9 suggest 
th a t this is too low a value for the maximum adsorption 
of CO. Subsequently , 10 a detailed comparison of the 
oxidation kinetics of the film adsorbed from HCOOH 
solutions with tha t adsorbed in CO saturated solutions 
will be made. The value of 310 pcoulombs/cm . 2 is, 
however, too high to correspond to the maximum ad
sorption of HCOOH. The area of the HCOOH mole-o
cule is 14 A . 2'7 and the maximum (two-electron oxi
dation) to which this would correspond is ^ 2 3 0  p- 
coulombs/cm . 2. 27

(26) These values should be corrected for double-layer charging. 
The extent of this correction is difficult to estimate, bu t it can be 
shown to be about 25 /¿coulombs/cm.2 (ref. 10) with an uncertainty of 
± 1 0  /¿coulombs/cm.2.
(27) B. E. Conway and M. Dzieciuch, Can. J . Chem., 41, 21, 38, 55 
(1963).
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A dsorption  fro m  H C O O H  Solu tions  .As a F unction  o f 
Potential and  Concentration. From the boundary 
conditions th a t 9H  =  1 when 0h c o o h  =  0  and £?H  =  

0.27 when &h c o o h  has its maximum value (Figure 7) 
and also from the assumption th a t 0H and # h c o o h  

are linearly related, which is clearly demonstrated by 
Figure 6  but is in disagreement with the results of 
Breiter ,7 we can derive the surface concentration of 
HCOOH, r HC0 0 H, relative to its maximum value, 
rlcooH , according to

«hcooh =  =  1-37(1 -  dH) (14)
1 HCOOH

Values calculated in this way are shown In Figure 8 .
We see th a t 0Hcooh is unity (assumed) a t high con

centrations and low potentials and decreases as the 
potential is raised and the bulk concentration is lowered. 
The effect of lower concentration is to lower the poten
tial a t which adsorption becomes less than the maxi
mum. However, the adsorption is strong, and the 
maximum is observed a t low potentials even in 10 _3 M  
HCOOH solution. If the adsorbate is formed from 
decomposition of HCOOH on the electrode, then, in

Figure 8 .  Variation, of <?h c o o h  with electrode 
potential. Results were computed from the 
data shown in Figure 7 by means of eq. 14.

the more dilute solutions—where the kinetics of ad
sorption, i.e., decomposition, would be slower—it is 
possible th a t some of the values of #hcooh, as measured 
a t 2 min., are too low. This has been discussed 
previously . 1

The fact th a t the adsorption of an oxidizable species 
from HCOOH solutions declines essentially to zero as 
the potential is raised clearly rules out those mech
anisms which would account for the activation-limited 
current, 1 which is observed in the potential region 
when 0hcooh declines from unity, in terms of the 
limiting high coverage with an intermediate, e.g., 
HCOO', whose nonelectrochemical breakdown is the 
rate-limiting step, viz., ref. 27.

Readsorption o f H C O O H  during M easurem ent o f 
On. One of the assumptions made in using as a 
measure of the bare surface at the po in t o f the current 
reversal (F in Figure 2) is th a t no HCOOH readsorbs 
on the electrode during the measurement. This was 
tested in the following way. The electrode was cleaned 
and polarized a t a convenient potential for 2  min. 
without stirring, and then 0H was measured with a 
range of currents so as to vary r H, the time of measure
ment of Qh . The results are shown in Figure 9. 
We see th a t in a 1 M  HCOOH solution the initial rate

Figure 9. Variation of 0h with the time of measurement of 
Qh, th. These values of th were not corrected 
for double-layer charging (c/. Figure 2) as the actual 
time elapsed during the measurement is significant here.
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of readsorption, standardized to unit bare surface, 
is ~0.006 of a monolayer of 0H/c m . 2 of bare surface/ 
msec. In a 0.1 M  HCOOH solution, the initial rate 
is ~ 0 . 0 0 1 1  of a monolayer of 0H/ C m -2 of bare surface/ 
msec. This means th a t in 1 M HCOOH the observed 
value of 0H in the vicinity of 0H = 1  is lower than its 
true value by ~ 2 .5 % ; thus, the value for (Qa)eH_ î 
given in eq. 7 should probably be reduced by ~ 2 .5% , 
i.e., to 347 //coulombs/cm.2. This adjusts the corrected 
value for Qhcooh in 1 Af HCOOH to 312 /¿coulombs/ 
cm . 2 (347 — 35). Similarly, the value in a 0.1 M  solu
tion would be reduced to 308 /¿coulombs/cm.2.

The net rate of adsorption (or decomposition) of 
HCOOH shown in Figure 9 appears to be much higher 
than the adsorption rates reported earlier. 1 However, 
those measurements refer to potentials higher than 
those of Figure 9, which are in the H-adsorption region. 
I t  was shown previously th a t the net rate of adsorption 
increases as the potential is lowered, and, thus, there is 
no significant conflict. The slow adsorption rates 
determined previously a t the higher potentials are the 
main reason why Breiter’s 0hcooh potential curves, 
which were made during a slow triangular sweep, do 
not agree with those shown in Figure 8 .

Summary and Conclusions
I t  appears, then, that, using the anodic charging 

method coupled with current reversal, we can obtain 
im portant information on the species adsorbed from 
HCOOH solutions, as follows. (1) Two electrons are 
involved, during the anodic transient, to expose each 
P t atom. W ith the double-layer correction, this would 
be reduced to about 1.9. (2) Qhcooh> the maximum

adsorption from HCOOH solutions, has a value of 310 
/¿coulombs/cm.2. W ith the double-layer correction, 
this would be reduced to about 285 /¿coulombs/cm.2.
(3) When the surface has its maximum adsorbed film, 
it is about 73% ' covered. This follows from direct 
cathodic charging and assumes th a t all of the sites are 
available for the adsorption of HCOOH or H atoms.
(4) During the removal of the film by anodization, 
the oxidation of the electrode is impeded (c/. Figures 
1 and 3). This is so even on surfaces which are sub
stantially free from adsorbate. At large current 
densities the oxidation of the adsorbed film and of the 
electrode tend to overlap. (5) HCOOH (or its de
composition product) readsorbs relatively quickly 
a t low potentials. (6 ) Adsorption from HCOOH 
solutions declines a t potentials much in excess of 0.3 v., 
particularly in more dilute solutions.

The evidence presented above does not prove whether 
the adsorbed film is or is not CO or “ reduced C 0 2.” 
However, the method used here appears to yield a 
reliable quantitative description of the adsorbed film, 
and, from this description, it is clear that the adsorbed 
film is unlikely to be HCOOH itself. In further 
work , 10 a direct comparison will be made of the proper
ties of this adsorbed film with those of adsorbed CO.
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Ionic Reactions in Gaseous Acetylene1 2

by M. S. B. M unson

Humble Oil and Refining C om pany, Research and Development, Baytown, Texas (Received September 21, 1964)

Mass spectrometric studies of ionic reactions in acetylene have been made which gave rate 
constants of 0.9 and 1.3 X 10~ 9 cc./molecule-sec. for reaction of C2H 2+ and C2H+. Con
secutive ionic reactions were observed giving ionic species up to Ci2 and perhaps Ci4. C4H 4 + 
was observed as a third-order product ion with no indications of chemi-ionization reactions 
being involved in its formation. No appreciable concentration of C6He+ ions was ob
served. Product ions were observed which were apparently formed by reaction of excited 
states of the acetylene ion. Analogous reactions were observed in C2D 2 and the rate 
constant for reaction of C2D 2+ was within experimental error the same as the rate constant 
for reaction of C2H 2+.

Introduction
The radiation chemistry of acetylene has been studied 

for many years; the major products are benzene and 
an uncharacterized polymer, called “cuprene.” 2a At 
various stages in the history of these studies the reac
tive intermediates have been considered as radicals 
or ions and it appears that both may be im portant. 215 

Recently, work has been done in these laboratories on 
the radiation chemistry of acetylene3 4 5 6 which made it 
seem worthwhile to continue the studies of ionic reac
tions in gases with experiments on acetylene with the 
mass spectrometer available at Humble at pressures 
as high as possible.

Mass spectrometric studies of ionic reactions in 
acetylene have been made which gave values of rate 
constants for the formation of some second-order 
product ions. 4-6 In work on the bombardment of 
C2H 2 with positive ions, second-order products ions 
were also observed .7 8 Experiments have been made 
with acetylene in a mass spectrometer a t a pressure 
of about 1 0 0  /u which showed the presence of some 
higher-order products ,8,9 but no kinetic data were 
reported.

Experimental
The mass spectrometer was th a t described by Field10 

and was used with a Faraday cup or an electron multi
plier as an ion detector. Appearance potentials 
were determined by the modification of the retarding 
potential difference technique11 which has been dis
cussed previously with regard to operation a t high

pressures. 12 The source pressure was determined in 
the previously described manner. 12

The source temperature was varied between 130 and 
2 2 0 ° in different experiments and was maintained cons
tan t within a few degrees during each experiment. 
The residual source pressure was about 1 X 10- 6  mm. 
The electron current was several hundredths to a few 
tenths of a microampere (¿¿a.) using the electron 
multipier as the ion detector and larger electron currents 
were used in the experiments with low electron vol
tage to increase the observed ion current. When the 
Faraday cup was used, electron currents of about 1 

fxa. were used. Pressure studies were made with

(1) Supported in part by Project SQUID under C ontract Nonr-3623 
(S-18).
(2) (a) S. C. Lind, “The Radiation Chemistry of Gases,” Reinhold 
Publishing Corp., New York, N. Y., 1961; (b) L. M. Dorfman and 
A. C. Wahl, R adiation  Res., 10, 680 (1959).
(3) F. H. Field, J . P hys. Chem., 68, 1039 (1964).
(4) F. H. Field, J. L. Franklin, and F. W. Lampe, J . A m . Chem. Soc.t 
79, 2665 (1957).
(5) R. Barker, W. H. Hamill, and R. R. Williams, Jr., J . P hys. 
Chem., 63, 825 (1959).
(6) R. Fuchs, Z . N a tu r forsch., 16a, 1026 (1961).
(7) E. Lindholm, I. Szabo, and P. Wiimenius, A rkiv  F ysik , 25, 417 
(1963).
(8) P. S. Rudolph and C. E. Melton, J . Phys. Chem., 63, 916 (1959).
(9) A. Bloch in “ Advances in Mass Spectrom etry, I I , ” R. M. Elliot, 
Ed., Pergamon Press, New York, N. Y., 1963, p. 48.
(10) F. H. F ie ld ,./ . A m . Chem. Soc., 83, 1523 (1961).
(11) R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr., 
Rev. Sei. In8tr., 26, 1101 (1955).
(12) M. S. B. Munson, J. L. Franklin, and F. H. Field, J . P hys. 
Chem., 67, 1542 (1963).
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ionizing electrons of nominal energy of 10-50 v. in the 
presence of repeller voltages of 2.5 or 5 v.

The acetylene was obtained from the M atheson Co. 
and was purified by passing through two traps kept 
in a slurry of C 0 2 and acetone and then frozen and 
sublimed twice with liquid nitrogen, discarding the 
first and last fractions from each sublimation. Ace
tone, air, and water were the only observed impurities 
in concentrations of the order of 0.01%. C2D 2 was 
obtained from Merck & Company of Canada and 
contained only a few per cent of C2DH and was used 
without further purification. D20  was allowed to 
iow through the vacuum manifold, gas reservoir, and 
nass spectrometer for several hours before the experi
ments with C2D 2 were performed.

iesults

In the primary mass spectrum of acetylene a t low 
ressures these data confirm the previous reports of 
le formation of CH2+ as a rearrangement ion and the 
resence of C2H 2+2 and C2H +2. 13' 14 15 These data indi- 
ate that C2H 2+ 2 is about 40% of the total intensity 

a t mass 13 in acceptable agreement with the other values 
of 75% 13 and 43% . 14 A(CH2+) and A(13) were de
termined as 2 1 . 1  ±  0 . 1  v. and 2 1 . 8  ±  0 . 2  v., respec
tively, the latter in good agreement with earlier work . 16 

From the heats of formation of CH 2+ , 16 C , 17 and C H , 18 

and the spectroscopic ionization potential of C H , 16 

one may calculate th a t appreciable excess kinetic energy 
is involved in these decompositions.

A kinetic analysis of the sequence of second-order 
reactions involved has been given previously . 19 20 With 
the assumption tha t the observed ion current is pro
portional to the ion concentration with the same 
proportionality constant for all ions and tha t the 
fragmentation pattern for decomposition of the initially 
excited C2H2+ is independent of pressure, then for 
primary ions, since (C2H 2) /i> (C2H 2+)

lit ( / , /2 / i )  =  In A i  -  fci(C2H2)h (1)

for which (Pi+)o, the initial concentration of Pj+, 
is A iS /ij ti =  {2 d M i/e .F S ) ''\ in which d is the ion 
path in the source, M ■, is the mass of P C , e is the elec
tronic charge, F S  is the repeller field strength in the 
source; and k , is the rate constant for reaction of P C  
with acetylene. From the slopes of plots of the loga
rithms of relative intensity against source pressure one 
can obtain rate constants for reaction of the primary 
ions.

Using an electron multiplier as the ion collector, the 
rate constant for the reaction of C2H2+ with acetylene, 
I c.hc, was determined as 1.03 ±  0.07 X 10 ~ 9 cc./ 
molecule-sec. (since kt = Qd, Q =  48 X 10-16  cm . 2

a t F S  =  12.5 v./cm .). This value is the average of 
rate constants determined from experiments a t tempera
tures from 130 to 220°, with nominal energy of the 
ionizing electrons of 9-50 v., and at repeller field 
strengths of 6.3 and 12.5 v./cm . (corresponding to 
final ion energies of 1.3 and 2.5 v.). None of these 
parameters had any significant effect on the rate 
constant. The activation energy for this reaction 
must be less than 1.5 kcal./mole, if one assumes tha t 
a 40% increase in rate constant between 130 and 
2 2 0 ° could have been detected unequivocally if it had 
occurred.

From experiments with 50-v. electrons, kc ,h + is
1.6 ±  0.2 X 10~ 9 cc./molecule-sec. (Q =  72 X 10~ 16 

cm . 2 a t F S  = 12.5 v./cm .) and kc,+ is 1.7 ±  0.2 X 
10^ 9 cc./molecule-sec. (Q =  75 X 10~ 16 cm . 2 a t F S  =
12.5 v./cm .). Plots of log (713/  2 / ¡) against source 
pressure gave reasonable straight lines from which a 
“rate constant” of 2 X 10~ 9 cc./molecule-sec. could 
be estimated. The residence time of CH+ and C2H 2+ 2 

would be the same, but since mass 13 probably consists 
of roughly equal amounts of CH+ and C2H 2+ 2 and the 
CH+ is formed with excess kinetic energy, this number 
should not be considered as other than an indication 
that these ions react rapidly. From data of rate 
constants for reaction of CH+ with D2, CH 4, and C2H 6 

for which the rate constants vary approximately as the 
polarizability of the neutral, 20 a value of about 2 X 
1 0 ~ 9 cc./molecule-sec. would be expected for t CH* in 
acetylene.

Appearance potentials of product ions are shown 
Table I. Appearance potentials of some product ions 
were determined in C2D 2 because of interferences 
from carbon isotopes. Agreement with earlier data 
for the major ions is good. No major secondary ion 
was observed of appearance potential corresponding to 
C2FI+ (the concentration of C4H+ was small compared 
to th a t of C2H+), but the C2H+ reacted rapidly with 
acetylene. The ratio Go/Gi increased with increasing 
electron energy so that, in addition to

(13) C. E. Melton, M. M. Bretscher, and R. Baldock, J . Chem. 
P hys., 26, 1302 (1957).
(14) F. L. Mohler, V. H. Dibeler, L. Williamson, and II. Dean, 
J . Res. N atl. B ur. S id ., 48, 188 (1952).
(15) J. T. T ate, P. T. Smith, and A. L. Vaughn, Phys. Rev., 48, 525 
(1935).
(16) F. H. Field and J. L. Franklin, “ Electron Im pact Phenom ena,’' 
Academic Press, New York, N. Y., 1957.
(17) L. Brewer and A. W. Searcy, A n n . Rev. Phys. Chem., 7, 271 
(1956).
(18) R. G. Brewer and F. L. Kester, J . Chem. P hys., 40, 812 (1964).
(19) F. W. Lampe, J. L. Franklin, and F. H. Field, “ Progress in Reac
tion K inetics,” Vol. 1, Pergamon Press, Oxford, 1.961, pp. 73-79.
(20) M. S. B. Munson, J. L. Franklin, and F. H. Field, J . Phys. 
Chem., 68, 3098 (1964).
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C2H 2+ -f- C2H 2
/
\

c 4h 2+ +  h 2

C4H 3+ +  H

(2 )

C4H 2 + is produced by another reactions as well, 
probably

C2H+ +  C2H 2 — C4H 2+ +  H (3)

From experiments bombarding C2H 2 with positive ions, 
it has been suggested that C4H 3+ comes from a low

Table I : Product Ions in Acetylene

Lowest energy
Ion AP, e.v. precursor Order

c4h 3+ 11.3 ±  0.1 c2h 2+ Second
c4h2+ 11.5 ±  0.1 c2h 2+ Second
c3h + 15.6 ±  0 1 c2h 2+* Second
c3h2+ 15.5 ±  0.1 c2h2+* Second
c4h  + 17.4 ±  0.4 c2h + Second
c2d3+ 12.5-13 c2d2+* Second
c3h 3+ 11.6 ±  0.1 c2h 2+ Third
c4d4+ 11.4 ±  0.1 c2d2+ Third
c6h 3+ 11.4 ±  0.1 c2h 2+ Third
c5h 2+ Low- Probably C2H2 + Third
C5H3 + Low Probably C2H2 + Third
c6h 4+ 11.4 ±  0.1 c4h 2+ Fourth
c6h 5+ 11.3 ±  0.1 c4h 3+ Fourth
c8h 6+ Low Probably C2H2 + Sixth (?)
c3h 7+ Low- Probably C2H2 + Sixth (?)

energy state (probably the ground state) and that 
C4H 2 + comes from a state around 15.5 v .7 However, 
in the present experiments appreciable concentrations 
of C4H 2 + were observed at electron energies below 
15 v. I m /h i  was 0.44 ±  0.04 for electrons with nomi
nal energy up to 15 v. and then increased with in
creasing electron energy to 0.85 ±  0.10 for 50-v. 
electrons. The values a t low voltage compare rea
sonably well with the ratio 0.61 ±  0.05 obtained by 
Rudolph and Melton with their «-particle spectrometer 
for which C2H 2+ was the only primary ion.8 The ratio 
a t 50 v. compares well with the other values of this 
ratio determined with 70-v. electrons. 4“ 8 Recent 
measurements have been reported on appearance po
tentials of ions in acetylene21 which indicate a sharp 
break a t about 17.0 v. in the ionization efficiency curves 
of C4H3+ and C2H2+ but not C4H2+, which is inter
preted in terms of reaction of C2H2+* to give C4H3+ 
and not C4H2+. This observation is a t variance with 
these data  for which C4H2+ is formed by the higher 
energy species.

Other second-order product ions were detected in

small concentrations: C2H 3+, C3H +, C3H2+, and C4H+. 
The relative concentration of these ions passed through 
a maximum with increasing pressure; hence, they all 
react rapidly with acetylene, k  of the order of 1 0 “ 10 

cc./molecule-sec. The appearance potentials suggest 
that these ions are formed to some extent from reaction 
of excited acetylene ions

C2H 2+* +  C2H 2
/
\

c 3h 2+ +  c h 2 

C3H t +  c h 3

(4)

Both reactions were exothermic for an excited state of 
this energy. The 15.5-v. state of acetylene corresponds 
to the suggested state of Lindholm and co-workers7 

and is perhaps indicated by the data of Collin , 22 al
though he did not interpret his data in this fashion. 
The previous studies gave appearance potentials of 
2 0 - 2 2  v. for these ions, corresponding to CH+ as a 
primary ion. I t  is very probable th a t higher energy 
processes other than the reaction of C2H2+* are also 
involved and the lower appearance potentials in this 
paper are merely the consequence of a higher sensitivity 
which enables the lower energy processes to be seen.

In C2D2, T (C 2D 3+) was determined as 12.5-13 v. 
The shape of the plot of ion current against electron 
energy indicated that the ion is formed by more than 
one process. The vinyl ion can be formed exothermally 
from a second-order reaction of an excited acetylene ion 
of about 13 v. energy and Collin22 reports an excited 
ionic state a t 13.0-13.2 v.

Two other product ions were observed which could 
be second order based on their stoichiometry, C3H 3+ 
and C4H 4+. These two ions, however, were actually 
third-order ions. No evidence was found for a chemi- 
ionization reaction leading to the formation of C4H 4 + 
or C4D 4+. These ions can be formed exothermally 
by a reaction of the (C2H 2-C2H 2+) complex ion

C4H 3+ +  H

C2H 2+ +  C2H 2 - X  (C4H 4+) (5a)

N C4H2+ +  H 2

(C4H 4+) +  C2H 2 - X

kty  c 3h 3+ +  c 3h 3

/
(C6H 6+) C4H 4+ +  C2H 2 (5b)

\
C6H 3+ +  H 2 +  H

(21) C. E. M elton and W. H. Hamill, J . Chem. P hys., 4 1 ,  1469 
(1964).
(22) J. E. Collin, Bull. soc. chim. Belges,. 7 1 ,  15 (1962).
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If the second-order product ions, C4H 3+ and C4H2+, 
do not undergo appreciable reaction then , 19 for ex
ample

(C3H 3+)/(C 4H 3+) = (fc4a/Sfc4i)(fc3/fc2a)(C2H 2) (6 )

At pressures up to about 100 ^ there is no evidence for 
appreciable reaction of C4H 3+ and a plot of Im /Is t  
is linear in acetylene pressure. C6H 3+ is included in 
reaction 5b since it exhibits the same pressure behavior 
as C3H3+ and C4H4+. /c3//c2a is approximately 2 X 
1 0 “ 17 cc./molecule. Unfortunately, there is no way at 
present of establishing the values of fc2a and k 3 sepa
rately. fc2a cannot be as low as 1 0 6 sec. - 1  because no 
C4H4+ was observed as a second-order ion nor were any 
spontaneous decompositions of C4H 4+ to C4H 3+ ob
served as “metastable ions” in the mass spectrum. 
( I 39 +  / 62 +  7 ® ) / S / i ,  the sum of relative concentra
tions of the third-order products from reaction 5b, 
never amounts to more than a few per cent of the 
total ionization, although the concentration of the 
fourth-order ions becomes much greater than this. 
The low value for the relative concentration of third- 
order ions suggests tha t (/c2a +  k2b) is large and tha t the 
complex (C4H 4+) disappears predominantly by dis
sociation.

The ions, C6H 4+ and C6H6+, are the major higher- 
order ions a t these pressures. At about 300 the sum 
/ 76 +  I 77 was about 30% of the total ionization (E V  = 
50 v. and F S  =  12.5 v./cm .); the processes forming 
these ions are therefore very rapid. The ratio l 77/ / 78 

increases with increasing pressure, so th a t the two ions 
cannot be formed from dissociation of the same complex. 
Although their stoichiometry requires only three acetyl
ene molecules, the pressure dependence is fourth order; 
that is, C6H 5+/G4H3+ increases approximately with the 
square of the acetylene pressure. These results are 
best explained by

C2H2 C2H2
C4H 3 (C6H 6+) — ^  C6H 6+ (7a)

C2H2 C2H2
C4H 2+ (C6H 4+) —^  C6H 4+ (7b)

The complex formed by combination of the ion with a 
molecule should not be stable since it is 60-70 kcal. /  
mole above the ground state of the ion. The dissocia
tion of the (CgiR^") complex to C6H 4+ or C6H 3+ is 
endothermic.

No significant concentration of CeH6+ was observed 
as a product ion a t these pressures, although there was 
generally a slightly greater ion current a t mass 78 
than could be accounted for from 13C isotopes (<0.1%  
of the total ionization).

G6H2+ and C5H 3+ were observed as third-order ions, 
maximum concentration about 1 % of the total ioniza

tion. The ions were formed from low energy processes, 
probably from C2H2+ or one of its product ions. Very 
small concentrations of C7H 3+ (m /e  =  87) were also 
observed, but-in general the higher products contained 
an even number of carbon atoms.

Ions of m /e  = 100 through 104 were observed which 
probably came from more than one source since the 
ratios of ion currents varied with electron voltage at 
constant pressure. They were formed partly from C2H 2 + 
since these ions were found in the low voltage experi
ments when C2H 2+ was the only primary ion. The 
most abundant of these ions were 1Q2, C8H 6+, and 103, 
C8H 7+, perhaps formed by sixth-order processes since 
h m /h i  increased approximately with the square of the 
acetylene pressure.

Very small amounts of C9 species were found; the 
most abundant was a t m /e  =  114, C 9H 6+. Larger 
concentrations of C10 ionic species were present up to 
129, C i0H 9+. Very small amounts of C12 ions were ob
served, and it is possible tha t the trace concentrations 
of ions a t m /e  =  180 (Ci4H i2+) were products of ionic 
reactions.

Typical data for relative concentrations of ions in 
acetylene are shown in Figures 1 and 2. The curve 
for C2H2+ was calculated using the average value of the 
rate constants. The dashed curves for C4H 3+ and 
C4H 2+ are calculated assuming that C2H2+ reacts to give 
only these two ions in the ratio C4H 2+/C 4H 3 + = 0.44 
and that these ions do not undergo further reaction. 
The deviations of the experimental data from this 
curve show the extent of higher order reactions. The 
sequential reactions, C2H 2+ -*• C4H 3+ —*■ C6H 5+ are 
readily apparent in Figure 1. The higher order of 
reaction for formation of C6H4+ than C3H3+ or C4H 4 + 
and the large ratio of fourth-to third-order products are 
apparent in Figure 2.

Some experiments were done with a Faraday cup as an 
ion detector. The general pattern  of results was the 
same with the two types of detectors; however, there 
was a difference in rate constants. kc,n,+, using the 
Faraday cup as an ion detector, was 0.66 ±  0.12 X 
10“ 9 cc./molecule-sec. (to be compared with 1.03 X 
10“ 9 using the electron multiplier). This difference 
in rate constants is not the result of discrimination in 
the multiplier for ions of different masses since a 
comparison of ion currents between the Faraday cup and 
the electron multiplier for primary fragment ions of 
masses 27 to 84 indicated a decrease in sensitivity of 
less than 20% over this threefold mass range. These 
effects would produce a change in rate constant within 
experimental error and in the wrong direction. I t  was 
suggested by one of the reviewers tha t saturation at 
high ion currents could be the cause of this difference.
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Figure 1. Relative concentrations of ions 
in C2H2: E V  = 11 v.; F S = 6.3 v./cm.

Figure 2. Relative concentrations of ions 
in C2H2: E V  = 11 v.; F S  = 6.3 v./cm.

curvature) for the experiments using the Faraday cup 
compared with those using the electron multiplier. 
In previous work it has been observed tha t high elec
tron currents (necessary in this case to allow detec
tion of ions with reasonable accuracy) gave lower rate 
constants a t high pressures than those obtained from 
experiments with a smaller extent of ionization. I t  is 
likely th a t the results with the Faraday cup are some
what low. The differences in experimental conditions 
were not great and a personal preference for one set 
of data  does not seem sufficient reason for discarding the 
other. These two values should be considered as 
extremes and the average of 0.85 X 10~ 9 cc./molecule- 
sec. (with a probable accuracy of ±0.20 X 10“ 9) 
should be taken as the “best” value.

kc2H* from the experiments with the Faraday cup 
was 1.0 ±  0.2 X 10~ 9 cc./molecule-sec. (to be compared 
with 1.6 ±  0.2 X 10~ 9 using the electron multiplier). 
The average of these two values, 1.3 ±  0.3 X 10- 9  

cc./molecule-sec. should be taken as the “best” value 
of these data.

Experiments were performed with C2D 2 to obtain 
appearance potentials of C2D 3+ and C4D 4+. Pressure 
studies showed no evidence for chemi-ionization re
actions in the formation of C4D 4+, which was a third- 
order ion from C2D2+. These experiments also con
firmed the observation that C2H 3+ was a second-order 
product ion. The assignment of the higher mass ions 
in C2H 2 was confirmed by the experiments with C2D 2.

Studies were made on C2D 2 and mixtures of C2H 2 

and C2D 2 to see if an isotope effect were observable for 
these reactions, but essentially none was observed. 
fcc2D!+was 0.53 ±  0.05 X 10_9 cc./molecule-sec. with the 
Faraday cup and 0.98 ±  0.07 X 10“ 9 cc./molecule-sec. 
with the electron multiplier, for reaction with C2D 2. 
These values are perhaps lower than the values for 
the rate constant for reaction of C2H 2+ but any dif
ference in rate constants is within the experimental 
precision of the two numbers. A pressure study was 
made on a mixture (about 1:1) of C2H 2 and C2D 2. 
Since the reactions

C2H 2+ +  products (8 a)
V o 2u 2

C2D2+ +  < S 2?  — ± products (8 b)( P 2xl2

both occur in this mixture, from eq. 9

There is appreciably more scatter in the experimental 
data and the plots of log ( /26/S / i)  vs. P (C2H2) are not 
linear over as wide a pressure range (with upward

(C2H 2+) (C2H 2+)o =
(C2D2+) +  (C2D2+)o

(k H -  M [ (C 2H 2) +  (C2D 2)]i (9)
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(neglecting  th e  2 %  difference be tw een  f26 an d  i28) one 
m a y  ca lcu la te  th e  difference in  ra te  c o n stan ts  fo r C 2H 2+ 
an d  C2D 2+. (¿ h — fco) w as 0.00 ±  0.06 X 10 “ 9 c c ./
m olecu le-sec.; th a t  is, w ith in  ex p erim en ta l e rro r th e re  
is no iso tope effect. T h e  to ta l  ra te  co n s ta n t for d isap 
p earan ce  of C 2H 2+ o r C 2D 2+ in th e  m ix tu re  w as th e  
sam e as th e  ra te  co n s ta n t for reac tio n  in  C 2H 2 o r C 2D 2, 
respectively .

A n in te re s tin g  q uestion  arises a b o u t th e  decom posi
tion  of th e  C 4H 4+ com plex. F o r  m ix tu res  of C 2D 2 

an d  C 2H 2 a ll of th e  possib le C 4H mD 3_„+ an d  C 4H KD 2_„+ 
species a re  observed , b u t  th e  overlapp ing  of th e  tw o 
species p re v en ts  a n y  s ta te m e n t a b o u t th e  p re fe ren tia l 
m odes of decom position , if a n y , of th e  com plex. I f  
th e re  is ap p rec iab le  reversib le  decom position  of th e  
com plex, th e n  one w ould  expect

C 2H 2+ +  C 2D 2

C 2D 2+ +  C 2H 2

\
(C 4H 2D 2+) — ► c 2h d + +  c 2h d

(10)

as well as decom position  of C 2H 2+ or C 2D 2+. I t  w as 
possib le to  reduce th e  energy  of th e  ionizing e lectrons 
low  enough to  e lim ina te  p rac tica lly  all of th e  C 2H 3+. 
T h e re  w as a  sm all co n cen tra tio n  of C 2H D  p resen t in 
th e  C 2D 2 w hich gave m ass 27. T h e  ra tio  C 2H D + / 
C 2D 2+ w as sm all, a b o u t 0.03 and  in d ep en d en t of p res
sure, so th a t  essen tia lly  no C 2H D +  w as form ed. A n 
e s tim a te  can  be  m ade  th a t  less th a n  5 %  of th e  (C 4H 2D 2+) 
com plexes d issocia te  accord ing  to  reac tio n  1 0 .

Conclusions
T ab le  I I  gives a  su m m ary  of th e  av a ilab le  d a ta  for 

ra te  co n s ta n ts  o r cross sections for reac tions of C 2H 2+ 
w ith  acety lene. T h e  earlie r resu lts  w ere d e term ined  
from  th e  fo rm atio n  of C 4H 3+ an d  C 4H 2+ w ith  e lectrons 
of a b o u t 70 v. energy  an d  are  necessarily  sligh tly  large 
since p a r t  of th e  C 4H 2+ is form ed from  C 2H +. T h e  
pressure  m easu rem en ts  a re  th e  critica l p rob lem , how 
ever. T h e  va lues of F u c h s 6 a re  n o ta b ly  h igher th a n  
th e  o th ers  b u t  since he considers th e  ab so lu te  v a lu e  of 
his p ressure  ca lib ra tio n s as  co rrec t to  w ith in  a b o u t a 
fac to r of tw o, th is  d isag reem en t is n o t surprising . 
T h ere  is no m ark ed  v a ria tio n  in  ra te  c o n s ta n t over th e  
range of ion energies given in  th is  tab le . T h e  va lue  of 
jfcC,H,+ of 8.5 ±  2.0 X 10 - 1 0  cc ./m olecu le-sec . ap p ea rs  
to  be a  good choice for th e  ab so lu te  va lue  of th e  ra te  
co n stan t. T h is  n u m b er is n o t as well e s tab lished  as 
th e  values for kch,+ and  /fcH3+ in m e th a n e , 23 b u t  th e  
ag reem en t is sa tisfac to ry .

N o com parison  can  be m ade  for kc,H+ since th e  o th e r 
experim en ts rep o rted  no v a lues for th is  ra te  co n stan t.

Table I I :  Comparison of R ate C onstants Obtained by 
Different Workers for Reaction of C2H2 + w ith C2H2

FS, v./cm. Emm, v.
lo,H,+ X IO“1«, 
cc./molecule-sec.

Qc:h,+ X XO-i« 
cm.2

2 0.10 4 .9 68“
6 0.30 8.1 90
8 0.40 8 .7 87

10 0.50 8 .2 77
20 1.0 5 .9 41

0 .74 0.1 25 5686
7 .4 1.0 12 85

37 5.0 13 44

6.6 0.66 22 172“
13.3 1.33 20 97
20.0 2.00 17 66

12.5 2 .5 8 .5  ±  2 .0 40 ̂

“ See ref. 4. b See ref. 5. e See ref. 6. d These data.

T h e  earlie r values fo r th e  o th e r  ra te  c o n s ta n ts  w ere 
based  on  th e  fo rm atio n  of re la tiv e ly  low in te n s ity  sec
o n d a ry  ions an d  th e re  is som e d o u b t a b o u t th e  assign
m en ts  of th e  p ro d u c t an d  re a c ta n t  ions. F ie ld , 
F ra n k lin , and  L a m p e 4 re p o rt kc,+ as  a b o u t 7 X  10 “ 10 

cc./m olecule-sec. based  on  th e  fo rm atio n  of C 4H +. C on
sidering  the  p ro b ab le  com plications in  m echanism s, one 
should  consider th is  v a lu e  as  a c c e p tab ly  close to  th e  
p re se n t va lue  of 17 X 1 0 “10 cc ./m olecu le-sec.

T h e  general p a tte rn  of re a c tiv ity  in th is  p ap e r con
firm s th a t  in d ica ted  b y  R u d o lp h  an d  M e lto n 8 an d  it  
w as possib le to  estab lish  a  m ore d e ta iled  m echan ism  
th a n  th e y  w ere ab le  to  do. In  p a r tic u la r :  C 2H 3+ is 
form ed b y  a  second-order reac tio n  of excited  C 2H 2+ 
(ru ling  o u t reac tio n  of C 4H 3+), C 4H 4+ is a  th ird -o rd e r  
ion from  C 2H 2+ (one w ould  c e rta in ly  expect th e  second- 
o rd er (C 4H 4+) com plex to  be u n s ta b le ) , a n d  th e  fo rm a
tion  of C 6H 4+ an d  C 6H 6~ from  C 4H 2+ an d  C 4H 3+ is n o t 
a  d irec t ion -m olecu le  assoc ia tion , b u t  requ ires a  th ird  
bo d y  for s tab iliza tion . In  a d d itio n , even  h igher-o rder 
p ro d u c t ions of th e  po ly m eriza tio n  reac tio n s a re  re
p o rted  in  th is  paper.

N o evidence w as found  for chem i-ion ization  reac tions 
in  ace ty lene  a s  has  been rep o rted  for th e  fo rm atio n  of 
C 4H 2+ an d  C 4H 3+ in pho tochem ica l ex p e rim en ts 24 

and  it  is v e ry  d ifficult to  u n d e rs ta n d  w hy p h o to ex c ita 
tion  should  show th is  b u t  n o t exc ita tion  b y  e lec tro n  
im pact. T h e  fo rm ation  of these  p ro d u c ts  from  a c e ty l

(23) F. H. Field, J. L. Franklin, and M. S. B. M unson, J . A m . Chem. 
Soc., 85, 3575 (1963).
(24) I. Koyano, 1. Tanaka, and I. Omura, J .  Chem. P hys., 40, 2734 
(1964).
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ene excited  to  1 0 . 2  v. is endo th erm ic  unless th e  h ea ts  
of fo rm ation  of C 4H 2 + an d  C 4H 3+ are  m uch  low er th a n  
th e  p re sen tly  accep ted  values.

T h e  o b se rv a tio n  th a t  C 2H 3+, and  C 3H + , and  C 3H 2+ 
m ay  be form ed by  reaction  of excited  ions is fu rth e r  
evidence th a t  reac tions of excited ions m ay  be m ore 
com m on th a n  has been considered in  th e  p ast. N o 
evidence w as observed  for d ifferen t reac tiv itie s  of 
excited  s ta te s  of ace ty len e ; how ever, unless th e  ra te  
co n s ta n ts  w ere g re a tly  d iffe ren t an d  th e  re la tiv e  con
c e n tra tio n s  of tw o s ta te s  w ere a b o u t th e  sam e, one 
would n o t expect to  be ab le  to  observe th is  phenom enon. 
T h e  curves for th e  d isap p earan ce  of m ass 13, C H  + 
an d  C 2H 2+2, in d ica te  th a t  th e  d o ub ly  charged  ions 
reac t rap id ly , b u t  q u a n tita tiv e  d a ta  a re  n o t  availab le .

T h e  failu re to  observe CeH 6 + as an  im p o rta n t p ro d 
uc t ion m ilita te s  ag a in s t benzene being  form ed by  a 
p u re ly  ionic process. T h e  h e a t of reac tion  of

CeH6+ +  C 2H 2 — >  C 6H 6+ +  C 2H  (11)

is no t know n w ith  sufficient c e r ta in ty  to  say  a n y th in g  
a b o u t th e  perm issib ility  of th is  reaction . N e u tra liz a tio n  
an d  hydrogen  a b s tra c tio n  a t  th e  w all o r in th e  gas phase  
could p roduce benzene. H ow ever, th e  gas phase  a b 
s tra c tio n  of hydrogen  from  ace ty lene  by  pheny l ra d i
cals is p ro b ab ly  endo th erm ic  an d  w ould n o t com pete  
effectively  w ith  ad d itio n .

O n th e  o th e r  h an d , th e  rap id  ionic po lym eriza tion  
can  acco u n t for th e  d isap p earan ce  of som e of th e  
ace ty lene  a n d  th e  fo rm ation  of high m olecu lar w eight 
po lym er. A fter th e  in itia l loss of H  or H 2 in  th is 
process (to  give C 4H 3+ and  C 4H 2+) th e  reac tions seem  
to  involve on ly  ad d itio n . T h is  a d d itio n  is stab ilized  
by  collision for sm all aggregates, b u t  for high m olecular 
w eight po lym ers one expects th a t  “ s tic k y ” io n -m o le 
cule collisions w ould occur. L ittle  h yd rogen  w ould 
be p roduced  by  th is  m echanism  and  little  hyd rogen  is 
observed in th e  early  stages of re a c tio n .2a T h e  m ajo r 
p rim a ry  ions in a n y  radio lysis of C 2H 2 should  be  C 2H 2 + 
an d  to  a  lesser e x te n t C 2H +, b o th  of w hich will fall 
in to  th is  po lym eriza tion  sequence. R em ark ab ly  little  
is know n a b o u t th e  polym eric m a te ria l (“ cu p ren e” ) 
o r a n y  differences w hich m igh t occur from  d ifferen t 
m ethods of fo rm ation . If  one ta k es  th e  te m p e ra tu re  
coefficient for G (-C 2H 2) from  F ie ld 3 in  th e  ra d ia tio n  of 
ace ty lene  w ith  2-M ev. e lectrons and  calcu la tes an  
ac tiv a tio n  energy, a v a lue  of 1.5 k ca l./m o le  is o b ta ined . 
T h is  ra th e r  sm all te m p e ra tu re  coefficient does n o t seem

to  be incom patib le  w ith  a com plicated , p re d o m in a n tly  
ionic reac tio n  m echanism .

T h e  confusion a b o u t th e  fo rm ation  of benzene in  
rad io lysis of ace ty lene  to  essen tia lly  com plete  reac tion  
m ay  b e  helped b y  observa tions m ade  on ionic reac tions 
in  benzene. In  a brief an d  q u a lita tiv e  p ressu re  s tu d y  
of benzene in  th e  m ass sp ec tro m ete r i t  w as observed  
th a t  C 2H 2+ frag m en t ions from  benzene reac ted  ra p id ly  
w ith  benzene b u t  th a t  C 6H 6 + ions w ere re la tiv e ly  in e rt. 
M a n y  ions of m ass g re a te r th a n  78 w ere observed  so 
th a t  ion -m o lecu le  reac tio n s g iv ing  h ig h er m olecu lar 
w eight p ro d u c t ions are  p robab le  in  a d d itio n  to  charge 
tra n sfe r reac tio n s  estab lished  b y  R u d o lp h  an d  M e lto n . 25 

O ne w ould  expect th a t  th e  h igher m o lecu lar w eigh t 
ions m ig h t also re ac t w ith  ace ty len e  in  a  m an n e r 
analogous to  th e  ionic p o ly m eriza tio n  reac tio n s  in  
ace ty lene  an d  th e  in h ib itio n  of ace ty lene  rad io ly sis  by  
benzene shou ld  be  less th a n  100%  efficient. A lso, 
th e  benzene m ay  be rem oved  b y  re a c tio n  w ith  ace ty len e  
ions a lth o u g h  benzene is re la tiv e ly  u n re a c tiv e  w ith  
itse lf u n d e r rad ia tio n .

I t  is of in te re s t to  consider p rev ious w ork  from  th is  
la b o ra to ry  a b o u t reac tio n s of ace ty lene  an d  oxygen 
in  te rm s  of effects on ace ty lene  ra d io ly s is . 26 R eac tio n s  
of 0 2+ w ith  C 2H 2 to  give o x y g en a ted  p ro d u c t ions 
w ere v e ry  slow, of th e  o rd er of 1 0 _ u  cc ./m olecu le-sec . 
an d  no  ev idence w as observed  for re a c tio n s  of C 2H 2 + 
w ith  0 2. C o n seq u en tly , i t  seem s reasonab le  th a t  ionic 
p o ly m eriza tio n  of ace ty lene  should  occur rea d ily  in  
th e  p resence of oxygen a lth o u g h  te rm in a tio n  could 
easily  occu r a t  d iffe ren t s tages to  give d iffe ren t po ly 
m ers. A ccord ing  to  L in d ,2a a po ly m er co n ta in in g  v e ry  
li t t le  oxygen is p roduced  in  rad io ly sis  of o x y g en - 
ace ty len e  m ix tu res . N o m en tio n  w as m ade  of a n y  
benzene being  observed  u n d e r these  cond itions. 
S ince no C 0 2+ a n d  v e ry  li t t le  C O + w ere observed , i t  
seem s like ly  th a t  th e  o x id a tio n  of C 2H 2 to  C 0 2 an d  CO 
occurs th ro u g h  a  p re d o m in a n tly  rad ica l process.

Acknowledgments. T h e  a u th o r  is v e ry  g ra te fu l to  M r.
W . C. G ieger for pe rfo rm in g  th ese  ex p erim en ts  in  his 
u su a l en th u s ia s tic  an d  co m p e ten t m an n e r as well a s  for 
his help  w ith  m an y  of th e  calcu la tions, an d  to  J . L. 
F ra n k lin  for h is helpfu l d iscussion.

(25) P. S. Rudolph and C. E. Melton, J . Chem. P hys., 32, 586 (1960).
(26) J. L. Franklin and M. S. B. Munson, “ X th  In ternational Com
bustion Symposium,” Cambridge, England, Aug 1964.
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The Nuclear Magnetic Resonance Spectra of Some 1,4-Diheterocyclohexanes
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T h e  n .m .r. sp e c tra  of m orpholine , N -m ethy lm orpho line , N -pheny lm orpho line , an d  th ioxane  
h av e  been  ana lyzed , an d  th e  p e r tin e n t chem ical sh ifts  a n d  coupling  c o n s ta n ts  hav e  been 
de te rm in ed . T h e  sp e c tra  a re  all of th e  A 2B 2 type . T h e  C 13- H  sp ec tru m  of d ioxane has 
also  been  re-exam ined .

Introduction

T he  u til i ty  of th e  K a rp lu s  e q u a tio n  fo r d e te rm in in g  
th e  re la tio n sh ip  be tw een  th e  d ih ed ra l ang le  of C -H  
b onds on a d ja c e n t carbons an d  v ic ina l p ro to n  coupling  
c o n s ta n ts  is now  well e s ta b lish e d . 1,2 H ow ever, i t  is 
well know n  th a t  fac to rs  o th e r  th a n  th e  d ih ed ra l angle 
m a y  p la y  a  role, as w ell, in  d e te rm in in g  th e  ex ac t values 
of v ic in a l coupling  c o n s ta n ts . 13  P e rh a p s  th e  m ost 
sign ifican t o th e r  effect is th a t  of th e  e lec tro n e g a tiv ity  of 
su b s ti tu e n t  groups.

A  n u m b er of s tu d ies  h av e  e stab lish ed  th a t  for ce rta in  
specific sy stem s th e re  is a  lin ea r decrease  in v icinal 
coupling  c o n s ta n ts  w ith  in c reasin g  su b s ti tu e n t  elec
tro n e g a tiv ity . A m ong these , m e n tio n  should  be m ade 
of m easu rem en ts  on rig id  sy stem s m ade  b y  W illiam so n 3 

and  by  Laszlo an d  S ch ley e r . 4 R ecen tly , A b rah am  an d  
P a c h le r5 h av e  m ade  d e te rm in a tio n s  on  a  n u m b er of di- 
s u b s titu te d  e th an es . O n th e  basis  of th e  av erag e  cou
pling  c o n s ta n ts  in  103 d iffe ren tly  su b s titu te d  e th an es, 
th e y  derived  th e  re la tio n , J av =  17.97 — 0.796 L  
w here  E is th e  H u g g in s e le c tro n e g a tiv ity  for th e  six 
a to m s jo ined  to  th e  C -C  frag m en t.

R ecen tly , H u itr ic , et al.,6 h av e  d e te rm in e d  th e  a x ia l-  
ax ial an d  a x ia l-e q u a to ria l coup ling  c o n s ta n ts  for a 
series of p a rtia lly  d e u te ra te d  cis- an d  trans- 1 -substi- 
tu ted -2 -a ry lcy c lo h ex an es. In  c o n tra s t to  th e  resu lts  
above, th e y  found  no  sim ple  co rre la tio n  betw een  the  
e le c tro n e g a tiv ity  of th e  s u b s titu e n ts  an d  th e  v a rio u s 
v ic inal coupling  c o n stan ts .

T h e  1 ,4 -d iheterocyclohexanes offer an  in te re s tin g  
sy stem  re la ted  to  th e  s tud ies  of b o th  A b ra h a m  and  
P a c h le r5 and  H u itr ic , et al. 6 W e h av e  d e te rm in ed  th e  
chem ical sh ifts  an d  coupling  c o n s ta n ts  for a  series of 
these  com pounds, and  th e  resu lts  a re  rep o rted  below.

Experimental
T h e  com pounds, w ith  one excep tion , used in  th is  

s tu d y  w ere all com m ercia lly  av a ilab le  su bstances. 
T h e ir  n .m .r. sp e c tra  w ere th o se  of p u re  co m pounds and  
w ere co n sis ten t w ith  th e  expected  s tru c tu re s . D i- 
m eth y lm o rp h o lin iu m  iod ide w as p re p a red  by  tre a tin g  
a  sam ple  of m orpho line  in benzene w ith  a n  excess of 
m e th y l iodide. A n exo therm ic  re a c tio n  occu rred , and  
th e  p re c ip ita te d  s a lt w as co llected  an d  rec ry sta llized  
from  ab so lu te  e th an o l, m .p . 2 4 4 -2 4 6 °; re p o rte d 7 m .p. 
246°.

T h e  sp e c tra  w ere d e te rm in ed  on a  Y arian  A -60 spec
tro m e te r  equ ipped  w ith  a v a ria b le  te m p e ra tu re  probe 
assem bly . T h e  frequency  w as c a lib ra te d  a g a in s t 
chloroform , an d  chem ical sh ifts  w ere read  d irec tly  
from  th e  c h a rts . T h e  o p e ra tin g  te m p e ra tu re  of th e  
p robe  w as a ro u n d  43°. R eso lu tio n  checks on th e  in 
s tru m e n t in d ica ted  0.3 c .p .s. or s ligh tly  b e tte r .

S o lu tions of m orpho line , N -m eth y lm o rp h o lin e , N - 
pheny lm orpho line , an d  th io x an e  in  b o th  ca rb o n  te t r a 
ch loride an d  benzene w ere o u tgassed  before each  d e te r 
m in a tio n . T e tra m e th y ls ila n e  w as used as a n  in te rn a l 
s ta n d a rd . T h e  on ly  effect of th e  so lv en t change w as a

(1) (a) M. Karplus, J . Chem. P hys., 30, 11 (1959); (b) J . A m . Chem. 
Soc., 85, 2870 (1963).
(2) For a general discussion and some applications see L. M. Jack- 
man, “Applications of Nuclear Magnetic Resonance Spectroscopy in 
Organic Chem istry,” Pergamon Press, New York, N. Y., 1959, 
Chapter 6; also, C. N. Banwell and N. Sheppard, D iscussions Fara
day Soc., 34, 115 (1962).
(3) K. L. Williamson, J . A m . Chem. Soc., 85, 516 (1963).
(4) P. Laszlo and P. von R. Schleyer, ibid., 85, 2709 (1963).
(5) R. J. Abraham and K. G. R. Pachler, M ol. P hys., 7, 165 (1963- 
1964).
(6) A. C. Huitric, J. B. Carr, W. F. Trager, and B. J. Nist, Tetra
hedron, 1 9 ,  2145 (1963).
(7) L. Knorr, A nn., 301, 13 (1898).
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s lig h t v a r ia tio n  in  th e  chem ical sh if t of th e  rin g  m e th y l
ene g roups. S ince th e  am ines slow ly reac ted  w ith  
c a rb o n  te tra c h lo rid e , th e  coupling  c o n s ta n ts  w ere d e te r 
m in ed  on ly  for th e  benzene so lu tions. A ll d e te rm in a 
tio n s  a re  re p o rte d  on  th e  average  v a lu es  ta k e n  from  five 
o r six sp e c tra l d e te rm in a tio n s .

T h e  sp e c tru m  of N -p h en y lm o rp h o lin e  w as d e te r 
m ined  in  ca rb o n  disu lfide a t  0  an d  —70° an d  on th e  
p u re  liqu id  m e lt up  to  180°. T h e  on ly  observed  
change in  th e  sp ec tru m  w as a s lig h t b ro ad en in g  of lines 
a t  —70°. S ince th e  te tra n re th y ls ila n e  line w as also 
b ro ad en ed  a t .th is  te m p e ra tu re , i t  w as assum ed  th a t  th is  
w as a n  in s tru m e n ta l effect.

T h e  m eth y len e  rin g  sp e c tra  in  each  case consisted  of 
tw o m u ltip le t b an d s  sy m m etrica l a b o u t th e  m id p o in t. 
A d e ta iled  d isp lay  of th e  u p h e ld  m u ltip le t of m o r
pho line  is g iven  in  F igu re  1. T h e  chem ical sh ifts  (r) 
ta k e n  from  th e  m id p o in t of each  m u ltip le t in  carb o n  
te tra c h lo rid e  a re  show n in  T ab le  I.

Table I

OCH2 XCHj

Morpholine“ 6.45 7.27
N -M ethylmorpholine 6.38 7.68
N-Phenylmorpholine 6.28 7.03
Thioxane 6.12 7.43
Dioxane 6.30

° The spectrum of morpholine is given in the “Varian Spectra 
Catalog,” Varian Associates, Palo Alto, Calif., No. 83.

T h e  s tru c tu re  of th e  m orpho line  m eth y len e  b a n d s  re 
m ain  th e  sam e for th e  p u re  liqu id , in  ca rb o n  te t r a 
ch loride, in  benzene, an d  in  d e u te riu m  oxide. T h e  
u su a l upheld  sh ift of th e  N - H  is observed  on d ilu tio n  
w ith  th e  nonaq u eo u s so lv en ts  in d ic a tin g  t h a t  m o r
pho line  is hy d ro g en  bonded .

A d d itio n  of hyd ro ch lo ric  acid  in  p o rtio n s  to  m o r
pho line  in  D 20  first causes th e  u p h e ld  m u ltip le t to  be 
b a d ly  w ashed  o u t an d  to  reduce  slig h tly  th e  chem ical 
sh ift be tw een  th e  m eth y len e  groups. In  co n c e n tra ted  
acid , th e  upheld  b an d  w as b ro ad , b u t  seven percep tib le  
h u m p s a p p ea red  on th e  envelope. T h e  dow nheld  
m u ltip le t w as b roadened . H ow ever, th e  m a jo r s tru c 
tu ra l  fe a tu re s  rem ain ed  in ta c t. T h e  v a lu e  of N (as d e 
fined below ) w as read ily  asce rta in ed  from  th e  dow n- 
h e ld  m u ltip le t. T h e  in te rn a l chem ical sh if t w as e s ti
m a te d  from  th e  m id p o in ts  of each  m u ltip le t.

T h e  so lu tion  of d im e th y lm o rp h o lin iu m  iodide in 
D 20  also  gave  tw o m u ltip le ts  for th e  ring  m ethy lenes. 
In  th is  case, th e  dow nheld  m u ltip le t w as b a d ly  w ashed

eo 30
Figure 1. The'N -m ethylene multiplet of morpholine 
determined in benzene solution a t 60 Me. This is 
the upheld half of an A2B2 spectrum. Frequencies 
are in c.p.s. from the band center. The line 
assignments from left to right are 4, 3, 12, 11,
8, 5, 10, 9, 2, and 1.

o u t w ith  e ig h t peaks on th e  envelope. W hile  th e  u p 
held  m u ltip le t w as s ligh tly  b roadened , th e  fea tu re s  of 
th e  m orpho line  s tru c tu re  w ere q u ite  e v id e n t ag a in  
a llow ing a n  ev a lu a tio n  of N. T h e  chem ical sh ift d if
ference w as e s tim a te d  as above.

T h e  m eth y len e  m u ltip le t s tru c tu re s  fo r N -p h e n y l
m orpho line , N -m eth y lm o rp h o lin e , an d  th io x an e  w ere 
all v e ry  sim ilar to  th a t  of m orpho line  (F igu re  1). 
T h e  m a jo r a lte ra tio n  in th e  h rs t  tw o cases w as due to  
lines 9 -1 0  an d  11-12 w hich m erged in to  tw o som ew h at 
b road en ed  b an d s. T h e  positions of these  lines w ere 
e s tim a te d  from  th e  a m o u n t of b roaden ing . In  th i
oxane, line 1 2  ap p ea red  as a d is tin c t shou lder on  b an d
3 -4 , and  line 9 ap p ea red  sim ilarly  on th e  dow nheld  
edge of b a n d  1-2 . N e ith e r  w as resolved to  th e  base  
line, a n d  th is  w as ta k e n  in to  acco u n t in  e s tim a tin g  th e ir  
frequencies.

T h e  C 13- H  sp e c tru m  of d ioxane h as  been  d e te rm in ed  
p rev io u sly . 8 T h e  d e te rm in a tio n  w as re p e a te d  here  on

(8) A. D. Cohen, N. Sheppard, and J. J. Turner, Proc. Chem. Soc., 
118 (1958).
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th e  pu re  liqu id . T h e  re su lts  a re  rep o rte d  in  T ab le  I I ,  
w here it  m ay  be seen th a t  a  s lig h t d ifference from  th e  
rep o rted  coupling  c o n s ta n ts  w as found.

Results and Discussion
1 ,4 -D iheterocyclohexanes, such  as those  en co u n te red  

in  th is  s tu d y , m ost reaso n ab ly  consist of ra p id ly  equ ili
b ra tin g  cha ir form s, for c e rta in ly  th e  n u m b er of n o n 
bond ing  h y d ro g en  in te ra c tio n s  are  less th a n  for cyclo
hexane itself. G iven  th is  s ta te m e n t, th e  follow ing 
form s for m orpho line  m a y  be considered.

In  a d d itio n  to  th e  c h a ir -c h a ir  in te rconversion , one 
m u s t also ta k e  in to  acco u n t th e  ra p id  inversion  of th e  
n itro g en  a n d  th e  exchange of th e  m obile hyd ro g en  on 
th e  n itro g en . T h is  la t te r  fa c to r  m u s t also be ra p id ; 
o therw ise , coup ling  of th e  N - H  w ith  th e  n itro g en  
m eth y len es w ould  h av e  been  observed .

R eeves an d  S tro m m e 9 h av e  concluded  from  th e
n .m .r. sp e c tru m  of N ,N '-d im e th y lp ip e ra z in e  th a t  
c h a ir -c h a ir  in te rco n v ersio n  is rap id  a t  room  te m p e ra 
tu re . F ro m  a  co n sid e ra tio n  of th e  change in th e  spec
tru m  as th e  te m p e ra tu re  is low ered, th e y  concluded  
th a t  th e  in te rco n v e rs io n  is re la tiv e ly  slow a t  —40° and  
th a t  th e  tw o  m e th y l g roups m ost likely  rem ain  in 
eq u a to ria l p ositions ow ing to  th e  rap id  n itro g en  in v e r
sion process.

T he  sy m m etrica l sp e c tru m  of m orpho line  could  arise  
e ith e r th ro u g h  a  rap id  eq u ilib riu m  of I  w ith  IV  o r I I  
w ith  I I I ,  o r th ro u g h  a  rap id  eq u ilib riu m  am ong  I , I I , 
I I I ,  an d  IV . A roney  a n d  L e F e v re 10 11 h av e  concluded  on 
th e  basis of dipole m o m en t m easu rem en ts  th a t  th e  h y 
d rogen  on th e  m orpho line  n itro g en  rem ain s in  an  ax ia l 
position  (i.e., 1 ;=± IV ) .u ' lla I t  is ev id en t from  th e  re
su lts  rep o rted  here  th a t  th e  n .m .r. sp ec tru m  of m o r
pho line  offers no  o p p o rtu n ity  for a  decision  on th is  
m a tte r  an d  th a t ,  as fa r as n .m .r. is concerned , all th a t  
can  be said  is th a t  m orpho line  is a  ra p id  eq u ilib riu m  of 
in te rc o n v e rtin g  ch a ir fo rm s in  w hich  th e  respec tive  
m eth y len e  hyd ro g en s experience th e  sam e chem ical 
sh ift. R easo n ab ly , N -m eth y lm o rp h o lin e  an d  N - 
pheny lm orpho line  a re  ra p id ly  in te rc o n v e rtin g  ch a irs  in 
w hich th e  N -su b s titu e n t is a lw ays e q u a to ria l ow ing to

th e  rap id  n itro g en  inversion  process. I t  follows also 
th a t  th io x an e  and  d ioxane  are  ra p id ly  in te rc o n v e rtin g  
cha irs  a t  room  te m p e ra tu re .

T h e  sp ec tra  of th e  p reced ing  com pounds w ere a n a 
lyzed as exam ples of ty p ic a l A 2B 2 sy s te m s . 12-13 14 T h e  p e r
t in e n t  re la tio n s for in te rp re tin g  th e  sp e c tra  are

N  = J13 +  Ju Ju — Ju

L =  J 13 J 14 J U  —  J 23

K  =  J1 2  +  J 34

M = J i2 T 34

Ai A2

w here th e  n u m b ers  a re  for th e  h y d ro g en s  g iven  in  th e  
p reced ing  s tru c tu re s  for m orpho line . F o r rap id ly  
e q u ilib ra tin g  ch a ir s tru c tu re s  Ju = (Jaa +  Jee) / 2 , J 13 

=  Jae, an d  Jn an d  J 34 a re  th e  a p p ro p ria te  gem inai 
coup ling  c o n stan ts . T h e  u su a l sum  an d  difference 
re la tio n s  for line frequencies m ay  be used to  d e te rm in e  
N, L, M, an d  th e  in te rn a l chem ical sh ift, AAb -12,13 
A ssum ing  th a t  Jae equals Jee, one m ay  th e n  ca lcu la te  
Jaa, Jae, an d  th e  difference be tw een  th e  gem inai cou
pling  co n stan ts .

In itia lly , th e  line assig n m en ts  for m orpho line  w ere 
m ade  w ith  th e  aid  of reasonab le  v a lu es of Aa b , th e  a p 
p ro p ria te  J va lues, and  th e  a ssu m p tio n  th a t  th e  spec
tru m  ap p ro x im ated  a n  A 2X 2 s itu a tio n . S u b seq u en t 
ca lcu la tio n s of th e  ex ac t A 2B 2 sp e c tru m  w ere m ad e  w ith  
th e  a id  of th e  F re q in t A 1620 c o m p u te r  p rog ram . 
U n d er th e  cond itions en co u n te red  here , th e  v a lu e  of, K 
ca n n o t be ap p ro x im a ted  from  th e  ex p erim en ta l spec
tru m  w hich, in fac t, is q u ite  in sen sitiv e  to  th e  ex ac t 
va lue  of A . 6,14 F o r th e  p u rposes of th e  ca lcu la tio n , i t  
w as assum ed  th a t  Jn w as —13.2 c .p .s . 9 T h e  values 
for th e  coupling  c o n s ta n ts  an d  Aab for th e  com pounds 
s tu d ie d  here  a re  given in T ab le  I I .

(9) L. W. Reeves and K. D. Stromme, J. Chem. Phys., 34, 1711 
(1961).
(10) M. Aroney and R. J. W. LeFevre, J. Chem. Soc., 3002 (1958).
(11) A referee has pointed out th a t N. Allinger has recently pre
sented evidence against this postulation (144th National M eeting 
of the American Chemical Society, Los Angeles, Calif., April 1963). 
Unfortunately, the abstract does not present this evidence.
(11a) N ote Added in Proof. For the evidence on this point, see 
N. L. Allinger, J. G. D. Carpenter, and F. M. Karkowski, Tetra
hedron Letters, 45, 3345 (1964).
(12) (a) J. A. Pople, W. G. Schneider, and H. J. Bernstein, Can. J. 
Chem., 35, 1060 (1957); (b) ‘‘High Resolution Nuclear Magnetic 
Resonance,MMcGraw-Hill Book Co., Inc., New York, N. Y., 1959.
(13) D. M. G rant, R. C. Hirst, and H. S. Gutowsky, J. Chem. Phys., 
38, 470 (1963).
(14) R. C. H irst and D. M. G rant, ibid., 40, 1090 (1964).
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Table I I : Coupling Constants and Chemical Shifts
of Some 1,4-Diheterocyclohexanes“

Compound N Jaa J ae aAb A«/gem

Thioxane 10.0 I 2 .O5 2 . 6 5 83.60 1.97
Morpholine 9.7 1 0 .2 s 3 . 0 4 54.24 1.4-5
N-M ethylmorpholine 9.7 10.25 3 . 0 5 87.57 0.16
N-Phenylmorpholine 9 .9 9.66 3.3.8 48.50 O. 6 0

Morpholinium ion 9 .9 39.5
N,N-Dimethylmorpho- 

linium iodide 9.7 33
Dioxane 9 .3 10.2 2 .8 0.00
K arpins values 7.2 9 .2 1.7

° All determ inations were made in benzene solution, except the 
two ionic compounds, which were run in D20 . All values are in 
c.p.s.

F o r th e  series, th ioxane , m orpho line , an d  dioxane, 
th e re  is a  m ark ed  decrease in  N, a  fo rm  of averaged  Jaa 
and  Jae, w ith  increasing  e le c tro n e g a tiv ity  of th e .h e te ro 
a to m  s u b s ti tu e n ts .15 T h e  re la tio n  is n o t lin ea r in th e  
m ost ex ac t sense. H ow ever, th e  fit w ould  p ro b a b ly  be 
no w orse th a n  th a t  observed  for several series of com 
pounds b y  A b rah am  an d  P a c h le r .5 T hese  a u th o rs  ob 
served  that, as th e  p e rcen tag e  of tra.ns ro to m er increased  
in th e ir  series of 1 ,2 -d isu b stitu ted  e th a n e s , th e re  w as a 
d e p a r tu re  from  lin e a rity  w ith  th e  e le c tro n e g a tiv ity  re 
la tionsh ip . T h e  fa c to r  responsib le  for th is  d e v ia tio n  
has n o t y e t  been a sce rta in ed .

One p o in t of in te re s t b ro u g h t o u t b y  th e  d a ta  in  
T a b le  I I  is th e  fac t th a t  th e  decrease  in  N in th e  p re 
ceding series is n o t d ue  to  a  m ono ton ic  decrease in  Jaa 
and  Jae• T h e  linear re la tio n sh ip  be tw een  th e  average  
v ic inal coupling  co n s ta n ts  an d  th e  e lec tro n e g a tiv ity  
of th e  su b s titu e n ts  is obv iously  influenced in som e su b tle  
fash ion  by  effects o th e r  th a n  th e  e le c tro n e g a tiv ity  of 
th e  su b s titu e n ts .

T he  v a lu es of N an d  AAb in T ab le  I I  for th e  series 
m orpho line , N -m eth y lm o rp h o lin e , N -p h en y lm o rp h o - 
line, m orpho lin ium  ion, an d  d im eth y lm o rp h o lin iu m  
ion offer an  in te re s tin g  co m m en ta ry  on th e  q u estio n  of 
g roup  e lec tro n eg a tiv itie s  vs. a to m  e lec tro n eg a tiv itie s  
in considera tions of v ic ina l coupling  c o n s ta n t effects. 
P re su m ab ly , th e  va lue  of AAb reflects th e  g roup  elec
tro n e g a tiv ity  of th e  n itro g en  m o ie ty  in  th e  sense de 
fined b y  C av a n a u g h  and  D a ile y .16 W illiam son3 and  
Laszlo an d  S ch leyer4 hav e  found  a  re la tio n  betw een  J

an d  Er ( th e  su b s titu e n t e le c tro n e g a tiv ity ) . A b ra 
h a m  an d  P a c h le r6 relied on ly  on th e  H ugg ins a to m  elec
tro n e g a tiv ity  feeling th a t  th e  a n iso tro p y  effec ts16'17 
in co rp o ra ted  in th e  s u b s titu e n t e lec tro n eg a tiv itie s  
offered a  fu n d a m e n ta l p o in t of o b jec tio n  to  th e ir  use. 
C e rta in ly , here  th e  la t te r  p o in t of view  w ould  seem  to  
be th e  m ore justified . T h u s , AAb v arie s  over 1 6 0 %  b e
tw een  th e  d im eth y lm o rp h o lin iu m  ion an d  N -m e th y l
m orpho line  w hile th e  va lue  of N is u nchanged . T h e  
en h an ced  in d u c tiv e  desh ie ld ing  of th e  N -m e th y len e  in 
th e  q u a te rn a ry  sa lts  com pared  to  th e  N -m e th y l g ro u p  is 
h a rd ly  su rp ris ing , b u t  th e  lack  of v a r ia tio n  in  th e  v a lu e  
of N ag a in  p o in ts  to  o u r inexac t know ledge of how  su b 
s t i tu e n ts  influence v ic inal coupling  c o n stan ts .

F in a lly , th e  sp e c tra  of th e  tw o q u a te rn a ry  n itro g en  
com pounds deserve  com m en t. In  co n c e n tra ted  h y d ro 
chloric acid  th e  exchange of th e  h y d ro g en s on th e  
m orpho line  n itro g en  has been  slow ed, a llow ing th e  
coupling  of th e  N - H  w ith  th e  n itro g en  m eth y len e  h y 
d rogens to  be  observed . T h e  sy stem  h as  now  becom e 
an  A2B 2X 2 case, an d  th e  sp littin g s  of th e  O -m ethy lene  
a re  b ro ad en ed . H ow ever, th e  essen tia l fe a tu re s  of th e  
m orpho line  O -m ethy lene  are  still observab le , a n d  th e  
va lue  of N can  be  o b ta in ed . T hese  o b se rv a tio n s  p a ra l
lel those  of G ru n w ald , L oew enstein , an d  M eib o o m 18 
on  th e  sp ec tru m  of m e th y lam ine in  acid . In  d im e th y l
m orp h o lin iu m  iodide, th e  coup ling  is be tw een  th e  N 14 
nucleus an d  th e  O -m ethy lene  group . S ince th is  sp lit
tin g  is im posed on th e  A 2B 2 m u ltip le !  s tru c tu re  of th is  
g roup , th e  effect is to  w ash  o u t th e  fe a tu re s  of th e  b an d . 
T h e  N -m e th y len e  b a n d  is som ew hat b ro ad en ed , b u t  
again  a  re liab le  va lue  for N can  be o b ta in ed . S im ilar 
couplings of N 14 hav e  been  observed  b e fo re .19’20

Acknowledgment. W e w ish  to  express ou r g ra titu d e  
to  th e  R o b e rt A. W elch  F o u n d a tio n  for th e ir  generous 
su p p o rt of th is  w ork.

(15) The sums of the heteroatom electronegativities: (0,S) 5.65; 
(O.N) 6.55; (0 ,0 )  7.00 (M. L. Huggins, J . A m . Chem. Soc., 75, 
4123 (1953)).
(16) J. R. Cavanaugh and B. P. Dailey, J . Chem. P hys., 34, 1099 
(1961).
(17) See ref. 3, footnote 28.
(18) E. Grunwald, A. Loewenstein, and S. Meiboom, J . Chem. Phys.. 
27, 630 (1957).
(19) J. M. Anderson, J. D. Baldeschwieler, D. C. D ittm er, and W. D. 
Phillips, ibid., 38, 1260 (1963).
(20) M. Franck-Newmann and J. M. Lehn, Mol. P hys., 7, 197 
(1963-1964).
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The K inetics o f Calcium Formate Pyrolysis in Potassium Brom ide M atrix1

by K. O. Hartman and I. C. Hisatsune

Department o f Chemistry, W hitm ore Laboratory, The Pennsylvania State U niversity, U niversity P a rk , 
P ennsylvania 16802 (Received September 21, 196 Jf)

T h e  th e rm a l decom position  of calcium  fo rm ate  d ispersed  in  p o tassiu m  b rom ide disks 
(in frared  pellets) has  been  s tud ied  b y  observ ing  th e  changes i:i o p tica l densities w ith  h e a tin g  
of several in frared  ab so rp tio n  b an d s  of th e  re a c ta n t fo rm ate  an d  th e  p ro d u c t ca rb o n a te . 
T h e  reac tio n  w as found  to  be  first o rder in fo rm ate  w ith  a  ra te  co n s ta n t of k (sec .-1) =  4 .4  X 
1011 exp [( —52,000 ±  3000)/RT], C hang ing  th e  m a tr ix  to  po tassiu m  iodide, v a ry in g  th e  
in itia l fo rm ate  co n cen tra tio n  over a  range  of a fac to r of ten . o r chang ing  several cond i tions 
in  th e  fab rica tio n  of th e  disks still gave  th e  sam e k inetic  resu lts  to  w ith in  e x p e r im e n ta l 
e rrors. T h e  d eu te riu m  iso tope effect has  also been m easured.

Introduction
Q u a n tita tiv e  k in e tic  s tu d ie s  c f solid s ta te  chem ical 

reac tio n s hav e  been  co n d u c ted  in  th e  p a s t largely  by  
th e rm o g rav im e tric  m e th o d  (t.g .a .)  o r b y  m easu ring  
th e  p ressu re  of evolved gas as a  fu n c tio n  of tim e. In  
n e ith e r of these  tech n iq u es can  th e  co n cen tra tio n s  of th e  
re a c ta n t  be d e te rm in ed  d irec tly  n o r can  reac tio n  in te r 
m ed ia tes  be easily  d e tec ted . A lso, resu lts  from  these  
tech n iq u es a re  o ften  d e p e n d e n t on  th e  p a rtic le  size of 
th e  reac tin g  p h a se .2 3

In  th is  w ork  w e used  an  in fra red  spectroscopic 
m eth o d  sim ilar to  th a t  of B e n t an d  C raw fo rd 38 
an d  H isa tsu n e  an d  S u a rez3b to  s tu d y  th e  th e rm a l 
decom position  of calcium  fo rm a te  in th e  solid s ta te . 
T he  re a c ta n t  w as iso la ted  in  a n  in e rt m a tr ix  an d  q u a n ti
ta t iv e  k ine tic  resu lts  w ere o b ta in ed  b y  d irec tly  follow 
ing th e  c o n cen tra tio n s  of th e  re a c ta n t  an d  th e  p ro d u c t.

T h e  in v es tig a tio n  of th e  calc ium  fo rm a te  pyro lysis  
w as chosen because th is  reac tio n  ap p ea red  re la tiv e ly  
free of com plica tions an d  because som e d a ta  such  as th e  
decom position  te m p e ra tu re 4 an d  th e  p ro d u c t an a ly s is5 
w ere availab le . A lso, th e  decom position  of m ix tu res  
of calcium  fo rm a te  an d  cupric  fo rm a te 6 an d  calcium  
p a lm ita te 7 h a v e  been rep o rted . In  th e  p re se n t w ork  
th e  s to ich io m etry , th e  reac tio n  o rder, ra te  c o n stan ts , 
an d  th e  a c tiv a tio n  energy  w ere de te rm in ed . Since a 
n u m b er of p ro d u c t an d  re a c ta n t  in fra red  b a n d s  w ere 
follow ed, we w ere ab le  to  te s t  ou r d a ta  for in te rn a l con
sistency . R esu lts  from  th erm o g rav im e tric  an d  d if
fe ren tia l th e rm a l ana lyses were found  to  co rro b o ra te  
ou r resu lts .8

Experimental

Chemicals. C alc ium  fo rm a te  from  M a th eso n  C ole
m an  a n d  Bell (98 .5% ) w as rec ry sta llized  from  20%  
e th an o l. T he  c ry s ta ls  w ere tra n s p a re n t  a n d  m o st of 
th e m  were ligh t ta n  w hile som e w ere colorless. T he  
o rig inal pow der h a d  a  ligh t b row n  color.

C alc ium  fo rm ate -d  w as p re p a red  from  F ish e r reag en t 
g rad e  calcium  chloride and  sod ium  fo rm a te -d  (99% ) of 
M erck  S h a rp  an d  D ohm e of C an a d a , L td . A p
p ro x im ate ly  0.1 g. of fo rm ate -d  a n d  0.3 g. of calcium  
ch loride w ere d issolved in  3 m l. of deion ized  w a te r  th a t  
h ad  been  d istilled  from  a d ilu te  K M n 0 4 so lu tion . 
Sm all colorless c ry s ta ls  p re c ip ita te d , w hich  w ere filtered  
an d  w ashed  w ith  95%  e thano l.

T he  m a trix  m a te ria l w as o p tica l g rade  p o tassiu m  
brom ide  pow der or p o ta ss iu m  iod ide c ry s ta l o b ta in ed

(1) Abstracted in part from a Ph.D. Thesis of K. O. H artm an.
(2) A. R. Carthew, A m . M ineralogist, 40, 107 (1955).
(3) (a) H. A. Bent and B. Crawford, Jr., J . A m . Chem. Soc., 79, 1793 
(1957); (b) I. C. Hisatsune and N. H. Suarez, Inorg. Chem., 3, 168 
(1964).
(4) V. Zapletal, J. Jedlieka, and V. Ruzicka, Chem. L isty , 50, 1409 
(1956).
(5) (a) F. Fischer, A. Tropsch, and A. Schellenberg, Ges. Abhandl.
K enntn is Kohle, 6, 330 (1921) (b) K. A. Hofmann and K. Schumpelt,
Ber. Chem. Ges., 49, 303 (1916).
(6) V. Ruzicka and E. Kalalova, Collection Czech. Chem. Commun., 
27, 429 (1962).
(7) H. Sakurai and Y. Okamoto, M em . In s t. Sci. In d . Res. Osaka 
Univ., 17, 209 (1960).
(8) F. W. Freeberg, Ph.D. thesis research in progress, Departm ent of 
Chemistry, The Pennsylvania S tate University.
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from  H a rsh a w  C hem ical Co. T h e  calcium  c a rb o n a te  
w as a  F ish e r re a g e n t g rade  p ro d u c t.

Apparatus. T h e  oven  used  fo r m o st of th e  w ork  w as 
a  T em pco  M odel FA -1415M  b u ilt  by  T h e rm o ly n e  Co. 
In  p re lim in a ry  ru n s  th e  oven  te m p e ra tu re  w as on ly  con
tro lled  from  a b o u t ± 4  to  ±  10°, b u t  in  su b se q u e n t ru n s 
a  m odification  in  th e  con tro l u n it  allow ed us to  m a in 
ta in  c o n s ta n t te m p e ra tu re  to  w ith in  0 .8°. T h e  oven  
could  be o p e ra ted  u p  to  a b o u t 900°. O ven te m p e ra 
tu re s  w ere m easu red  w ith  a  ch ro m e l-a lu m el th e rm o 
couple an d  a M inneapo lis-H oneyw ell p o te n tio m e te r  
(R ub icon  In s t.)  M odel N o. 2745.

T h e  13- a n d  15-m m . p e lle t dies, th e  m echan ical 
g rinder, an d  th e  h y d rau lic  p ress th a t  w ere used hav e  
been  described  p re v io u s ly .315

A M e ttle r  sem im icro  b a lance  M odel S-6 w as used to  
weigh sam ples for k ine tic  runs. M asses w ere read  to  
5 X 1 0 "6 g. I t  w as found  b y  w eigh ing  an  a lu m in u m  
foil of 0.355 g. th a t  th e  av erag e  d ev ia tio n  w as 15 X 
1 0 "6 g. a n d  th a t  th e  m ax im um  d e v ia tio n  w as 50 X  10 6 
g. T hese  figures w ere d e te rm in ed  b y  m ak ing  20 
w eighings over a  period  of 44 m in . d u rin g  w hich  th e  
room  te m p e ra tu re  v a ried  be tw een  25.0 an d  25.5°. 
T h e  b a lan ce  zero w as se t before each  w eighing  as  w as 
done  w hen  w eighing sam ples for k in e tic  runs. A 
sim ilar c a lib ra tio n  carried  o u t w hen room  te m p e ra 
tu re  v a ried  from  21 to  25° in d ica ted  a n  average  d e v ia 
tio n  of 50 X 10~6 g.

T h e  sp ec tra  w ere recorded  on  a  P e rk in -E h n e r M odel 
21 w ith  a  N a C l p rism  from  2 to  15 n o r on  a P e rk in - 
E lm e r M odel 521 d u a l g ra tin g  in s tru m e n t from  2.5 to  
40 n. T h e  frequencies could be read  from  th e  g ra tin g  
in s tru m e n t w ith  a  precision  of 0.5 c m .-1 an d  th e  t r a n s 
m itta n c e  to  1% . U n d er th e  scann ing  cond itions em 
ployed , th e  accu racy  w as of th e  o rd e r of 1.0 c m ." 1 an d  
1%  in  tra n sm itta n c e .

Pellet Preparation. In itia lly , sam ples w ere p rep ared  
sim ply  b y  w eighing by  difference th e  desired  a m o u n t of 
calcium  fo rm a te  an d  po tassiu m  brom ide. S ince con
ce n tra tio n s  as  low as 0.4 m g ./g ., i.e., 0.4 m g. of so lu te /g . 
of m a tr ix  sa lt, h ad  to  be p rep a red , a  d ilu tio n  m ethod  
w as used fo r la te r  sam ples. A sam ple  of calcium  fo r
m a te  w ith  a  co n cen tra tio n  of 20.63 ±  0.06 m g ./g . w as 
p rep a red , g round  for 2 m in ., an d  h e a ted  for 1 hr. a t  
110°. P o rtio n s  of th is  sam ple w ere w eighed w ith  a d 
d itio n a l po tassiu m  brom ide. T h e  co n cen tra tio n s  of 
pe lle ts  p rep a red  in  th is  m an n e r w ere know n to  1% . 
T h e  co n cen tra tio n s  of calcium  fo rm ate  s tu d ied  ranged  
from  0.4 to  4.0  m g ./g .

T h e  calc ium  fo rm ate  an d  th e  a lk a li ha lide  m atrix  
w ere m ixed  by  g rind ing  th em  to g e th e r  in  an  ag a te  v ia l 
and  ba ll on  a  m echan ical v ib ra to r . T h e  g rin d in g  tim e

w as varied  from  1 to  5 m in . Som e sam ples w ere m ixed 
b y  h a n d  g rind ing  in  an  a g a te  m o rta r.

A fte r m ixing, th e  pow dered  sam ples w ere e v acu a ted  
for a t  lea s t 3 m in. in  th e  p e lle t d ie  before pressing. T h e  
p ressing  tim e  w as v a ried  from  1 to  5 m in ., a n d  th e  p res
su re  from  5.84 X 104 to  17.5 X 104 p .s.i. O ur p ressed  
pelle ts w ere tra n sp a re n t and  colorless o r s lig h tly  c loudy . 
T y p ica lly , th e y  w eighed a b o u t 0.5 g.

Stoichiometry. T h e  s to ich io m etry  of th e  decom posi
tio n  reac tio n  w as d e te rm in ed  by  using p e lle ts  c o n ta in 
ing know n  am o u n ts  of p ro d u c t, calcium  c a rb o n a te , 
w hich  w ere p rep a red  b y  th e  d ilu tio n  tech n iq u e . F ro m  
th e  sp ec tra  of th ese  pe lle ts  a  g ra p h  of ab so rb an ce  of th e  
875 c m ." 1 b an d  vs. m g. of ca rb o n a te  w as co n stru c ted . 
T h e  ab so rb an ce  of th e  8 7 5 -c m ."1 b a n d  from  th e  spec
tru m  of a  pe lle t in  w hich th e  fo rm a te  w as com ple te ly  
decom posed w as th e n  read , co rrec ted  fo r p e lle t w e ig h t 
loss (see K in e tics  section ), and  com pared  w ith  th e  
g ra p h  to  d e te rm in e  th e  am o u n t of c a rb o n a te  p roduced .

T h e  8 7 5 -c m ."1 b a n d  w as used to  d e te rm in e  th e  s to i
ch io m etry  because i t  w as an  in ten se  b an d  an d  its  b an d  
w id th  in th e  p ro d u c t sp ec tru m  and  in  th e  reag en t g rade  
c a rb o n a te  w as ap p ro x im a te ly  th e  sam e. F u r th e r 
m ore, i t  is a  nondeg en era te  m ode b a n d 9 w hich  is less 
likely to  be affected  b y  th e  en v iro n m en ta l differences.

Kinetics. T h e  k ine tic  d a ta  w ere o b ta in ed  in  th e  
follow ing m anner. T h e  pelle ts  w ere p laced  in  th e  oven  
a t  a  reac tio n  te m p e ra tu re  be tw een  450 an d  520° for 
th e  a p p ro p ria te  tim e  period . T h e y  w ere th e n  rem oved  
from  th e  oven , cooled to  room  te m p e ra tu re , an d  th e  
sp ec tra  w ere recorded . T h e  pe lle ts  w ere u su a lly  cool 
to  th e  to u ch  w ith in  30-40  sec. a f te r  rem oval from  th e  
oven. Such h e a tin g  and  quench ing  processes w ere re 
p e a ted  u n til  th e  reac tio n  w as com plete.

B esides sim ple o b serv a tio n  of th e  change in  th e  
sp ec tru m  w ith  h ea tin g , th e  follow ing exp erim en ts  w ere 
perfo rm ed . A fte r v a rio u s h e a tin g  tim es, th e  pe lle ts  
w ere g round  u n d e r a tm o sp h eres  of n itro g en  o r oxygen. 
O thers  w ere g round  u n d er benzene. A fte r such  t r e a t 
m en ts  th e  pe lle ts  w ere repressed  an d  th e  sp e c tra  w ere 
aga in  recorded . T h e  effects of su b seq u en t h e a tin g  on 
th ese  pe lle ts  w ere also in v estig a ted .

W h en  a  pe lle t w as h ea ted , i t  expanded , becam e 
opaque , an d  h ad  to  be re-pressed in o rd er to  resto re  t r a n s 
p arency . T h is  w as done in early  ru n s b y  b reak in g  th e  
p e lle t in  ha lf, p lacing  th e  p ieces in  th e  d ie, a n d  p ressing  
a t  th e  u su a l p ressu re . T h is  p rocedu re  led to  inhom o
geneities as  evidenced  by  th e  change in  o p tica l d en sity  
of so lu te  b an d s  w ith  ro ta tio n  of th e  pe lle t. W ith  
m an y  re-pressings over th e  course of a  long k in e tic  ru n ,

(9) K. Nakamoto, “Infrared Spectra of Inorganic .and Coordination 
Compounds,” John Wiley and Sons, Inc., New York, N. Y., 1963, p. 
92.
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th e  o p tica l d e n s ity  w as observed  to  v a ry  b y  as m u ch  as 
30%  w ith  ro ta t io n  of th e  pe lle t. U n ifo rm ly  sand ing  
off th e  p e lle ts  a ro u n d  th e  c ircum ference so th a t  th e y  
fitted  th e  die e lim in a ted  th is  p rob lem , a n d  th e  op tica l 
d e n s ity  w as in d ep en d en t of th e  o rie n ta tio n  of th e  pe lle t 
in  th e  sp e c tro m e te r beam . W ith  th is  m eth o d , how 
ever, 0.5 to  1 .5%  of th e  to ta l  w e ig h t of th e  pe lle t w as 
lost w ith  each  re-pressing . T h e  ab so rbances of th e  ob 
served b an d s  w ere co rrec ted  fo r th is  w eigh t loss by  
m u ltip ly in g  th e  ab so rb an ce  a t  tim e  t b y  th e  in itia l 
w eigh t of th e  p e lle t d iv id ed  b y  th e  w eigh t a t  tim e  t. 
In  ea rly  runs, th e  ab so rb an ce  read in g s w ere co rrec ted  
b y  follow ing th e  d ecreasing  th ick n ess  of th e  pe lle t w ith  
a  m icrom eter. T h e  th ick n ess  could  n o t  be d e te rm in ed  
w ith  as m uch  sen s itiv ity  as th e  w eigh t, how ever. A 
w eak  b an d  a t  2170 c m .-1 d ue  to  c y a n a te  im p u r ity 3b 
ap p ea red  in  m o st of th e  h e a te d  pellets.

Results

W ith in  th e  lim its  described  in th e  E x p e rim en ta l 
section , v a ria tio n  of th e  p ressu re  used to  p ress th e  
pow der in to  pe lle ts  h ad  no  effect on th e  so lu te  sp ec tru m  
or on th e  decom position  ra te . Inc reasin g  th e  g rin d 
ing  tim e , how ever, led to  b e tte r  d ispersion  of th e  so lu te  
in  th e  m a tr ix  an d , hence, to  sh a rp e r  ab so rp tio n  b an d s, 
b u t  i t  d id  n o t cause a  v a r ia tio n  in th e  decom position  
k inetics. I t  w as found  th a t  g rin d in g  th e  pow der w hile 
i t  w as h o t (ap p ro x im a te ly  90°) also gave b e tte r  d is
persion . In c re m e n ts  in  g rind ing  tim e  beyond  3 m in. 
h ad  a neglig ib le effect on  th e  sp ec tru m .

T he  follow ing changes w ere observed  in  th e  sp ec tru m  
of calcium  fo rm a te  w ith  h e a tin g  a t  h igh  te m p era tu res . 
T h e  sp ec tru m  of th e  u n h e a te d  pe lle t w hich  consisted  of 
c ry s ta llite s  of calcium  fo rm a te  em bedded  in  p o tassiu m  
b rom ide m a trix  show ed d o u b le t s tru c tu re s  in  m o st of 
th e  fo rm a te  b an d s. W ith  sh o rt h ea tin g , th e  d o u b le t 
s tru c tu re s  of th e  calc ium  fo rm ate  b a n d s  coalesced in to  
sing le ts (T ab le  I) . T h e  b an d s  w ere still b ro ad  an d  re 
m ained so th ro u g h o u t th e  reac tion . In  som e pelle ts  
th e  in itia l sp ec tra  d id  n o t show  th e  d o u b le t s tru c tu re  
b u t  show ed in s tead  th e  s ing le t b an d s , w hich  were 
u sua lly  observed  a f te r  h e a tin g . W ith  co n tinued  h e a t
ing, th e  in ten s itie s  of th e  fo rm a te  b an d s  decreased  
u n til  th e y  finally  d isap p eared . A n o th e r se t of ab so rp 
tio n  b an d s, w hich  w ere iden tified  as  th o se  of calc ium  
ca rb o n a te , a p p ea red  an d  grew  w ith  h ea tin g .

T h e  observed  frequencies of C a ( H C 0 2)2 an d  C a- 
(D C 0 2)2 in  b o th  p o ta ss iu m  brom ide  an d  iodide m a trices  
and  th e ir  a ssignm en ts  a re  g iven  in  T ab le  I. T h e  fre
quencies a re  in good ag reem en t w ith  th o se  rep o rted  
by  H a rv ey , et al.,m excep t for th e  hy d ro g en  o u t-o f
p lane b end ing  m ode w hich  differs b y  6 cm. 1 for b o th

Table I: Observed Calcium Form ate Frequencies (cm m 1)

.—Ca(DC0 2 )a—.
-----------Ca(HC0 2 ) 2----------------- ' Initial
•Initial------- ' ■>------ Heated------ ï KBr

Mode® KBr KI KBr KI only Heated

g(G-H) 2889 w 2890 2872 w 2875 2155 2143
2862 w 2865

r<r(C02) 1580 vs 1585 1598 vs 1600 1590 1585
»¿¡(C-H) 1397 s 1400 1378 s 1380 1029 1009

1387 s 1390 1005
>v(C02) 1359 s 1361 1350 s 1354 1348 1340

1348 s 1351 1321
»„(C-H) 1078 w 1077 909

1068 w 1066
^(C O i) 799 s 802 784 s 784 792 779

777 s 781 772

° a = antisym metric stretch; /S = bending; <r = symmetric 
stretch; and o> =  out-ot-plane wagging.

d o u b le t frequencies. T h e  fo rm a te  frequencies a f te r  
h e a tin g  are  also listed  in  th is  tab le .

T ab le  I I  gives a  com parison  of th e  frequencies of th e  
reac tio n  p ro d u c t an d  th o se  of calcium  ca rb o n a te  in  th e  
calc ite  c ry s ta l s tru c tu re  d ispersed  in  K B r m a trix . A ll 
of th e  frequencies a re  in  good ag reem en t excep t fo r th e  
a n tisy m m e tric  s tre tc h  b an d  a t  1440 c m .-1 , w hich  is d e 
g enera te .

Table II : Observed Calcium Carbonate Frequencies, 
K Br M atrix (cm .-1)

Assignment®
Decomposition

product Reagent salt

1087 (R) +  2 X 711 2500 w 2500
1087 (R ) +  711 1790 m 1790
va{ CO ) 1440 vs 1420
>>01 875 s 874

846 w 845
711 m 710

»(Ca-O) 310 m 308

° See footnote of Table I. (iR) = Ram an active fundamental, 
see ref. 9.

Since fo rm ate  sam ples p re p a red  b y  th e  d ilu tio n  
tech n iq u e  h a d  th e  m o st re liab le  c o n cen tra tio n s , th e y  
w ere used to  an a ly ze  th e  s to ich io m etry . In  19 runs, 
th e  ra tio  of m oles of calcium  fo rm a te  to  m oles of cal
cium  ca rb o n a te  form ed w as found  to  be 0.96 ±  0.12 
w ith  a m ax im um  d e v ia tio n  of 0.23. T h e  ra tio  w as in 
d ep e n d e n t of in itia l fo rm a te  c o n c en tra tio n  w hich was

(10) K. B. Harvey, B. A. Morrow, and H. E. Shurvell, Can. J . Chem., 
41, 1181 (1963).
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v aried  b y  a  fa c to r  of e igh t. T h e  over-a ll reac tio n  
th e re fo re  is

C a (H C 0 2)2 — ■> C a C 0 3 +  H 2 +  CO

C arb o n  m onoxide tra p p e d  in  th e  pe lle t w as ob 
served  on ly  tw ice  in  40 runs. I t s  b a n d  w as v e ry  w eak  
a n d  h ad  th e  P -  an d  R -b ran ch es  a t  a b o u t 2150 an d  2180 
c m ," 1 w hich w ere c h a rac te ris tic  of a gas phase  spec
tru m . I t  ap p ea red  a f te r  th e  in itia l h e a tin g  in  a  k ine tic  
ru n  an d  th e n  van ish ed  a fte r  th e  n e x t h e a tin g  in te rv a l.

O th e r ab so rp tio n  b a n d s  observed  d u rin g  th e  course 
of th e  reac tio n  w ere 2330 (w), 1630 (w ), an d  2655 (vw) 
c m .-1 . T h e  1630 an d  2655 c m .-1 b a n d s  w ere d ue  to  
fo rm a te  ion iso la ted  in  th e  p o ta ss iu m  brom ide  m atrix . 
T h e  2330 c m .-1 b a n d  w as du e  to  ca rb o n  d ioxide tra p p e d  
in  th e  m a tr ix .3a

N o new  b an d s  w ere observed  w hen  a  h e a te d  pelle t 
w as g round  in  oxygen or n itro g en  an d  th e n  repressed . 
In  general, th e  abso rb an ce  of b o th  th e  fo rm a te  an d  ca r
b o n a te  increased  regard less of w h e th e r oxygen or 
n itro g en  w as used. A  new  b an d  a t  662 c m .-1 w as o b 
served  in  th e  sp ec tra  of pelle ts th a t  w ere g round  u n d e r 
benzene a n d  th e n  re-pressed . T h is  b an d  w as w eak  and  
d isap p eared  u p o n  h e a tin g  th e  pe lle t a t  100°.

B y  reco rd ing  th e  sp e c tru m  a t  a p p ro p ria te  tim e  in te r
vals, op tica l d e n s ity  vs. h e a tin g  tim e  cu rves w ere con
s tru c te d . T hese  p lo ts  show ed th e  con tin u o u s decrease 
of th e  fo rm a te  co n cen tra tio n  an d  th e  c o n co m itan t in 
crease of th e  c a rb o n a te  co n cen tra tio n .

T w o m eth o d s  w ere used to  d e te rm in e  th e  o rd e r of 
th e  decom position  reac tion . In  th e  first m e th o d , th e  
lo g arith m  of A O .D ./A t w as p lo tte d  a g a in s t th e  loga
r ith m  of O .D ., w here  O .D . is th e  o p tica l d e n s ity  of th e  
re a c ta n t ab so rp tio n  b an d . Since th e  o p tica l d e n s ity  is 
p ro p o rtio n a l to  th e  co n cen tra tio n  of th e  fo rm a te  ion, 
th e  slope of th is  line is eq u a l to  th e  o rd e r of th e  reac
tion . A pp ly ing  th is  tr e a tm e n t to  th e  784 c m .-1 fo r
m a te  b an d , we o b ta in e d  a reac tio n  o rd er of 1.0 ±  0.1 
in e ig h t runs. O rders of 1.04 an d  1.09 w ere found 
from  a  sim ilar tre a tm e n t  on  th e  711 an d  1440 cm ’. -1 
c a rb o n a te  a b so rp tio n  b an d s. T h e  second m ethod  w as 
sim ply  p lo ttin g  th e  lo g a rith m  of a n y  fo rm a te  b an d  
op tica l d en sity  a g a in s t tim e  an d  observ ing  th a t  th is  
w as a linea r fu n c tio n  of tim e  fo r over 90%  of th e  reac
tion.

T o  e v a lu a te  th e  ra te  c o n s ta n ts , th e  lo g a rith m  of th e  
op tica l d e n s ity  of a  fo rm a te  b an d  o r th e  lo g arith m  of th e  
c a rb o n a te  op tica l d e n s ity  a t  th e  end of th e  reac tio n  
m in u s  its  va lue  a t  tim e  t w as p lo tte d  a g a in s t tim e. 
T h is  w as done  fo r ab so rp tio n  b a n d s  w hich  d id  n o t 
a p p re c ia b ly  o v erlap  w ith  o th e r  b an d s. Such  p lo ts  for 
d iffe ren t b a n d s  gave a p p ro x im a te ly  th e  sam e slopes. 
T he ra te  c o n s ta n ts  o b ta in ed  from  th e  v a rio u s  ca rb o n a te

Table III : Calcium Formate Decomposition Rate Constants

o 1 3 3 1 1 units)

Temp., 784 cm. -1 711 cm.'i 875 cm. - 1
°C. (HCO,-) (COs-p (COa-p

Potassium bromide matrix
450 ±  1 5.1 4.9 5 .4
450 ±  1 5.2 4.8 5 .5
454 ±  6 6.0 12 15
454 ±  6 5.7 7 .5 9.3
454 ±  6 6.7 6 .9 7 .0
456 ±  5 9 .0 14 16
456 ±  5 8.7 11 15
480 ±  1 23 27
490 ±  1 37 41
490 ±  1 37 37 40
500 ±  4 48 47
500 ±  4 49 44 49
500 ±  4 58 55
505 ±  10 48 40 23
505 ±  10 62 57 52
505 ±  10 86 38 41
507 ±  1 82 91 88
515 ±  8 72 70 71
515 ±  8 72 72 71
518 ±  6 120 110 120
518 ±  6 98 100 110

Potassium iodide matrix
491 ±  1 42 43 44
491 ±  1 40 41 39

Calcium formate-d in potassium bromide matrix
468 ±  1 4 .8 5 .0 5 .0
491 ±  1 19 19 2 3

509 ±  1 46 45 4 5

an d  fo rm a te  b a n d s  are listed  w ith  th e reac tio n  te rn
p e ra tu re s  in T a b le  I I I .  T h e  sc a tte r  in  som e of th e  con
s ta n ts  t h a t  shou ld  be th e  sam e w as due to  tw o th in g s : 
poor te m p e ra tu re  con tro l an d  inhom ogeneities in tro 
duced  b y  b reak in g  th e  pelle ts in  th e  re -p ressing  process. 
W ith  th e  e lim in a tio n  of these  sources of erro r, th e  p re 
cision of th e  ra te  c o n s ta n ts  w as im proved  to  10%  u n 
c e r ta in ty . T h e  ra te  c o n s ta n ts  w ere observed  to  be in 
d ep e n d e n t of th e  co n cen tra tio n  for th e  ran g e  s tu d ied  
w hich  w as from  0.4 to  4.0  m g ./g .

T h e  firs t-o rd er ra te  c o n s ta n ts  for th e  decom position  
of calc ium  fo rm a te  in  a  p o ta ss iu m  iod ide m a tr ix  a t  
490° a re  also listed  in T a b le  I I I .  T h e y  a re  w ith in  ex
p e rim en ta l e rro r of those  o b ta in e d  in  th e  p o ta ss iu m  
b rom ide m atrix .

In  T ab le  IV  th e  a c tiv a tio n  energies an d  frequency  
fac to rs  o b ta in ed  from  v a rio u s  ab so rp tio n  b a n d s  th a t  
w ere followed are  sum m arized . T h e  re su lts  from  th e  
784 cm .-1 fo rm a te  b an d  a re  th e  m ost re liab le  since th is  
b an d  h ad  sufficient in te n s ity  and  d id  n o t  o v erlap  w ith
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Table IV : Experimental Activation Energy and
Frequency Factor

Activation energy, Frequency factor, 
Frequency, cm. _1 kcal./mole sec. -1

Potassium bromide matrix
784 (formate) 52.0 ±  3 .0  4 .4  X 1011

1598 (formate) 49.0 ±  3 .0  8 .0  X 1010
875 (carbonate) 50,0 ±  3 .0  1.3 X 1011
711 (carbonate) 51.5 ±  3 .0  3 .2  X 1011

Potassium iodide matrix
784 (formate) (52 .0)“ 4 .0  X 10“

Calcium formate-d in potassium bromide matrix 
779 (formate) 59.0 ±  3 .0  1.5 X 1013

Thermogravimetric analysis 
Undiluted C a(H C 02)2 47 ±  6k
Undiluted C a(H C 02)2 56 ±  6‘
C a(H C 02)2 in K Br disk 56 ±  6C 
C a(H C 02)2 in K Br disk (52)d

6 .0  X 1013
1.0 X 1013
5 .0  X 10“

° Activation energy from 784 cm .-1 band in K Br matrix. 
6 Isothermal run. '  Tem perature programmed run. 8 Isother
mal run, activation energy from 784 cm .-1 band in KBr matrix.

o th e r  a b so rp tio n  b an d s. T h e  3 k c a l./m o le  e rro r w as 
ca lcu la ted  on th e  basis  of 10%  e rro r in  th e  ex p erim en ta l 
ra te  co n s ta n ts , and  a c tiv a tio n  energies ca lcu la ted  from  
d iffe ren t calcium  fo rm a te  an d  calc ium  c a rb o n a te  b an d s 
agreed  w ith in  th is  e s tim a te d  error.

T he  ra te  c o n s ta n ts  an d  a c tiv a tio n  energies d e te r 
m ined  by  th e  th e rm o g ra v im e tric  an a ly s is8 a re  also 
listed  in  T ab le  IV . T h e  freq u en cy  fa c to r  for the  iso
th e rm a l ru n  in K B r d isk  w as ca lcu la ted  using  th e  spec
troscop ica lly  d e te rm in ed  a c tiv a tio n  energy.

T h e  py ro ly sis  of calcium  fo rm ate -d  w as in v es tig a ted  a t  
th re e  te m p e ra tu re s  a n d  th e  observed  ra te  c o n s ta n ts  a re  
given in  T a b le  I I I .  T h e  a c tiv a tio n  energy  w as 59 ±  3 
k ca l./m o le .

Discussion
W e observed  spec tro scop ica lly  th a t  tw o fo rm a te  ions 

decom posed to  fo rm  one ca rb o n a te  ion. T h is  s to ich i
o m e try  w as also confirm ed by th e  th e rm o g rav im e tric  
an a ly s is .8 A lth o u g h  o x a la te  has been rep o rte d  as a 
m in o r p ro d u c t,5b we d id  n o t observe its  c h a ra c te ris tic  
in fra red  b a n d s  d u rin g  ou r pyro lysis. T h e  o th e r  p ro d 
uc ts, h y d ro g en  and  carb o n  m onoxide, w ould  easily  d if
fuse o u t of th e  m a tr ix  d u rin g  th e  h e a tin g  cycle an d , in 
fac t, o u r d isks show ed b lis te rin g  a f te r  h ea tin g . T h ere  
w as also s tro n g  ev idence th a t  carbon  m onoxide, w hich 
w as a c tu a lly  observed  tw ice, d isp ro p o rtio n a te d  in to  
carbon  d ioxide an d  ca rb o n  in th e  d isks. T ra p p e d  ca r
bon  dioxide w as observed  in all pelle ts , an d  a  g ray  
or b row n color developed  in th e  d isks w ith  h ea tin g . 
S im ilar color changes h av e  been  rep o rted  also by  p re 

v ious in v e s tig a to rs .5b Sam ples ru n  in th e  d iffe ren tia l 
th e rm a l a n a ly ze r u n d e r n itro g en  a tm o sp h e re  also h ad  
a  g ray  color w hile those  decom posed  u n d e r oxygen 
a tm o sp h e re , w here  th e  ca rb o n  m onoxide w as com 
p le te ly  oxidized to  carbon  d ioxide, w ere w hite . U n 
d o u b te d ly , th e  coloring of th e  pe lle ts  w ith  h e a tin g  is d ue  
to  fo rm atio n  of d ispersed  carb o n  in th e  m a trix . Such  
d isp ro p o rtio n a tio n  of carbon  m onoxide h as  been  ob 
served  by  o th e rs  in the  solid s ta te  decom position  of 
o x a la te s .11 G lasn er an d  S te in b e rg 12 hav e  m easured  
th e  e x te n t of d isp ro p o rtio n a tio n  in  ra re  e a r th  oxala tes 
u n d e r a  v a r ie ty  of cond itions an d  found  as  m uch  as 70%  
reaction .

T h e  b ro ad n ess  of th e  in fra red  b an d s  th ro u g h o u t th e  
reac tio n  and  th e  fa c t th a t  ca lc ite  w as th e  reac tio n  p ro d 
u c t in d ica ted  th a t  m o st of th e  calc ium  fo rm a te  d id  n o t 
go in to  solid so lu tion  w ith  th e  m a tr ix  sa lt. T h e  sharp  
a lth o u g h  w eak  b an d s  a t  1630 an d  2655 c m .-1 show ed, 
how ever, th a t  a  sm all am o u n t of fo rm a te  ions d id  go 
in to  th e  m atrix . T hese  b a n d s  h av e  been  iden tified  as 
solid so lu tion  b an d s  of fo rm a te  ion  in  p o ta ss iu m  b ro 
m ide m a trix  on th e  basis of a  p a ra lle l w ork  in  p rogress 
in  th is  la b o ra to ry  on th e  decom position  of sod ium  an d  
p o tassiu m  fo rm ate  in p o tassiu m  b ro m id e  m a trix .

Since th e  calcium  fo rm ate  d id  n o t go in to  solid so lu
tion  w ith  th e  m a trix  to  a n y  s ign ifican t e x te n t, the  
m a tr ix  should  n o t g re a tly  affect th e  decom position  
k ine tics  of calcium  fo rm ate . O th e r  ex p e rim en ta l ob 
se rv a tio n s  w hich su p p o rt th is  v iew  a re  as  follows. In  
b o th  po tassiu m  b rom ide and  iod ide m atrice s , th e  reac 
tio n  ra te  c o n s ta n ts  w ere th e  sam e w ith in  ex p erim en ta l 
erro r. A rrhen iu s a c tiv a tio n  energies o b ta in e d  from  
th e  th e rm o g rav im e tric  an a ly sis  on u n d ilu te d  calcium  
fo rm a te  a re  also in ag reem en t w ith  ou r spectroscopic  
values. T h e  ra te  c o n s ta n ts  from  th e  t .g .a ., how ever, 
a re  h ig h er th a n  ours b y  a  fa c to r  of a b o u t 30. T hese  
differences, we believe, a re  due to  th e  fa c t th a t  in th e
t.g .a . th e  oven  te m p e ra tu re  ra th e r  th a n  th e  sam ple 
te m p e ra tu re  w as m easu red  an d  th a t  se lf-hea ting  of the  
sam p le13 occurred  d u rin g  th e  decom position . T h e  d if
fe ren tia l th e rm a l ana ly sis  of th e  u n d ilu te d  calc ium  for
m a te  in oxygen a tm o sp h e re  show ed an  exo therm ic  peak  
due to  CO o x id a tio n  an d  a  large  ju m p  in th e  sam p le  
tem p e ra tu re .

F reeb erg  also followed th e  decom position  of calc ium  
fo rm a te  in  K B r m a trix  by  th e  t.g .a . m e th o d .8 A n iso
th e rm a l ru n  a t  472° on a pe lle t c o n ta in in g  10 m g. of 
calcium  fo rm a te /g . of p o ta ss iu m  brom ide  gave  a  ra te

(11) E. L. Head and C. E. Holley, Jr., J. Inorg. Nucl. Chem., 26, 
525 (1964).
(12) A. Glasner and M. Steinberg, ibid., 22, 39 (1961).
(13) A. E. Newkirk, Anal. Chem., 32, 1558 (1960).
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c o n s ta n t of 25 X IO“ 3 m in .“ 1 w ith  an  e s tim a te d  e rro r 
of a b o u t 30% . A te m p e ra tu re -p ro g ram m ed  ru n  on a 
s im ilar p e lle t gave 56 ±  6 k c a l./m o le  for th e  reac tio n  
a c tiv a tio n  energy . T hese  resu lts  a re  in  good ag ree
m e n t w ith  th e  spectroscop ic  va lues of 18 X  IO“ 3 m in .“ 1 
an d  52 ±  3 k ca l./m o le , respec tive ly , for th e  ra te  con
s ta n t  a t  th e  sam e te m p e ra tu re  an d  th e  a c tiv a tio n  
energy . In te re s tin g ly , sm oo ther th e rm o g rav im e tric  
cu rves w ere o b ta in ed  from  decom position  s tu d ie s  w ith  
K B r d isks com pared  to  those  from  u n d ilu te d  m ate ria l.

T h e  large difference betw een  th e  ra te  c o n s ta n ts  for 
th e  decom position  of C a (H C 0 2)2 a n d  C a (D C 0 2)2 sug
gests th a t  we h av e  a  p rim a ry  iso tope effect w ith  a  C -H  
bond  of th e  fo rm a te  ion being  b roken  in  th e  tra n s itio n  
s ta te . T h e  te m p e ra tu re  dependence  of th e  k in e tic  
iso tope effect can  be  e s tim a te d  by  considering  th e  zero- 
p o in t energy  effec t14

kn/ko = exp[hc(pa — m ) / 2 kT]

w here v is th e  C -H  (C -D )  bond  s tre tc h in g  freq u en cy  in 
c m .-1 . U sing th e  observed  frequencies g iven  in  T ab le  
I , we h av e  ca lcu la ted  th e  ra tio s  of kH/ko, an d  these  
to g e th e r  w ith  th e  observed  ra tio s  a re  lis ted  in  T a b le  V.

Table V : K inetic Isotope Effect

a sim ple d issoc ia tion  of th e  fo rm a te  ion in to  a  hy d ro g en  
a to m  an d  a  C 0 2“  free rad ical.

Som e in sig h t in to  th e  m echan ism  of th e  decom posi
tion  reac tion  of calcium  fo rm ate  can  be gained  b y  ex
am in ing  th e  c ry s ta l s tru c tu re  even th o u g h  ou r sp e c tra l 
d a ta  show  th a t  th e  s tru c tu re  of th is  com pound  in  h e a te d  
pelle ts is n o t th e  sam e as th e  room  te m p e ra tu re  s tru c 
tu re . T h e  room  te m p e ra tu re  single c ry s ta l s t ru c tu re 18 
show s th a t  th e re  is an  a lte rn a tin g  cha in  il lu s tra te d  
sch em atica lly  as follows.

- C a + 2 0 2C H -  H C 0 2“  C a + 2-

T h e  d is tan ce  be tw een  th e  carbon  a to m  of one fo rm ate  
ion an d  th e  c losest oxygen a to m  of th e  n e x t ion is 3.3 
A., an d  th e  d is tan ce  be tw een  th e  ca rb o n  a to m s of th e

o
tw o ions is 3.85 A. S ince th e  C - 0  d is tan ce  in  c a rb o n a te

°
ion is 1.3 A., th e  fo rm ate  ions need  on ly  m ove b y  a b o u t 
1 A. to w ard  each o th e r  an d  ro ta te  s lig h tly  to  fo rm  th e  
follow ing tra n s itio n  com plex.

0 “

•••Ca+2 0 = 0  0 “  C a +2--- 

H - C = 0  

H

•••Ca+2 C 0 3“ 2 C a + 2--- 

+  H 2CO

Temp., °K.
----------------------«H/«D

Ob8d. Calcd.

782.5 ±  1 1.87 ±  0.35 1.95
764 ±  1 2.00 ±  0.40 1.97
741 ±  1 2.75 ±  0.55 2.02
Tem perature dependence exp[( +7000 ±

6 0 0 0 ) /« n
ex p [+ 2 0 0 0 //ijn

T h e  te m p e ra tu re  dependence of kK/ko is also given 
in th is  tab le . T h e  ag reem en t betw een  th e o ry  an d  
ex p erim en t is reasonab le  in  view  of th e  ap p ro x im a te  
n a tu re  of th e  above  eq u a tio n .

O venall an d  W hiffen15 16 hav e  g en era ted  C 0 2“  ra d ica l 
in sod ium  fo rm ate  single c ry s ta ls  by  y -irra d ia tio n , and  
B riv a ti, et al.,w h av e  p roduced  th e  sam e free rad ica l in 
calcium  fo rm ate  in  a sim ilar m anner. S ince th e re  w as 
th e  possib ility  th a t  th e  C 0 2“  rad ica l m ay  h av e  been 
gen e ra ted  th e rm a lly  in ou r pellets, we h av e  exam ined  
th e  e .p .r. sp ec tra  of several of th e  h e a ted  d isks. H ow 
ever, no signal d ue  to  free rad ica ls  w as observed . T h is 
n eg a tiv e  re su lt to g e th e r  w ith  th e  fa c t th a t  th e  ob 
served  a c tiv a tio n  energy  is sm aller th a n  the  fo rm ate  
C -H  bond  d issocia tion  energy , w hich we e s tim a te  to  be 
a b o u t 76 k c a l./m o le  by  ana logy  w ith  fo rm a ld e h y d e ,17 
suggests th a t  th e  reac tio n  ra te -d e te rm in in g  s tep  is n o t

T h is  com plex can  th e n  b reak  as show n above , in to  a 
c a rb o n a te  ion, w hich  is be tw een  tw o calc ium  ions, and  
fo rm aldehyde , w hich im m ed ia te ly  decom poses in to  
hyd rogen  gas an d  ca rb o n  m onoxide. F o rm a ld eh y d e  is 
know n to  decom pose read ily  above  a b o u t 1 5 0 ° .19 
T h e  d is tan ce  be tw een  tw o calcium  ions in  room  tern-

o
p e ra tu re  s tru c tu re  of calcium  fo rm ate  is 6.7 A ., an d  th is  
m ay  be com pared  to  a  d is tan ce  of 6.36 A. in  calcite . 
T h e  m echan ism  described  above is sim ilar to  one of th e  
th ree  decom position  m echan ism s proposed  earlie r by  
H ofm ann  a n d  S ch u m p e lt.5

T h e  energe tics of th e  above  reac tio n  schem e can  be 
e s tim a ted  an d  com pared  w ith  ex p erim en ta l q u a n titie s . 
F ro m  th e  s ta n d a rd  h e a ts  of fo rm a tio n  a n d  av a ilab le  
h e a t ca p a c ity  d a ta , we ca lcu la te  th a t  th e  over-a ll d e 
com position  reac tio n  is endo therm ic  by  14 k ca l./m o le .

(14) L. Melander, “Isotope Effects on Reaction Rate,” Ronald 
Press Co., New York, N. Y., 1962, p. 20.
(15) D. W. Ovenall and D. H. Whiffen, Mol. Phys., 4, 135 (1960).
(16) J. A. Brivati, N. Keen, M. C. R. Symons, and P. A. Trevalian, 
Proc. Chem. Soc., 66 (1961).
(17) T. L. Cottrell, “The Strengths of Chemical Bonds,” 2nd Ed., 
Butterworth and Co., Ltd., London, 1958, p. 184.
(18) I. Nitta and K. Osaki, X  Sen. (Osaka Univ.), 5, 47 (1948), cited 
in Struct. Rept., 2, .556 (1948).
(19) ,H. Newton and B. F. Dodge, J. Am. Chem. Soc., 55, 4747 
(1933).
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T h is  v a lu e  com pares fa v o rab ly  w ith  an  exp erim en ta l 
va lue  of 15.5 ±  2 k c a l./m o le  o b ta in ed  b y  d iffe ren tia l 
th e rm a l an a ly s is .8 F rom  th e  ex p erim en ta l e n th a lp y  of 
a c tiv a tio n  of 52 k c a l./m o le  an d  th e  e s tim a te d  e n th a lp y  
of decom position  of fo rm ald eh y d e  of + 2 .6  k ca l./m o le , 
we o b ta in  an  e n th a lp y  of a c tiv a tio n  of 40.6 ±  3 k c a l ./  
mole for th e  reverse  reac tio n

H 2CO +  C a C 0 3 — >  C a (H C 0 2)2

T his va lue  m ay  be com pared  w ith  45 k c a l./m o le  calcu 
la ted  from  th e  H irsch fe ld er ru le 20 in  w hich th e  C -H  
bond energy  in  fo rm aldehyde  an d  th e  CO  bond  energy  
in th e  c a rb o n a te  ion w ere ta k e n , resp ec tiv e ly , as  76 
k c a l./m o le 17 an d  84 k c a l./m o le .21 T h e  ex perim en ta l 
e n tro p y  of a c tiv a tio n  for th e  over-a ll reac tio n  is a sm all 
negative  va lue  ( — 7.1 ±  5 ca l./d eg .-m o le ), an d  th is  is 
also co n sis ten t w ith  th e  above  reac tio n  schem e w hich 
involves a cyclic tra n s itio n  com plex. A n o th e r evidence 
w hich suggests th a t  fo rm ald eh y d e  m ay  be involved  
in ou r reac tio n  is th e  o b se rv a tio n  m ade  b y  T o y o d a .22 
H e has identified  fo rm ald eh y d e  as one of th e  p ro d u c ts  
of calcium  fo rm a te  py ro ly sis  carried  o u t a t  reduced  
pressure.

Summary
T h e  th e rm a l decom position  of calcium  fo rm ate  has  

been s tu d ied  in  th e  solid s ta te  b y  observ ing  th e  changes

in th e  in fra red  ab so rp tio n  b a n d s  of calc ium  fo rm a te  d is
persed  in  K B r m a trix . T h e  changes in  co n cen tra tio n s  
of b o th  th e  re a c ta n t  an d  p ro d u c t w ere follow ed spec
tro scop ica lly , an d  th e  reac tio n  ra te  c o n s ta n ts , a c tiv a 
tio n  energy , k ine tic  iso tope effect, an d  s to ich io m etry  
w ere de te rm in ed . O ur spectroscopic  k ine tic  resu lts  
w ere found  to  be in  good ag reem en t w ith  th o se  from  
th e rm o g rav im e tric  ana ly sis . C om parison  of these  d a ta  
suggests th a t  ou r spectroscopic  m eth o d  gave good ex
p erim en ta l precision. F u rth e rm o re , ou r tech n iq u e  en 
ab les checks for in te rn a l consistency  of th e  d a ta  and  
also affords o p p o rtu n itie s  of observ ing  possib le reac tion  
in te rm ed ia te s . T h e  p re se n t in fra red  p e lle t m eth o d  
should  be of general u t i l i ty  in th e  s tu d y  of solid s ta te  
chem ical reactions.
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(20) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 
2nd Ed., John Wiley and Sons, Inc., New York, N. Y., 1962, p. 107.
(21) L. Pauling, “The Nature of Chemical Bond,” 3rd Ed., Cornell 
University Press, Ithaca, N. Y., 1960, p. 85.
(22) R. Toyoda, Bull. Inst. Chem. Res. Kyoto Univ., 20, 11 (1950).
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The Dehydration o f Ethanol on Aluminas o f Various Specific Surface Areas
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Sam ples of a lu m in a  w ith su rface  a reas  from  2.72 to  221 m .1 2 3 4 5 6/g . were s tu d ied  to  com pare  
th e ir  ca ta ly tic  ac tiv itie s  for th e  d eh y d ra tio n  of e thano l. T h e  in d iv id u a lly  ad so rb ed  
a m o u n ts  of e th an o l, e th y l e th e r, an d  w a te r  m easured  by  gas ch ro m a to g ra p h y  in d ica ted  
th re e  ad so rp tio n  m odes of w a te r  an d  e th an o l an d  a t  least tw o m odes for e th y l e th e r. T h e  
o rder of adso rbed  a m o u n ts  of w a te r, e th an o l, an d  e th y l e th e r  co rre la ted  w ith  th e  o rd e r of 
h e a ts  of im m ersion  of th e  a lu m in as in  w a te r, w hich w as p rev iously  found  to  be d irec tly  
p ro p o rtio n a l to  p a rtic le  size. O n th e  o th e r  h an d , th e  c a ta ly tic  ac tiv itie s  as  a  fu n c tio n  
of p a rtic le  size ex h ib it a  m ax im um , w ith  b o th  th e  low est an d  h ighest a re a  a lu m in as  hav in g  
m in im al a c tiv ity .

Introduction

T h o u g h  m an y  p ap ers  hav e  been  p u b lish ed 1-6 re
g ard in g  th e  d eh y d ra tio n  of e th an o l on  a lum ina , in 
general, th e  a im  has re ferred  to  th e  m echan ism  on a 
fixed a lum ina , an d  th e  m echanism s som etim es conflict 
w ith  each o ther. T h e  generally  accep ted  m echanism  
involves th e  bond ing  of e th an o l b y  a  su rfa c e -O E t 
linkage. E th e r  p ro d u c tio n  is b y  in te ra c tio n  of tw o 
a d ja c e n t O E t g roups a n d  e th y len e  p ro d u c tio n  b y  an  
in te rn a l d e g ra d a tio n  of in d iv id u a l O E t groups.

I t  has  been  show n in p rev ious p u b lica tio n s  from  th is  
la b o ra to ry  th a t  th e re  is a  considerab le  decrease in  th e  
h e a t of im m ersion  in  w a te r  an d  m eth an o l w ith  in 
creased  specific a rea  for a lu m in a  sam ples7 as well as 
for silica an d  t i ta n ia .8 T h is  v a ria tio n  of h e a t of im m er
sion has been  in te rp re te d  as a  fu n d a m e n ta l v a ria tio n  
of su rface  a m o rp h o u s  c h a ra c te r  w ith  p a rtic le  size an d  is 
co n sis ten t w ith  th e  en tro p ie s  of ad so rp tio n  ca lcu la ted  
from  th e  w a te r  an d  m eth an o l ad so rp tio n  iso therm s 
for these  sam p les .9

T h e  a im  of th e  p re se n t in v es tig a tio n  is to  d e te rm in e  
th e  influence of a lu m in a  p a rtic le  size on th e  ad so rp tio n  
b eh av io r of e th an o l, e th y l e th e r, e thy lene , an d  w a te r  
b o th  se p a ra te ly  an d  u n d er s im u la ted  reac tio n  cond i
tions. T h is  reac tio n  w as chosen for i ts  re la tiv e  sim 
p lic ity , q u a n tita tiv e n e ss , an d  a p p licab ility  to  p rev ious 
s tu d ie s . G as-so lid  ch ro m a to g ra p h y  as a  dynam ic  
m e th o d  is well su ite d  to  such s tu d ie s  of ad so rp tio n  on 
c a ta ly tic a lly  ac tiv e  su rfa c e s .10 B y th is  tec h n iq u e  th e  
heat of a d so rp tio n  a n d  p a r tit io n  coefficients by  th e  rele

v a n t  species u n d e r reac tio n  cond itions m ay  also be  
de te rm in ed .

Experimental
T h e  B .E .T . su rface  a reas w ere o b ta in e d  from  k ry p to n  

ad so rp tio n  iso th erm s an d  su rface  a reas  of all sam ples 
w ere in d e p en d en t of ou t gassing te m p e ra tu re  above  
120°. T h e  c ry sta llin e  m odification  w as d e te rm in ed  
b o th  b y  X -ra y  a n d  in fra red  spec tro m e try .

T h e  follow ing th re e  ty p es  of ex p erim en ta l m easu re 
m en ts  w ere perfo rm ed .

(A) Reaction Pattern Studies. T h e  eq u ip m e n t is 
d iag ram m ed  in F igu re  1. T h e  reac tio n  p ro d u c ts  w ere 
se p a ra te d  on  a  C arbow ax-400  co lum n w ith  he lium  as a 
ca rrie r  gas. C o lum ns co n ta in in g  th e  v a rio u s  a lu m in a  
c a ta ly s ts  w ere U -shaped  cap illa ry  tu b e s  of 40 cm . to ta l  
leng th . A soap  film  flow m eter w as used  to  m o n ito r

(1) P. N. Peace and C. C. Yung, J. Am. Chem. Soc., 46, 390, 2397 
(1924).
(2) W. S. Brey and K. A. Krieger, ibid., 71, 3637 (1949).
(3) K. V. Topchieva, K. Yun-Pin, and I. V. Smirnova, Advan. 
Catalysis, 9, 799 (1957).
(4) J. B. Butt, H. Bliss, and C. A. Walker, A.I.Ch.E. J., 8, 42 
(1962).
(5) J. E. Stauffer and W. L. Kranish, Ind. Eng. Chem., Fundamen
tals, 1, 107 (1962).
(6) J. H. de Boer, et al., J. Catalysis, 2, 1 (1963).
(7) W. H. Wade and N. Hackerman, J. Phys. Chem., 64, 1196 (1960).
(8) W. H. Wade and N. Hackerman, ibid., 66, 1823 (1962).
(9) It. L. Every, W. H. Wade, and N. Hackerman, ibid., 65, 937 
(1961).
(10) S. A. Greene and H. Pust, ibid., 62, 55 (1958).
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Figure 1. Diagram of equipm ent used for the dehydration of 
ethanol: 1, 2, and 5, metering valve; 3, helium tank; 4, 
ethanol bulb; 6, detector cell; 7, sampling valve; 8, catalyst 
tube; 9, dewar flask; and 10, Carbowax column.

Figure 2. Diagram of equipm ent used for the measurement 
of adsorption amounts of ethanol, ethyl ether, and water. The 
numbers have the same meaning as in Figure 1, where sample 
bulb 4 contains either ethanol, ethyl ether, or water.

gas flow ra te s . T h e  c a ta ly tic  a c tiv ity  of each  a lu m in a  
sam ple  w as d e te rm in ed  b y  m easu ring  th e  ra te  of fo rm a
tio n  of e th y l e th e r  a n d  e th y len e  as a  fu n c tio n  of te m p e ra 
tu re  a n d  e th an o l flow ra te .

(B) Studies of Adsorbed State for Individual Species. 
T h e  h e a ts  of a d so rp tio n  an d  p a r t i t io n  coefficients of 
p u re  w a te r, e th an o l, a n d  e th y l e th e r  on  th e  four a lu 
m inas w ere also  d e te rm in e d  b y  gas ch ro m a to g rap h ic  
tech n iq u es b y  m easu rin g  th e  re te n tio n  tim es on  th e  
four sam ples a t  te m p e ra tu re s  below  w hich  m easu rab le  
reac tio n  occurs. T h e  e q u ip m e n t is d iag ram m ed  in 
F ig u re  2. F o r  each  a lu m in a  sam ple , th e  re a c tio n  tu b e  
an d  sam ple  w ere th e  sam e as p rev iously  used  in  th e  
reac tio n  p a t te rn  stud ies.

(C) Studies of Adsorbed State under Reaction Condi
tion. I n  a s e p a ra te  series of experim en ts, th e  h e a ts  of

a d so rp tio n  of e th an o l an d  e th e r  w ere m easu red  u n d e r 
s im u la ted  reac tio n  cond itions, i.e., in th e  “ w ork ing  
s ta te .”  F o r th e  ad so rp tio n  of e th an o l in  th e  reac tion  
process, e th y l e th e r  w as th e  ca rrie r  gas, an d  reac tion  
v a p o r in a  d e lay  coil w as used  as th e  reference gas. 
A nalogously , for th e  ad so rp tio n  of e th e r, e th an o l w as 
th e  ca rrie r  g a s .2 T h e  re te n tio n  tim es  w ere m easured  
as a  fun c tio n  of c a ta ly s t te m p e ra tu re  b y  in jec tin g  a 
sm all am o u n t of e ith e r  gaseous e th an o l o r e th e r  in to  
a s tead y  v a p o r s tream  of th e  o th e r  p reced ing  th e  
a lu m in a  sam ple. T h e  re te n tio n  tim e  w as ta k e n  to  be 
th e  tim e  co rrespond ing  to  th e  m ax im um  d ev ia tio n  of 
th e  reac tio n  v a p o r com position  from  th e  s te a d y -s ta te  
co n cen tra tio n .

All m easu rem en ts  w ere m ad e  w ith  a G ow -M ac 
d e te c to r  cell a n d  pow er su p p ly  an d  a  M oseley  1-mv. 
recorder. S am ple  vo lum es of 0.25 cc. w ere in jec ted  
in to  th e  sy stem  w ith  an  A erog raph  sam pling  valve . 
T h e  d e te c to r  cell, sam p ling  v a lve , an d , w hen  used, 
th e  C arbow ax-400  co lum n w ere o p e ra te d  in  a n  a ir  b a th  
a t  100 ±  1°.

Results
T h e  fo u r sam ples of a lu m in a  u sed  in  th ese  s tu d ie s  a re  

lis ted  in T a b le  I  w ith  th e ir  specific su rface  a reas  and  
c ry s ta llin e  m odifications.

Table I ; Alumina Samples

Manufacturer’s Area,
Sample designation m.!/g. Crystal mod.

A“ F-10 221 Amorphous
Bfc Alucer MA 104 7 -AI2O3

Cs Alon C 65 7 -AI2O3

D c Alucer MC 2.72 a-AhOs

° Supplied by Aluminum Company of America. 6 Supplied 
by Gulton Industries, Inc. e Supplied by Godfrey L. Cabot, Inc.

T h e  p a r tit io n  coefficients for w a te r , e th an o l, and  
e th y l e th e r  no rm alized  to  u n it  a rea  w ere ca lcu la ted  from  
eq. I 11

V
WRT 2

=  K (1)

w here W =  w e ig h t of a lu m in a  in  g ram s; R =  gas 
c o n s ta n t, 6.236 X 104 m m . cc. d e g ." 1 m o le - 1 ; T =  
te m p e ra tu re  of th e  flow m e te r  (2 9 8 °K .); V =  cor
rec ted  re te n tio n  vo lum e in  cc. ; K =  p a r t i t io n  coeffi
c ien t be tw een  th e  adso rbed  an d  gas p h a se ; and  2  =  
specific su rface  a re a  of a lu m in a  in  m .2/g .

(11) S. Ogasaware and J. Cvetanovic, J. Catalysis, 2, 45 (1963).
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I. General Dehydration Behavior. I n  th e  d e h y d ra 
tio n  of e th an o l on  a lu m in a  a t  low te m p e ra tu re s  (220 - 
280°) sam p les A, B , a n d  C h av e  e th y l e th e r  an d  w a te r  
as th e  m ain  reac tio n  p ro d u c ts . E th y l e th e r  co n c e n tra 
tio n  in itia lly  increases as th e  reac tio n  te m p e ra tu re  in 
creases a n d  passes th ro u g h  a  m ax im um . A t h igh  te m 
p e ra tu re s  (290-340°) e th y len e  co n c e n tra tio n  increases 
a n d  e th y len e  an d  w a te r  becom e th e  m ain  p ro d u c ts . 
T h is  is th e  n o rm al course of th e  reac tion .

T y p ica l iso th erm al cu rves th a t  show  th e  re la tio n 
sh ip  be tw een  th e  m ole p e r cen t of e th y l e th e r  an d  
e th y len e  vs. th e  rec ip rocal flow ra te  of e th a n o l a re  
show n in F igu re  3. T h e  ra te  of fo rm atio n , r, of these  
species is ca lcu la ted  from

r (C,H,),0 =  [(C2H 6)20 ] / ( S / F )  

r e * .  =  [C2H 4] / ( Z /F )

w here r (C;Hl!,o an d  r c ,H< rep resen t th e  ra te  of fo rm a tio n  
of e th y l e th e r  a n d  e th y len e  from  e th an o l in  c c ./m m .2- 
m in .; [(C 2H 6)20 ]  an d  [C2H 4] are  th e  m ole frac tio n s  of 
(C 2H 5)20  an d  C 2H 4 in th e  ex it gas s tre a m ; 2  is th e  to ta l 
su rface  a re a  of a lu m in a  in  c a ta ly s t tu b e  in  m .2; an d  F 
is th e  flow ra te  of e th an o l in  c c ./m in .

Figure 3. Rate of formation of ether (% ) and ethylene (% ) 
from ethanol on alum ina vs. reciprocal of flow rate of ethanol.

T h e  n o n lin ea rity  of th e  d a ta  of F ig u re  3 is in d ica tiv e  
of a  sign ifican t d ep le tio n  of e th an o l v a p o r a t  low flow 
ra tes . F o r  th is  reason , th e  cu rves w ere ex tra p o la te d  
to  (1 /F) = 0 a n d  these  in itia l ra te s  a re  g iven  in  T ab le  
I I . Also, th e  co rrespond ing  v a lues of th e  a p p a re n t  ac
tiv a tio n  energy  a re  likew ise ta b u la te d . As can  be seen 
in  th is  tab le , th e  c a ta ly tic  ac tiv itie s  for th e  p ro d u c tio n  
of b o th  e th y len e  a n d  e th y l e th e r  h av e  th e  o rd er: D , A, 
B, an d  C.

II. The Adsorption of Ethanol, Ethyl Ether, and 
Water on Alumina. A. Ethanol. T y p ica l co rrec ted  
re te n tio n  tim es of e th an o l for a lu m in a  A as a  fu n c tio n  of 
te m p e ra tu re  a re  show n in F igu re  4. S im ilar cu rves 
for all sam p les a re  d is tin g u ish ed  b y  h av in g  tw o m axim a

Table I I : Catalytic Activities of Aluminas for the
Dehydration of Ethanol

Sample

A£(C2H6)20,a
kcal./
mole

A£C2H4,
kcal./
mole

r(C2H5)20,c 
at 280°

rC2H4,d 
at 320°

Temp.
range,

°C.

A 30.2 31.1 3.59 X 10-3 7.31 X IO"-* 220-340
B 28.8 36.5 4.97 X 10-2 3.14 X IO“ 2 220-340
C 25.2 39.3 6 . 8 8  X 10-2 9.03 X 10-2 220-340
D 24.7 28.1 (3.42 X 10"5)e 0.74 X 10-4 310-380

“ Apparent activation energy for the dehydration of ethanol to 
ethyl ether. b Apparent activation energy for the dehydration of 
ethanol to ethylene. c The initial rate of formation of ethyl 
ether from ethanol (cc ./m .2 min.). d The initial rate of formation 
of ethylene from ethanol (cc./m .2 min.). '  Extrapolated value.

Figure 4. Adsorption behavior of ethanol, ethyl 
ether, and water on aluminas; typical curves 
of the retention tim e vs. temperature.

correspond ing  to  th re e  reg ions of differing  ad so rp tiv e  
b eh av io r: a  low te m p e ra tu re  region (< 1 4 0 ° ) , a n  in te r 
m ed ia te  te m p e ra tu re  region (140 -210°), a n d  a  h igh  
te m p e ra tu re  region (> 2 1 0 ° ). S ince th e  re te n tio n  tim e  
is d irec tly  p ro p o rtio n a l to  th e  s te a d y -s ta te  a d so rp tio n  
a m o u n t of e th an o l, th e  cu rve  in  F ig u re  4 for a lu m in a  C 
is, in  essence, a n  ad so rp tio n  isobar for e th an o l. Iso b a r 
m ax im a a re  usua lly  assoc ia ted  w ith  tra n s itio n s  be tw een  
d iffe ren t m odes of ad so rp tio n . F o r n  m ax im a th e re  
m u st be (n +  1) ad so rb ed  m odes. In  th ese  s tud ies , 
th e  low te m p e ra tu re  m ode is re ferred  to  a s  physical 
ad so rp tio n , th e  h igh  te m p e ra tu re  m ode as  chem iso rp 
tion , a n d  th e  in te rm e d ia te  m ode as “ w e a k ” chem isorp 
tion .

T h e  p a r t i t io n  coefficients of e th an o l ca lcu la ted  b y  
eq. 1 a re  show n in F ig u re  5 as a  fu n c tio n  of te m p e ra tu re  
for all fou r ca ta ly s ts . T hese  coefficients m u st b e  a v e r
age v a lues because th e  a d so rp tio n  iso th erm s a re  o u ts id e  
th e  H e n ry ’s law  region as  ev idenced  by  th e  a sy m 
m etrica l ch ro m ato g rap h ic  peak  shapes for e th a n o l an d
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reac tio n  p ro d u c ts . T h e  h e a ts  of ad so rp tio n  of e th an o l 
ca lcu la ted  from  C lau s iu s-C la p e y ro n  p lo ts  fo r each  
a lu m in a  sam ple  a re  g iven  in  T a b le  I I I .  I t  is ev id en t * 4

Table I I I :  Partition Coefficients, K ' (¿¿mole/m.2 torr), and 
Heats of Adsorption, AH  (kcal./m ole), for Ethanol,
E thyl Ether, and W ater on Alumina Samples

T, ---- -—c¡:HbOH ——. .-----(CiHOsO----- . ------—HîO—
Sample °c. K' AH Kr AH K' A H

A 2 0 0 1.27 X 1 0 -* 8.5 1.21 X 10 8.3
280 1.05 X 10-> 8.9

B 2 0 0 1.46 X 1 0 - 2 8.3 1.01 X IO" 2 7 . 3

280 2.28 X 10-2 8 . 6
c 2 0 0 2.70 X 1 0 - 2 7.6 to 00 X o

280 4.52 X 10-2 7.8
D 2 0 0 8.61 X 1 0 - 2 7.5 6.26 X 1C "2 7.1

280 1.09 X 10-1 7.6

from  F ig u re  5 th a t  th e  o rd e r of su rface  c o n c e n tra tio n  
of e th a n o l fo r th e  fo u r a lu m in as  a t  te m p e ra tu re s  ju s t  
less th a n  th o se  lead ing  to  m easu rab le  reac tio n  is A , B, 
C, an d  D ; i.e., a lu m in a  D , h as  th e  g re a te s t a m o u n t of 
ad so rb ed  e th a n o l p e r  u n it  su rface  a re a  a n d  a lu m in a  A 
has th e  le a s t a m o u n t.

(B) Ethyl Ether. I n  th e  case of th e  ad so rp tio n  of 
e th y l e th e r  on  a lu m in a , th e  re la tio n sh ip  betw een  th e  
re te n tio n  tim e  an d  te m p e ra tu re  does n o t  y ie ld  as p ro 
nounced  m ax im a a n d  m in in a  as does e th an o l as is seen 
in  F ig u re  6. H ow ever, th e  e th e r  p a r t i t io n  coefficients 
on  th e  four c a ta ly s ts  a re  in  th e  sam e o rd er as fo r e thano l. 
T h e  h e a ts  of a d so rp tio n  on each  a lu m in a  sam ple  a re  
g iven  in  T ab le  I I I .

(C) HzO. T h e  re te n tio n  tim e  of w a te r  as a  fu n c tio n  
of te m p e ra tu re  on a lu m in a  C is also show n in  F ig u re
4. In  th is  case, th e  te m p e ra tu re  u p p e r lim it w as ex
ten d ed  to  300°. T h e  h ig h -te m p e ra tu re  region w as con
sidered  to  be  abo v e  250°, b u t  th e  lo w -tem p era tu re  
region is d ifficult to  define because of excessive re te n 
tio n  tim es. In  th e  in te rm e d ia te  te m p e ra tu re  region 
(200-270°), genera lly  tw o p eak s  w ere found . T h e  a d 
sorbed  a m o u n ts  of w a te r  as a  fu n c tio n  of te m p e ra tu re  
a re  g iven  in  F ig u re  7. T h e  h e a ts  of ad so rp tio n  of w a te r 
on  each  a lu m in a  a re  show n in T ab le  I I I .  T h e  ad so rp 
tion  am o u n ts  of w a te r  a t  th e  sam e te m p e ra tu re  (in  th e  
h ig h - te m p e ra tu re  region) a re  once ag a in  in  increasing  
o rd e r: A , B, C , an d  D .

III. Adsorption under Reaction Conditions. T he  
h e a ts  of ad so rp tio n  an d  p a r t i t io n  coefficients u n d e r 
s im u la ted  reac tio n  cond itions a re  lis ted  in  T a b le  IV . 
B y com parison  of th e  re le v a n t d a ta  of T ab le s  I I I  and  
IV , b o th  sim ilarities an d  differences a re  n o ted . T he  
p a r titio n  coefficients show  a  close para lle lism  for th e  
tw o ty p e s  of m easu rem en ts . T h e  e x te n t of ad so rp tio n

Figure 5. Adsorption amounts of ethanol 
on aluminas as a function of tem perature.

Figure 6. Adsorption amounts of ethyl ether 
on aluminas as a function of temperature.

Figure 7.. Adsorption amounts of water 
on aluminas as a function of temperature.

a t  h igh  te m p e ra tu re s  u n d e r reac tio n  cond itions is b u t  
sligh tly  less th a n  a t  low te m p e ra tu re s  an d  th e  o rd er
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Table IV: Partition Coefficients, K ' (m ole/m .2, torr), and
H eats of Adsorption, AH (kcal./m ole) for E thanol and 
E thyl hither on Aluminas in the “Working S tate”

,--------— CsHiOH— ------ ---------—(CïHsJîO----------
Sample |*3 o p K' AH K'

270 3 33 X 10“3 22.5
280 3.12 X 1 0 - 3

A 286 1.57 X 1 0 - 3

296 1.53 X 1 0 - 3

B 270 1.07 X 10“2 22.1 7.2 X 10 “3
280 8.73 X 1 0 - 3 5.9 X 1 0 - 3

C 270 2.23 X 10~2 18.6 1 42 X 10^2
280 1.90 X 1()-2 1.23 X 10“2

D 310 8.9 X 10~2 19.3 5.4 X 1 0 -2
320 7.9 X 10 -2 5.2 X 10~2

am ong  th e  four c a ta ly s ts  is th e  sam e as before. H ow 
ever, th e  ca lcu la ted  h e a ts  of a d so rp tio n  a re  m uch  h igher 
an d  closer to  w h a t w ould  be  expected  a priori. O nce 
aga in  th e  in te rp re ta tio n  of th is  h e a t d a ta  is open  to 
q u estio n  as m an ifested  in  th e  a sy m m e try  (ta iling ) and  
b roadness  of th e  ch ro m ato g rap h ic  peaks.

Discussion
T w o ty p es  of a d so rp tio n  s tu d ies  w ere m ade: (1) a d 

so rp tio n  using  helium  as th e  ca rrie r gas w ith  th e  c a ta 
ly s t n o t in th e  “w ork ing  s ta te ,” and  (2) ad so rp tio n  of 
e th e r  pulses using  the  o th e r  gas as th e  ca rrie r  gas.

In  ad so rp tio n  using helium  as th e  ca rrie r  gas an d  th e  
c a ta ly s t n o t in  th e  “ w ork ing  s ta te ,” th e  gas chro
m ato g rap h ic  experim en ts in  w hich  e th an o l w as adso rbed  
on a lu m in a  in d ica te  a t  le a s t th re e  d ifferen t ad so rp tio n  
m odes for e th a n o l m olecules. T h e  exh ib ited  re la tio n 
ships be tw een  re te n tio n  tim e  an d  te m p e ra tu re  are 
d irec tly  re la ted  to  th e  ad so rp tio n  isobars of e th an o l on 
a lu m in a  via eq. 1. T h e  o b serv a tio n  of isobar m axim a 
in  th e  in te rm e d ia te  te m p e ra tu re  range  (140-210°) 
m u s t co rrespond  to  d is tingu ishab le  in te rm e d ia te  a d 
so rbed  s ta te s  such  as ad so rp tio n  on re la tiv e ly  m ono- 
energetic  sites. T h e  shapes of th e  isobars observed  in 
these  experim en ts a re  su rp rising ly  sim ilar to  th e  isobars 
of h yd rogen  a d so rp tio n  on m e ta ls12' 13 or m e ta l o x id e14 
surfaces. F o r these  system s, th e  sam e ex p lan a tio n  is 
u sua lly  g iven : physical a d so rp tio n  p red o m in a te s  a t  
low tem p e ra tu re s , chem iso rp tion  a t h igh  tem p e ra tu re s , 
w ith  a  w eak  chem iso rp tion  a t  in te rm e d ia te  te m p e ra 
tu res.

F o r  e th y l e th e r  ad so rp tio n  on  all th e  a lu m in a  sam 
ples, on ly  one peak  could be  d e te c te d  in  th e  in te r
m e d ia te  te m p e ra tu re  region (120-200°) excep t p e rh ap s  
for a lu m in as  D  and  C, in d ica tin g  th e  absence of any  
in te rm e d ia te  chem isorbed  s ta te . T h e  one p eak  de

te c ted  co rresponds to  th e  tra n s itio n  from  th e  physically  
adso rbed  to  th e  sole chem isorbed  s ta te .

T h e re  a re  th re e  d is tingu ishab le  ad so rp tio n  m odes for 
w a te r as for e th an o l since tw o peaks occur in  th e  in te r 
m ed ia te  region (200-310°). T h e  ex p lan a tio n  of th ese  
tra n s itio n  m u st b e  sim ilar to  th a t  offered for e th a n o l 
ad so rp tio n . T h is  in d ica tes  th a t  th e  b o n d in g  of b o th  
w a te r an d  e th an o l m ay  be q u ite  sim ilar in  n a tu re .

T h e  ca lcu la ted  p a r tit io n  coefficients for e th a n o l an d  
e th y l e th e r  in  th e  “ w ork ing  s ta te ” a re  lis ted  in  T ab le
IV . A lth o u g h  som e differences a re  n o ted  w here  th e  
te m p e ra tu re  regions overlap , th e  q u a lita tiv e  in te rre la 
tio n sh ip  of th e  four sam ples is th e  sam e. In  p a rtic u la r , 
a lu m in a  D  has th e  la rg es t su rface  coverage b y  e th a n o l 
an d  e th y l e th e r  even  in  th e  “ w ork ing  s ta te ” a n d  show s 
li t t le  if an y  c a ta ly tic  a c tiv ity  below  310°. T h e  o rd er 
of th e  ad so rp tio n  a m o u n ts  p e r u n it  su rface  a re a  for 
e th an o l, e th y l e th e r, an d  w a te r  a t  id en tica l te m p e ra 
tu re s  in th e  h igh  te m p e ra tu re  region is A, B, 
C , an d  D . I t  is in te re s tin g  th a t  th is  is th e  sam e 
o rd er as  th e  a m o u n ts  of w a te r  a n d  m e n th o l a d 
sorbed  a t  room  te m p e ra tu re  on th ese  sam e sam ples 
ou tgassed  a t  160°. M oreover th e  sam e q u a lita tiv e  
v a ria tio n  is o b ta in e d  for th e  room  te m p e ra tu re  h e a ts  
and  en tro p ies  of ad so rp tio n , nam ely , a  decrease  w ith  
decreasing  p a rtic le  size. T h e  p rev ious ex p lan a tio n  of 
these  la t te r  tw o p h enom ena has req u ired  th e  p o s tu la 
tio n  of a  fu n d a m e n ta l v a ria tio n  of su rface  a m o rp h o u s  
c h a ra c te r  w ith  p a rtic le  size. T h is  s im ila rity  of be
h av io r n o ted  in  b o th  th e  p re sen t an d  p rev io u s s tu d ie s  
g re a tly  ad d s  to  th e  in te rn a l consistency  of th ese  p o s tu 
lates. T h is  ind ica te s  th a t  th e  h e a ts  of chem iso rp tion  
m ig h t be expected  to  hav e  th e  sam e v a r ia tio n  w ith  
p a rtic le  size as th e  h e a ts  of im m ersion . T h is  a p 
p a re n tly  is n o t true .

T h e  foregoing re su lts  d e m o n s tra te  th a t  i t  w ould  be  
dangerous to  a t te m p t to  p re d ic t c a ta ly tic  ac tiv itie s  for 
th is  p a rtic u la r  reaction . T h e re  is no co rre la tio n  
betw een  th e  h e a ts  of im m ersion  an d  th e  here  
m easured  h e a ts  of ad so rp tio n  as re la ted  to  p a rtic le  
size an d  no one-to -one  co rrespondence be tw een  th e  
h e a ts  of im m ersion  an d  c a ta ly tic  a c tiv ity . F o r  d if
fe re n t reac tio n s such  a  sim ple co rre la tion  m ig h t exist, 
i.e., those  w here re a c ta n t  b u t  n o t p ro d u c t m olecules 
com pete  for su rface  sites. T h a t  th e  o pposite  is tru e  
for the  p resen t s tu d y  has been  c learly  d em o n s tra te d . 
A lthough  th e  d eh y d ra tio n  of e th an o l is a  p a r tic u la r ly  
clean reac tio n  in  te rm s of absence of com peting  side

(12) A. F. Benton and T. A. White, J. Am. Chem. Soc., 54, 1820 
(1932).
(13) H. S. Taylor, Advan. Catalysis, 1, 1 (1948).
(14) H. S. Taylor and C. O. Strother, J. Am. Chem. Soc.. 56, 586 
(1934).
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reac tions, th e  a lu m in a  su rfaces are h igh ly  covered  w ith  
all th e  re a c ta n t  an d  p ro d u c t species excep t e thy lene . 
C a ta ly s t D , th e  a -a lu m in a , m o st c learly  illu s tra te s  th e  
problem . N o c a ta ly tic  a c tiv ity  is n o te d  below  300° 
a lth o u g h  e th an o l su rface  coverage is ex tensive  a t  
these  te m p e ra tu re s . C h em iso rp tio n  th u s  m u s t n o t be 
a sufficient re q u ire m e n t for c a ta ly tic  a c tiv ity . A t 
those sam e te m p e ra tu re s  w a te r  coverage is also h igh. 
One m u s t th e n  w o rry  a b o u t com ple tion  be tw een  th e  
two species, if n o t a  th ird  (e th e r), fo r fav o rab le  sites 
w hich in  effect u n d erm in es an y  hope for co rrespond 
ence be tw een  gross su rface  coverage a n d  c a ta ly tic  ac
tiv ity .

T h e  d isag reem en t b e tw een  th e  ch ro m ato g rap h ic  
h e a ts  of chem iso rp tio n  a n d  th e  h e a ts  of im m ersion  w ith  
regard  to  p a rtic le  size v a r ia tio n  m ay  arise  from  a  n u m 
ber of sources: (a) chem iso rp tion  energies a re  on ly  a 
p a rtia l co n tr ib u tio n  to  th e  im m ersional h e a t;  (b) v e ry  
likely th e  s ta n d a rd  th e rm o d y n am ic  tre a tm e n t  re q u ir
ing ad so rp tio n  rev e rs ib ility  is in ap p licab le ; (c) th e  
ch ro m ato g rap h ic  h e a ts  a re  av erag e  values.

A c tu a lly , th e  tw o  se ts  of h e a t  m easu rem en ts  a re  n o t 
necessarily  in  conflict. I f  all th e  sam ples a re  s im ila r in 
th e  su rface  h y d ro x y l g roup  c h a ra c te r, th e  energies of 
chem iso rp tion  co rrespond ing  to  th e  fo rm a tio n  of A l-O R  
groups w ill likew ise be  sim ilar. T h is  w ould  req u ire  
th e  v a r ia tio n  of h e a t  of im m ersion  w ith  p a rtic le  size to  
arise la rge ly  from  e lec tro s ta tic  field dipole energy  v a r ia 
tion  a t  su p ram o n o lay e r coverages. R e c e n t su p p o rt for 
th is  h y p o th esis  has  been  o b ta in e d .16

T h ere  a re  a  few p a p e rs  concern ing  th e  m echan ism  of 
th e  d eh y d ra tio n  of e th a n o l w hich in d ica te  th a t  th is  re 
ac tio n  is c a ta ly zed  b y  a  w eak  acid  cen te r on  th e  surface. 
K rieger, et ai.,2 considered  th e  ca rb o n iu m  ion as th e  
in te rm e d ia te  species in  th e  p rocess of th e  d e h y d ra tio n  
of e th an o l. In  d e h y d ra tio n , u su a lly  w eak  acid  sites 
on a lu m in a  a re  considered  to  be  c a ta ly tic a lly  ac tiv e  
cen ters. In  a  series of exp erim en ts  w hich  w ill m ore

a p p ro p ria te ly  be rep o rte d  la te r , th e  su rface  ac id itie s  of 
these  a lu m in as w ere e s tim a te d  b y  a  m icroca lo rim etric  
m ethod . T h e  h e a ts  of im m ersion  of th ese  a lu m in as in 
b u ty la m in e -d e c an e  so lu tions, w hich  is assum ed  to  be  a 
m easu re  of su rface  a c id ity , co rre la tes  well w ith  th e  
c a ta ly tic  ac tiv itie s  here  m easu red  an d  will be  th e  su b 
je c t of a  su b seq u en t pub lica tio n .

Summary
T h e  ad so rp tio n  a m o u n ts  of e th an o l, e th y l e th e r, and  

w a te r  on  a lu m in a  m easu red  b y  gas ch ro m a to g ra p h y  in 
d ica ted  th re e  a d so rp tio n  m odes fo r w a te r  an d  e th an o l 
an d  p e rh ap s  tw o m odes for e th y l e th e r. F o r  th e  a d 
so rp tio n  of e th an o l an d  w ate r, phy sica l a d so rp tio n  p re 
d o m in a te s  in  th e  lo w -tem p era tu re  region, an d  in  th e  
h ig h -te m p e ra tu re  region chem iso rp tio n  p red o m in a tes . 
A  w eak  chem iso rp tion  occurs in  th e  in te rm e d ia te  te m 
p e ra tu re  region. In  th e  a d so rp tio n  of e th y l e th e r, a 
w eak  chem iso rp tion  or in te rm e d ia te  te m p e ra tu re  region 
w as n o t  as clear.

T h e  o rd er of adso rbed  a m o u n ts  of w a te r , e thano l, 
a n d  e th y l e th e r  w as a lu m in a  D , C , B , a n d  A, w hich 
co rresponds to  th e ir  o rd er of h e a ts  of im m ersion  of w a te r  
an d  m ethano l. T h e  c a ta ly tic  ac tiv itie s  of th e  a lu m in as  
for th e  d eh y d ra tio n  of e th an o l in d ic a te  th a t  a lu m in a  
D  has th e  m in im um  a c tiv ity  a lth o u g h  i t  h a s  th e  la rgest 
ad so rbed  am o u n t of e th an o l. T h is  fa c t co rre la tes 
w ith  th e  ad so rp tio n  b eh av io r of w a te r  on a lu m in a  and  
th is  low a c tiv ity  of a lu m in a  D  is d ue  to  th e  po isoning 
effect of w ater.
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to  th e  R o b e rt A. W elch F o u n d a tio n  for co n tin u ed  in 
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T h e  e lec tro n eg a tiv ity  of xenon is e v a lu a ted  from  th e  X e - F  bond  energy  ap p ly in g  P a u lin g ’s 
new  concep t of th e  “ tran sa rg o n o n ic  b o n d .” V alues of e lec tro n eg a tiv ity  of o th e r  noble 
gases a re  ca lcu la ted  from  th e ir  e s tim a te d  co v a len t radii as well as b y  th e  Ic z k o w sk i-M ar- 
g rave fo rm ula  connecting  th e  e le c tro n eg a tiv ity  w ith  ion iza tion  p o ten tia ls . T h e  selected  
va lues of th e  e le c tro n eg a tiv ity  a re  2 .5 -3 .0 , 4.4, 3.5, 3.0, 2.6, and  2 .3 -2 .5  fo r helium , neon , 
argon , k ry p to n , xenon, an d  radon , respectively . On th e  basis of th e  e s tim a te d  e lec tro 
n e g a tiv ity  of neon, new  noble gas com pounds such as H N e +, C F 3N e +, an d  B F 3N e  a re  p re 
d ic ted .

T h e  concep t of e le c tro n eg a tiv ity  w as in tro d u ced  
by  P a u lin g 1 and  has been used ex tensive ly  in re la tio n  
to  the  chem ical an d  physical p ro p e rtie s  of e lem en ts 
an d  com pounds.2 I t  is described  as “ th e  pow er of an  
a to m  in a m olecule to  a t t r a c t  e lectrons to  itse lf.” 2

T h e  va lues of e le c tro n eg a tiv ity  h av e  been  ca lcu la ted  
for a lm ost all e lem en ts in  th e  period ic tab le  by  several 
d iffe ren t m ethods w hose resu lts  are  in  good ag reem en t 
w ith  P a u lin g ’s v a lu e s3' 7; th e  e le c tro n e g a tiv ity  for 
noble gases w as e s tim a ted  v e ry  cru d e ly  w ith  M u llik en ’s 
fo rm u la ,3 ta k in g  th e  e lec tron  affin ity  of th e  noble gases 
to  be  zero .8’9 H ow ever, in  view  of th e  grow ing  in te re s t 
in  noble gas c o m p o u n d ,10 it is m ore desirab le  to  in v e s ti
ga te  in g re a te r  d e ta il o th e r possib le w ays of ca lcu la ting  
the  e le c tro n e g a tiv ity  of noble gases in  o rd e r to  get 
b e tte r  in sig h t in to  th e ir  chem istry . W e shall discuss, 
th re e  m eth o d s  an d  th e n  lis t th e  resu lts  of num erical 
ca lcu la tions.

Bond Energy. P a u lin g 1'2 defined th e  e lec tro n eg a
t iv i ty  x by

D (A -B ) =  [D (A -A ) X D{B - B ) ] ‘A +  30(xA -  xB) 2

( la )

or

D{ A -B ) =  y 2[Z)(A-A) +  D (B -B ) ] +

23(xA -  xB) 2 ( lb )

w here  Z )(A -B ) s ta n d s  for th e  bond  energy  betw een  tw o 
a to m s  A an d  B  in  k c a l./m o le , e tc . T hese  fo rm u las can 
be app lied  on ly  to  n o rm al co valen t bonds, in  w hich each

a to m  h as  th e  e lectron ic  configu ra tion  of noble gases 
F o r com pounds (e.g., PC16, P 2O6, e tc .) to  w hich  valence 
bond  s tru c tu re s  of a n o th e r  k in d  are  assigned, P a u lin g  
in tro d u ced  th e  te rm  “ tran sa rg o n o n ic  s t ru c tu re ” to  d e 
scribe th e  electron ic  configurations beyond  those  of noble 
gases .11 F o r  exam ple, th e  bond  energy  of th e  tw o 
“ tran sa rg o n o n ic  b o n d s” in  PC16 is assigned th e  v a lu e  
of 40.1 k c a l./m o le  from  th e  reac tio n  P C l3(g) +  2C l(g) 
—1► P C li(g ) +  2 X 40.1 k ca l./m o le .

In  T a b le  I  we lis t v a lu e s12-14 of tran sa rg o n o n ic  bond  
energy  for several o th e r  ty p e s  of bonds co n ta in in g  
halogen  a tom s. T h e  assignm en t of tran sa rg o n o n ic  1 2 3 4 5 6 7 8 9 10 11 12 13 14

(1) L. Pauling, J. Am. Chem. Soc., 54, 3570 (1932).
(2) L. Pauling, "The Nature of the Chemical Bond,” 3rd Ed. 
Cornell University Press, Ithaca, N. Y., 1960, p. 88.
(3) R. S. Mulliken, J. Chem. Phys., 2, 782 (1934); 3, 573 (1935).
(4) W. Gordy, Phys. ft en:., 69, 604 (1946).
(5) W. Gordy, J. Chem. Phys., 14, 305 (1946).
(6) W. Gordy and W. J. O. Thomas, ibid., 24, 439 (1956).
(7) R. P. Iczkowski and J. L. Margrave, J. Am. Chem. Soc., 83, 3547
(1961).
(8) R. E. Rundle, ibid., 85, 113 (1963).
(9) A. B. Neiding, Russ. Chem. Rem., 32, 224 (1963).
(10) H. H. Hyman, Ed., “Noble-Gas Compounds,” University of 
Chicago Press, Chicago, 111., 1963.
(11) L. Pauling in "The Law of Mass-Action, a Centenary Volume,” 
Det Norske Videnskaps-Akademi i Oslo, Univesitetsforlaget, Oslo, 
1964.
(12) F. D. Rossini, et al., Ed., National Bureau of Standards Circular 
500, U. S. Government Printing Office, Washington, D. C.. 1952.
(13) W. H. Evans, T. R. Munson, and D. D. Wagman, J. Res. Natl. 
Bur. Std., 55, 147 (1955).
(14) R. K. Steunenberg, R. C. Vogel, and J. Fischer, J. Am. Chem. 
Soc., 79, 1320 (1957).
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bon d s in a  com pound  is som ew h at a r b i t r a r y 11; m olecu
la r  sy m m etry  a n d  o th e r  fac to rs  of convenience are  con
sidered ; e.g., in  T ab le  I  th e  re ac tio n s  S +  6 F  S F 6, 
e tc ., ra th e r  th a n  S F 2 +  4 F  -► S F e, e tc ., a re  lis ted  be
cause of th e  equ iva lence  of th e  six S - F  b onds in  th e  
com pound  S F 6.

Table I : Some Values of Transargononic Bond Energy of
Bonds Containing Halogen Atoms“

Differ
ence

Trans- be
argo- tween
non:c col
bond Normal bond umns 4

energy, energy, kcal./mole and 3,
Reactions considered (all in kcal./ Caled. keal./

Bond gaseous state at 298° K.D mole from (lb) Exptl. mole

P -C l PC13 +  2C1 — PC16 4C 73 76.3 33
P -B r PB r3 +  2Br -*  PB r6 35 60 64 25
Sb-Cl SbCla +  2C1 — SbCl6 39 72 74.3 33
S-F S +  6F — SF6 71 96 25
Se-F Se -(- 6F —*■ SeFg 67 99 32
T e-F Te +  6F — T eF6 79 118 39
C l-F GIF +  2F -+  C1F, 32 70 61 38
B r-F B rF +  2F — B rF 3 50 74 60 24

B rF +  4F —*■ B rF 5 45 29
I-F IF  +  4F — I f 5 62 88 67 26

IF  +  6F — IF , 53 35

“ D ata  taken from ref. 12-14.

As can  be  seen from  T a b le  I , th e  n o rm a l co v a len t 
bo n d  energies ca lcu la ted  b y  P a u lin g ’s fo rm u la  ( lb )  and  
th e  tran sa rg o n o n ic  bond  energies differ b y  a  c e rta in  
am o u n t, w hich  lies w ith in  24 to  40 k c a l./m o le  for bon d s 
co n ta in in g  ha logen  a tom s. I f  th e  v a lu e  30 k c a l./m o le  
is used as a  co rrec tion  te rm  in ( lb )  fo r those  bonds, th e  
re su lt w ill be  q u ite  sa tis fa c to ry  fo r th e  e s tim a tio n  of 
e lec tro n eg a tiv ity , w hich  is less sensitive  to  sm all v a r ia 
tions in  v a lues of bo n d  energy . T herefo re , we o b ta in

D(A -X ) +  30 =  '/ ,[D (A -A )  +  D ( X -X ) ]  +

2 3 (a;a -  xx)2 (2)

y e t d e m o n s tra te d  th e  ex istence of noble gas m olecules. 
T h e  in te ra c tio n  be tw een  tw o nob le  gas a to m s w ould  n o t 
exceed th e  v a n  d er W aals  in te ra c tio n ,18 w hich  h as  a 
v a lu e  of a b o u t 0.5 k c a l./m o le  fo r noble gases. T h e re 
fore, th e  v ag u e ly  defined nob le  gas d ia to m ic  m ole
cu les17-18 ca n n o t be  regarded  as co n ta in in g  rea l tra/ns- 
a rgononic  bonds, and , co n seq u en tly , for nob le  gases 
th e  te rm  D(A -A ) in  (2) can  be  d ro p p ed  com pared  w ith  
th e  n o rm al co v a len t bo n d  energy  D(X-X) of halogens. 
T h u s , we can  ca lcu la te  th e  e le c tro n e g a tiv ity  of a  noble 
gas from  th e  bo n d  energy  of i ts  h a lides by

D(A -X ) +  30 =  V *D (X -X ) +  23(xa -  zx)2 (3)

Covalent Radii. G o rd y 4 p roposed  th a t  th e  e lec tro 
n e g a tiv ity  of an  e lem en t can  be  re la te d  to  its  effective 
nu c lea r charge an d  co v a len t ra d iu s  by

( n  _ i _

x =  0 .3 1^—-—J +  0.50 (4)

w here  n is th e  n u m b e r of e lec trons in  its  va lence  shell 
a n d  r is th e  co v a len t rad iu s . E q u a tio n  4 can  be  a p 
p lied  to  e s tim a te  th e  e le c tro n e g a tiv ity  of th e  noble gases 
if th e ir  co v a len t ra d ii a re  know n.

Ionization Potential and Electron Affinity. M u llik e n ’s 
defin ition  for th e  e le c tro n e g a tiv ity  of an  e lem en t is 
g iven  b y 8

x h  +  I- 1 
2

(5)

w here 7j is th e  first io n iza tio n  p o te n tia l an d  7 - i  th e  
e lec tron  affin ity  of th e  e lem en t. E xp ressing  these  
q u a n titie s  in  e.v. an d  b ring ing  th e m  to  P a u lin g ’s scale, 
one o b ta in s19

i +  / - 1
5.56

T h e  ion iza tion  p o te n tia ls  of m o st e lem en ts includ ing  
th e  noble gases a re  ta b u la te d ,20 b u t  th e  e lec tro n  affin ity  
v a lu es a re  know n ex p erim en ta lly  for on ly  a  few ele
m en ts . T h eo re tica l ca lcu la tions of e lec tro n  affin ity  
h av e  been  proposed  by  severa l a u th o rs .3-7-19-21 22 23 *~ 26

w here  A -X  d en o tes  a  tran sa rg o n o n ic  bo n d  co n ta in in g  a 
halogen  a to m . S ince th e  co rrec tion  te rm  30 is only  
ap p ro x im ate , eq. 2 shou ld  n o t be  app lied  to  e lem en ts 
w ith  v a lu es of e le c tro n e g a tiv ity  too  close to g e th e r  o r 
too  fa r a p a r t.

In  e v a lu a tin g  th e  e le c tro n e g a tiv ity  of th e  noble gases 
we m u st also know  th e  bo n d  en erg y  be tw een  tw o noble 
gas a tom s. T h o u g h  som e noo le  gas d ia to m ic  c a t
io n s15-16 an d  c e rta in  in te ra c tio n s  in  a  d ia to m ic  xenon 
sy s te m 17 w ere re p o rted , no ex p erim en ta l ev idence has

(15) J. A. Hornbeck and J. P. Molnar, Phys. Rev., 84, 621 (1962).
(16) H. T. Davis, S. A. Rice and L. Meyer, J. Chem. Phys., 37, 947
(1962).
(17) H. C. Torrey, Phys. Ret., 130, 2306 (1963).
(18) N. Bernardes and H. Primakoff, J. Chem. Phys., 30, 691 (1959).
(19) H. O. Pritchard, Chem. Rev., 52, 529 (1953).
(20) C. E. Moore, National Bureau of Standards Circular 467, U. S. 
Government Printing Office, Washington, D. C.
(21) G. Gloker, Phys. Rev., 46, 111 (1934).
(22) D. R. Bates, Proc. Roy. Irish Acad., 51, 151 (1947).
(23) H. A. Skinner and H. O. Pritchard, Trans. Faraday Soc., 49,
1254 (1953).
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Iczkow sk i an d  M a rg ra v e 7 suggested  th a t  the  to ta l 
energy  of e lec trons in  an  a to m  or ion w ith  a n e t cha.rge 
(— N) can  be rep resen ted  by

E(N) = aN +  bN2 +  cN3 +  dN4 (7)

an d  th e  e lec tro n e g a tiv ity  expressed by

assum ing  th e  E-N  cu rve  to  be  con tin u o u s a t  N *= 0. 
F ro m  (7) we g e t th e  e le c tro n eg a tiv ity  by  M u llik en  (eq. 
5)

x = —a — c (9)

w hich differs from  (8) b y  — c. T he  coefficients a, b, c, and  
d can  be o b ta in ed  b y  fittin g  ex p erim en ta l v a lu es of th e  
ion ization  p o te n tia ls  (and  e lectron  affin ity  w here  a v a il
able) in to  (7) an d  solving th e  re su ltin g  s im u ltaneous 
eq u a tio n s; th e  resu lts  show  th a t  c is a lw ays m uch  
sm alle r th a n  a an d  b,7 hence, expressions 8 and  9 are 
n o t v e ry  d ifferen t. T herefore, we can  ca lcu la te  th e  
e le c tro n eg a tiv ity  of th e  noble gases w ith o u t know ing 
th e ir  e lec tron  affin ity .

Results of Calculation
Bond Energy. D e ta iled  th e rm o d y n am ic  d a ta  are 

av a ilab le  for xenon te tra flu o rid e  and  xenon hexafluo
r id e .10 T h e  average  bond  energy  ta k e n  from  those  
w orks is 31.0 k ca l./m o le . S u b s titu tin g  th is  in to  (3) 
we ge t xXe =  2.6. I f  th e  co rrec tion  te rm  is allow ed to  
v a ry  from  24 to  40 kca l./m o le , th e  v a lu e  of xXa varies 
from  2.7 to  2.5, w hich is well w ith in  th e  e rro r  of such an  
ap p ro x im atio n .

T h o u g h  som e k ry p to n  an d  radon  com pounds have  
been  re p o r te d ,10'27“ 29 no d e ta iled  d a ta  a b o u t th e ir  
p ro p ertie s  a re  ava ilab le , obv iously  ow ing to  th e  in 
s ta b ili ty  of th e  k ry p to n  com pounds an d  th e  d ifficu lty  of 
h an d lin g  th e  h igh ly  rad io ac tiv e  ra d o n  com pounds. 
B a r t le t t30 e s tim a ted  th e  bond  energy  of k ry p to n  te t r a 
fluoride to  be ^-T8 k c a l./m o le ; g ra n te d  th a t  th is  is a 
reasonab le  e s tim a tio n , we have  i Kr =  2.9 from  (3).

Covalent Radii. T h e  X e - F  an d  th e  X e - 0  bond  d is
tances in  several xenon com pounds hav e  been m eas
u re d .10 T h e  average  v a lu e  fo r th e  X e - F  bond  is 2.00 A. 
in X eF ;> an d  1.94 A. in  X e F 4. In  com paring  th e  bond  
len g th s of halogen  fluorides, G illesp ie31 in d ica ted  th a t  
th e  “ lo n g ” bonds in th e  m em bers hav in g  a la rger nu m 
b er of fluorine a to m s u su a lly  re p re se n t th e  a d d it iv i ty  of 
co v a le n t rad ii b e tte r . F o r th is  reason  th e  average 
v a lu e  of 1.94 A. for th e  X e - F  bond  in  X e F 4 is used to  
ca lc u la te  th e  co v a len t rad iu s  of xenon. T a k in g  the  
c o v a len t ra d iu s  of fluorine to  be  r F =  0.64 A .,2 we have  
r Xe =  1-30 A. A s im ila r v a lu e  (1.31 A.) w as o b ta in e d

b y  S an d e rso n .32 S ta r tin g  from  th is , we can  deduce th e  
co valen t rad ii of o th e r  noble gases. F igu re  1 show s th e  
tre n d s  of u n iv a le n t r a d ii2 an d  co valen t ra d ii33 of a to m s 
in th e  la s t four g roups of th e  period ic  tab le . S ince th e  
u n iv a le n t rad ii of th e  noble gases hav e  p ra c tic a lly  th e  
sam e tre n d  as  th o se  of th e  o th e r  g roups, we m a y  hope 
that, th e ir  co valen t rad ii beh av e  in  th e  sam e w ay . I n  
F igu re  1 th e  d o tte d  line, w hich is d raw n  from  th e  s ta r t -

o

ing  ex p erim en ta l va lue  rXe =  1-30 A., g ives th e  follow 
ing co v a len t rad ii of th e  noble gases (in  u n its  of A .) : 
R n , 1 .40-1 .50 ; X e, 1.30; K r, 1.09; A r, 0 .94 ; N e, 0 .70; 
H e, 0 .40-0 .60 .

In  e s tim a tin g  these  values, S c h o m ak er-S tev en so n  
v a lues for th e  co v a len t rad ii of th e  flrst-row  e le m e n ts33 
are  used ra th e r  th a n  those  b y  P a u lin g 2 because we are  
going to  a p p ly  (4) in w hich th e  v a lues g iven  b y  th e  
fo rm er a u th o rs  are to  be u se d .4 F o r th e  sake  of com 
parison , we lis t th e  v a lu es  by  G illesp ie31 (rXe =  1-30 A.,

o  o

rKr =  1-11 A., and  r Ar =  0.95 A.) w h ich  are  q u ite  close 
to  ours.

F rom  th e  v a lu es of co v a len t rad ii e s tim a te d  in  th e  
above m anner, we h av e  deduced , as follows, th e  e lec tro 
n e g a tiv ity  of th e  noble gases accord ing  to  (4 ): R n , 
2 .3 -2 .5 ; X e, 2 .7 ; K r, 3 .0; Ar, 3 .5 ; N e, 4 .5 ; H e, 2.1 - 
2.8.

Ionization Potential. F ro m  th e  v a lu es of th e  ion iza
tion  p o te n tia ls  of th e  noble gases20 we can  ca lcu la te  th e ir  
e le c tro n e g a tiv ity  accord ing  to  (7). T h e  resu lts  of 
— 2 a /5 .5 , o b ta in ed  from  (8) a f te r  being  b ro u g h t to

Table II: Values of Electronegativity of Noble Gases 
Calculated by the Iczkowski-M argrave Formula

He

Two terms

3.5

Three terme Four terms

Ne 4.3 4 .7 4 .1
Ar 3.6 3 .7 3 .4
Kr 3 .2 3.4
Xe 2.8 3.0
Rn

(24) J. L. Margrave, J . Chem. P hys., 22, 636 (1954); 22, 1937 
(1954).
(25) H. O. Pritchard and H. A. Skinner, ibid., 22, 1936 (1954).
(26) G. Klopman, J . A m . Chem. Soc., 86, 1463 (1964).
(27) D. It. MacKenzie, Science, 141, 1171 (1963).
(28) A. V. Grosse, A. D. Kirshenbaum, A. G. Streng, and L. V. 
Streng, ibid., 139, 1047 (1963).
(29) C. L. Chernick, ibid., 138, 136 (1962).
(30) N. B artlett, Endeam ur, 23, 3 (1964).
(31) It. J. Gillespie, ref. 10, p. 333.
(32) R. T. Sanderson, Inorg. Chem., 2, 660 (1963).
(33) V. Schomaker and D. D. Stevenson, J . A m . Chem. Soc., 63, 37 
(1941).
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Figure 1. Covalent and univalent radii of elements of the 
last four groups in the periodic table: full points, 
univalent radii; empty points, covalent radii.

P a u lin g ’s scale, a re  show n in T a b le  I I .  I t  shou ld  be 
n o ted  here  th a t  (7) is, in  general, less sa tis fa c to ry  for 
heav ie r a to m s.7

Discussion
Since m eth o d s  based  on d iffe ren t exp erim en ta l d a ta  

(for xenon) an d  th eo re tica l bases (for xenon an d  o th e r 
noble gases) h a v e  g iven  fa ir  ag reem en t on estim a tio n s  
of th e  e le c tro n e g a tiv ity  of th e  noble gases, i t  is n a tu ra l 
for us to  express confidence in these  resu lts . T h e  
selected  v a lu es  of th e  e le c tro n e g a tiv ity  of th e  noble 
gases a re  as  follow s: H e, 2 .5 -3 .0 ; N e, 4 .4 ; Ar, 3 .5; 
K r, 3 .0; X e ,2 .6 ;  R n , 2 .3 -2 .5 .

E le c tro n e g a tiv ity  is not a  m easu rem en t of th e  reac 
tiv i ty  of e lem en ts; the re fo re , th e re  is no inconsistency  
be tw een  th e  large  e lec tro n e g a tiv ity  v a lu es of th e  noble 
gases an d  th e ir  chem ical inertness. On th e  o th e r  h and , 
based  upon  those  values, we can  explain  c e rta in  experi
m en ta l fac ts  an d  m ake  som e sp ecu la tio n s a b o u t o th e r  
possib le noble gas com pounds.

In  a  com pound  co n ta in in g  tran sa rg o n o n ic  bonds, 
those  bon d s a re  un like ly  to  be po larized  in such a w ay  
th a t  th e re  is a  n e t n eg a tiv e  charge on th e  cen tra l a to m ; 
o therw ise, th e  C oulom bic  repulsion  be tw een  th e  “ tra n s 

argononic  e lec tro n s ,” i.e., e lec trons in  a  con figuration  
beyond noble gas s tru c tu re s , w ould bb too  large for 
s tab le  bonding . T herefo re , th e  s ta b ili ty  of th o se  com 
p ounds will depend  upon  th e  d ifference be tw een  th e  
e le c tro n e g a tiv ity  of th e  c e n tra l a to m  an d  th e  coordi
n a ted  a tom s, in ad d itio n  to  o th e r  fac to rs  such as  m olecu
la r geom etry .

F rom  th is  a rg u m en t, we can  read ily  v isualize  th e  
s ta b ili ty  o rders of som e nob le  gas com pounds (radon  
fluorides >  xenon fluorides >  k ry p to n  fluorides; xenon 
fluorides >  xenon  oxides) an d  th e  fa c t th a t ,  in  p h o to ly 
sis, p ro d u c ts  of e ith e r  th e  F - X e - A r  sy stem  or th e  F -  
K r-A r  sy stem  co n ta in  no a rgon  fluorides w hile th e  
fluorides of th e  o th e r  tw o e lem en ts a re  p ro d u c e d .10 
T h o u g h  th e  above  discussion  also ru les o u t th e  possib ility  
of fo rm atio n  of com pounds w ith  tran sa rg o n o n ic  s tru c 
tu re  for th e  h ig h ly  e lec tro n eg ativ e  e lem en ts, neon and  
argon , i t  does n o t exclude th e  p red ic ted  com pound  
H e F 2 d iscussed by  P im en te l an d  S p ra tle y .34 35 M oreover, 
we m ay  sp ecu la te  on som e possib le neon  and  a rgon  com 
p o u n d s n o t co n ta in in g  tran sa rg o n o n ic  s tru c tu re . F o r 
exam ple, th e  ca tio n  H N e + is likely  to  ex ist ow ing to  th e  
large e lec tro n e g a tiv ity  of neon. C o m p arin g  th e  series 
N H 3, H 20 ,  H F , N e, an d  N H 4+, H 30 + , H 3F + , H N e+ , we 
should  expect th e  hyd ro n eo n iu m  ion H N e +  to  
be a  ve ry  s tro n g  acid  and  neon , an  ex trem ely  w eak 
base. T h e  h y d ro n eo n iu m  ion m ig h t n o t  be ve ry  
s tab le  b u t  should  be d e te c ta b le  in th e  gaseous reaction  
p ro d u c ts  of neon an d  th e  s tro n g est inorganic  acids by 
spectroscopic  and  m ass spec troscop ic  m ethods. I f  
som e s tro n g  o rganic acids a re  soluble in th e  nonpo lar 
liqu id  neon, th e ir  electric  co n d u c tiv ity  should  be su b 
s ta n tia lly  la rger th a n  th a t  expected  for nond issocia ted  
m olecules because of th e  fo rm a tio n  of ion p a ir  and  th e  
ra p id  p ro p ag a tio n  of p ro to n s  in th e  fo rm  of h y d ro 
neonium  ion in liqu id  neon. T h e  h y d ro arg o n iu m  ion 
H A r+  m ay  also ex ist b u t  w ould  be  less s tab le . In  fact, 
R a n k  and  co-w orkers36 rep o rted  th e  com plexes H C l-A r 
and  H C l-X e  in th e ir  ana ly sis  of th e  spectroscopic d a ta  
of th e  gaseous sy stem s of hy d ro g en  ch lo rid e -n o b le  
gases.

S u b s titu te d  fluo rocarbons such  as C F 3N e + an d  th e  
com pound  of neon w ith  bo ron  triflu o rid e  a re  also pos
sible. B o o th  an d  W illson re p o rte d 36 th e  “ com p o u n d s” 
A rB F 3, A r(B F 3)2, e tc ., from  th e  th e rm a l ana ly sis  o f th e  
a rg o n -b o ro n  trifluo ride  sy s tem ; those  “ co m p o u n d s” 
are sa id  to  be u n sta b le  and  d issoc ia te  abo v e  th e ir

(34) G. C. Pimentel and R. D. Spratley, J . A m . Chem. Soc ., 85, 82G
(1963); Science, 143, 674 (1964).
(35) D. H. Rank, P. Sitaram, W. A. Glickman, and T. A. Wiggins, 
J . Chem. Phys., 39, 2673 (1963).
(36) H. S. Booth and K. S. Willson, J . A m . Chem. Soc., 57, 2273, 
2280 (1935).
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m eltin g  po in ts . T h e  fa ilu re  to  find a d d u c ts  of argon, 
k ry p to n , a n d  xenon  to  boron  trifluo ride  a t  2 0°K . was 
re p o r te d .10 W e feel th a t  neon m ay  form  a  real com 
pou n d  w ith  B F 3, w hich w ould  h av e  a  h e a t o f fo rm atio n  
of a b o u t —440 k ca l./m o le . T h e  com pounds C F 3N e + 
an d  B F 3N e are  expected  to  be  reaso n ab ly  stab le , th o u g h  
n o t q u ite  com parab le  to  th e ir  isoelectronic species C F 4 
an d  B F 4~. T h e  co rrespond ing  a rg o n  com pounds 
w ould  be a t  th e  m arg in  of s ta b ili ty  if th e y  can  form  a t  
all. S im ilar com pounds of th e  o th e r  nob le  gases are 
un likely .

In  conclusion, w e are  looking fo rw ard  to  m ore ac
c u ra te  ca lcu la tions of th e  e lec tro n e g a tiv ity  of noble 
gases in  th e  hope of o b ta in in g  m ore v a lu ab le  in fo rm a
tio n s  an d  p red ic tio n s w ith  regard  to  th is  new  and  b ro ad  
field of chem istry , th e  chem istry  of noble gases.
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Sorption Rates Indicative of Structural Changes in Solid Polypeptides1

by W. W. Brandt and R. S. Budrys

Department o f Chemistry, Illino is Institu te  o f Technology, Chicago, Illin o is  60616 (Received September 30, 1964.)

T h e  so rp tio n  iso therm s of H 20  on poly-L-leucine (PL ) and  poly-L-valine (PV ) hav e  been  
m easured , as well as so rp tio n  ra te s  of H 20 ,  C H 3O H , HC1, an d  C F 3C O O H  on P L  an d  of 
H 20  an d  C F 3C O O H  on PV . In  c e rta in  system s, th e  ra te s  a re  found  to  fu rn ish  a  sensitive  
ind ica tion  of th e  o n se t of s tru c tu ra l changes in  th e  po lym er. S everal d is tin c t 
processes occur in  th e  sy stem  H 2OVPL; th e y  are  te n ta tiv e ly  identified  as th e  irreversib le  
p a r tia l  opening  of helical segm ents an d  th e  reversib le  b reakage  and  re-form ing  of in te rm o lecu - 
la r H  bonds. A p lo t of th e  so rp tio n  iso therm s, accord ing  to  th e  F renkel, H alsey , an d  
H ill eq u a tio n , reveals th a t  s tru c tu ra l changes w hich  a re  too  fa s t to  be  so rp tio n  ra te  con
tro lling  p ro b a b ly  occur in  ce rta in  o th e r  so rb a te -p o ly p e p tid e  system s. In  som e of these  
system s, th e  a p p a re n t d iffusion coefficients decrease w ith  increasing  so rb a te  co n cen tra tio n s, 
p resu m ab ly  ow ing to  th e  s im u ltaneous effect of these  fa s t s tru c tu ra l changes a n d  th e  
n o n lin ea rity  of th e  correspond ing  so rp tio n  iso therm s.

Introduction
E a rlie r  s tu d ies  carried  o u t in  th is  la b o ra to ry 2 show ed 

th a t  so rp tio n  an d  d eso rp tio n  of trifluo roace tic  acid 
(T F A ) causes ce rta in  d is tin c t s tru c tu ra l changes in  
poly-L-valine (PV ) an d  poly-L-leucine (P L ), judg ing  
from  X -ra y  d iffraction  p a tte rn s  ta k e n  before an d  a fte r  
th e  so rp tio n  experim en ts. T he  so rp tio n  iso therm s 
o b ta in e d  fo r P V  sh ifted  in  a  sequence of consecutive 
runs, a n d  th e  ra te s  of so rp tio n  increased  w ith  so rb a te  
co n cen tra tio n . P L  show ed d is tin c t b u t  less p ronounced

iso th erm  sh ifts. B a rre r  n o ted  sim ilar sh ifts  an d  m eas
u red  c o n cen tra tio n -d ep en d en t d iffusion coefficients 
for v a rio u s H -bond ing  so rb a te s  in  e th y l cellu lose.3

(1) (a) Abstracted in part from the work of R. S. B udrys to be sub
m itted in partial fulfillment of the research requirement for the 
Ph.D. degree in the D epartm ent of Chemistry a t Illinois Institu te  of 
Technology; (b) this work was supported by Public H ealth Service 
G rant A-4324.
(2) W. W. B randt and R. S. Budrys, J . B iol. Chern., 239, 1442 (1964).
(3) R. M. Barrer, J. A. Barrie, and J. Slater, J . Polym er Sci., 23,315, 
331 (1957).
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H e ascribed  these  anom alies to  s tru c tu ra l changes of 
th e  po lym er, even th o u g h  he d id  n o t hav e  in d ep en d en t 
evidence for such changes. R eyerson  a n d  P e te rso n 4 
rep o rted  so rp tio n  ra te  d a ta  for th e  sy stem  H (T  nylon 
w hich show ed an  in itia l fa s t u p ta k e  followed b y  a 
very  slow release of so rb a te , a t  c o n s ta n t v a p o r pressure. 
T h is  is v e ry  sim ilar to  w h a t has  been  found  for th e  
system  T E A  PV m en tioned  p re v io u sly .2 R eyerson  
and  P e te rso n  also n o ted  a  m arked  im p ro v em en t of th e  
po lym er s ta te  of o rd er a f te r  th e  so rp tio n  experim en ts, 
b u t no m en tio n  w as m ade  of iso th e rm  sh ifts  and  con
cen tra tio n -d ep e n d e n t d iffusion coefficients.

B y c o n tra s t, for th e  sy stem s H C R P L  an d  H C 1-P V  
th e  u p ta k e  d id  n o t go th ro u g h  a m ax im um  d u rin g  th e  
early  stages of th e  so rp tio n  process, an d  th e  iso th erm s 
d id  n o t sh ift in  successive ru n s .4 T h e  a p p a re n t d if
fusion coefficients derived  from  these  m easu rem en ts  
were co n s ta n t or even  s ligh tly  decreasing  w ith  increasing  
co n cen tra tio n . T h u s , th e re  w as no d irec t evidence th a t  
H C I so ftens or swells th e  p o ly p ep tid es  P L  and  PY , 
in  c o n tra s t to  ny lon , except, p e rh ap s, th e  fa c t th a t  P L  
becam e o paque  d u rin g  these  experim en ts.

T h e  p re sen t s tu d y  deals largely  w ith  th e  so rp tion  
of H 20  on P L ; it  will be  show n th a t ,  in  th is  case, d is
t in c t  s tru c tu ra l changes occur d u rin g  so rp tio n  an d  de
so rp tion . R a te  d a ta  n o t on ly  fu rn ish  a  sensitive  ind i
ca tion  of th e  presence of these  changes b u t  also  p e rm it 
a  rough  e s tim a te  of th e ir  ra te s  an d  of th e  so rb a te  p re s
sure a t  w hich  th e  s tru c tu ra l  effects becom e im p o rta n t. 
In  ad d itio n , one can specu la te  on th e  n a tu re  of th e  
processes in  q uestion , using  X -ra y  d iffrac tion  p a tte rn s  
as ad d itio n a l evidence.

Experimental
T he  poly-L-leucine (P L ) and  poly-L-valine (PV) 

used in th e  p re sen t w ork  o rig in a ted  from  th e  sam e 
b a tch es used an d  described  p rev io u sly .2 T h e  experi
m en ta l tech n iq u es  em ployed  for th e  so rp tio n  an d  X -ra y  
m easu rem en ts  w ere likew ise o u tlin ed  b efo re .2 P L  
w as used as a  cast film, 0.006 ±  0.001 cm. th ick  (H 20  
and  C H 3O H  experim en ts) or 0.0017 ±  0.0007 cm. th ick  
(T F A  ex p e rim en ts2), a s  m easu red  b y  a  th ickness  gauge 
(P ro d u c ts  C orp ., P rov idence , R. I .) . P V  consisted  
of sm all g ra ins 0.00024 ±  0.00005 cm. in d ia m e te r  
m easu red  m icroscopically .

Results
T ab le  I lists th e  so rb a te  p ressures, th e  co rrespond ing  

final u p tak es , an d  th e  a p p a re n t diffusion coefficients 
com pu ted  from  th e  in itia l, nea rly  linear p o rtio n  of each 
ind iv idual ra te  cu rve  using  th e  p rev iously  m en tioned  
sam ple d im ensions. T h ree  over-a ll ru n s were m ade  on 
th e  system  H 20 - P L  at. 0 .57°; th e  first and  th ird  of

these  consisted  of a  good n u m b er of in d iv id u a l steps. 
S everal ind iv id u a l so rp tio n  an d  d eso rp tio n  ra te  cu rves 
a re  show n in F igu res 1 and  2, respec tive ly . C u rv es 
o b ta in e d  a t  u p ta k e s  h igher th a n  th o se  show n in F igures 
1 an d  2 w ere of no rm al shape, v e ry  m uch like th e  to p  
and  b o tto m  curves of F ig u re  1 and  th e  to p  cu rve  of

Figure 1. Sorption rates for H20  on poly-i.-leurine (PL) at 0.6°; 
uptake, a, against square root of time, i'-V O, first sequence of 
steps; A, second sequence of steps; D, third sequence. Only 
selected steps of the over-all sequence are shown in each case 
for clarity. Numbers on right give the value of t'A (m in.)1/® 
a t which the last reading was taken if this reading is outside 
the time range of the abscissa. Arrows indicate the uptake 
a t such values of J.

F ig u re  2. T h ey  a re  n o t p resen ted  in d e ta il for th is  
reason. A n ex tended  tim e  range  h ad  to  be covered to  
follow th e  slow changes of in te re s t w hich  a re  ev id en t 
in F igu res 1 an d  2. E x p e rim en ts  of even longer d u ra 
tion  (low er ex perim en ta l te m p e ra tu res ) a re  v e ry  im 
p rac tica l, an d , as a  consequence, th e  in itia l fa s t changes 
w hich  lead to  th e  ta b u la te d  d iffusion coefficients m u s t 
be m easured  v e ry  qu ick ly . T h e  D v a lu es of T ab le  I 
are , th u s , n o t v e ry  precise, b u t  th e y  are  q u ite  sa tis 
fa c to ry  for th e  p resen t purposes.

T h e  so rp tio n  iso therm s of th e  sy stem s H 20 - P L ,

(4) H. H. Reyerson and L. E. Peterson, J . Phys. Chem., 60, 1172 
(1956).
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Table I :  Diffusion Coefficients, D, of Several Sorbates in
Poly-L-leucine (PL) and Poly-L-valine (PV) and the 
Amounts of Sorbate Taken up, a, Prior to the Particular 
Sorption or Desorption Run

■Sorption-----------•—s .------------- Desorption-
moles of gas/ D X 108, a, moles of gas/ D X 10»,
les of monomer em.Vsec. moles of monomer cm. Vsec.

H 20  on poly-L-■leucine, 0.57°, first run
0.000 5 .4 0  166 3.6
0 . 0 1 2 3.3 0.151 3.6
0.066 2 . 0 0.131 4.3
0.128 1 . 2 0 . 1 1 2 4.1
0.157 0 .4 0 . 1 0 0 7.2

0.089 10.5
0.072 0 . 1 1

H 20  on poly--L-leucine, second run
0.000 4.3 0.092 4 .8

0.056 4.1
0.038 4.1

H20  on poly-L-leucine, third run
0.000 0 .9 0.169 3.6
0.045 6 .9 0.155 3.5
0.052 3 .7 0.128 2 .4
0.074 3.1 0 . 1 0 0 4.3
0.098 2 . 2 0.079 3.1
0 . 1 2 2 2.5 0.061 1.3
0.145 0 .9 0.053 3 .0

0.047 0.3

CH3OH on poly-L-leucine, 1.0°
0.000 2.3 0.489 0 . 8

0.027 2.7 0.410 0 .9
0.084 2 . 6 0.313 1.4
0.124 2 .4 0.254 1.7
0.154 1.7 0.194 2.3
0.192 1 . 6 0.146 3 .3
0.230 1.5 0 . 1 0 1 4 .2
0.269 0 . 8 0.079 5 .9
0.315 0 . 8 0.060 3 .7
0.364 0 .3 0.048 0 .5

HC1 on poly-L-leucine, 0.57°, third run
0.000 7.2 0.461 3 .7
0.063 6.3 0.438 4 .5
0.126 5.5 0.413 4 .8
0.197 4.8 0.383 5 .2
0.307 4 .7 0.346 5 .5
0.355 4.8 0.296 6 .7
0.408 4.1 0.254 7 .8
0.438 2 . 0 0.203 4 .8

0.148 3 .0

C F3COOH on poly-L-leucine, 59.5°
0 . 0 0 0 0 .7 0.487 2 .5
0.185 1.4 0.468 1.3
0.254 1.7 0.416 1.0
0.325 2 . 2 0.381 1.0
0.405 2.3 0.335 0.1
0.460 1.7 0.309 0 . 8

Table I (Continued)

a, moles of gas/ D X 108, a, moles of gas/ D X 108,
moles of monomer cm.2/sec. moles of monomer cm.2/sec.

CF 3COOH on polv-L--valine, 59.5°, first run
0 . 0 0 0 0 . 0 2 0.613 0 . 2

0.256 0.19 0.553 0.16
0.366 0 . 1 0 0.484 0 .17
0.429 0 . 1 1 0.354 0.26
0.495 0.26 0.311 0 . 2 1

CF3COOH on poly-L-valine, 59.5°, second run
0 . 0 0 0 0.23 0.584 0.17
0.279 0.33 0.522 0.23
0.372 0.26 0.462 0.23
0.443 0.19 0.382 0.19
0.493 0.15 0.327 0.28
0.540 0.13 0.287 0.37

0.253 0.33
0.231 0.77

HC1 on poly-L-valine, 27.8°, second run
0 . 0 0 0 0.19 0.395 0.124
0.126 0.061 0.357 0.078
0.153 0.050 0.338 0.091
0.196 0.050 0.279 0.057
0.251 0.055 0.243 0.038
0.363 0.050 0.290 0.052

0.158 0.024

Figure 2. Desorption rates of H20  from poly-i^leucine (PL) a t 
0.6°. For designations and details, see legend to Figure 1.

H 20 - P V , an d  C H 3O H -P L , as well as re la ted  in fo rm a
tion , a re  rep o rted  elsew here.5
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Figure 3. X -Ray diffraction patterns of poly-L-leueine:
A, before sorption experiments; B, after H 20  sorption 
experiments; C, after TFA  sorption experiments.

X -R a y  d iffraction  p a tte rn s  fo r th e  orig inal P L , as well 
as for sam ples exposed to  H 20  and  T F A , respectively , 
a re  given in  F igu re  3. U pon  exposure to  H 20 ,  th e  a- 
helical spac ing  has increased  from  10.55 to  10.91 A., 
an d  th e  in te n s ity  of th e  p eak  has decreased ; also, the  
v e ry  low an d  b ro ad  peak  co rrespond ing  to  an  average

o
spacing  of a b o u t 4.7 A. has  becom e m ore pronounced . 
I t  ap p ea rs  th a t  m an y  of th e  helical segm en ts are  slig h tly  
expanded  an d  th a t ,  a t  least, som e hav e  d isappeared . 
B y  c o n tra s t, exposure  of P L  to  T F A  w as found  to  lead 
to  a n  im p ro v em en t of th e  a -helical s t ru c tu re 2 of th is  
po lym er (see also cu rv e  C of F igu re  3).

Discussion
T ab le  I  show s th a t  th e  a p p a re n t in itia l diffusion co

efficients of H 20  in  P L  decrease w ith  increasing  so rb a te  
co n cen tra tio n  ov er m o st of th e  p ressu re  range  covered. 
T h e  firs t an d  la s t s tep s  of each over-a ll ru n  freq u en tly  
invo lve v e ry  low in itia l so rp tio n  ra te s  an d  will be  ig
nored  fo r th e  m om en t. D a ta  for th e  sy stem  C H 3- 
O H -P L  an d  th e  so rp tio n  ru n s  (only) on H C 1-P L  
show  sim ilar tren d s . T hese  findings a re  su rp ris ing  in 
view  of th e  p ronounced  changes m  th e  X -ra y  p a tte rn  
of P L  upon  com pletion  of th e  H 20  experim en ts (see 
cu rve  B  of F ig u re  3), w hich in d ica te  th a t ,  a t  least, 
som e so ften ing  of th e  po ly m er m u s t hav e  ta k e n  place 
d u rin g  th e  so rp tio n  process. I t  is q u ite  possible th a t  
sw elling of th e  po lym er s tru c tu re  is a  ra p id  process com 
p ared  to  diffusion. In  ad d itio n , th e  so rp tio n  iso therm s 
are  d is tin c tly  concave to w ard  th e  abscissa  over m ost 
of th e  p ressu re  ranges co v ered . 5 I t  is know n th a t  u n 
der these  cond itions th e  a p p a re n t  diffusion coefficients

will decrease w ith  increasing  c o n c e n tra tio n , 6 and , 
as a  consequence, a  m odera te , positive  co n c e n tra tio n  
dependence  of th e  tru e  diffusion coefficients m a y  sim ply  
be h idden . T he  tw o co u n te ra c tin g  effects m a y  well 
be of com parab le  s tre n g th  in th e  H C 1 -P L  and  H C 1-P V  
system s, th u s  causing  th e  a p p a re n t  d iffusion coefficients 
to  be n e a rly  c o n s ta n t in  these  cases.

A s a  second fea tu re , one n o tes  th a t  a f te r  th e  first, 
second, and  th ird  com plete  so rp tio n -d e so rp tio n  ru n s  
a t  0 .57° som e of th e  so rb a te  is t ig h tly  held  b y  th e  p o ly 
m er (F igu re  3 an d  iso th erm  d a ta 6). T h is  irrev e rs ib le  
so rp tio n  process is d esignated  a.

N ex t, i t  is obv ious from  F igu res  1  an d , especially , 
2  th a t  th e  first an d  la s t one or tw o  s tep s  of each se
quence invo lve v e ry  slow b u t  p ronounced  changes, 
even  a fte r  t ~  4 m in. or ¿’A =  2 (m in .) A  th a t  is, in  a  
tim e  range  w hen  a  “ n o rm a l” so rp tio n  s te p  is n ea rly  
com pleted  (see to p  cu rves of figures). P re su m ab ly , 
th is  slow process s ta r ts  a t  t =  0 , an d , th u s , i t  is a t  least 
p a r tly  responsib le  fo r th e  v e ry  low in itia l slopes7 and  
th e  low a p p a re n t d iffusion coefficients of th e  firs t and  
la s t s tep s  in th e  second and  th ird  sequences. T h is  
slow process, desig n a ted  b, p re su m ab ly  invo lves th e  
b reak ag e  an d  re -fo rm ation  of p o ly m e r-p o ly m e r H  bonds 
an d , th u s , causes fo rm ation  o r d e s tru c tio n  of so rp tio n  
sites d u rin g  so rp tio n  an d  d eso rp tio n , respectively . 
P rocess b is reversib le , o r else th e  residual u p ta k e  a fte r  
th e  firs t, second, an d  th ird  com plete  series of experi
m e n ts  could  n o t be  th e  sam e.

F in a lly , a v e ry  slow process is observed  in  several 
d eso rp tio n  s tep s of th e  first, second, an d  th ird  sequences 
w hich leads to  an  increase of u p ta k e . T h is  process 
m u st be reversib le , for th e  sam e reason  as process b.

O n th e  basis of these  find ings an d  th e  changes in  th e  
X -ra y  d iffrac tio n  p a tte rn s , one m ay  assum e th a t  process 
a invo lves th e  “ o p en ing” of m an y  helices and  th e  d e 
s tru c tio n  of som e, w hile processes b and  c a re  re la ted  
to  th e  reversib le  b reakage  and  fo rm a tio n  of th e  in te r-  
m olecu lar H  bon d s d u rin g  so rp tio n  and  deso rp tion , 
respec tive ly . T h e  p re sen t d a ta , of course, do n o t show  
ex ac tly  w h a t ty p e s  of H  b onds are  in vo lved , b u t, u n 
d o u b ted ly , s tru c tu ra l  changes of th e  p o ly m er m u st be 
held  responsib le for th e  increase of u p ta k e  a f te r  a  low er
ing  of th e  so rb a te  p ressu re  (process c ) .

Som e ad d itio n a l in fo rm a tio n  is av a ilab le  from  a 
s tu d y  of th e  shapes of th e  so rp tio n  iso therm s. T h e

(5) Copies available from the American Docum entation Institute, 
Auxiliary Publications Project, Library of Congress, W ashington 25, 
D. C., Document No. 8130. Price $1.75 for microfilm; $2.50 for a 
photocopy.
(6) J. Crank, “The M athem atics of Diffusion,” Clarendon Press, 
Oxford, 1957, pp. 122-124.
(7) See ref. 6, pp. 132-145.

Volume 69, Number 2 February 1965



604 W . W . B r a n d t  a n d  R . S. B tjdrys

Figure 4. Desorption branches of the isotherms plotted 
according to the Frenkel, Halsey, and Hill equation. 
Poly-L-leucine isotherms: ®, H20 , 60.1°; © , H20 , 27.8°;
O, H20 , 0.6°; m, CHaOH, 27.8°; □, C H 3OH, 1.0°; V, HC1, 
27.8°; 7 , HC1, 0.6°; A, TFA, 59.5°. Poly-L-valine 
isotherms: C, H20 , 75.2°; a ,  H20 , 59.7°; ▼, HC1, 27.8°;
A, TFA, 59.5°; A, repeat run; A, TFA on “settled” 
polymer, 59.5°; O, sorption branch of isotherm for H 20  
on poly-L-leucine a t 0.6°. The unmarked line corresponds 
to the F.H .H . equation with n = 2.5.

s tru c tu ra l changes d iscussed above  are  p ro b ab ly , 
in  p a r t , responsib le  for th e  d ev ia tio n s  of th e  observed  
H 20 - P L  iso th e rm s 6 from  those  p re d ic ted  b y  th e  
B ru n a u e r, E m m e tt, and  T elle r (B .E .T .)  th e o ry . 8 

M o n o lay e r u p tak es , consequen tly , ca n n o t be d e te r

m ined  d irec tly  b y  B .E .T . analysis. O n th e  o th e r  h an d , 
one can  e s tim a te  th e  u p ta k e  a, a t  w hich m u ltilay e rs  of 
so rb a te  a re  first fo rm ed in  an  in d irec t w ay  from  th e  
F ren k e l, H alsey , and  H ill (F .H .H .)  iso th e rm  e q u a tio n 9 

log  (p o /p ) = k(am/a)n o r log log (p0/ p )  =  log k +  n 
log am — n log a.

H ere  k a n d  n a re  c o n stan ts , am is th e  m on o lay er 
coverage, an d  a is th e  u p ta k e  m easu red  a t  th e  re la tiv e  
p ressu re  p /p o . T he  c o n s ta n t n should  be  3.0 if th e  
sim ple d e riv a tio n  re ferred  to  a b o v e 9 is to  hold , b u t  ex
p e rim e n ta l d a ta  a re  fre q u e n tly  b e tte r  f itte d  b y  n  =  
2 .5 , 10 w hich  co rresponds to  th e  slope of th e  u n d esig n a ted  
line in  F ig u re  4. T he  F .H .H . e q u a tio n  h as  been  d e 
rived  specifically  for th e  m u ltilay e r region of so rp tion . 
T h e  re la tiv e  pressure , p /p o , a t  an d  abo v e  w hich  th e  
eq u a tio n  is follow ed, th u s , should  enab le  one to  e s tim a te  
th e  u p ta k e  a t  w hich th e  m u ltila y e r  fo rm a tio n  s ta r ts .

Iso th e rm  d a ta  o b ta in ed  in  th e  p re se n t6 a n d  p rev io u s  
s tu d ie s 2 a re  p lo tte d  accord ing  to  th e  F .H .H . eq u a tio n  
in  F ig u re  4. O n ly  th e  H 20  iso therm s a t  h igh  re la tiv e  
so rb a te  p ressu res correspond  to  th e  expected  m u lti
lay e r so rp tio n , in  sp ite  of th e  s tru c tu ra l  changes d is
cussed p rev iously . One m ay  conclude, th e re fo re , th a t  
in  th is  p a rtic u la r  case th e  so rp tio n  ra te s  fu rn ish , 
pe rhaps, th e  m ost sensitive  in d ica tio n  of s tru c tu ra l 
changes accom p an y in g  so rp tion . A t th e  sam e tim e , 
i t  is q u ite  possib le th a t  sim ilar changes occurred  in  th e  
C H 3O H -P L , H C 1-P L , an d  HC1 PV system s a n d  th a t  
ra te  anom alies w ere n o t d e tec ted  because th e  over-a ll 
so rp tio n  process is con tro lled  b y  th e  (re la tiv e ly  slow) 
d iffusion step . T h is  is in  accord  w ith  th e  earlie r in 
te rp re ta t io n  of th e  in v e rted  c o n c en tra tio n  dependence 
of th e  diffusion coefficients. M easu rem en ts  on th in n e r  
film s o r sm aller g ranu les a t  low er te m p e ra tu re s  w ould  
be  necessary  to  b rin g  th e  ra te s  of s tru c tu ra l change 
in to  th e  accessible ex perim en ta l tim e  range, b u t  con
siderab le  overlap  of th e  in itia l, fa s t so rp tio n  process an d  
th e  slow changes discussed here will, in m an y  cases, 
c o n s titu te  a  serious ex perim en ta l lim ita tio n .

In  su m m ary , s tru c tu ra l changes accom p an y in g  so rp 
tio n  can , in  p rincip le, be d e te c te d  from  iso th e rm  d a ta  
o r from  a d e ta iled  an a ly sis  of so rp tio n  ra tes. S e p a ra te  
processes can  be d istingu ished , u n d e r o p tim u m  cond i
tions, b u t  th e  iden tifica tion  of these  processes requ ires 
ad d itio n a l evidence.

(8) S. Brunauer, P. H. Em m ett, and E. Teller, J . A m . Chem. Soc., 
60, 309 (1938).
(9) E. H. Hill, Advan. Catalysis, 4, 244 (1952).
(10) C. Pierce, J . Ph.ys. Chem., 64, 1184 (1960).
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Irregular Solutions of Iodine

by Kozo Shinoda and Joel H. Hildebrand

Department o f Chemistry, U niversity o f  California, Berkeley, C alifornia  (Received October 3, 1964)

T h e  so lu b ility  of iodine a t  25° h as  been d e te rm in ed  in a  series of so lv en ts  selected  as  te s ts  
of c e rta in  ty p e s  of irreg u la r behav io r. M ole per cen ts  o f iodine a t  25° a re  as follows: 
cy c lopen tane, 0 .773; cfs-decalin , 1.540; frans-decalin , 1.451; m ethy lcyclohexane, 0 .920; 
iran s-l,2 -d im e th y lcy c lo h ex an e , 0 .937; to luene, 6 .256; m -xylene, 8 .201; m eth y len e  ch lo 
ride, 1.524; n -h exadecane , 1.450. In  th e  la s t tw o cases, m easu rem en ts  w ere m ade  ov er a  
range  of te m p e ra tu re s  g iv ing  for R(d In a;2/ d  In T) 20.4 in  C H 2C12 an d  20.65 in  n -C i6H 34. 
P o in ts  for cy c lo p en tan e  an d  th e  tw o decalins fall on a  line for reg u la r so lu tions in  a  p lo t of 
log X2 vs. (52 — Si)1 2, th e  so lu b ility  p a ra m e te rs . S o lv en ts  co n ta in in g  m e th y l g roups d iverge 
in th e  d irec tion  in d ica tin g  th a t  th e  w ell-know n fa ilu re  of m an y  s a tu ra te d  h y d ro ca rb o n s  to  
agree w ith  so lu b ility  p a ra m e te r  th e o ry  is a t tr ib u ta b le  m ain ly  to  m e th y l g roups, w ith  sol
v e n t- s o lu te  a t tra c tio n  less th a n  th a t  of a  geom etric  m ean. T h ese  d ivergences do n o t in 
vo lve irreg u la r en tro p y . A so lu b ility  p a ra m e te r  for C H 2C12 c a lcu la ted  from  its  energy  of 
v ap o riza tio n , (AE'/v)'/l, is la rger th a n  th e  va lue  ca lcu la ted  from  its  so lv en t pow er be 
cause of its  d ipo le m om ent.

H ira o k a  an d  H ild e b ra n d 1 recen tly  pub lished  a  p lo t 
of th e  so lub ility  of iod ine as th e  lo g a rith m  of its  m ole 
frac tio n  vs. th e  sq u are  of th e  d ifference be tw een  th e  
so lu b ility  p a ra m e te rs  of iod ine an d  so lven t. T h is  con
s t i tu te s  a  te s t  of th e  e q u a tio n 2

RT In a 2s =  RT In x2 +  v 20 i 2(52 — 6 i) 2 (1)

w here a 2s is th e  a c tiv ity  of solid iodine w ith  re sp e c t to  
its supercooled  liqu id  (0.256 a t  25°), v 2 th e  m olal 
volum e of its  supercooled  liqu id  (58.5 cc.), x2 th e  m ole 
frac tion  of iodine a t  sa tu ra tio n , <f>i th e  vo lum e frac tio n  
of th e  so lven t, 52 th e  so lub ility  p a ra m e te r  of iodine 
(14.1), and  5i th a t  of th e  so lven t. T h e  p lo t in  ref: 
1 show ed p o in ts  for v io le t so lu tions in  15 so lv en ts  th a t  
fall closely on th e  line of th e  e q u a tio n , w ith  3 2 v a lu es 
sp read  over a  300-fold range. F ig u re  1 in th e  p re se n t 
p ap er includes th ese  po in ts.

T h e  orig inal p lo t show ed tw o g roups of so lu tions 
whose p o in ts  d iverge  from  th e  line, one consisting  of 
so lu tions in  benzene, 71-xylene, and  m esity lene , th e  
o ther, of so lu tions in  n -h e p ta n e , 2 ,2 -d im e th y lb u ta n e , 
and  2 ,2 ,4 -tr im e th y lp en tan e , “ iso o c tan e .” T h is  re 
search  w as u n d e rta k e n , first, to  ad d  to lu en e  an d  m- 
xylene to  th e  first g roup , th e  e lec tron  d o n o r-a c c ep to r  
n a tu re  of w hich  is now  well know n, b u t  especia lly  to

seek an  ex p lan a tio n  of th e  d ivergence  of th e  second 
group  a lth o u g h  it is v io le t in  color. I t  has  n o t  been 
a t  all c lear w h e th e r  th is  irre g u la rity  should  be a t tr ib u te d  
to  fa ilu re  of th e  te rm  in eq. 1 for e n tro p y , —R In x2, 
o r to  fa ilu re  of th e  one for e n th a lp y , v 2</>i2(52 — ¿1) 2.

Experimental
Materials. T o luene , m -xylene, cy c lo p en tan e , and  

m ethy lcyclohexane  w ere M a th e so n  C o lem an  an d  Bell 
S p e c tro q u a lity  reag en ts . M e th y len e  d ich lo ride  w as 
E a s tm a n  O rganic C hem icals S p ec tro g rad e  m a te ria ls ; 
trans-] ,2 -d im ethy lcyclohexane  w as M a th e so n  C olem an 
and B ell P u re  grade. T hese  w ere frac tio n a lly  d istilled  
sh o rtly  before  use. n -H ex ad ecan e  from  H u m p h re y -  
W ilkinson w as o b ta in ed  th ro u g h  th e  k indness  of D r. 
S aw yer of Shell D ev e lo p m en t Co. I t  w as passed  
th ro u g h  silica gel an d  d istilled . V ap o r phase  ch ro m a
to g ra p h y  show ed a b o u t 2 %  of te tra d e c a n e  an d  4 %  of 
p e n tad ecan e  b u t  no o th e r  im p u ritie s , cis- an d  trans- 
d e c a h y d ro n a p h th a le n e  w ere Iv an d  K  L ab o ra to ries , 
Inc ., P u re  g rade  m a te ria ls . T h e  a p p a ra tu s  and  p ro 
cedure  w ere those  in  ea rlie r s tu d ie s . 3

(1) H. Hiraoka and J. H. Hildebrand, J . P hys. Chem., 67, 916 
(1963).
(2) J. H. Hildebrand and R. L. Scott, “ Regular Solutions,” Prentice-
Hall, New York, N. Y., 1962, p. 102.
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Figure 1. Irregular solubility of iodine in solvents whose 
molecules contain ^-electrons, methyl groups, and dipoles.
The solvents corresponding to the unlabeled open circle 
points may be identified, if desired, from Figure 1 in ref. 1.

Results
T a b le  I  gives th e  resu lts  for th e  so lven ts  M-C16H 34 

and  C H 2C12. T hese  w ere d e te rm in ed  ov er a  range  of 
te m p e ra tu re  sufficient to  give v a lues for th e  te m p e ra 
tu re  coefficient.

Table I: Solubility of Iodine in Mole %, 100%

71-C 16H 34 t, °c . 18.91 2 0

1 0 0 x2 1.167 1

CH 2C12 t, °c . 15.01 19
1 0 0 x2 1.088 1

d In x-lR -------d In T

47 25.06 30.05
233 1.450 1.722 20.65
90 25.00
283 1.524 20.4

Table I I : Solubility of Iodine a t 25°, 1 0 0 x2, and
Solubility Param eter of Solvent, 5,

Solvent lOOxi Ji

Cyclopentane 0.773 8 . 1

cis-Decalin 1.540 8 . 8

irares-Decalin 1.451 8 . 6

Methylcyelohexane 0.920 7 .8
trans-1 .2 - 1  lim ethy lcyclohexane 0.937 7 .9
Toluene 6.256 8.9
M-X viene 8 . 2 0 1 8 . 8

M ethylene chloride 1.524 9 .8
n-Hexadecane 1.450 8 . 0

T h e  so lub ility  p a ra m e te rs  of all b u t  th re e  liqu ids are 
from  ref. 2, p. 171.. T h e  m issing ones w ere ca lcu la ted  
from  boiling  p o in ts  by  th e  em pirical e q u a tio n  g iven  
in  ref. 2, p. 168: AH \m =  - 2 9 5 0  +  23 .7Th +  0.020- 
TV- T h e  figures a re  g iven  in  T ab le  I I I .

Table III“

T b A I / 0 298 V 5

c/s-Decalin 194.5 12,510 153.2 8 . 8

trans- Decalin 185.8 12,150 155.0 8 . 6

írares-l,2-Dimethylcyclohexane 123.2 9,585 145.3 7 .9

“ Units: cal. and cc.

S eyer an d  M a n n 3 4 h av e  pub lished  d a ta  for th e  v a p o r 
p ressu res  of th e  decalins from  room  te m p e ra tu re s  to  
bo iling  po in ts, b u t  th e  p lo t of log P vs. 1 /7 ' g ives 
lines cu rv in g  in  w ays th a t  a re  incred ib le ; th e re fo re , 
we ca lcu la ted  from  th e  boiling  po in ts.

Discussion
W e in v ite  a tte n tio n , first, to  th e  ad d itio n  of to lu en e  

and  w -xylene to  th e  a ro m atic  so lven ts  h e re to fo re  u s e d ; 
see F ig u re  1. T h e  so lub ility  of iodine in  benzene  is 
la rger th a n  th e  reg u la r so lu tion  va lue  co rrespond ing  
to  its  so lub ility  p a ra m e te r, 9.15, w hich  is close to  th a t  
of chloroform . S o lub ility  increases in  o rd e r in  the  
series, benzene, to luene, th e  xylenes, an d  m esity lene, 
given in th e  o rd er of increasing  basic  d o n o r s tre n g th  
in  decreasing  ion iza tion  p o te n tia l.

T h e  m ore im p o rta n t resu lts  of th is  s tu d y  concern  th e  
so lu b ility  of iod ine in  th e  g roup  of s a tu ra te d  h y d ro 
carb o n s— stra ig h t, b ran ch ed  chain , an d  cyclic. W e 
w ere s tru c k  long  ago b y  th e  fac t th a t  cyclohexane 
beh av es no rm ally , w hereas //-h ep tan e  an d  isooctane do 
no t. T h e  m ag n itu d es of so lub ility  p a ra m e te rs  th a t  
w ould conform  to  em pirica l so lven t p a ra m e te rs  for 
iodine exceed th e  v a lues derived  from  th e ir  energies of 
v ap o riza tio n , ( A i? r /v i ) 1/!, by  0.6 for //-h ep tan e  an d  1.0 
for isooctane.

W e see in F ig u re  1 th a t  th re e  ad d itio n a l cyclic com 
pounds, cyc lopen tane  an d  cis- an d  ¿rar/s-decahydronaph- 
th a lene , conform  as  does cyclohexane. O n th e  o th e r 
h an d , n -hexadecane  is off th e  regu lar line b y  a b o u t 
th e  sam e am o u n t as n -h ep tan e . F u r th e r , th e  d e 
p a r tu re  from  th e  line of th e  tw o b ran ch ed  paraffins is 
n ea rly  doub le  th a t  of th e  tw o norm al paraffins. T hese  
co rre la tions suggest th a t  i t  is th e  m e th y l g roups th a t  
a re  responsib le for the  irreg u la r b ehav io r. W e see

(3) D. N. Glew and J. H. Hildebrand, J. Phys. C h e m 60, 616 (1956).
(4) W. F. Seyer and C. W. Mann, J. Am. Chem. Soc., 67, 328 (1945).
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th a t  th e  in tro d u c tio n  of one or tw o m e th y l g roups in to  
cyclohexane m akes th em , likewise, poo rer so lven ts  for 
iodine (see F ig u re  1).

I t  rem ains to  be d e te rm in ed  w h e th e r th e  d e p a rtu re s  
from  th e  reg u la r so lu tion  line in  F ig u re  1 a re  to  be 
a t tr ib u te d  to  e n tro p y  or to  e n th a lp y . In  o rd er to  
reveal th e  e n tro p y , we h av e  add ed  p o in ts  for the  new 
d a ta  to  a  p lo t of R(d In x2/d  In T) aat vs. —R In x2, a 
p lo t devised  for th is  pu rpose  by  H ild eb ran d  and  
G lew . 5 T h is  p lo t does n o t invo lve so lu b ility  p a 
ram eters.

T he  e n tro p y  of so lu tion  a t  s a tu ra tio n  is

S2 — S2 — R(d In x2/d  In T)sat(c) In a2/ d  In x2)T (2)

T h e  facto r, (d In a 2/ d  In x2)T, w hich is “ H e n ry ’s law ” 
facto r, is so nearly  u n ity  th a t  it can  be  ignored w ith o u t 
affecting  th e  a rg u m en t. W alk ley  an d  H ild e b ra n d , 6 

b y  m easuring  th e  p a r t ia l  v a p o r p ressu re  of iodine over 
its  so lu tions, found i t  to  be 0.86 in  C S 2 and  0.98 in 
CC14. I t  is necessarily  still closer to  u n ity  in all sol
v e n ts  in  w hich iodine is less so luble th a n  in  CC14.

T h e  fa c t th a t  c e rta in  p o in ts  w hich  d e p a r t s tro n g ly  
from  th e  n o rm al line in  F ig u re  1 fall on th e  line in 
F ig u re  2  h as  a lread y  been  n o ted  in  th e  cases of so lu
tions in n -h ep tan e , isooctane, 2 ,2 -d im e th y lb u ta n e , 
and  o c tam eth y lcy c lo te trasilo x an e . T h is  in d ica tes  th a t  
an y  fac to r of a  p u re ly  physical n a tu re , such as ex
pansion , w hich causes th e  e n tro p y  to  d e p a r t from  th e  
ideal R In x2, is offset by  a  co rrespond ing  change in 
en th a lp y , a  re la tio n  p o in ted  o u t long ago by  S cat.chard .7 

T h is  is n o t th e  case w here  d e p a r tu re s  a re  th e  re su lt of 
chem ical com plexing, as seen by  th e  p o in ts  in  F ig u re  2 
for th e  a rom atics . I t  is significan t th a t  an  em pirical 
increase in  th e  so lub ility  p a ra m e te r  of isooctane from  
6.85, th e  v a lu e  of (&E1v/v i) '/ ‘‘, to  7.85 w ould  co rrec t 
its  so lven t pow er for iodine an d  also its  p a r tia l  m olal 
vo lu m e 8 a t  h igh  d ilu tio n  in CC14 and  C S2.

W e m u st conclude, th e re fo re , th a t  so lub ility  p a ra m 
e te rs  do  n o t give a  co rrec t m easu re  of a t tra c tiv e  
forces be tw een  iodine and  m e th y l g roups. T h e  te rm

, A E,v A E2V JA E XV A E2v
( ¿ 2 — Si)2 — +  — 21 X

Vi v 2 \  Vi v 2

Figure 2. Plot for distinguishing between entropy 
and enthalpy as the cause of irregularity.

T h e  p o in t in  F igu re  2  for n -C i6H 34 falls below  th e  line 
by  0 . 8  cal. d e g .-1 , an  am o u n t th a t  is a lm o st tr iv ia l 
and  w hich m ay  be exp lained  by  re la tiv e  d e p a r tu re s  
from  u n ity  of th e  H e n ry ’s law  fac to r, (d  In a2/ d  In x2)T, 
in eq. 2. A n expression for i t  m ay  be o b ta in ed  by  d if
fe re n tia tin g  eq. I 9 to  give

id  In a2\ é 2 , a 2
— -----  = 1 - 2 — In -

\ o  In x2/T xi x2 (3.)

I f  th is  is app lied  to  th is  so lu tion  and  its  n e a r neighbors, 
we g e t th e  follow ing va lues for th is  fa c to r: T iC h , 
0 .940; n -C 16H34, 0 .983; C C h, 0 .956; cyclo -C iH ^,
0 . 967. W ith  th ese  co rrec tions, th e  p o in ts  for each 
so lu tion  fall on  th e  sam e line, show n d o tte d  in th e  
figure.

T h e  so lu tion  in  C H 2C12 is in te re s tin g  in  th a t  it is th e  
first one found  to  give a po in t below  th e  line in F igu re
1. T h is  p ro m p te d  us to  p lo t p o in ts  for 1,1-C 2H.iC12 

and  1 ,2 -C 2H 4C 12, using th e  m easu rem en ts  by  B enesi and  
H ild e b ra n d 10 11 m ade  in  1948. T h ey  h ad  not p rev io u sly  
been  included  in  th is  k ind  of p lo t because  th e y  com plex 
w eakly  w ith  iodine, as  seen in th e  p lo t by  H ild eb ran d  
and  G lew  and  in th e  sh ift th e y  cause in th e  w ave 
len g th  of th e  v isible peak  of iodine re p o rte d  by  W alk ley , 
G lew, and  H ild e b ra n d . * 1 C om plex ing  alone would

is tw ice th e  difference b e tw een  an  a rith m e tic  an d  a 
geom etric  m ean. T h e  geom etric  m ean  is c learly  too 
large to  rep re sen t ac c u ra te ly  th e  a t tra c tio n  be tw een  
m olecules of iodine an d  those  of a  m olecule con ta in ing  
m eth y l g roups. M e th y len e  groups c learly  do n o t 
cause serious d e p a rtu re s , as show n b y  th e  con fo rm ity  
of so lu tions in  cy c lopen tane, cyclohexane, an d  th e  
tw o decalins. T h e  d ivergence beg ins w ith  th e  in 
tro d u c tio n  of m e th y l g ro u p s in to  cyclohexane.

(5) J. H. Hildebrand and D. N. Glew, J. Phys. C h e m 60, 618 
(1956); see ref. 2, p. 120, Figure 3.
(6) J. Walkley and J. H. Hildebrand, ibid.., 63, 1174 (1959).
(7) G. Scatchard, Trans. Faraday Soc., 33, 160 (1937).
(8) See ref. 2, pp. 110, 123.
(9) See ref. 5 and also K. Shir.oda and J. H. Hildebrand, J. Phys. 
Chem.i 61, 789 (1957).
(10) H. A. Benesi and J. H. Hildebrand, J . Am. Chem. Soc., 70, 3978 
(1948).
(11) J. Walkley, D. N. Glew, and J. H. Hildebrand, J. Chem. Phys., 
33, 621 (I960)..
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be expected  to  raise th e  p o in ts  for these  so lu tions above 
th e  line in  F ig u re  1. T h e  fac t th a t  in s tead  th e y  fall 
below , as  does C H 2C12, w ould  seem  to  be re la te d  to  th e  
considerab le  p o la rity  of these  th re e  liqu ids, raising  
th e ir  energ ies of v ap o riza tio n  w ith o u t co rrespond ing ly  
en h an c in g  th e ir  so lv en t pow er for iodine. In  o th e r 
w ords, (A £,r / v 1) ‘/! is too  large for a n  effective  solu
b ility  p a ra m e te r. A com parison  of th e  d ie lec tric  
c o n stan ts , e, an d  th e  dipole m om ents, p, of these  
anom alous so lven ts  w ith  those  of conform ing so lven ts, 
CH C13 an d  CU, is seen in  T a b le  IV .

Table IV : Dielectric Constanta and Dipole Moments

CCb CHCU CH2C12 l,2-C2H,Ch i .i-Cj& cu

2.24 4.81 9.08 10.4 10.0
0 1.02 1.54 1.20 2.06

Acknowledgment. T h is  w ork  w as su p p o rte d  b y  th e  
A tom ic E n e rg y  C om m ission, fo r w hich we express o u r 
ap p rec ia tio n .

Studies of Ions and Ion Pairs in Tetrahydrofuran Solution. 

Alkali Metal Salts of Tetraphenylboride

by D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc

Department o f Chemistry, State University College o f Forestry, Syracuse University, Syracuse, N ew  York 13210 
(.Received September 29, 196If)

T h e  co n d u c tan ce  of te tra p h e n y lb o rid es  of L i+, N a+ , K + , Cs+, B u 4N + , and  (isoam yl)3B u N  + 
in T H F  w as in v e s tig a te d  a t  25° in th e  c o n c e n tra tio n  ran g e  10-6 to  2 X 10~4 M. Fuoss 
p lo ts  gave s tra ig h t lines from  w hich th e  lim itin g  cond u c tan ces and  th e  ionic d issocia tion  
c o n s ta n ts  w ere ca lcu la ted . T h e  lim iting  condu c tan ces of th e  ca tions in T H F  w ere ob 
ta in e d  by  assum ing  A0+((isoam yl)3B uN ) =  A0- (B P h 4). T h e  low est v a lu e  of A0+ w as 
o b ta in ed  for L i+, show ing th e  h igh degree of so lv a tio n  of th is  in trin sica lly  sm all ion, an d  
th e  la rgest A0 w as found  for C s +, w hich a p p a re n tly  is n o t so lva ted . T hese  findings cor
ro b o ra te  w ith  th e  d a ta  for K ah- T h e  L i+  an d  N a +  sa lts  a re  th e  m ost d issocia ted , w hereas 
Adis of th e  Cs + s a lt is a b o u t one-fiftie th  as large as  th a t  of N a +. In  sp ite  of th e ir  bu lk iness, 
th e  te tra a lk y la m m o n iu m  sa lts  a re  less d issoc ia ted  th a n  th e  N a + or L i+  sa lts , in d ica tin g  
lack  of so lva tion  of these  am m on ium  ions.

K in e tic  s tu d ies  of anion ic p o lym eriza tion  of s ty ren e  
in  te tra h y d ro fu ra n  revealed  th a t  th e  free p o ly s ty ry l 
ions ~vS~, as well as th e  respec tive  ion pairs,
M + , p a r tic ip a te  in th e  p ro p a g a tio n .1'2 F u r th e r  in
v es tig a tio n s  of these  p roblem s requ ired  d e te rm in a tio n  
of th e  lim iting  co n ductance, A0+ , of a lka li ca tions in 
te tra h y d ro fu ra n . T o  ach ieve th is  goal, we investi
g a te d  th e  co n d u c tiv itie s  of a lka li sa lts  of te tra p h e n y l-  
bo ron  in  th is  so lven t, an d  ou r resu lts  a re  rep o rted  here.

Preparation and Purification of Alkali Tetraphenyl
borides. T h e  sodium  sa lt, N a B P h 4, w as acq u ired  from  
F ish er (99 .7% ) and  i t  w as recry sta llized  th re e  tim es 
from  aqueous ace tone  (3 p a r ts  of ace tone  by  vo lum e to  
1 p a r t  of w a te r). T he  absence of o th e r a lkalis in  th e

(1) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc, 
Polymer, 5, 54 (1964).
(2) H. Hostalka, R. V. Figini, and G. V. Schulz, M akromol. Chem., 
69, 198 (1964).
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purified salt was established by flame spectropho
tometry.

The purified sodium salt served as a starting material 
for the preparation of the other salts. Thus, the potas
sium, rubidium, and cesium salts were obtained by 
treating dilute aqueous solutions of sodium tetraphenyl- 
boride with an equivalent amount of the respective 
chlorides.3 The relatively insoluble KBPh4, RbBPhi, 
and CsBPh4 precipitated, and the filtered and washed 
crystals were then purified by repeated crystallization 
from aqueous acetone. Again, using flame spectro
photometry,4 it was established that their contamina
tion by sodium tetraphenylboride was within 0.15- 
0.7%.

The lithium salt was prepared by adding a slight 
excess of a concentrated TH F solution of LiCl to a con
centrated THF solution of NaBPh4. The relatively 
insoluble NaCl precipitated, the crystals were removed 
by centrifugation, and the lithium salt was recovered 
by evaporating the solvent. The salt was then re
dissolved in ethylene dichloride, excess LiCl was 
filtered off, and the LiBPh4 was precipitated by addi
tion of cyclohexane. This procedure was then repeated, 
and the final product was found to be free of sodium 
salt.

The tetrabutylammonium salt was prepared by 
treating sodium tetraphenylboride with an equivalent 
amount of tetrabutylammonium iodide in aqueous solu
tion and recrystallizing thereafter the sparsely soluble 
ammonium salt from aqueous acetone.5 The product 
contained only 0.3% of NaBPh4. The triisoamyl- 
butylammonium salt of tetraphenylboron was prepared 
by following the procedure outlined by Coplan and 
Fuoss.6 7

All these salts were dried by heating them to about 50° 
under high vacuum for several days. I t  is essential to 
prevent prolonged contact between the prepared salt, 
or its solution, and oxygen. A contact with oxygen 
leads to the formation of some impurities, probably 
peroxides, which increase the conductivity of the in
vestigated solution.

Tetrahydrofuran was refluxed overnight on sodium- 
potassium alloy and then fractionated. In some ex
periments the purified solvent was stirred again with 
sodium-potassium alloy to which benzophenone was 
added and then vacuum distilled. The same results 
were obtained with both solvent samples, indicating 
that our results are not affected by traces of water.

The solubility of the sodium and lithium salts in 
THF is very high, while the potassium, rubidium, and 
cesium salts are rather insoluble. The TH F solutions 
of the sodium salt have absorption maxima at X = 
266 and 274 m/i, the respective extinction coefficients

being 3070 and 2220. The extinction coefficients of 
aqueous solutions were reported3 to be 3225 and 2100, 
respectively.

Conductivity Measurements.'1 A Leeds and Northrup
a.c. conductance bridge operating at 1000 c.p.s. was 
used for the conductivity studies. A General Radio 
Corp. tuned amplifier and a null detector coupled with 
an oscilloscope were used as a balance instrument. 
The bridge was sensitive to 1 part in 106, and its basic 
features, as well as the measuring procedure, were fully 
described by Edelson and Fuoss.8

The thermostatic bath was maintained at 25 ±  
0.01°. An ordinary glass cell with platinum electrodes 
was used for most of the experiments; some were per
formed, however, in a vacuum cell. Since the same 
results were obtained in both cells it was superfluous 
to apply the high-vacuum technique for this study. 
The cell was calibrated with aqueous KC1 solution, and 
its constant was found to be 0.1785.

In view of the low solubilities of the K  and Cs salts in 
THF, their conductivities were determined in the 10 ~4 
to 10-6 M  range. The extremely low solubility of the Rb 
salt prevented any accurate measurements of its con
ductivity. The stock solutions were made by dis
solving about 100 mg. of salt in 1 1. of TH F a t 25°. 
For highly diluted solutions it was necessary to use a 
calibrated 105-ohm resistance parallel with the cell.

The conductivity of the pure solvent was extremely 
low, and therefore corrections had to be introduced 
only when determining the conductivities of the most 
diluted solutions.

Results
Our results are given in Table I. The following re

lation was derived by Fuoss9 for the conductivity of a 
system composed of ion pairs and their ions, in the 
absence of triple ions and higher aggregates, F/A  =  
l /A o + C /W W c m A o 2) - 1.

The functional dependence of /  and F on A, on the 
concentration of the salt, on the dielectric constant and 
viscosity of the solvent, and on the temperature is given

(3) R. P. Pflaum and L. C. Howick, Anal. Chem., 28, 1542 (1956).
(4) The analysis was kindly performed by Miss Divers from Solvay 
Division of Allied Chemicals in Syracuse, N. Y.
(5) F. Accascina, S. Petrucci, and R. M. Fuoss, J. Am. Chem. Soc., 
81, 1301 (1959).
(6) M. A. Coplan and R. M. Fuoss, J. Phys. Chem., 68, 1177 (1964).
(7) In the early stage of our work, we used the conductivity bridge 
constructed by Dr. Henry Wirth of Syracuse University. I t  is a 
pleasure to thank him for his cooperation as well as for his technical 
advice.
(8) D. Edelson and R. M. Fuoss, J. Chem. Educ., 27, 610 (1950).
(9) F. Accascina and R. M. Fuoss, “Electrolytic Conductance,” 
John Wiley and Sons, Inc., New York, N. Y., 1959.
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Table I : Conductance of Tetraphenylboride Salts in 
Tetrahydrofuran at 25°a

c
X  105 C X  10= a  x io® C X  10®

M A M A 1M A M A

(iso-
amyl)aBuN + Bu4N + LiL Cs +
0.325 75.91 0.100 82.9 0.403 72.64 0.093 79.5
0.650 72.16 0.200 79.6 1.008 67.42 0.131 71.2
0.975 69.50 0.300 78.5 2.016 63.06 0.187 68.9
1.625 65.44 0.400 76.7 4.033 56.45 0.187 66.3
3.250 58.15 0.500 75.2 6.049 52.31 0.281 63.1
6.500 50.82 0.700 72.8 10.8 46.66 0.374 58.0
9.750 46.14 1.000 70.0 0.374 55.6

2.000 63.1 0.468 50.1
4.000 54.9 0.561 48.2

K + 6.92 47.8 Na+ 0.602 48.4
0.040 90.0 8.00 46.6 0.197 84.7 0.748 42.8
0.100 85.5 9.89 43.4 0.394 82.9 1.000 41.3
0.200 84.3 19.80 35.5 0.403 83.2 1.12 2 37.2
0.300 81.8 0.591 81.2 1.309 34.9
0.400 80.3 0.788 79.6 1.496 32.7
0.600 77.6 0.806 80.5 1.683 32.1
0.800 73.7 0.985 77.3 1.870 31.0
1.00 70.5 1.050 77.5 (?) 2.000 29.6
2.00 63.3 1.970 72.4 4.000 2 2 .1
4.00 54.1 2.010 74.0 8.00 17.0
8.00 45.0 3.94 65.8 20.00 1 1 .2

4.03 66.0
7.88 57.9
8.06 57.7

a Dielectric constant of THF, D  = 7.39; density, d = 0.880; 
viscosity, ?j = 0.00460 poise.

in ref. 9. An IBM computer 162011 was used for cal
culating these parameters.

The plots of F/A vs. pcA /F  are shown in Figure 1. 
Their intercepts give 1/A0, and the reciprocals of their 
slopes yield AAisAo2. In this way the data listed in 
Table II  were obtained, and the least-square calcula
tion shows them to be reliable within 2%, except those 
derived for the Cs salt, which are reliable within 4%.

Recent work of Coplan and Fuoss6 proved that in 
methanol the limiting conductances of (isoamyl) 3BuN+ 
ions and BPh4~ ions are identical within 1%, while the 
limiting conductance of N+Bu4 is about 8% higher 
than that of the tetraphenylboride ion. On this basis 
we assumed the equality of the limiting conductances 
of these two ions in THF, and, thus, we obtained the 
Ao+ values given in Table II. The A0+ for Bu4N+ 
appears to be about 10% higher than that of (iso
amyl) 3B uN +, and this close agreement with Fuoss’ 
data justifies our assumption.

Discussion
The plots shown in Figure 1 are based on the data 

obtained in the concentration range of 10-6 to 2 X 10~4

Table II : Limiting Conductance and Equilibrium Constants 
of Dissociation of Tetraphenylborides in Tetrahydrofuran 
at 25°°

Counterion Ao Ao+
Adis X 10® 

M
Adis M +/  
Adis Na +

Bu( isoamyl )3N + 80.6 40.3 6 .04 0.709
B u4N + 84.8 44.5 4 .32 0.508
Li+ 76.9 36.6 7.96 0.935
Na+ 88.5 48.2 8.52 1.000
K + 90.1 49.8 3.22 0.377
Cs + 108.7 68.4 0.187 0.0219

° Assumed A0~(BPh4“) = Ao+((isoamyl)3BuN+).

Figure 1. The Fuoss conductivity plot for tetraphenylboride 
salts of Li +, Na +, K +, Bu4N +, and Cs + in THF at 250. The 
scales of F /A  and /2cA/F for Na+, Bu4N +, and K + are given 
on the left side and on the bottom of the drawing, respectively. 
The values for F /A  are shifted to avoid the overlap; thus, for 
each salt, F /A  = 1 in the place denoted by (Li,Na) or 
(Bu4N) or (K), respectively. The scales for the Cs+ salt are 
given on the right side and on the top of the drawing. For the 
salt of (isoamyl)gBuN + a similarly good straight line was obtained, 
the respective points lay close to the line of (Bu)iN+.

M . At higher concentrations the points deviate from 
the linear relation, indicating formation of triple ions, 
most probably (BPh4_) (cation+)2.

The variations of A0+ shown in Table II  seem to 
be significant. The lowest A0+ was found for Li+, 
indicating that this intrinsically small ion is highly 
solvated by TH F.10 On the other hand, the intrinsically 
large Cs+ gives the largest A0+, indicating its poor 
solvation. The solvation of Na+ and K+ must be

(10) By solvation we understand a specific interaction binding sol
vent molecules to an ion which comes over and above the general 
interaction given by Born’s approximation.
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substantial since the respective A0+ values are slightly 
larger than those found for the bulky tetraalkylam- 
monium ions.

These findings corroborate with the observed dis
sociation constants. The extremely low value o îK  dm = 
0.187 X 10~5 M  for Cs+,BPh4“  results from the lack 
of solvation or only a slight solvation of Cs+, and there
fore this ion pair is only about one-fiftieth as dissociated 
as N a+,BPh4_. The slightly lower dissociation con
stant of Li+,BPh4~, when compared with Na+,BPh4~, 
indicates some penetration of the small Li+ ion into 
BPh4~ since, on the basis of A0+ data, the reverse would 
be anticipated (see, e.g., the results of the following 
paper). The gradation in Kdis of the two ammonium 
salts reflects the increase of their bulkiness. Appar
ently, the ammonium ions are not solvated, and, there
fore, in spite of their size, they are less dissociated than 
the N a+and Li+ salts.

Finally, the behavior of the tetrabutylammonium salt 
of tetraphenylboride in various nonaqueous solvents is 
compared in Table III . The validity of Walden's 
rule is remarkable when we compare the solvents

Table HI : Applicability of the Walden Rule for
N(Bu)4B(Ph)4 at 25°

n X 1 0 - 2,
Solvent € poise Ao 17 Ao Ref.

THF 7.39 0.460 84.75 0.390 a
Ethylene dichloride 10.35 0.7834 49.77 0.390 b
CH3CN-CCI4 15.35 0.550 70.26 0.386 c
CH3CN-dioxane 13.33 0.644 61.31 0.397 d
CH3CN 35.99 0.344 119.60 0.411 c
CH3OH 32.63 0.545 76.00 0.413 e

“ This work. b J. J. Zwolbnik and R. M. Fuoss, J .  P hys. 
Chem., 68, 903 (1964). 0 See ref. 4. d A. D’Aprano and R. M. 
Fuoss, J .  P hys. Chem., 67, 1704 (1963). ‘ R. W. Kunze and R. 
M. Fuoss, ibid., 67, 385 (1963).

having not too different dielectric constants. Thus, 
for e varying from 7 to 15 and A0 changing from 50 to 
85, the product A0r] remains constant within ±1% .
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Reactivities and Conductivities o f Ions and 

Ion Pairs in  Polym erization Processes

by D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc

Department of Chemistry, State University College of Forestry, Syracuse University, Syracuse, New York 13210 
{Received September 29, 196If)

The apparent rate constants, fcp, of homopropagation of living polystyrene in TH F (tetra- 
hydrofuran) were shown to be linear with 1 / [living polymer ]1/2. The intercepts of such 
lines give AV,m +, the propagation rate constants of ion pairs, ^ S _,M+; the slopes yield 
fc"s - ( i i s -M +) 1/!, k"s~ being the propagation rate constant of free '■"'S-  ion and K$ - M+ the 
dissociation constant of an ion pair into free ions. By studying the inhibitory effect of 
alkali tetraphenylborides on the rate of polymerization, the values of fc"s - and K s - M + 
could be separately determined. Thus, a t 25°, fc"s- =  65,000 l./mole sec., and the values 
of / c ' s - , m +  are 160 for Li+, 80 for Na+, ~ 6 0  for K+, ~ 5 0  for Rb+, and 22 for Cs+ ion pairs, 
all given in units of l./mole sec. The free ion is therefore 400 tunes as reactive as the 
most reactive ion pair. Studies of conductivity led to an independent determination of 
K S-]M+. The agreement between these two methods is most satisfactory with the exception 
of a two-ended Cs+,S~*'vS_,Cs+. In  the latter system a new phenomenon takes place. 
Analysis of this phenomenon showed that an ion “S ^ S “ ,Cs+ cyclizes and forms a triple 
ion, S- ,Cs+,S~. For a DP  ~  25, the equilibrium constant for cyclization was found to 
be ~5 .5 , and the propagation rate constant of the triple ion was found to be 2000 1./mole 
sec.

Kinetic studies of anionic polymerization of styrene 
in tetrahydrofuran were reported by Geacintov, Smid, 
and Szwarc,1 who investigated this fast reaction by a 
capillary flow technique. They concluded that the 
propagation kinetically behaves as a second-order re
action, viz., — d[S]/d£ = fcp [living ends][S], where S 
denotes styrene and [living ends] the concentration 
of growing polystyrene. The latter remains constant 
in the course of each experiment since this type of polym
erization proceeds without termination. Although 
fcp is constant and independent of styrene concentra
tion in each individual rim, variation of [living ends] 
leads to small changes in fcp, its value increasing with 
decreasing concentration of living polystyrene. Sub
sequent studies of other anionic homo- and copolymeri
zations in TH F revealed a similar behavior,2-3 indi
cating that the variation of fcp is characteristic for an
ionic polymerizations in this solvent.

Two phenomena may account for this peculiarity. 
I t  is known4 5 that some living polymers, e.g., -v'vS- ,Li+

in benzene, dimerize. The associated form is unre- 
active, whereas the ordinary nonassociated ion pairs 
grow, and in such systems the apparent fcp increases 
on dilution of living ends.

The dimerization of living polymers may be recog
nized easily. The viscosity of the associated polymer 
solution markedly decreases when the active terminal 
groups are destroyed by protonation, e.g., on adding 
a drop of methanol.6 Such behavior is not observed 
in TH F solutions of living polystyrene, indicating a 
lack of their association in this solvent.

Alternatively, the increase of fcp on dilution may arise

(1) C. Geacintov, J. Smid, and M. Szwarc, J. Am. Chem. Soc., 84, 
2508 (1962).
(2) D. N. Bhattacharyya, G. L. Lee, J. Smid, and M . Szwarc, ibid., 
85, 533 (1963).
(3) M. Shima, D. N. Bhattacharyya, J. Smid, and M. Szwarc, ibid., 
85, 1306 (1963).
(4) D. J. Worsfold and S. Bywater, Can. J. Chem., 38, 1891 (1960).
(5) H. Brody, D. H. Richards, and M. Szwarc, Chem. Ind. (London),
45, 1473 (1958).
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from the ionic dissociation of living ion pairs, viz., 
~vS~,N a+^ *wS~ -f- Na+, if a free ~vS~ion propagates 
faster than its ion pair. This explanation was erro
neously rejected by Geacintov, et al.,1 and it is instruc
tive to consider their reasons.

The data of Geacintov, et al. /  covered a relatively 
narrow range of living end concentrations, namely from 
10~3 to 2 X 10-2 M . Extrapolation to zero concentra
tion led to ftp, of 600-700 l./mole sec. Accepting this 
value as the propagation rate constant of the free ^ S - , 
one can calculate the concentration of ions in the in
vestigated solutions. For example, the experimental 
data led to an apparent ionic dissociation of 50% in 
a 10~3 M  solution of *wS_,Na+, whereas the conduc
tivity studies of Worsfold and Bywater6 7 indicated only 
~ 1 %  dissociation.

Ionic dissociation of -vwS~,Na+ should be depressed 
on adding NaCKh to its solution. Therefore, the addi
tion of this salt should slow down the polymerization 
if the observed increase of /cp with dilution is due to 
ionic dissociation. Such an effect was not observed,1 
contradicting again the hypothesis of participation of 
free ions in the process.

The two negative results induced us to look for more 
exotic explanations/ and these appeared attractive for 
a while. However, further consideration of the 
problem forced us to return to the concept of free ions 
and suggested that the evidence presented by Geacin
tov, et al.,1 was not entirely convincing. The extrapo
lation to zero concentration of living ends could be un
reliable since the data were limited to [living ends] 
>  10 ~3 M. The effect of sodium perchlorate could be 
negligible if its degree of dissociation in TH F is minute. 
I t  was decided, therefore, to extend the kinetic studies 
to much lower concentrations and to investigate the 
conductivities of living polystyrene and of NaClO.i in 
THF.

Experimental Technique of Kinetic Studies
The capillary flow technique, used in previous 

studies,1’2 is unreliable when investigating the polym
erization at concentrations of living ends lower than 
10 “ 3 M  because the destruction of living ends then be
comes excessive. We developed, therefore, a static 
technique in which the progress of polymerization 
is followed spectrophotometrically by monitoring the 
absorption of styrene a t 291.4 m/t. At this wave length 
the monomer has an absorption maximum, e =  673, 
and its optical density obeys Beer’s law.

The apparatus used for kinetic studies is shown in 
Figure 1. I t  consists of a 2-1. flask, A, filled with 
specially purified nitrogen at atmospheric pressure. 
The flask is connected through a stopcock to two con-

Figure 1. The apparatus used for kinetic 
studies of fast anionic polymerizations.

tainers, B and C. The latter are linked by a three-way 
Teflon stopcock, T, to an optical quartz cell, D. Three 
ampoules, M, L, and E, each equipped with a break- 
seal, are sealed to the unit. The first contains a TH F 
solution of the monomer, while the second and third 
contain, respectively, a very dilute and a concentrated 
TH F solution of living polystyrene.

The whole unit, with exception of flask A, is evacuated 
on a high-vacuum line, flamed, and thereafter sealed 
off. The break-seal on ampoule E  is crushed, and, by 
tilting the unit, the containers and the optical cell are 
rinsed with the concentrated solution of living poly
styrene. This procedure destroys traces of water and 
other impurities adsorbed on the inner walls of the 
apparatus. The unit is turned upside down, the con
centrated solution is returned to ampoule F, and, by 
cooling the outside walls with a pad soaked with liquid 
nitrogen, the solvent from F  is condensed on the inner 
walls. This “washing” removes all the living polymer 
from the unit and transfers it to F. Ampoule F is 
then sealed off a t liquid nitrogen temperature.

The optical cell (optical path 1 cm.) is now inserted 
into a spectrophotometer equipped with a recorder. 
Through crushing the break-seals, the solutions of 
styrene and of living polystyrene are transferred to the 
appropriate containers, B and C, which are then pres

(6) D . J . Worsfold and S. Bywater, J .  Chem. Soc., 5234 (1960).
(7) M. Szwarc and J. Smid, “ Progress in Reaction Kinetics,” Vol. IL  
Pergamon Press, Inc., New York, N. Y., 1964, pp. 243-246.
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surized with the purified nitrogen while the optical 
cell remains evacuated. The monochromator is set at 
the required wave length (291.4 m^), and the recorder 
is switched on. Quick opening of stopcock T lets both 
solutions rapidly into the evacuated optical cell, and 
the resulting turbulence efficiently mixes the reagents. 
The stopcock is then closed to prevent the diffusion of 
the reagents into the cell. In  this device the concen
tration of the monomer is monitored in less than 1 sec. 
after the onset of polymerization, and reactions having 
half-lifetimes of about 3-4 sec. may easily be investi
gated. The concentration of living ends is determined 
spectrophotometrically at the end of the experiment, 
but not later than 10-20 sec. after the onset of the re
action, by turning the monochromator to 340 nqt, 
viz., the Anm of ^ S _,Na+. The ratio of initial con
centrations of the monomer to living ends was about 
20:1.

In  runs lasting more than 50 sec. the concentration 
of living polymers is determined during the experiment 
by turning the monochromator a t regular intervals to 
340 mju. This procedure is illustrated in Figure 2. 
Usually the concentration of living polymers remains 
constant during the whole course of polymerization; 
however, if it does not, the appropriate corrections are 
applied. I t  is important that [living ends] is deter
mined in the polymerizing solution and not in the stock 
solution. This procedure eliminates any errors arising 
from accidental killing caused by the addition of 
monomer.

For very slow reactions—half-lifetime of about 2 
min. or more—a simplified procedure is used. The 
apparatus is depicted in Figure 3 which is self-ex-

0PTICALDENSITY

| ---------1--------- 1---------1--------- 1______ i______i______ i______ i_
O 40 80 120 160 200 240 280 320

REACTION TIME (SEC.)

Figure 2. A typical recorder tracing of the optical 
density at 291.4 m y  (Xm  ̂of styrene) as a function 
of time. The high peaks give the optical 
density at 340 mju (XmK£ of living polystyrene).

LIVING
POLYMER
SOLUTION

Figure 3. The apparatus used for kinetic studies of slower 
anionic polymerizations.

planatory. The solutions of the monomer8 and the 
polymer are sealed in the appropriate ampoules, and, 
through crushing the break-seals, they are admitted 
to the respective arms of a Y-shaped reactor which 
previously was purged with a concentrated solution of 
living polymer. The contents are then vigorously 
shaken, the mixture poured into the attached optical 
cell by turning the unit upside down, the cell placed in 
the spectrophotometer, and the recorder switched on. 
This procedure takes about 15 sec.

The length of the optical cell used for such kinetic 
studies depends on the dilution; 1-cm. cells were used 
for higher concentrations, ([<*wS-,M+] ~  10~4 M ), 
whereas for diluted solutions (10 _6 M  or less) 5- or 
10-cm. cells had to be employed. The initial concen
tration of styrene was usually 10 to 20 times that of 
the living ends.

The extremely diluted TH F solutions of living poly
styrene are relatively unstable, and ~vS- ,Li+ seems to 
be the least stable alkali salt of living polystyrene. 
Therefore, it is advisable to store a more concentrated 
solution in the respective ampoule; then, by crushing 
the break-seal and tilting the unit, a fraction of it may 
be transferred into the appropriate reservoir and diluted 
by distilling in the TH F from the remaining concen
trated solution. The dilution is accomplished a few 
minutes prior to the actual experiment.

The rate of decay of 1CU5 M  solutions of living poly
styrene is about a few per cent per minute; the two- 
ended ~vS- ,Cs+ is, however, exceptionally stable. I t  
appears that the decay is due to a reaction of the free 
<vwS~ ions with TH F leading to the formation of 
~vS(CH2)40 - .

The results are calculated by plotting {log (O.D.* —

(8) I t  is more convenient to  introduce into the ampoule a  pure, un
diluted monomer; this minimizes the  extent of killing.
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Figure 4. Plot of log (O .D .( — O.D.„) = log D  vs. time.

O.D.«,)}/[living ends] vs. time as shown in Figure 4. 
The term O.D.„ corrects for the absorption of living 
polystyrene at 291.4 m̂ u. The plots remain linear even 
if the reaction is followed for 3 or 4 half-lifetimes of the 
process.

Preparation of Living Polymers. Living polystyrenes 
endowed with two growing ends and possessing Na+ 
or K+ counterions were prepared in a conventional 
way from living a-methyl styrene dimers or tetramers 
(see ref. 1 for further details). The DP  of the resulting 
polymer was usually between 20 and 25.

Living polystyrene with Li+ counterion was pre
pared by treating ethyllithium recrystallized from ben
zene with an excess of styrene in THF. I t  was checked 
that all the ethyllithium reacted, and none was left in 
the solution. Notice that such polymers have only 
one living end per chain.

Polymers having R b+ or Cs+ counterions were pre
pared by slowly adding a TH F solution of styrene to 
the respective alkali metals. Cesium and rubidium 
were prepared by heating the respective chlorides with 
metallic calcium and distilling the liberated metal 
under high vacuum into the reaction flask.

I t  was found desirable to have a slight excess of 
cesium and to filter the solution 10-15 min. after the 
onset of the reaction when some free cesium is still 
present. A prolonged contact with the metal results

in a blue tint of the solution which eventually becomes 
black. Properly prepared solutions show only one fairly 
sharp absorption peak (for "A'S~,Cs+, Amax 345 m^).

The living ^ S _,Cs+ having only one growing end 
per chain was prepared by slowly adding a TH F solu
tion of styrene to the stirred solution of cumyl- ,Cs+. 
The resulting polymer of a DP ~  25 shows an absorp
tion at Amax 341 Hiytt. The slight difference in the 
absorption spectra of the two-ended and one-ended 
cesium polystyrenes may indicate the intramolecular 
association of the former polymer; i.e., its structure 
may be [S_,Cs+,S_],Cs+. The problem of intramolec-

ular association of 'vwS~,Cs+ ends will be discussed at 
length in a later part of this paper.

A solution of cumyl~,Cs+ is prepared by adding to 
a stirred dispersion of metallic cesium in TH F a TH F 
solution of methyl cumyl ether. The blue color of 
the Cs solution disappears instantly and, gradually, 
a yellow coloration appears which eventually turns 
to a deep red. As the reaction proceeds, cesium meth- 
oxide precipitates. The reaction is continued over
night; then the mixture is cooled to —80° to enhance 
the sedimentation of the precipitate, and after 2 hr. 
the clear solution is decanted through a glass sinter 
plate. The absorption spectrum of cumylcesium shows 
a maximum at 345 my, and by titrating the solution, 
the extinction coefficient was determined to be ~ 1 .8  X 
104. Conversion exceeds 90%, but a much longer 
exposure to the metal is not recommended since it 
leads to some side reactions which are manifested by 
the appearance of new absorption peaks.

Extinction Coefficients of Living Polymers. In  the 
kinetic studies, as well as in studies of conductivities 
which will be described in a later part of this paper, we 
determined the concentration of living polymers from 
their optical densities. I t  was necessary, therefore, 
to determine accurately their extinction coefficients.

The following device, shown in Figure 5, was used 
for this purpose. Ampoule A, containing an aliquot of 
concentrated living polymer solution (~>l-2 X 10 _2 
M ), and ampoule F, having a small amount of dry and 
deaerated methyl iodide, are sealed to the left arm of 
the apparatus. This consists of an optical quartz cell, 
B, having a 2-mm. optical path, equipped with a 1.9- 
mm. spacer, C, a flask, D, with a calibrated narrow 
neck which serves to determine accurately the total 
volume of the solution, and a round-bottom flask, E, 
with a magnetic stirrer in which the titration of living 
polymers is accomplished. The apparatus is evacuated 
through the connected tube, flamed under high vacuum, 
and eventually sealed off at constriction Pi. The 
break-seal on ampoule A is crushed, and the concen-
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Figure 5. Apparatus used for determining 
extinction coefficients of living polymers.

trated solution of living polymers ( ~ l - 2  X 10 ~2 M) is 
introduced into E. Ampoule A is washed by chilling 
its walls with a pad soaked in liquid air, then the wash 
solution is frozen in E, and A is sealed off at con
striction P2. By rinsing the apparatus with the living 
polymer solution all the impurities and any residual 
moisture adsorbed on the walls are removed. All the 
contents are then collected in E, and the remaining 
parts of the equipment are washed by chilling the walls 
and condensing the solvent. From E the liquid is 
quantitatively transferred into D and brought to the 
desired temperature; its volume is measured by deter
mining the position of the meniscus in the narrow neck. 
The solution is then introduced into optical cell B; it 
is mixed well by being poured in and out a few times, 
and eventually its spectrum is recorded. Thence, it is 
again quantitatively transferred into E, chilled, and 
magnetically stirred. The break-seal on the methyl 
iodide ampoule, F, is crushed, and, as soon as the red 
color disappears, the distillation of methyl iodide is 
interrupted by chilling F. Flask E is then cut off; 
the solvent and the slight excess of methyl iodide are 
evaporated; the residue containing the killed polymer 
and sodium iodide is dissolved in distilled water and 
titrated for inorganic iodide, following a conventional 
analytical procedure. To secure complete solution of 
the salts in water, a small amount of benzene is added 
to dissolve any polymer. The titration of a concen
trated solution of living polymer with methyl iodide is 
reliable although difficulties are encountered in titra t
ing very dilute solutions.

The procedure may be improved by eliminating all 
the difficulties of analysis arising from the uncertainty 
in the end-point determination. Instead of ampoule 
F containing an excess of methyl iodide, a small am

poule containing an exactly weighed amount of de
aerated water or other suitable protonating agent is 
attached to flask E. The amount of water should not 
be sufficient to destroy all the living ends, and, thus, 
after its contents are introduced into the flask, the 
optical density of the remaining polymer may be re
determined. The difference in optical densities, in 
conjunction with the known amount of the “killing” 
agent, gives the extinction coefficient. The values of 
the extinction coefficients determined in this laboratory 
are listed in Table I. The validity of Beer’s law was

Table I: Decimal Extinction Coefficients of Salts of 
Living Polystyrene at 25°

Counterion Solvent bnaxi 1 « X lO-i“

Li + THF 337 (338) 1.00
Li+ Dioxane 336 1.02
Na+ THF 342 (343) 1.20 (1 .18)
Na+ Dioxane 339 1.21
K + THF 343 (346) 1.20
K + Dioxane 340 1.21
Rb + THF 340 1.2 (?)
Rb + Dioxane 341 1.23
Cs+ (two-ended) THF 345 1.3 (?)
Cs+ (one-ended) THF 341 1.25
Cs + (two-ended) Dioxane 342 1.24

“ The values in parentheses are those of S. Bywater, A. F. John
son, and D . J. Worsfold, C a n .  J .  C h em . ,  42, 1255 (1964).

established by using a procedure similar to that de
scribed in the section dealing with the conductivity 
measurements.

Results
The results of the kinetic experiments are summarized 

in Tables II  and III. The sodium salt of living poly
styrene was most extensively studied, its apparent kp 
values being determined for [living ends] ranging from 
10~6 to 10~2 M . The kinetics of polymerization of 
other salts, viz., those of Li+, K+, R b+, and Cs+, 
were studied at sufficiently low concentrations to 
establish unequivocally the functional dependence of 
the respective kp values on [living ends].

Let us assume that ion pairs, /vwS~,M +, and free 
,V'VS~ ions participate in the propagation, their respec
tive rate constants of growth being fc's - M + and k " s -. 
If fraction x of living polymers is dissociated into 
ions, then the observed kp is given by the equation 
kp =  (1 — x)k 's-,M+ +  x k "s -. For x ^  0.05, the 
approximations (1 — x) «  1 and x = (AV,m+)VV 
[living ends] 1/2 are valid and, thus, fcp ~  fc's -,M + +  
fc,,s -(jEs - M+)1/V[living ends]‘A. In this equation
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Table II : Concentration Dependence of k v in Anionic 
Polymerization of Styrene in TH P at 25°

Counterion [LE] X 105 M kp, l./mole sec.

L i+ (one end per chain) 4 .0  4900
8 .0  3520
9 .6  3380

16.3 2830
83 .0  1440

N a+ (two ends per chain) 1.97 5420
6.22 3620
7 .33 3560

11.0 2450
16.5 2050

100 900
300 550
490 538
750 434

1000 396
1810 315

K+ (two ends per chain) 3 .21 2800
4 .75 2670
6.86 2280

11.9 1890
190 484
230 374

R b+ (two ends per chain) 2 .30 2080
4.37 1210

13.0 711
25.9  445

K s -M + denotes the dissociation constant of the rele
vant ion pair, •vwS~,M+. Hence, plots of kp vs. 1 / 
[living ends]1/2 should result in straight lines, and, 
indeed, such lines are shown in Figures 6 and 7, sup-

Figure 6. Plots of the apparent rate constants of 
propagation, fcp, of alkali salts of living polystyrene in THF vs.  
1 / [living polymers]1̂ 2 at 25°: O, L i+; • ,  N a +; A, K +;
B, R b+; □, Cs+ (two ends per chain).

Table III: Concentration Dependence of k v in Anionic 
Polymerization of Styrene in THF at 25° with C s+  
Counterion. Comparison of One-Ended and
Two-Ended Polymers

[LE] x  10'  M kp, l./mole sec. kp, l./mole see.

Two ends per chain D P  ~  20-25 D P  ~  5000
1.36 442
1.80 545
1.85 ' 362
3.76 387
6 .9 223

12.8 181 .  .  .

16.0 148
53.0 107 ,  .  ,

94.0 99
One end per chain ( D P  ~  20)

2.80 600
3.04 568
6 .9 385

31.0 169
44.6 136

116 108

Figure 7. Plots of the apparent rate constants of propagation, 
k p, of cesium salts of living polystyrene in THF vs. l/[liv in g  
polymers]1̂ 2 at 25°: □, Cs+, one end per chain; O, Cs+, two ends 
per chain, DP -—' 25; • ,  Cs+, two ends per chain, D P ~  1000.

porting, therefore, the proposed explanation for 
the variations of kp. The slopes of these lines give 
k"s(,Ks-,M+)1/2i and their intercepts lead to fc's-m+- 
The experimental results are summarized in Table IY. 
These values differ slightly from those reported in our 
preliminary note.9

The decreasing slopes seem to signify a decrease in

(9) D . N. B hattacharyya, C. L. Lee, J. Smid, and M. Szwarc, P o ly 
m er ,  5, 54 (1964).

Volume 69, Number 8 February 1965



6 1 8 D .  N .  B h a t t a c h a r y y a , C .  L .  L e e , J .  S m i d , a n d  M .  S z w a r c

Table IV

Counterion Li+ Na+ K + R b + Cs+ (two-ended) C s+ (one-ended)
Slope =  k " s - ( K s - M + Y /2, l.v Vmole1/! see. 30.3 25.2  18.0 6 .7  1 .4  3 .0
Intercept =  fc's-,M+, l./mole sec. ~ 2 5 0  -~150 ~ 1 0 0  ~ 8 0  ~ 5 0  25

the dissociation constants of the *~'S_,M + salts, '~vS~, 
L i+ being the most dissociated in THF, whereas AWS_, 
Cs+ is the least dissociated. Since the intercepts are 
very small, it is difficult to determine their exact values. 
Nevertheless, it is unquestionable that the '~vS~,Li+ 
ion pair is the most reactive, and the ,vwS_,Cs+ 
the least. In  a later part of this paper we shall de
scribe a more accurate method for determining the 
propagation rate constants, k 's -iM+, of these ion pairs.

Conductivities of Salts of Living Polystyrene in THF. 
The kinetic studies led us to the ratios of the dissocia
tion constants of *wS~,M+ ion pairs. To confirm the 
kinetic results and to determine the absolute propaga
tion rate constant, k " s -, of the living polystyrene ions, 
the conductivities of *wS_,M+ in TH F had to be in
vestigated.

Conductivities were determined in the apparatus 
shown in Figure 8. I t  consists of a sealed conductivity 
cell, H, and three optical cells, D, E, and F, having op
tical path lengths of 10, 1, and 0.2 cm., respectively, 
the last one being equipped with a 0.19-cm. spacer. 
Flask B contains a living polymer solution to be used 
for purging the apparatus and destroying all the residual 
impurities adsorbed on the walls. Ampoule A con
tains a fairly concentrated solution of the polymer to be 
investigated.

The apparatus is evacuated on a high-vacuum line, 
flamed, and sealed off a t constriction Pi. The break- 
seal on ampoule B is crushed, and the whole unit is 
rinsed with the solution. The rinsing solution is then 
returned to B, and the unit is “washed” by condensing 
the solvent on the walls which are chilled in the usual 
way from outside. A desirable amount of the solvent 
is distilled from B to a graduated cylinder, C, and then 
B is sealed off at P2.

The break-seal on A is then crushed, the sample to 
be investigated diluted with the solvent in C, and the 
optical density of the resulting solution determined 
in the appropriate optical cell. The solution is then 
transferred to conductivity cell H, and its resistance is 
measured. The optical density is redetermined, and 
thereafter about two-thirds of the solution is trans
ferred to C. The solvent from C is distilled into the 
chilled ampoule G and used to dilute the residual solu
tion left in H. The conductivity and the optical 
density of this solution are determined as described

D

Figure 8. Apparatus for determining the 
conductivities of living polystyrene.

previously; thereafter, two-thirds is again transferred 
to C, and the remaining one-third is diluted by the 
above-described procedure. In this way the conduc
tivities are determined for decreasing concentrations of 
living polymer, allowing us to calculate A as a function 
of [living polymer] down to about 10-5 M.

The described method has a few advantages. (1) 
The products derived from impurities are removed from 
the system together with the purging solution, and, 
therefore, they do not contribute to the measured con
ductivity. Such a contribution might be appreciable 
a t extremely low concentrations of living polymer. (2) 
No impurities are introduced on dilution, since the 
same solvent is used over and over again. (3) The 
destruction or “isomerization” of living polymers, which 
sometimes occurs in a highly dilute solution, is mini
mized since one proceeds from a more concentrated to 
a more dilute solution.

The conductivities of living polystyrene solutions 
were determined at 1-kc. frequency with a bridge de
scribed in the preceding paper.10 The conductivity 
cell had a volume of 60 cc. and a constant of 0.0801 
cm.-1 and was maintained at 25 ±  0.02°. The ex
perimental data are collected in Table V, the respec
tive concentrations being determined a few minutes 
before and after measuring the conductivity, and, if the

(10) D. N. B hattacharyya, C. L. Lee, J. Smid, and M . Szwarc, 
J .  P hys. Chem., 69, 608 (1965).

The Journal of Physical Chemistry



I o n s  a n d  I o n  P a i e s  i n  P o l y m e r i z a t i o n  P r o c e s s e s 619

Table V : Conductivity Data of Living Polystyrene in 
THF at 25°“

Cation C X 105 M  A

L i + (o n e -e n d e d ) 3 1 0 .0  0 .4 6 0
8 3 .5  0 .7 7 4
4 0 .3  1 .1 8
3 4 .0  1 .2 7
1 9 .6  1 .5 2
1 1 .5  2 .1 1

8 .1  2 .2 7
4 .0  3 .6 6
2 .1  5 .3 1
1 .1 4  7 .2 4

N a + (tw o -e n d e d )  430  0 .3 9 7
400 0 .4 1 6
330 0 .4 7 7

2 6 .0  1 .5 0
K + ( tw o -e n d e d )  639 0 .2 8 2

332 0 .3 5 5
7 4 .5  0 .6 5 9
1C .3  1 .7 6

5 .4 6  2 .4 5
2 .0 4  3 .7 1

C s + ( tw o -e n d e d )  3 2 1 .0  0 .2 4 1
144 0 .3 1 8

5 5 .1  0 .4 7 5
2 8 .3  0 .6 5 9
1 5 .8  0 .8 6 4

5 .9 2  1 .3 6
2 .5 6  1 .9 4

C s + (o n e -e n d e d ) 220 0 .1 3 8
116 0 .1 7 3

6 1 .4  0 .2 1 8
3 1 .8  0 .2 8 2
1 5 .6  0 .3 8 4

7 .0 4  0 .5 3 1
3 .2 3  0 .7 6 6

N a C K V  96 0 .5 6 5
394  0 .3 3 1

1510 0 .2 4 2
6050  0 .2 7 4

13340 0 .4 1 7

“ Dielectric constant of THF = 7.39; density = 0.880 g./ 
cm.3; viscosity, t] = 0.00460 poise. 4 Notice the minimum in A 
indicating the formation of triple ions and probably a decrease 
in [Na +] at higher concentrations of sodium perchlorate.

concentrations varied during this time, the average value 
was taken for calculation (the maximum change was 
less than 2%). A reliable sample of living polymers 
shows only one fairly sharp absorption peak with a 
maximum at about 340 m^. However, dilute solutions 
of the K  and Rb salts, and, to a lesser extent, also of 
the Na salts, undergo spectral changes when left for a 
few hours at room temperature.11 These changes are 
associated with an increase in the conductivity, in
dicating the formation of new ionic species which prob

ably are more extensively dissociated than the '̂ vS~,M + 
ion pairs. A similar observation was reported earlier 
by Worsfold and Bywater.6

The degree of dissociation of alkali salts of living 
polystyrene in TH F is substantially lower than that 
of the corresponding salts of tetraphenylborides. 
The results were calculated in terms of Fuoss relations 
(see the preceeding paper10 for the details), and the 
respective plots are shown in Figure 9. The conduc
tivities of the sodium salt were measured only for a few 
concentrations in order to compare our results with 
those reported by Worsfold and Bywater.6 The 
agreement was found to be most satisfactory.

The slopes of the lines shown in Figure 9 give us 
l/Ao2R s- M+ and the results are collected in Table 
VI. Therefore, the dissociation constant A s - M+

—►(f2C A/F)xl04

Figure 9. Fuoss plots of conductivity of living 
polystyrene: O, Li+; A, Cs+, one end per chain; 
□, Cs+, two ends per chain, DP ~  25.

Table VI: Slopes of Fuoss Lines for the Alkali Salts
of Living Polystyrene in THF at 25°

Counterion Slope = 1/1£s “ M+Ao2 Ref.

Li+ (one-ended) 2.14 X 103 This report
Na+ (two-ended) 1.74 X 103 Ref. 6
K + (two-ended) 3.52 X 103 This report
Cs+ (two-ended) 9.0 X 103 This report
Cs+ (one-ended) 53.0 X 103 This report

(11) G. Spach, M. Levy, and M. Szwarc, J . Chem. Soc., 355 (1962).
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for ' 'vS- ,M+ may be calculated if the limiting conduc
tivities A0 are known. In fact, the intercepts of the 
lines shown in Figure 9 give 1/A0, but unfortunately 
they are too small to allow any reliable determination.

The limiting conductivity A0 =  Ao+ +  Ao- , where 
A0+ and A0-  denote the limiting conductivities of the 
alkali cation and *~S-  anion. In  the preceeding paper10 

we reported the Aft values for Li+, Na+, K+, R b+ 
and Cs+ ions in THF, as derived from the conductivity 
studies of the respective tetraphenylborides. There
fore, to complete our task, we have only to determine 
A0-  for ^ S -  ion. The following method was tried. 
Let us denote the slopes of the Fuoss lines for two 
living polystyrene salts, say of Li+ and Cs+, by 7 1  

and 7 2 . From the kinetic studies we find the slopes of 
the respective kp values vs. 1 / [living polymer ]I/a 
lines, which we denote by f t and ft, respectively. 
Since (tx)1/z =  1/(A0 ,mi+ +  L0-)(K S-Mlf /2 and 
f t  =  k " s -(Ks-'Ml+)1/% with analogous expressions 
for 7 2  and ft, one finds A0-  =  (ftyi1AA0 ,Mi+ — f t- 
7 2 1AAo,M+)/(ft7 2 V2 -  f t 7 i‘A). Unfortunately, this 
approach is again experimentally unsatisfactory since 
the numerator represents a small difference of two large 
numbers.

Reactivities of Living Polystyrene Salts in the Presence 
of the Corresponding Alkali Tetraphenylborides. I t  
was reported by Geacintov, et a l.f that the rate of 
anionic polymerization of living polystyrene (Na+ 
counterion) was not affected by the addition of sodium 
perchlorate. On the other hand, our present work 
demonstrates that ^ S _,Na+ ion pairs, as well as 'vwS~ 
free ions, participate in the propagation, and the pres
ence of the latter is responsible for a considerable in
crease of the observed rate constant on dilution of the 
living polymer solution. I t  appears, therefore, that, 
in THF, NaClCfi is dissociated to a lesser extent than 
^ S “ ,Na+, and indeed a few conductivity data, which 
are included in Table Y, confirm this conclusion. 
Moreover, Geacintov, et al.,1 used too high concentra
tions of NaC104, causing dissociation by formation of 
triple ions (see footnote b in Table V). However, 
addition of the more easily dissociable N a+,BPht~ to 
living polystyrene solution should have a pronounced 
retarding effect upon the rate of propagation, and, 
indeed, such an effect was reported in our preliminary 
note . 9

The retarding effect of N a+(BPh4)~ forms a basis of 
a method by which the dissociation constant of 
/vwS- ,Na+ may be determined. In  a solution of '~vS- , 
N a+ containing an excess of the more dissociable Na+- 
(BPh4) - , nearly all N a+ ions arise from the dissociation 
of the boride. Let us denote the ratio [Na+l/[Na+, 
BPh4_]o by x, where [Na+,BPh4- l0 denotes c, the total

concentration of the salt. The dissociation constant 
of Na+(BPh4)~ is denoted by K b , and that of <vwS_, 
N a+, by K s- Na+. Since ex2/(1 — x) » K b, xc = 
72[(-Kb2 +  d k Bc)1A -  K b ] .  N ow, x c ^ S - ]/[living 
polymer] =  Ks-jNa+; hence, [—S- ]/ [living polymer] 
=  -Ks-Na+Au and fcp =  ¥ S- Na+ +  ¥ ' s -Ks - ^ a*/xc.

We may determine, therefore, kp for a series of solu
tions having variable amounts of N a+(BPh4)~ and plot 
the observed kp vs. 1 /xc. Such a plot is shown in 
Figure 10, the respective data being given in Table VII.

4 0 ----------- 1------------ 1-------------1----------- *—0 5 10 15 20
(1/xc). !0"3-----------*-

Figure 10. Plot of the apparent rate constant
of ~"S“,Na+ in the presence of Na+,(BPh4)~ vs.
1 /xc. xc = [Na+]; c = [Na+fBPft)-].

Table VII: Observed k p of Propagation of AWS~,Na+ in the 
Presence of Na+(BPh4)~ at 25° in THF ( f c r a + B -  = 8.52 X 
10~6 mole/1.)

^S -.N a+ l 
X 10s M

c = [Na+(BPh4) - l  
X 105 M l./mole sec. (1/xc) 10

7 .1 132.0 114 3.38
16.9 55.5 127 5.58
15.1 58.6 137 5.40
18.5 29.5 163 8.22
11.5 22.0 184 9.91
16.7 13.5 210 13.7“
31.0 7 .0 280 21 .9“

° Even in these experiments 90% or more of the Na+ ions come 
from the boride.

The intercept of the line gives fc's -,isra+ =  80 l./mole 
sec., and its slope, fc//s--^s-.Na+ =  9.8 X 10~ 3 sec.-1. 
Since the previous kinetic studies led to ¥'$-• 
CKg-Na+)1/! = 25.2 l.1/2/moleV2 sec., by combining 
these data we find Ks- Na+ =  1.52 X 10- 7  M  and k " s - 
=  65,000 l./mole sec.
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I t  should be added that the experiments described 
above have to be performed in highly diluted solutions. 
At higher concentrations of the salts the formation of 
triple ions is observed, and, consequently, the system 
then behaves differently than assumed.

Discussion
Let us summarize the results. By combining the 

kinetic data from the studies of the anionic polymeri
zation of living ^ S _,N a+ in the presence and absence 
of Na+,(BPlu)_ we derived the values for the propa
gation rate constants of the ^ S _,Ka+ ion pair (&'s-,Na+ 
= 80 l./mole sec.) and for the free ion (k"s- =
65,000 l./mole sec.). Moreover, the calculation also 
gives the dissociation constant of the •™'S~,Na+ ion 
pairinT H F, viz., A s -,Na+ =  1.52 X 10_7Ai.

I t  should be stressed that the values of fc's - Na+ are 
given by the intercepts of lines obtained from each 
kinetic study. The results obtained in the absence of 
Na+,(BPh4) -  produce a steep line with a small inter
cept, and, therefore, the derived ¥ S- Na+ is experi
mentally not too accurate. The other method, 
based on the effect of Na+(BPh4)~ on the observed 
kp, gives a much more reliable value for &'s-,Na+> and, 
hence, the latter is quoted above.

A few experiments were therefore performed with 
other salts of living polystyrene in the presence of the 
respective alkali borides, and these led to the values 
^ ,s-.Li+ =  160 l./mole sec. and ¥ S- Cs+ (one-ended) = 
22 l./mole sec.

Having a reliable value for k " 3-  we may now cal
culate the dissociation constants of other *wS- ,M+ 
ion pairs from the kinetic data derived from the ex
periments performed in the absence of borides. The 
results are collected in Table V III. The same con
stants may also be derived from the conductivity data. 
Having independently determined K s- Na+ and know
ing the slope of the respective Fuoss line for *wS- ,N a+, 
we calculate A0~ +  A0>Na+ = {(slope of the Fuoss line)-

Table VIII: Dissociation Constants for Living 
Polystyrene-Alkali Ion Pairs in THF at 25°

# S “ M + 
From

X 107 M  
From A s- ,Na + ANa+,(BPhi)-

reac- condue- As" ■M + Am +,(BPh<) —
Counterion tivity tivity React. Cond. Cond.

L i+ (one-ended) 2.18 1.86 0.69 0.81 1.07
N a+ (two-ended) 1.52 (1.52) (1.00) (1.00)
K + (two-ended) 0.77 0.71 1.96 2.14 2.65
Rb + (two-ended) 0.107 14.3
Cs+ (one-ended) 0.021 0.028 ' 72 54 45.6
Cs+ (two-ended) 0.00465® 0.165® 324 9.35 45.6

“ Calculated on the assumption that this species dissociates into 
the free ion.

■^s-Na+}_,/2- The value for A0iNa++ =  48.2 is 
given in the preceding paper,10 and therefore A0~ =
13.5. This result agrees remarkably well with that 
previously reported by Worsfold and Bywater,6 namely 
A0-  =  14. These investigators derived it by applying 
Stokes’ law to the extrapolated data on long-chain 
electrolytes reported by Pickering and Kraus.12 Since 
the values for other A0jm + have been determined,10 
we may now calculate the respective Ks - M+ values 
from the corresponding Fuoss lines. These constants 
are also listed in Table VIII, and the agreement be
tween both sets is most gratifying.

Inspection of Table V III shows that the dissociation 
constants of ~vS~,M+ ion pairs decrease along the 
series Li+ >  Na+ >  K+ >  Rb+ >  Cs+ (one-ended). 
The problem of two-ended Cs+-living polystyrene 
will be dealt with later. In  this respect the alkali 
salts of living polystyrene in TH F closely resemble the 
alkali borides, and to stress this similarity we included 
in Table V III the values of the ratio K Na+(BPhi)-/ 
AÌm+ìbpiu)- for comparison with those of the ratio 
A ŝ-,Na+/K s- M+. The slight difference observed for 
the Li+(BPh4) _ seems to arise from the penetration 
of the small Li+ ion into the bulky (BPh4)~ ion (see 
ref. 10).

The similarity of the behavior of these two series of 
salts indicates that in TH F the specific solvation of the 
small alkali ions is the main driving force leading to the 
dissociation of the relevant ion pairs. The small Li+ 
ion is the most solvated as shown by its low mobility 
CVlì+ = 36.6)—a striking observation in view of its 
short radius. The larger Na+ ion is less solvated 
(Ao,Na+ =  48.2), and the large Cs+ ion is probably not 
solvated (see the following paper)—its mobility being 
the highest (A0,cs+ = 68.4) for the investigated series.

For alkali ions the solvation energy exceeds the 
Coulombic interaction energy which binds the ions 
into ion pairs, and therefore in TH F the dissociation of 
ion pairs is exothermic. This conclusion is confirmed 
by the preliminary studies of temperature dependence 
of the conductivity, indicating its increase with de
creasing temperature. The solvation of ions decreases 
the entropy of the system—the gain in entropy arising 
from the dissociation of an ion pair into two free ions 
is nullified by the substantial loss caused by the im
mobilization of several solvent molecules around the 
ion.

The extremely high reactivity of the free ion, 
which is 400 times as reactive as the most reactive ion 
pair, is most significant. I t  shows that the polystyryl

(12) H. L. Pickering and C. A. Kraus, J. Am. Chem. Soc., 71, 3288
(1949).
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anion is not strongly solvated in THF. Our knowledge 
of reactivities of free ions is very meager, and in fact 
it has not been certain a t all whether a free ion is more 
reactive than its ion pair. For example, one of us 
pointed out18 that a higher reactivity of an ion pair 
could be anticipated if a push-pull mechanism operates.

The high reactivity of free ions in TH F has 
been confirmed by the independent work of Hostalka, 
Figini, and Schulz.14 Their polymerization studies 
of living sodium polystyrene, reported shortly after the 
appearance of our preliminary note,9 led to results very 
similar to ours. The slope of their line, giving kp 
as a function of [living polymers’!-1/z, is 25 l.1/2/mole1/2 
sec.-1 as compared with our value of 25.2, and their 
intercept, ¥ S- Na+, is 175 l./mole sec. This value is 
higher than that reported here; i.e., fc'g-Na+ =  80 
l./mole sec., because in Schulz’s work, as in our pre
liminary investigation,9 one experiences difficulties 
of extrapolation owing to the steepness of the line. In 
fact, the addition of Na+,(BPh4)~ led to a decrease of 
kp observed by Schulz’s group,14 indicating that the 
true ft's-Na+ is lower than their intercept.

I t  should be stressed that a t higher concentrations 
of Na+,(BPh4) -  the observed Jcp passes through a mini
mum and then increases. Apparently, the formation 
of Na+,(BPh4) - ,Na+ triple ions decreases the concen
tration of Na+ions and, therefore, increases that of ^ S -  
ions.

In  a recent note, Lohr and Schulz16 pointed out tha t 
the existence of two types of centers, each growing at 
a different rate, affects the molecular weight distribu
tion of the resulting polymer, even if the exchange be
tween the centers takes place. The effect depends, 
in fact, on the rate of exchange, and it was considered 
by our group in a paper dealing with dormant poly
mers.16 A mathematical treatment of such problems 
was reported by Szwarc and Hermans17 and by Figini.18

Lohr and Schulz16 utilized this phenomenon to 
calculate the rate constant of dissociation of living 
ion pairs into ions and arrived at a value of 80 sec.-1.

The Problem of Activation Energy of Anionic Polym
erization. The participation of two types of centers 
in the anionic propagation in THF influences the tem
perature dependence of the over-all kP. By changing 
the temperature one varies not only the individual 
¥  and ¥ ',  but also the fraction of free ions present in 
the solution. Since the dissociation of ion pairs is 
exothermic, the fraction of free ions increases on de
creasing the temperature of polymerization. The ions 
are enormously more reactive than the ion pairs, and, 
hence, this effect increases the over-all 7cp. I t  is not 
surprising, therefore, that Geacintov, et al.,1 and 
Dainton, et al.,1* found an abnormally low “activation

energy” for such a polymerization (about 1 lccal./mole). 
In  fact, it is possible to observe in such systems “nega
tive” activation energies, and examples of such a be
havior were found in our laboratory. The problem of 
activation energy for the propagation by free ions and 
by ion pairs will be discussed in a future paper.

The Problem of One-Ended and Two-Ended ™S~,Cs+. 
Living polymers may be prepared with either one or 
both ends active, e.g., X ^ S 'C s * ,  referred to as a 
one-ended living polymer, and Cs+,S- *'vS- ,Cs+, a 
two-ended polystyrene. As seen from Table V III, 
the one-ended 'vwS- ,Cs+ behaves normally; namely, 
the calculations based on the reactivity or on the con
ductivity data lead virtually to the same dissociation 
constant, K s -tCs+. This is not the case with the 
two-ended polymer. The dissociation constant 
Ks-,cs+ seems to be 4.6 X 10-10 M, if calculated 
from the reactivity data, and 1.65 X 10-8 M , if derived 
from the conductivity studies. The former is sub
stantially lower, and the latter is much higher than 
the value obtained for the one-ended polymer, viz., 
Ks-,cs+ =  2.1-2.8 X 10-9 ilL.

Consideration of these discrepancies led us to con
clude that the S- 'vwS- ,Cs+ ions, which are formed on 
the dissociation of a two-ended polymer, associate with 
the ion pair located on the other end of the chain into a 
triple ion, S~,Cs+,S~. In  such a system one deals 

s i
with the following equilibria

r~S- ,Cs+

L s - ,c s +

irs~.Cs F *s-
^ S - ,Cs+ 

open chain
Kt u

aWVWVWW •

L r
closed chain

+  Cs+

where Ks-,cs* denotes the “ordinary” dissociation 
constant of the ^vS- ,Cs+ ion pair into free ions, and K e 
represents the equilibrium constant of the cyclization.

(13) M. Szwarc, Makromol. Chem., 3SA, 123 (1960).
(14) H. Hostalka, R. V. Figini, and G. V. Schulz, ibid.., 71, 198 
(1964).
(16) G. Lohr and G. V. Schulz, Makromol. Chem., 77, 240 (1964).
(16) S. N. Khanna, M. Levy, and M. Szwarc, Trans. Faraday Noe., 
58,747 (1962).
(17) M. Szwarc and J. J. Hermans, J. Polymer Soi. PB, 2, 815 
(1964).
(18) R. V. Figini, Makromol. Chem., 71, 193 (1964).
(19) F. S. Dainton, D. M. Wiles, and A. N. Wright, J. Polymer Sci., 
45, 111 (1960).
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The former constant is known from the studies of the 
one-ended polymers; viz., K s -:Cs+ =  0.021 or
0. 028 X 10 _7 M  (see Table VIII). The value of the 
latter constant depends on the length of the polymeric 
chain and on its flexibility.

Under our experimental conditions the concentra
tion of all the ions is negligible when compared to the 
undissociated salt. Let us assume, therefore, that the 
concentration of Cs+ ions is x, that of free ~vS-  ions 
is y, and that of the triple ions S~,Gs+,S_ is z. The

fwwwwwwl
concentration of the ion pairs, which is virtually equal 
to the total concentration of living ends, is denoted by 
c. The following equations have to be fulfilled: 
x = y +  z; z /y  =  K~; xy/c  =  K s - cs+- Hence, 
y =  { (£ s -c * ) /( i  +  *Q }1/2cI/!, * =  {(As -,Cs+y 
(1 +  K 0)}'Ac A and z =  K e{(Ks -,Cs+)/( 1 +  K 0) } ^  
c h. The fraction of ion pairs dissociated into the re
spective ions is, therefore, f s - =  {(JK's - Cs+)/(l +  
I Q } lAc -1/2, / s - cs+,s- =  K a{(Ks -,Cs+) / ( l  +  K q) }1/z* 
c - h and / Cs+ = {(K s->Cs+)(l  +  K B) Y hc - l/\  Thus, 
the linear relations between the observed kv and c- 'A 
and between 1/A and Ac are preserved, but the slopes 
of the respective lines now have a different meaning; 
namely, the slope of the reactivity line /?' =  (k" s - +  
k*Ka){K s -,cs+/(l +  K c) }1/z, where k* denotes the rate 
constant of propagation of the triple ion, and the slope 
of the Fuossline y ' = {ACs+ +  [K J(  1 +  K e) ]A- s ->Cs+,s- 
+  [1/(1 +  K c) ]As } —2{iLs-,cs+(l +  Kc) h  Letusas- 
sume for the first approximation that k " s- > >  
k*Ka, then p  = fc"s :{ (£ s- .c+ )/( l +  A c)} 1/2;
1. e., ¡3' is smaller by a factor of (1 +  W0) IA than the 
(8 referring to the one-ended polymer. Thus, 1 +  
K a ~  (d/dO2 =  (3/1.4)2 =  4.6. Now, the non- 
approximate equation is 1 +  K c =  0?//302[l +  (k*f 
k ''s -)Kc]2, and it leads to a higher value of 1 +  K a. 
For k* =  1000 l./mole sec., i.e., when a triple ion is 
40-50 times as reactive as the ion pair, the correction 
term in the brackets amounts to 14%, and for 
k* = 3000 l./mole sec. it increases to 75%. We may 
conclude, therefore, that the reactivity data lead to 
Kc. =  4.3 for k* = 1000 l./mole sec. and to K 0 = 7.0 
for k* = 3000 l./mole sec.

To calculate K e from the conductivity data,20 we in
troduce the plausible assumption that [Ka/  (1 +  
■Kc)]A—s-,cs+,s- +  [1/(1 +  Ko)]As-  =  10 since As~ =
13.5 and A -s - Cs+s- <  As~ Having ACs+ =  68.4,

we calculate the total A0' =  78.4, and, hence, y ' = 
1/(78.4)2K S- Cs+(1 +  K c); therefore, 1 +  K c = 
(■y /y ')(A 0/A 0'y  = (53.0/9.0) (81.9/78.4)2 =  6.5 (see 
Table VII for the pertinent data), and certainly it is 
not more than 7.3.

The agreement between these two methods of cal
culation of K c is fair, and it indicates that K c is most 
probably 5.5; the propagation rate constant of the 
triple S_,Cs+,S_ ion is then k* = 2200 l./mole sec.

i t•I/AVWWWW'.«'
Thus, the triple ion is about 100 times as reactive as 
the ^ S _,Cs+ ion pair and about one-thirtieth as re
active as the free ^ S -  ion. This seems to be reason
able.

I t  should be stressed that the intermolecular formar 
tion of triple ions is just noticeable in the conductivity 
of one-ended ^ S _,Cs+ at the concentration of 3 X 
1 0 M  (see Figure 9). At this concentration the 
average distance between a ion and a neigh
boring ^ S _,Cs+ ion pair is about 180 A., whereas the 
distance between a ^ S ~  ion and the ^ S _,Cs+ ion 
pair located on the other end of the same chain (DP ^  
25) is about 15 A. Hence, the intermolecular associa
tion may be neglected when we deal with such low mo
lecular weight polymers.

The effect described here should diminish for longer 
polymers. This is indeed the case. Two experiments 
were performed with a two-ended '~vS~,Cs+ living 
polymer having DP ~  1000. The respective kp 
values of such polymers approximate the values ob
served for a one-ended 'vwS- ,Cs+, showing a substan
tial decrease of intramolecular association to triple 
ions (see Figure 7).

Finally, we should emphasize that the intramolecular 
association is not observed in sodium or potassium 
salts of living polystyrene (see Table VIII). Ap
parently the solvation of these ions prevents their 
association with the ion pairs.
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(20) In  deriving the equation for the  conductivity, i t  is assumed 
th a t S - '"'vS - ,C s+ does no t dissociate further.
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Alternative Paths in Anionic Propagation of Ion Pairs. 

Effect of Solvent and Counterion

by D. N. Bhattacharyya, J. Smid, and M. Szwarc

Department of Chemistry, State University College of Forestry, Syracuse University, Syracuse, New York 13210 
(Received September 29, 1964)

Living polystyrene exists in dioxane entirely in the form of 'vwS_,M+ ion pairs; the pres
ence of the free ions could not be detected—a not surprising observation in view of 
the very low dielectric constant of this solvent. The propagation constant, kp, is there
fore independent of the living polymer concentration, and, in this respect, the dioxane 
solutions differ from the solutions in tetrahydrofuran (dielectric constant 7.4 as compared 
to 2.2 for dioxane). In  that solvent an increase in the fraction of the highly reactive ™S_ 
ions, arising from dilution, leads to an increase in the observed kp. The propagation con
stant depends on the nature of the counterion; at 25° in dioxane kp is 0.9 for Li+, 3.5 for 
Na+, 19.8 for K+, 21.5 for Rb +, and 24.5 for Cs+, all in l./mole sec. In  tetrahydrofuran 
the ion pairs grow faster, and the order of reactivity is reversed; thus, k 's - M+ is 160 for 
Li+, 80 for Na+, about 50 for K+ and Rb+, but again ~ 2 2  for Cs+. I t  seems that the 
partial solvation of the counterion in the transition state represents a major driving force 
of the polymerization in TH F (tetrahydrofuran). Thus, the most strongly solvated Li+ 
gives the most reactive ion pair; the poorly solvated Cs+ produces the least reactive. In  
dioxane the solvent apparently does not help in separating the ions in the transition state, 
and therefore the reactivity of an ion pair is determined by the Coulombic binding energy 
of the pair. Hence, the small and strongly bonded Li+ ion gives the least reactive ion 
pair, and the large Cs+ yields the most reactive one. Since the reactivity of the 'vwS~,Cs+ 
ion pair is similar in both solvents, it appears that even in the transition state of propagation 
taking place in THF the Cs+ is not specifically solvated.

Anionic polymerization of the sodium salt of living 
polystyrene in dioxane was investigated by Allen and 
his associates.1’2 3 4 5 They followed the progress of the 
reaction by a dilatometrie technique and established 
the following facts.

(1) The bimolecular rate constant of propagation 
kp is 4 ±  1 l./mole sec. a t 25°, and its value is in
dependent of the concentration of growing polymers, 
a t least within the investigated range of [living poly
mer], i.e., from 10-3 to 10_4M.

(2) The activation energy of propagation is 9 ±  
3 kcal./mole, and it corresponds to a “normal” fre
quency factor of about 108 l./mole sec. These findings 
contrast with those reported for the anionic polymeri
zation of styrene in TH F.3-5 In that solvent, kp 
was found to be linear with 1 / [living polymerlI/s—

proving that ion pairs, 'vwS_,M+, as well as the free 
AWS_ ions, propagate the polymerization. The ap
parent activation energy appears to be exceptionally 
low6-7—about 1 kcal./mole only. The last feature of 
the reaction arises from the exothermicity of the dis-

(1) G. Allen, G. Gee, and C. Stretch, J. Polymer Sei., 48, 189 (1960).
(2) C. Stretch and G. Allen, Polymer, 2, 151 (1961).
(3) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc, Poly
mer, 5 , 54 (1964).
(4) H. Hostalka, R. V. Figini, and G. V. Schulz, Makromol. Chem., 
71, 198 (1964).
(5) D. N. Bhattacharyya, C. L. Lee, J. Smid, and M. Szwarc, J. Phys. 
Chem., 69, 612 (1965).
(6) F. S. Dainton, D. M. Wiles, and A. N. Wright, J. Polymer Sei., 
45, 111 (1960).
(7) C. Geacintov, J. Smid, and M. Szwarc, J . Am. Chem. Soc., 84,
2508 (1962).
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sociation of ion pairs into free ions; hence, the fraction 
of the highly reactive ions increases at lower
temperatures.

These differences of behavior prompted us to in
vestigate the anionic polymerization of styrene in di- 
oxane. Our results confirm Allen’s findings and 
prove that the dissociation of ion pairs into free ions 
is not detectable in this solvent. This is not surprising 
since the dielectric constent of dioxane (2.2) is one- 
third as high as that of THF (7.4). Moreover, the 
propagation rate constants of ion pairs were found to 
increase with increasing size of the counterion, viz., 
Li+ <  Na+ <  K + ~  Rb+ <  Cs+. Since a reverse 
trend was observed in TH F,3’6 one concludes that the 
factors which dominate the transition state of the 
propagation taking place in dioxane differ from those 
which govern the reaction in THF.

Experimental
Difficulties in preparing the a-methylstyrene dimer 

or tetramer initiators in dioxane solution prevented us 
from producing living polystyrene directly in this sol
vent. N P " initiator (NP = naphthalene) was undesir
able because of interference with the spectrophoto- 
metric determination of the monomer concentration. 
Consequently, the following method was developed.

The polymers are prepared in THF as described in 
ref. 4 and 7. After completing the polymerization, 
TH F is distilled off on a high-vacuum line until a dark 
red, viscous residue is left. Rigorously purified di
oxane is then distilled into the flask, and the resulting 
solution is slowly chilled while stirred. When the con
tents solidify, the flask is cooled for 10-15 min. with 
liquid nitrogen, the cooling bath is removed, and the 
polymer freeze-dried by pumping for 24 hr. The 
resulting dry, powdery polymer is redissolved in diox
ane, and the whole procedure repeated at least once 
again. The absence of TH F in the product is estab
lished by dissolving a fraction of the resulting polymer 
in benzene, killing it by a trace of water, and analyzing 
the solution for TH F by v.p.c.

A properly prepared dioxane solution of living PS- , 
Na+ (PS =  polystyrene) shows only one fairly sharp 
peak at 337 m/x. However, sometimes a broad hump 
develops at around 400 m/i, and, in such a case, the solu
tion has to be rejected. Even a “good” solution is 
not too stable—after ~ 3  hr., the height of the 337 m,u 
peak in a 10 ~2 M  solution decreases by 15-20%. 
Hence, the powdery polymer is kept in sealed ampoules 
in a deep freeze until needed, and a solution is pre
pared just before the start of an experiment.

Dioxane is purified by refluxing it on a N a-K  alloy, 
followed by careful fractionation. After repeating

this procedure, the solvent is stirred with Na and 9- 
fluorenone under vacuum. The dioxane is then 
distilled from the green solution into the desired 
ampoules.

For no apparent reasons, some batches of dioxane 
catalyze the appearance of the 400-m^ hump. Such 
batches are rejected, and a new batch of dioxane is 
then purchased and purified.

The kinetics of polymerization were investigated by 
monitoring the optical density of the solution at 291.4 
m/x (an absorption maximum of styrene). The ap
paratus and the technique are described in the pre
ceding paper.6

Results
In  dioxane the propagation of living polystyrene 

is found to be a second-order reaction, the bimolecular 
rate constant, fcp, being independent of the monomer 
and living polymer concentrations. A typical con
version curve, giving log (O.D.t — O.D. „ ) /  [living poly
mer] plotted vs. time, is shown in Figure 1. All

LOG Of 
;l . e )

Figure 1.

the results are collected in Table I. For ~vS- ,Na+ 
the constancy of fcp has been established over a 24-fold 
range of concentration from 0.5 X 10-3 to 12 X 10-3 
M . A 10-fold change of concentration did not affect 
the fcp of *»S-,K+, *»S-,Rb+, and - S - ,Cs+. The 
instability of *wS- ,Li+ solutions prevented us from 
studying this system at higher dilution.

Discussion
The dielectric constant of dioxane (2.2) is substan

tially lower than that of tetrahydrofuran (7.4), and 
therefore the degree of dissociation of ion pairs should 
be much lower in the former solvent than in the latter. 
Indeed, no conductivity could be observed in dioxane
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Table I : Homopolymerization of Living Polystyrene in 
Dioxane at 25°“

[Living 
polymer] 

X io3
[S]o 

X 103 % conver kp,
Counterion moles/1. moles/1. sion l./mole sec.

Li+ (one-ended) 2.5 40.0 10-90 0.96
Li+ (one-ended) 2.2 115.0 10-70 0.92
Na+ (two-ended) 0.50 7.5 28-68 3.24
Na+ (two-ended) 3.02 63.5 15-55 3.42
Na+ (two-ended) 4.95 89.5 20-73 3.42
Na+ (two-ended) 9.36 93.8 44^89 3.30
Na+ (two-ended) 12.0 41.6 76-97 3.80
K+ (two-ended) 0.58 92.0 19.6
K + (two-ended) 5.9 40.0 20.0
Rb + (two-ended) 0.46 12.0 22.0
Rb + (two-ended) 4.6 58.0 21.0
Cs+ (two-ended) 0.58 13.0 23.5
Cs+ (two-ended) 6.5 95.0 25.5

“ These experiments were followed for time periods which 
varied from 17 to 1500 sec., depending on the value of the product, 
k p [living polymer].

solutions of '~vS- ,N a+, indicating that the respective 
dissociation constants are less than 10-12 mole/1. 
I t  is not surprising, therefore, that in dioxane the ob
served fcp is independent of [living polymer] since the 
contribution of free ions to the reactivity is below the 
limits of our detection, and the observed propagation 
is due entirely to the growth of ion pairs.

To focus the reader’s attention on the different 
patterns of behavior of ion pairs in dioxane and in 
tetrahydrofuran we collected all the pertinent data in 
Table II. Its inspection shows that (1) the propaga
tion rate constants of ion pairs are considerably larger 
in tetrahydrofuran than in dioxane; (2) the ion pairs 
dissociate relatively easily in tetrahydrofuran, but 
with great difficulty, if at all, in dioxane; (3) in tetra
hydrofuran the most easily dissociable *~'S- ,Li+ ion 
pairs are the most reactive, whereas the least dissociable 
'vwS- ,Cs+ show the lowest reactivity. In  dioxane, 
where the dissociation is undetectable, the order is 
reversed; 'vwS~,Cs+ is the most reactive, and 'vwS- ,Li+ 
is the least.

Apparently, the partial solvation of the counterion 
in the transition state of the propagation in THF repre
sents a major contribution to the driving force of the 
process, and the better the solvation, the faster the re
action. Hence, the small Li+ion, which on dissociation 
becomes most solvated, as indicated by its low mobility 
(see the A0+ values given in the last column of Table
II), forms the most reactive ion pair. The poor specific 
solvation of the large Cs+ ion, demonstrated by its high

Table II : Comparison of Anionic Polymerization of 
Styrene in THF and in Dioxane at 25°

&S~,M + k's~,M + Kb-  m+(THF),
(dioxane), (THF), 107 moles/1., Ao +

Counterion l./mole sec. l./mole sec. React. Cond. (THF)

Li+ (one-ended) 0.94 160 2.18 1.86 36.6
Na+ (two-ended) 3.4 80 1.52 (1.52) 48.2
K + (two-ended) 19.8 —60-80 0.77 0.71 49.8
Rb+ (two-ended) 21.5 —50-80 0.11
Cs+ (one-ended) 22 0.021 0.028 68.4
Cs+ (two-ended) 24.5 (47) Forms triple 68.4

ions

A0+, results in the low reactivity of its ion pair, in spite 
of the weak Coulombic binding force.

The relatively poor solvation of the '~vS~,Na+ ion 
pair in THF becomes evident from studies of the tem
perature dependence of its conductivity in this solvent 
(to be published). Hence, the partial separation of the 
counterion from the anion, which takes place in
the transition state of propagation, makes possible a 
specific solvation of the alkali ion by TH F and con
tributes, therefore, to the driving force of the reaction.

The reactivities of ion pairs in THF go hand-in-hand 
with the respective dissociation constants (see Table
III); although the relation between log K s-iM + 
and log fc's-,M+ is not linear, the ^ S _,Cs+ ion pair 
appears to be more reactive than would be anticipated 
on the basis of its dissociation constant. This may be 
due to the low degree of separation of the “vS",Cs+ 
ion pair in the transition state.

Alternatively, the high reactivity of ion pairs in 
THF solution may be interpreted by the presence of 
two species: (a) less reactive contact ion pairs and
(b) much more reactive solvent separated ion pairs. 
The study of fluorenyl salts in TH F8 demonstrates 
that both species are present in this system, which 
makes the above suggestion quite plausible. More
over, studies of temperature dependence (to be pub
lished) indicate a “negative” activation energy for the 
growth of ion pairs in THF. This may only be ac
counted for by the presence of two species (contact and 
solvent separated ion pairs), and on lowering the tem
perature the equilibrium shifts toward the more reactive 
species.

The low dielectric constant of dioxane makes the 
dissociation of ion pairs into free ions virtually im
possible; hence, the lack of conductivity in this sol
vent is fully justified. However, one might argue that 
intrinsically this solvent solvates counterions well; 
e.g., two dioxane molecules may surround a cation 
placing four 0  atoms tetrahedrally around the positive
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center. Hence, the low reactivity of ^ S _,alkali+ ion 
pairs in dioxane may be explained either by assuming 
equally good solvation of the counterion in the parent 
ion pair and in the transition state of its propagation, 
or by assuming a lack of specific solvation in the initial 
as well as in the transition stale. I t  seems that the 
latter explanation is more correct and that dioxane is a 
-poorer solvating agent than tetrahydrofuran. The evi
dence supporting the latter statement comes from the 
following two observations.

(1) Equal solvation of the initial and the transition 
state, as well as lack of specific solvation of both states, 
deprives the system of some driving force, and this ac
counts for the slower propagation in dioxane than in 
THF. The order of the reactivities of ion pairs should 
depend, therefore, on the Coulombic attraction be
tween and alkali+ ions; the tighter the ion pair, 
the slower the process. Since the solvated Li+ may 
be larger than the nonsolvated Cs+, the observed 
order of reactivities (see Table II) would appear strange, 
making implausible the assumption that the small 
cations are fully solvated in the initial and the transi
tion states. However, if the cations are not sol
vated in either state, the observed order of reactivities 
is fully justified; i.e., “vS_,Li+ should be the least 
reactive and -̂ vS_,Cs+ the most.

(2) Studies of fluorenylsodium and fluorenyllith- 
ium solutions, performed in this laboratory,8 showed 
that these salts exist in THF as contact (intimate) 
ion pairs in equilibrium with the solvent-separated ion 
pairs. However, in dioxane, as well as in toluene, 
only the contact ions are observed. Hence, again we 
see that dioxane is a poorer solvating agent than THF.

The importance of Coulombic attraction is seen from 
Figure 2; a reasonably straight line results when log 
ks -t M+ is plotted against l / ( r M+ +  2),9 r being the

radius of the bare cation. Such a linear relation im
plies that the free energy of activation of propagation 
involves a term proportional to the Coulombic binding 
energy—other terms being constant. This means 
AF* = const. +  ae2/ ( ’"M+ +  2)Z), the proportionality 
factor, a, giving the fraction of binding energy lost in 
the transition state. Since the slope of the line seen 
in Figure 2 is 10sae2/2.3DkT, the value of a may be 
calculated from the experimental data. Taking a 
reasonable estimate, D = 2, we find a =  0.14; i.e., 
the 'vwS~-M + bond is stretched in the transition state 
by about 14% of its original length.10

The linear relation discussed in the preceding para
graph implies a /( rM + +  2) =  l / ( r M1- +  2) — 1/ 
(rM+ +  2 +  Ar) «  Ar,/(rM+ +  2)2 or Ar =  a(rM+ +  
2). Hence, the longer the bond, the larger its stretch
ing in the transition state. This appears to be reason
able. The increase in the bond length results from 
the increasing bulkiness of the counterion, and this 
may introduce a steric hindrance which, in turn, de
mands a larger stretching of the bond in the transition 
state. However, one may argue that Ar should 
be approximately constant and independent of the 
bond length and the nature of the counterion. In 
such a case, the variable term in the free energy of 
activation acquires the form e2Ar/(rM + +  2)(rM+ +  
2 +  Ar)D, and log k = const. +  e2Ar/(rM+ +  2)- 
(rM + +  2 +  Ar)DkT. Therefore, we plotted also in 
Figure 2 log k vs. Ar/(rM + +  2)(rM+ +  2 +  Ar), and, 
since the slope of such a line must be 108e2/2.3H/cr, 
this condition imposes a rather small value of 0.2 A. 
for Ar. As seen from Figure 2, this relation provides 
a poorer fit of experimental points with the line than 
the l / ( r M+ +  2) relation, and, to clearly reveal this 
fact, similar scales were chosen for both graphs. We 
conclude, therefore, that the stretching of the C~-M + 
bond in the transition state increases with the cation 
size although the elongation may become less pro
nounced for the largest cations, thus, leading to the ob
served deviation of H b+ and Cs+ from the linear re
lation. A similar reactivity of 'w'S_,Cs+ in dioxane 
and in TH F indicates again that Cs+ is poorly solvated 
even in THF.

Acknowledgment. We wish to acknowledge the 
financial support of these studies by the National 
Science Foundation.

(8) T. Hogen-Esch and J. Smid, 87, 669 (1965).
(9) Similar results are obtained if 1.5 or 2.5 is substituted for 2.
(10) The lowest possible value for D is 1. For D =  1, a = 0.07, and 
the stretching of the bond in the transition state amounts to only 7%.
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Electron Affinities of Aromatic Hydrocarbons in Tetrahydrofuran Solution

by J. Jagur-Grodzinski, M. Feld, S. L. Yang, and M. Szwarc

Department of Chemistry, State University College of Forestry, Syracuse University, Syracuse, New York 13210, 
and Donnan Laboratories, The University, Liverpool, England (Received November 12, 1964)

The relative electron affinities (=  relative reduction potentials) of a series of aromatic 
hydrocarbons were determined in tetrahydrofuran (THF) solution. Two methods were 
employed: (1) potentiometric titration and (2) spectrophotometric studies of equilibria, 
aromatici +  aromatic2^ H  aromatica +  aromatics. Potentiometric titration, originally 
developed by Hoijtink, was improved. The effect of various factors, not considered previ
ously, was discussed, and special attention was paid to the fact that the radical ions exist 
essentially as ion pairs, and not as free ions. Hoijtink’s treatment implicitly assumes a 
complete dissociation of ion pairs into ions. The final results show a good agreement be
tween both methods. The results lead to the electrochemical series reported by Hoijtink, 
but numerically the potentials found in our study are substantially lower than those re
ported previously. The interesting case of tetraphenylethylene is discussed. In this 
compound the two-electron reduction potential (U2) is higher than the first one (Fa). The 
reason for this reverse in the order of reduction potentials is suggested, and its effect on the 
potentiometric titration curve is elucidated.

Relative electron affinities of aromatic hydrocarbons 
were determined by Hoijtink, et a l.,1 who developed 
for this purpose a potentiometric technique. In  the 
same year Paul, Lipkin, and Weissman2 reported 
their spectrophotometric studies of the equilibria of 
electron-transfer processes, such as phenanthrene-  
+  naphthalene phenanthrene +  naphthalene- , 
from which they deduced the values of the relative 
electron affinities for the same series of hydrocarbons. 
Unfortunately, their data differed greatly from those 
reported by Hoijtink, thus raising the question of which 
method is reliable.

Both methods were used recently by our group to 
determine the relative electron affinities of pyrene, 
anthracene, and 9,10-dimethylanthracene3 in tetra
hydrofuran (THF). Self-consistent results were ob
tained and these were confirmed by independent ki
netic studies.8 However, since our reduction poten
tials somewhat differed from those published by Hoi
jtink,1 we decided to reinvestigate the whole problem 
and to extend our studies to other aromatic hydro
carbons in order to ascertain the reliability of each 
method.

Experimental
Potentiometric Titrations. Hoijtink’s apparatus and 

procedure were slightly modified. The unit used by us 
is shown in Figure 1, which is self-evident. The buret 
was terminated by a 2-mm. bore capillary, its lower tip 
being sealed and then punched with a needle to form 
six or seven tiny, parallel capillaries. This arrangement 
considerably slowed down the diffusion of the liquid 
from reactor R to the upper platinum wire electrode 
which was touching the sealed tip. The resistance of 
the unit, when filled with a 0.016 M  THF solution of 
sodium biphenyl, was about 10 megohms.

The potential between electrodes was measured by 
a valve voltmeter4 5 which was described by Scroggie.6

(1) G. J. Hoijtink, E. De Boer, P. H. van der Meij, and W. P. 
Weijland, Rec. trav. chim., 75, 487 (1956).
(2) D. E. Paul, D. Lipkin, and S. I. Weissman, J. Am. Chem. Soc., 
78, 116 (1956).
(3) D. Gill, J. Jagur-Grodzinski, and M. Szwarc, Trans. Faraday 
Soc., 60, 1424 (1964).
(4) We wish to thank Dr. A. Hickling of Liverpool University for 
providing us with this device and for his many valuable comments.
(5) M. G. Scroggie, Wireless World, 14 (1952).
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VACUUM

Figure 1. Apparatus used in the potentiometric 
titration of aromatic hydrocarbons.

In  function it is essentially a very stable impedance 
converter by means of 'which an input d.c. voltage in a 
high resistance circuit is converted into an identical 
output d.c. voltage in a very low resistance circuit. 
The latter can be measured by any conventional 
voltmeter with a resistance exceeding 400 ohms. The 
current drawn from the source by the converter is 
less than 10-10 amp., and therefore its reading is re
liable even if the resistance of the external circuit 
exceeds 100 megohms. To secure the maximum sta
bility of the device, the input terminals are bridged 
by a 0.01-juf. capacitor, and the negative input terminal 
is grounded through the case of the instrument. The 
voltmeter was calibrated, and the results seem to be 
reliable within 1%. For a low potential of about 0.04 
v. the accuracy is about 0.002 v.

All the aromatic hydrocarbons used in this work 
were carefully crystallized and then sublimed under 
high vacuum. Their solutions were prepared on a 
high-vacuum line and sealed in small tubular ampoules 
equipped with break-seals. The purification of TH F 
is described in ref. 6. The sodium biphenyl solution, 
used in the titration, was prepared by overnight reaction 
at room temperature of a 0.1 M  solution of biphenyl in 
TH F with a sodium mirror. The reaction proceeds to 
16% conversion, and at this stage the system seems to 
reach its equilibrium. The concentration of sodium 
biphenyl was determined by titrating aliquots of the 
solution with HC1 or with methyl iodide. Both methods 
gave concordant results. The prepared solution was

stored in an ampoule equipped with a break-seal, the 
latter eventually being sealed to the titration unit (am
poule Ai in Figure 1).

The following procedure was used during the titra
tion. After sealing ampoule Ai containing the biphenyl- 
sodium biphenyl mixture (in 5:1 mole proportions) 
and the six P ampoules containing the investigated 
hydrocarbons, the whole unit was evacuated through 
the three-way stopcock T0. Thereafter, by turning 
this stopcock, purified helium, bubbling through a 
sodium biphenyl solution, was admitted. The unit 
was again evacuated, the break-seal on ampoule Ai 
crushed, and its contents quantitatively transferred 
into ampoule A2. The whole unit was then repres
surized with helium, and the titrating solution was in
troduced into the buret of 10-cc. capacity. About 
10 cc. of the solution was introduced into reactor R, 
stirred magnetically, and eventually sucked out 
through stopcock T3. Thus, the residual moisture 
adsorbed on the walls of the reactor was purged. 
Next, 10 cc. of solution were introduced into the re
actor, and the potential was measured. I t  was found 
that in all the blank runs no potential difference was 
detected, indicating the absence of any polarization 
of the electrodes.

The second batch of sodium biphenyl solution was 
then sucked out, and one of the investigated solutions 
of the aromatic hydrocarbons was transferred into 
the reactor by crushing the appropriate break-seal. 
This was titrated by adding, under stirring, the so
dium biphenyl solution in 0.5- or 1-cc. increments. 
About 1 sec. after each addition, the potential, which 
became constant, was read, and its value was plotted

Figure 2. Potentiometric titration:
X, tetraphenylethylene; • ,  anthracene.

(6) J. Jagur, M. Levy, M. Feld, and M. Szwarc, Trans. Faraday Soc., 
58, 2168 (1962).
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Table I : Reduction Potentials“ for Aromatic Hydrocarbons in THP Solution at 25°. Titrated by Biphenyl-Sodium 
Biphenyl Mixture in Molar Ratio 5:1; Concentration of Sodium Biphenyl, 0.016 M

•Our reduction potentials—■—•----. .—■——■—■—Hoijtink’s reduction potentials6-
Aromatic hydrocarbon Expt. no. Ei, v. &, V. Ei, v. & ,v.

Biphenyl (0.0) (0.0)
Naphthalene 10 0.066 ±  0.02» 0.09
Triphenylene 5 0.113 ±  0.01 0.19
Phenanthrene 4 0.124 ±  0.005 0.17
Pyrene 4 0.505 ±  0.005 0.60
9,10-Dimethylanthracene 2 0.607 ±  0.005 0.34 ±  0.01
Anthracene 4 0.624 ±  0.005 0.33 ±  0.01 0.78 (in THF 0.74) 0.20 (in THF 0.40)
Perylene 3 0.917 ±  0.005 0.56 ±  0.01 1.09 0.46
Tetracene 3 1.025 ±  0.01 1.28 (in THF 1.28) 0.66 (in THF 0.82)

« To all the observed potentials 0.04 v. was added to correct for the standard potential corresponding to a 1:1 mixture of biphenyl- 
sodium biphenyl. 6 Hoijtink’s potentials were determined in dimethoxyethane solution and not in THP. He assumed also that the 
ratio biphenyl to sodium biphenyl is 1 :1. This seems to be erroneous. 0 Corrected for the equilibrium biphenyl-  +  naphthalene <=> 
biphenyl +  naphthalene- ; i.e., 80% more than 0.5 equivalent of B ~  has to be added to give N ~ / N  = 1.

against the volume of the added liquid. Such plots 
are shown in Figures 2 and 3.

After completion of the titration, the contents of 
the reactor were sucked out, and the next sample of 
the aromatic hydrocarbon was introduced and titrated. 
This arrangement has a twofold advantage. (1) 
Three different aromatic hydrocarbons could be ti
trated in duplicates without exposing the electrodes to 
the air. (2) The same solution of sodium biphenyl 
was used for all these titrations. I t  is believed, there
fore, that for such a series of experiments the dif
ferences in the reduction potentials should be very 
reliable. To ascertain the reliability of this setup, 
the experiments were staggered; viz., any investi
gated hydrocarbon was retitrated after the others 
were investigated.

Results
The reproducibility in each series of titrations was 

better than ±0.005 v., and on repetition of the whole 
experiment the measured voltages were reproduced 
within ±0.01 v. In  some experiments the duplicate 
titrations were performed with doubled concentrations 
of the investigated hydrocarbons—the results being 
unaltered by such a change of conditions.

The potential, measured at the stage of an experi
ment for which the ratio H y.H y ’■ =  1, is recorded 
in Table I  as the respective relative reduction potential, 
Ei, Hy and H iy  denoting the concentrations of the 
investigated hydrocarbon and of its radical anion, 
respectively. In  most titrations this stage is attained 
when the amount of the added biphenyl-*- is equal to 
one-half of the titrated hydrocarbon, and, as seen in 
Figures 2 and 3, the relevant point is the center of 
the plateau of the respective experimental titration

Cc

—7> volts
Figure 3. Potentiometrie titration: perylene.

curve. However, in titration of naphthalene a cor
rection is introduced to account for the equilibrium,7 
biphenyl^ +  naphthalene ^  naphthalene-*- +  
biphenyl .. .K . Let us denote by B~0 the amount 
of the biphenyl^ necessary to convert one-half of the, 
titrated naphthalene into naphthalene’-; by N ~ y, 
the amount of resulting naphthalene’-, and by / , 
the ratio B /B ^  in the original solution of biphenyl’-. 
Then (fB ~a +  N~i/2)/(-B~o — Y ~ i/2) = K; and there
fore 1 +  x = B~0/N ~ i/, =  (K  +  1 ) /(K  — /) , where x 
is the required excess of In  our titrations /  =  
5, and from the titration curves one calculates K  =
12.6 and x  =  0.8.

A further check for our data was provided by the 
titrations of some hydrocarbons with 1:1 solutions of

(7) Those corrections were not considered by Hoijtink.
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naphthalene^-naphthalene or pyrene^-pyrene. The 
relevant results are collected in Table II. To evaluate 
the titration of terphenylene and phenanthrene with 
naphthalene-" solution, it was again necessary to in
troduce the relevant corrections. For terphenylene, 
K  =  3 (a value derived from the spectrophotometric 
studies, see Table V), and since /  =  1, one finds x =
1.0. For phenanthrene, K  = 10 (derived from the 
data given in Table I), and therefore x = 0.6.

Table II : Keduction Potentials for the Aromatic 
Hydrocarbons in THP Solution at 25c

AEi from biphenyl “
Aromatic hydrocarbon Ei' v. titration, v.°

Titrated by 0.0082 N  solution of naphthalene“ ( N ~ /N  = 1:1) 
Triphenylene 0.062* 0.047
Phenanthrene 0.0756 0.058

Titrated by 0.0088 N  solution of pyrene“ (7r“/V = 1 :1 ) 
Anthracene 0.090 [ n 11 q

0.081)
9,10-Dimethylanthracene 0.075 | „

0.070 S' 0-102

“ A Ei is derived from Table I by subtracting E  of the hydro
carbon used in the standard solution (naphthalene or pyrene) 
from the E  of the titrated hydrocarbon. 6 Corrected for the 
equilibrium between the titrating ion and the formed ion. This 
means that a 100% excess of naphthalene“ solution has to be 
used in titrating terphenylene and 60% in titrating phenanthrene.

No corrections are necessary in evaluating the 
results of the titration of anthracene and dimethyl- 
anthracene by the solution of pyrene“

The agreement between the data given in Tables I 
and II  is fair. The titrations with the solution of naph
thalene"- led to reduction potentials for terphenylene 
and phenanthrene which are ~0.025 v. lower than 
those derived from the titrations with biphenyl"-. 
The titrations of anthracene and dimethylanthracene 
with the solution of pyrene"- yielded results 0.03 v. 
higher than the titration with biphenyl"-. Various 
factors may contribute to these small discrepancies, 
and in the following section some of them will be 
considered.

Some General Problems Concerned with the Potentio
metrie Titration of Aromatic Hydrocarbons. Most 
of the aromatic hydrocarbons may acquire either one 
electron, giving the respective radical anions, or two, 
being, thus, converted into dianions. Let us denote 
the relevant hydrocarbon by A and the products of its 
reduction by A"- and A-2. The reductions are repre
sented by the equations, A +  e ~Z. A"- . .  . EC  and 
A" +  e ~Z. A-2 .. .E 2°, where e denotes an electron and

EC  and E2° are the respective standard reduction po
tentials. Let us denote by x, y, and z the mole frac
tions of A, A% and A -“ 2 in an equilibrated mixture, and 
by g the ratio of the added electron donor to the total 
amount of the titrated hydrocarbon. Of course, 
x  +  y +  z — 1 , and, if the electron transfer is quanti
tative, then y +  2z =  g. The system is in equilibrium 
with respect to the disproportionation A +  A - 2  ^  
2 A"-. . .K,i, and therefore K d =  y 2/xz. Hence, 
y = {K d ±  [Aid2 -  K d(Kd -  4 )0 ( 2  -  g)]1/2} /(K d -  4), 
X =  1  -  y 2(g +  y), and 2  =  V2{g -  y).

For a large K d and g<& 1, y =  {1 — [1 — (1 — 4 /A d))- 
g(2  -  flO]V,} /( l  -  4/2sTd) «  g; therefore x  «  1  -  g 
and z «  0. For 2 — gr <5C 1 , y ~ 2 — g, a; ~  0, and z «  g. 
Of course, for g = 1 , y =  1 . These rather trivial results 
show that for a large K d, x /y  = 1 when g =  1/ 2, and 
y/z = 1 when g =  3/ 2. Hence, the potential measured 
at the stage of an experiment corresponding to g = 
V, gives Ei, and at g = 3/ 2 it gives E 2, E x being larger 
than E 2.

The situation may be less trivial when K d is very 
small. In  such a case y =  l/ 2{g(2 — g)Kd}1/2, and 
therefore it is always very small; hence, x  «  1  — 1/ 2g 
and z ~  V2g. Thus, for a very small K d, the potential 
Ei is attained toward the end of titration when x ~ 
1 -  y 2g is equal to y = 1/ 2{g(2 -  g)Kd}1/2; i.e., 
g — 2(1 +  K d) -1, and the potential E 2 is observed at 
the early stage of titration when z ~  1/ 2g is equal to 
V =  y*{0 ( 2  -  g)Kd}1/! or g =  2(1 +  l / K d)~ \  This 
means that Ei < E 2, an obvious consequence of the 
smallness of K d, and, as before, for g = 1 , the potential 
is given by 1/ 2(A’i +  E 2).

Electron Affinity of Tetraphenylethylene. The less 
common situation, when Ei < E 2, is exemplified by the 
behavior of tetraphenylethylene. The potentiometric 
titration curve of this hydrocarbon is seen in Figure 2 . 
For 0  =  1, the potential is 0.55 v.

The peculiarity of tetraphenylethylene was briefly 
discussed by Szwarc.8 Steric strain forces the phenyl 
groups in cis-stilbene and in tetraphenylethylene to 
take positions nearly perpendicular to the C = C  
plane. Hence, the first acquired electron is not stabil
ized by the resonance of a diphenylmethyl group, 
because of the unfavorable geometry of the molecule, 
and, consequently, the respective reduction potential 
is low. On acquiring the second electron, the molecules 
of tetraphenylethylene lose the rigidity imposed by the 
C = C  double bond, and the rotation around the C-C 
bond produces two planar P h-C -P h  groups, lying in 
mutually perpendicular planes. Both electrons now

(8) M. Szwarc, Proc. Roy. Soc. (London), A279, 260 (1964).
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enjoy the stability arising from the resonance of the 
respective diphenylmethyl groups, and this leads to a 
high value of E2. Thus, it is easier to transfer two 
electrons to tetraphenylethylene than one. A similar 
situation should be encountered in cfs-stilbene.

The Effect of Ionic Dissociation on the Results of 
Potentiometric Titrations. In his treatment of poten- 
tiometric titration of aromatic hydrocarbons, Hoijtink 
implicitly assumed9 that the reduction products, 
hydrocarbon’7' or hydrocarbon-2, are present in the 
titrated solution as free ions. This certainly is not the 
case in a tetrahydrofuran solution, and probably also 
not in dimethoxyethane. Therefore, it is desirable to 
discuss the effect of incomplete dissociation of ion pairs 
on the results of potentiometric titration.

Let us denote by B r  and At~  the concentrations of 
the free ions derived from the salts of the relevant 
radical ions: biphenyl- ,N a+ and aromatic- ,Na+; 
by B~  and A -  we denote the concentrations of the re
spective ion pairs, and by K b and K a, their dissociation 
constants. The potential between the solution and the 
electrode is therefore E b ' =  E 0,B +  0.06 log B / B r  =  
B 0, b  +  0.06 log B /B -  +  0.03 log B -  -  0.03 log K b 
with a similar expression for E ff ■ Hence, the correct 
relative reduction potential, Ei*, is given by the equa
tion Ei* = Ei -  0.03 log (K b/K a) -  0.03 log (A- /  
B - ), where Ei is the measured potential given in Table 
I, and B -  and A-  denote the total concentrations of 
the respective radical ions in the standard diphenyH 
solution and in the titrated solution at the half-point 
of titration. The ratio A - /B ~  is usually 0.5. The 
dissociation constants of various radical ion salts will 
be reported later; they were found to be of the order of 
10-6 M  and do not differ by more than a factor of 10 
or 20. Therefore, the corrections arising from the in
complete dissociation of ion pairs into free ions are 
never greater than 0.05 v. and frequently are substan
tially smaller. This conclusion is confirmed by the 
results given in Tables II and III. These corrections 
may be larger for E 2.

The second reduction potential, B2, is measured 
when one-half of the titrated hydrocarbon is in the form 
A-2,2Na+, the remaining being A- ,Na+. Let us denote 
by E 0i A-,Na+ the standard reduction potential for the 
process A- ,N a+ +  e fZ A-2,N a + .. .B0,A-.Na+) 
and by E i  the potential between the electrode and the 
solution when the measured value is read. Hence, 
Et = AojA-Na+ +  0.06 log {A~,Na+/A-2,N a+}. 
Denoting by K 2 the dissociation constant of A-2,2Na+

A-2,N a+ +  Na+, we find E i  =  E 0,A-,Na+ +  0.03 
log (C /2K 2), where C is the total concentration of the 
hydrocarbon in all its forms. This derivation im
plicitly assumes K 2 > K h where K\ is the dissocia-

Table III

I n v e s t i g a t e d  p a i r 0

(1) Tetracene)
(2) Perylene j
(1) Triphenylene )
(2) Naphthalene j
(1) Anthracene)
(2) Pyrene )
(1) 9,10-Dimethylanthracene
(2) Pyrene

Equi-
l i b r i u m A E  = A E  ~  E \ — E  2

c o n s t a n t  ( I 2 T /2 3 0 0 0 ) H o i j 
i d I n  K O u r s t i n k

52 0.102 0.108 0.19

3 0.029 0.047 0.10

111 0.125 OAIO* 0.18

91 0.117 0.102

“ Using Hoijtink’s half-wave potentials, we obtain values for 
AE  of the first pair 0.09 v., for the second 0.12 v., and for the 
third 0.12 v. The first and the last values agree with our re
duction potentials; the middle one agrees with Hoijtink’s 
potentials. 6 K  = [aromatic- ] [aromatica]/[aromatica- ] [aro
matici], c The reduction potential of anthracene is 0.03 v. 
lower than that given in ref. 3. This change results from the 
contribution of two more experiments.

tion constant of A- ,Na+ H  A-  +  Na+. The potential 
E i established for the 1:1 mixture of A and A- ,N a+ 
is given by E i  =  A’o a +  0.03 log (C/2Kf). The cor
rect difference, AE*, is E 0 A — B 0 , A - , N a +  = AE* = 
E i  -  E i  +  0.03 log (Ki/K f). Since AE = Ei -  
Ei derived from Table I  is identical with E i  — E i ,  
AE* = AE +  0.03 log (K i/K f). The disproportiona
tion equilibrium constant, K a, of the process A +  
A-2,2Na+ ^  2A- ,N a+ is given by the relation 
0.06 log K a = E q,a ~~ A'oiA-,Na+ +  0.06 log (Ki/K f), 
and therefore 0.06 log Kd = Ei — E 2 +  0.03 log (K2/  
Kf). Again, the correction in calculating K a is not 
too large—probably less than 0.02 v.—and therefore 
Ei — Ei gives a good estimate of K a.

Studies of Equilibria Aromatic^ +  Aromatici Ü  
Aromatici +  Arom atici. A system suitable for equi
librium study should fulfill two conditions. (1) The 
difference in the respective reduction potentials should 
not exceed about 0.15 v., and (2) the spectra of the re
spective anions must not overlap too closely. The 
latter condition is obvious if a spectrophotometric 
technique is used in the study. The former condition 
implies that the relevant equilibrium constant should 
not exceed -—-250; otherwise, an enormous excess of 
one of the hydrocarbons has to be used in order to de
termine reliably the concentration of the respective 
radical ions. This leads to technical difficulties and

(9) The derivation given in Hoijtink’s paper (ref. 1) treats the re
duced species as free ions and not ion pairs. However, Hoijtink 
pointed out in later papers (e.g., A. C. Aten, J. Dieleman, and G. J. 
Hoijtink, Discussions Faraday Soc., 29, 185 (I960)) that the aromatic 
radical ions are present in THF mainly as ion pairs.

The Journal of Physical Chemistry



E l e c t r o n  A f f i n i t i e s  o f  A r o m a t i c  H y d r o c a r b o n s  i n  T e t r a h y d r o f t j r a n 633

introduces substantial experimental errors see, e.g., 
ref. 2. Moreover, for such a pair, the observed spec
trum may be complicated by the presence of the re
spective dianon and indeed this difficulty accounts for 
some strange results given in ref. 2.

Keeping in mind these restrictions, we decided to 
choose the following four pairs for our study: tetracene- 
perylene, triphenylene-naphthalene, pyrene-anthra
cene, and pyrene-9,10-dimethylanthracene. The equi
librium constants for the last two pairs were already 
reported in a previous communication from this labora
tory,8 and, therefore, for these systems only the final 
results are given in Table III.

Spectrophotometric techniques require accurate 
knowledge of the relevant extinction coefficients. 
In  preparation of a radical ion solution one may unin
tentionally destroy a fraction of the investigated ions, 
and then the calculated results are too low. There
fore, special precautions were taken in order to remove 
traces of water and other impurities from the solvent, 
from the investigated hydrocarbons, and from the walls 
of the reactors. Furthermore, we facilitated our 
task by working with relatively concentrated solutions, 
prepared in batches of about 100 ml., and by using an 
optical cell having a path of abom 1CH2 cm.

I t  is assumed that under these conditions the con
version of the aromatic hydrocarbon to the respective 
radical ions or dianions is quantitative. This was 
checked by titrating the resulting alkali solution, 
and in only two cases was the conversion found to 
deviate from 100%. In  biphenyl solution (total 
B =  0.1 M ) only 16-17% of biphenyl is converted 
into sodium biphenyl, indicating that the standard 
reduction potential of biphenyl in TH F is 0.04 v. lower 
than that of metallic sodium with respect to Na+ ions 
present in this solution.10 In  the case of naphthalene 
the conversion seems to be 98-99%; the correction is 
therefore negligible. Notice that 99% conversion 
corresponds to a standard reduction potential of 0.078 
v. for naphthalene with respect to biphenyl (assuming 
comparable concentrations of N a+ in both solutions).

To test further the reliability of our extinction co
efficients, the following method was developed. A 
standard solution of dry stearic acid was prepared in 
rigorously dried THF. Known aliquots (about 10 
ml. each) of this solution were enclosed in ampoules 
equipped with a break-seal, and then such an ampoule 
was sealed to a flask linked to an optical cell con
taining a spacer. About 100 ml. of solution of the in
vestigated radical ions was introduced into the flask 
and its optical density was determined. Thereafter, 
the breakseal was crushed, and the stearic acid solu
tion was thoroughly mixed with the contents of the

flask. Its  amount was chosen to be sufficient to 
destroy 0.5-0.75 of the radical ions. The optical density 
was then redetermined, and, thus, the extinction co
efficient of the investigated radical ions was calculated. 
For solutions of sodium naphthalene, anthracene, 
pyrene, tetracene, and terphenylene, extinction co
efficients determined in this way agreed with those 
based on a direct titration. The values needed in the 
studies of equilibria are given in Table IV, the re
spective spectra being shown in Figures 4 and 5.

Such a determination still may be slightly in error if 
a trace of moisture is present in the standard stearic

Table IV : Extinction Coefficients of Aromatic
Radical Ions“

€, decimal e, decimal
Radical ion X, m/x scale X, mn scale

Naphthalene-  Xmax (820) 2,460 X(410) 3,600
Terphenylene-  X (820) 550 Xmax (410) 13,200
Tetracene-  Xmox (711) 14,500 X(577) 1,500
Perylene-  Xmin (711) 3,000 Xma* (577) 59,000

“ Counterion, Na+; solvent, THE at 25°. These wave
lengths were used in the spectrophotometric analysis.

I 6 = 5 9 ,5 0 0

(10) The concentration of free N a+ can be determined if the dissocia
tion constant of N a+,biphenyl” into free ions is known. In his 
paper (ref. 1) Hoijtink assumes a 100% dissociation of sodium bi- 
phenyl in dimethoxyethane.
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Figure 5.

acid solution. However, if all the extinction coefficients 
are determined in this way, such an error, if any, does 
not affect the equilibrium constant of the electron- 
transfer reaction. The method may fail if the re
sulting dihydro derivative reacts with the radical ions, 
and, in fact, this seems to happen in the perylene sys
tem. The absence of such disturbing reactions may be 
ascertained by scanning the visible spectrum of the 
radical ions before and after killing and ascertaining 
that no new peaks appear.

The extinction coefficients determined in this work 
are higher than those determined by Hoijtink.11 In 
most cases the increase amounts to 10 or 20% only, 
although for sodium biphenyl our value is three times

higher than that derived from Hoijtink’s paper. In 
recent papers of Hoijtink, the results were improved 
and the excellent agreement between data of our and 
his group is seen in Table Y. The extinction coef
ficients reported by Paul, Lipkin, and Weissman2 are 
usually even lower than those of Hoijtink, indicating 
more extensive “killing” of the radical ions.

Table V

'  Vaxi mp------ s <•---- —e (decimal)------ s
This work Hoijtink This work Hoijtink Ref.

Biphenyl 400 400 40,000 36,000 a
Naphthalene 820 821 2,460 3,170 b
Anthracene 720 725 10,000 9,650 b
Pyrene 491 483 49,500 51,500 b
Perylene 577 574 59,000 58,900 b
Tetracene 711 711 14,500 11,300 b
Terphenylene 410 406 13,200 14,300 c

“ K . H. J. Buschow, J. Dieleman, and G. J. H oijtink, Mol. 
Phys., 7, 1 (1963). b G. J. H oijtink and P. J. Zandstra, ibid., 3, 
371 (1960). 0 G. J. Hoijtink, ibid., 2, 85 (1959). N otice th a t 
our values were determined in T H F  solution a t 25°. H oijtink’s 
da ta  were determined in m ethyl T H F  a t —180° (ref. 6). D ata  
of ref. a are given for L i+ a t  77 °K. The agreem ent is more 
remarkable since the spectra refer to  different tem peratures. 
Our work indicates th a t the tem perature (25° down to —80°) 
has hardly any effect on the value of e or the shape of the curve. 
We were informed by Prof. H oijtink th a t some numerical error 
vitiated the extinction coefficients given in the recent paper of 
K . H . J. Buschow and G. J. H oijtink, J . Chem. Phys., 40, 2501 
(1964).

The equilibria were investigated in all glass equip
ment, containing break-seals instead of stopcocks. 
Two optical cells with spacers were sealed to the 
unit to allow the determination of the optical density 
for each component solution. All the preparations 
were carried out on a high-vacuum line, and the unit 
was flamed while pumped out and then sealed off the 
line.

The equilibrium was established within less than 1 
sec.,3 and the mixture was well shaken before its ab
sorption spectrum was recorded. All the pertinent 
data are given in Table VI, and the absence of any side 
reactions is indicated by the good balances of the prod
ucts (see Table VI).

Discussion
The average values of the equilibrium constants de

termined in the present study, as well as those taken 
from ref. 3, are collected in Table III . The third

(11) P. Balk, S. De Bruijn, and G. J. Hoijtink, Ree. trav. chim., 76, 
907 (1957).
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Table VI“

perylene" +  tetracene <=2 perylene +  tetracene"
K  = [Pe][Tr-]/[Pe-][Tr]

[Ps-]o [Pe]o [Tr-]o [Tr], [Pe-]e [Tr~]e [TrU  K

3.0 139 0.0 2.8 1.8 1.1 1.6 53.6
Cheeks: 20" = 3.0, 2e" = 2.9; 20Tr = 2.8, 2eTr = 2.7

19.7 73.5 0.0 11.0 10.7 9.3 1.5 48.0
Checks: 20" = 19.7, 2e~ = 20.0; 20Tr = 11.0, 2eTr = 10.8

2.4 129 0.0 4.0 1.1 1.1 2.7 48.2
Checks: 20" = 2.4, 2e~ = 2.2; 20Tr = 4.0, 2eTr = 3.8 

0.0 234 3.5 +  2.5[Tr"2] 0.0 5.1 3.4 2.6 58.9
Checks: 2<T = 8.5, 2 .“ = 8.5; 20Tr = 6.0, 2eTr = 6.0

naphthalene" +  terphenylene yi naphthalene +  terphenylene" 
K  = [N][T-]/[N-][T]

[N-]o [N]o [T-]o [T]o [N -]0 [T-]„ K

0.0 1600 160 0.0 121 34 3.3
Check: 20" = 160, 2 .“ = 155

0.0 154 29.2 0.0 19.5 8.5 2.8
Check: 20~ = 29.2, 2e-  = 28.0

160 430 0 138 99 55 3.3
Check: 20" = 160, 2e-  = 154

0.0 970 97 0.0 77 19 2.8
Check: 20"- = 97, 2 ," = 96

“ All the concentrations given in M  X 10~4. err = 8.2 X 103, 
£Tr - = 103; epe- = 103, epe = 22. i Concentration of tetracene 
determined from the optical density at 472 mju.

column of this table lists the differences in reduction 
potentials of the respective hydrocarbons calculated 
from the equilibrium constants. The directly deter
mined differences of the reduction potentials, with re
spect to biphenyU-biphenyl, are given in the next 
column, and in the last we give the AE  values cal
culated from Hoijtink’s data.12

The agreement between the two methods used in 
our studies is remarkably good. Hoijtink’s data are 
in each case substantially higher, and not only his re
duction potentials (see Table I) but also their differ

ences are larger than ours. However, the order of elec
tron affinities remains the same in both studies, tri- 
phenyl ene—phenanthrene being the only exception. 
These two hydrocarbons have nearly identical electron 
affinities, and therefore the change of order for this 
pair is insignificant.

Conclusions
The spectrophotometric method of determining the 

relative reduction potentials of aromatic hydrocarbons 
(=  relative electron affinities in THF) is more direct 
and free of the complications encountered in poten- 
tiometric titrations. On the other hand, it is experi
mentally limited since only hydrocarbons having 
similar electron affinities may be compared. To span 
hydrocarbons of greatly different electron affinities, 
one has to investigate a sequence of intermediate 
equilibria, and this would lead to a substantial accumu
lation of errors. A direct comparison is most difficult 
and would lead to unreliable results, as shown, e.g., 
in ref. 2 (the results of the equilibrium study between 
anthracene'’" and naphthalene).

The potentiometric technique is most reliable when 
the differences in electron affinities are large since the 
corrections are then relatively small. I t  is most useful 
in determining the sequence of electron affinities of a 
large series of electron acceptors and this was achieved 
by Hoijtink.
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(12) Hoijtink’s titrations usually were carried out in dimethoxy- 
ethane. However, judging from a few of his experiments performed 
in THF, this change of solvent has only a small effect on the ¿±E 
values.
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The Conformation of the Pyranose Rings in Mono-, Di-, and 

Polysaccharides at High pH by Proton Magnetic Resonance Studies

by V. S. R. Rao and Joseph F. Foster

Department of Chemistry, Purdue University, Lafayette, Indiana (Received October 12, 1964)

Starch and amylose as well as many model sugars and sugar derivatives show pronounced 
alterations of their specific optical rotation on passing from neutral to alkaline solution. 
In the past, these effects have been attributed to modifications in ring conformation re
sulting from ionization of hydroxyl groups. By means of n.m.r. it is shown that the d - 
glucopyranose ring in all compounds examined exists in the C l conformation in alkaline 
as well as in neutral aqueous solution. The changes in optical rotation of the free sugars 
D-glucopyranose and D-maltose are due to a shift of the anomeric equilibrium toward the 
/3-form in alkali. The changes in rotation of methyl-/3-maltoside and amylose are probably 
due to an increase in rotational freedom about the a-l,4-glucosidic bond in alkaline solu
tion, although the possibility of some contribution from a helix-coil transition in the case 
of amylose cannot be ruled out. The n.m.r. spectra of methyl /3-L-arabinopyranoside in 
neutral and alkaline solution are virtually identical. The known change in specific rota
tion in this case must be due to slight distortions in the ring caused by ionization of the 
axial hydroxyl group.

Optical rotation studies have played an important 
role in conformational studies of carbohydrates. 
Reeves and Blouin1 studied a number of methylglyco- 
sides and observed that in some cases the specific 
optical rotation is lower in alkaline than in neutral 
solution. I t  was observed further that these “alkali- 
sensitive” glycosides have hydroxyl groups which would 
be in axial orientation in the assumed most stable Cl 
conformation. These changes in rotation in alkaline 
media were explained by assuming that axial ring hy
droxyl groups have a tendency to assume an equatorial 
orientation on ionization. However, it was also noticed 
that some of the glycosides1 having axial hydroxyl 
groups in the C l conformation are alkali stable. In 
the case of di- and polysaccharides, the situation is more 
complex. Changes in optical rotation in alkaline 
media were observed for methyl /3-maltoside,2 3 sucrose,1 
and to a pronounced extent for amylose.2 The glu
cose units in these compounds would not possess any 
axial hydroxyl groups in the C l conformation. Hence, 
Reeves2 proposed that some of the glucopyranose rings 
of both amylose and maltose exist in the B1 conforma
tion (one axial OH) in neutral solution and shift to the

3B conformation on ionization of hydroxyl groups. 
On the other hand, Hollo, et al.,z have observed a 
marked decrease in rotation in alkaline solutions for 
D-glucose and maltose as well as amylose and suggested 
that the changes in rotation are caused by a shift from 
the C l to 3B conformation of the pyranose rings. 
The present authors4 earlier presented evidence that 
the D-glucopyranose units in these sugars exist exclu
sively in the C l conformation in neutral solution. The 
specific explanation presented by Reeves is thus ruled 
out, but the transformation from Cl to 3B suggested 
by Hollo, et al., remains a possibility. We have been 
most interested in this possibility in view of their sug
gestion that the C l conformation would result in a 
natural tendency for amylose to exist in a helical con
figuration while the 3B conformation should lead to 
a flexible coil. Upon raising the pH of amylose solu-

(1) R. E. Reeves and F. A. Blouin, J. Am. Chem. Soc., 79, 2261 
(1957).
(2) R. E. Reeves, ibid., 76, 4595 (1954).
(3) J. Hollo, J. Szejtli, and M. Toth, Staerke, 13, 222 (1961).
(4) V. S. R. Rao and J. F. Foster, J . Phys. Chem., 67, 951 (1963).
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Table I : Summary of N.m.r. D ata

Sample

M ethyl a-D-glucopyranoside

M ethyl /5-D-glucopyranoside

M ethyl jS-L-arabinopyranoside 

»-Glucose

Sucrose

D-Maltose

Amylose

Coupling
const., .------------------------------------- Chemical shifts, t-values*
«/H1H2, '---- Anomeric protons----

Solvent C.p.8. Hie Hl a

jD 20 0 .  . 5 .2
( 1 IV KOD 2.6 5.14
JD 20 7 .7 5.54
(1 iV K OD 7.4 5 .6
| d 2o 1.7 5.12
(2 N  KOD 2 .0 5.12 ,.
D 20 3 .0 4 .7

7 .0 5.3
1 .5  N  KOD

6.7
4 .62 (small)

5 .2
D 20 3 .0 4.52
2 N  KOD 3.1 4.52
D 20 3 .0 4.75

8 .0 5.3
2 .8 4.58

2 N  KOD 7.2 5.2
2 .4 4.78

2 N  KOD 4 .7

Methyl
Other protons protons

6.18 6.37 6.55
6.13 6.36 6.50
6.13 6.58 6.43
6.13 6.56 6.36
5.95 6.12 6.22 6.54
5.95 6.12 6.20 6.50
6 .14 6.37 6.52

6.12 6.55
5.75 5 .9 6.1 6.15 6.25 6.35
6.0 6.15 6.25 6 .3 6 .4

6.13 6.32

6.14 6.38

6.10 6.30

tions, alterations in various hydrodynamic properties 
occur which can best be rationalized on the basis of a 
helix-coil transformation.5

In the present work, it is shown by means of n.m.r. 
that the C l conformation in D-glucose and simple 
glucosides as well as in maltose and higher saccharides 
is stable toward alkali and that various structural 
modifications must be invoked to account for the 
changes in optical rotation in the various cases.

Experimental
The n.m.r. spectra were obtained on a precalibrated 

chart paper with a Yarian A -60 proton magnetic reso
nance spectrometer. The position of r  10 on this paper 
was checked with an external reference (tetramethyl- 
silane in carbon tetrachloride). The impure water 
peak of D20  in simple D20-sugar solutions was found 
to appear a t r  5.2. Optical rotation measurements 
were made with a Rudolph Model 220-80 spectro- 
polarimeter equipped with a mercury-xenon source 
and rocking polarizer.

The methyl a-D-glucoside and methyl /3-D-glucoside 
were kindly provided by Dr. N. K. Richtmeyer of the 
National Institutes of Health. The corn amylose was 
prepared by butanol fractionation of acid-modified 
corn starch and was kindly supplied by Dr. T. J. 
Schoch of the Corn Products Refining Co. The p- 
methyl L-arabinoside (“C” grade) was obtained from 
the California Corporation for Biochemical Research 
and was recrystallized once from 95% ethanol. The 
other chemicals employed were C.p . grade.

Results and Discussion
The n.m.r. data are summarized in Table I. In 

Table II  are given differences in specific rotation be
tween values measured in neutral and in alkaline solu
tion. Reeves and Blouin1 have classified the methyl- 
D-glucosides as “alkali stable” and methyl /3-L-arabino- 
side as “alkali sensitive” by optical rotation studies. 
From Table I it is evident tha t the coupling constant 
7h,h, indicates the protons a t Ci and C2 of methyl 
a-D-glucoside to be in axial-equatorial orientation.

Table I I :  Difierence in Specific R otation [a]D or 
[a ] 436 in N eutral Solution and in 1 IV NaOH or KOH

Compound Difference

Methyl a-D-glucoside 0.0
Methyl 0-D-glucoside -1 .7
Methyl /3-L-arabinoside 10.0
D-Glucose 27.0“
D-Xylose 18.3»
D-Ribose 13.0“
D-Mannose - 9 . 8 “
D-Lyxose - 8 . 9 “
Sucrose 7 .8
Maltose 42.5“
Methyl /3-maltoside 15.0
Amylose 40.0

“ The difference in specific rotation a t  436 myu.

(5) V. S. R. Rao and J. F. Foster, Biopolymers, 1, 527 (1963).
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Similarly, the values of the coupling constants, 7.7 
and 7.4 c.p.s., indicate that the protons a t Cj and C2 
of methyl /3-D-glucoside are in axial-axial orientation, 
both in D20  and in strong alkaline media. These 
results are consistent with the C l conformation and 
in agreement with Reeves’ interpretation that a- and 
/3-methyl D-glucosides exist in the same conformation 
in both the solvents,1’6 7 i.e., Cl.

Reeves and Blouin1 observed a decrease in optical 
rotation, [a]D , of about 10° for methyl /3-L-arabinoside 
in 1 N  NaOH as compared to neutral solution. These 
results were explained by assuming a shift in the ring 
conformation from C l to B2. I t  is clear from Table I 
that the values of the chemical shifts are virtually the 
same in both the solvents, indicating no significant 
change in the ring conformation. The slight change in 
the coupling constant J HiH2 is not significant enough 
to suggest any change in ring conformation. If there 
were any major changes in ring conformation, drastic 
changes in n.m.r. spectra would be expected. The 
values of the coupling constants </h.h2, 1-7 and 2.0 
c.p.s., indicate that the protons a t Ci and C2 are in 
equatorial-axial orientation and are consistent with 
the C l conformation. These results are in disagree
ment with Reeves’ suggestion. Methyl /3-L-arabino
side has the C4 hydroxyl group in axial orientation in 
the C l conformation. Since the hydroxyl probably 
requires greater space on ionization (see below), 
the C4 hydroxyl would come closer to the axial protons 
on the same side of the ring and thereby might cause 
a slight distortion in the ring. Such a small distortion 
might explain the observed changes in optical rotation 
and might not be detectable in the n.m.r. spectrum.

The optical rotations measured at different pH 
values for D-glucose are shown in Figure 1. Similar to 
amylose, D-glucose also shows a decrease in rotation 
above approximately pH 10.5.

The n.m.r. spectra of D-glucose in D20  and in 1.5 N  
KOD solutions are shown in Figure 2. Significant 
changes in the spectra are noticeable. In  alkaline solu
tion (curve II) the peak at r  4.7, which has been as
signed to the anomeric proton of a-D-glucose, is nearly 
absent. The peak at r  6.37/ which has been attributed 
to the ring protons of a-glucose, is also missing. The 
coupling constant obtained from the peak splitting of 
the anomeric proton is virtually the same as that ob
tained for /3-D-glucose (6.7 and 7.0 c.p.s.). In  all re
spects this spectrum is similar to that of /?-D-glucose in 
D20. This means that a t high alkaline concentra
tions the equilibrium mixture of a-/3-anomers of d-  
glucose shifts toward the /3-anomer. Even in neutral 
solution the /3-anomer of D-glucose predominates at 
equilibrium; presumably, it has all hydroxyls in equa-

Figure 1. Dependence of specific optical rotation 
at 436 on pH: O, D-glucose; □ , maltose.

r Values
Figure 2. N.m.r. spectra of D-glucose:
I, in DjO; II, in 1.5 N  KOD.

torial positions.8 The charged RO group would be 
more strongly solvated and have a greater effective 
volume than the neutral ROH groups. Hence, under 
ionizing conditions, there would be an enhanced de- 
stabilization of the a-form relative to the /3-anomer. 
I t  appears certain that the observed decrease of the ro
tation of D-glucose with increasing pH above 10.5 is 
not due to a change in ring conformation but rather

(6) R. E. Reeves, J . Am. Chem. Soc., 71, 215 (1949).
(7) R. W. Lenz and J. P. Heeschen, J . Polymer Sci., 51, 247 (1961).
(8) R. E. Reeves, J. Am. Chem. Soc., 72, 1499 (1950).
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to a shift in the equilibrium mixture toward the ¡3- 
anomer.

Changes in optical rotation similar to that of d - 
glucose are observed for D-xylose and D-ribose. On 
the contrary, for D-mannose and D-lyxose it is observed 
that the specific rotation remains constant up to pH
10.5, but increases with further increase in pH. N.m.r. 
spectra on these latter two sugars, while of relatively 
poor quality, did show that the a-anomer increases 
in the equilibrium mixture in 1.5 N  KOD solutions. 
I t  is known that the acetylated sugars of D-mannose and 
D-lyxose exist in the C l conformation in neutral solu
tion.9 In this conformation for /3-D_mannose and ¡3- 
D-lyxose, the oxygen atoms at Cx, C2, and the ring 
oxygen come very close, which causes a particular in
stability. Hence, under ionizing conditions, even 
though the a-anomers of these compounds have one 
hydroxyl group more in axial orientation than the cor
responding d-anomers, the equilibrium shifts toward 
the a-form. This further indicates that the rule that the 
anomer having more hydroxyl groups in the equatorial 
position will predominate in the equilibrium mixture is 
not completely general.

Sucrose is also found to exhibit a decrease in specific 
rotation [« ]d  of about 10° in 1 A" NaOH. I t  is known 
that the glucopyranose unit in sucrose exists in the 
C l conformation in the crystalline state.10 Since it 
has all the hydroxyl groups in equatorial positions, 
there is no reason to expect that the observed changes 
in rotation are due to changes in ring conformation from 
Cl to some boat form. The n.m.r. data for sucrose 
are given in Table I. The peak at 4.5 is attributed to 
the anomeric proton of ihe glucopyranose unit. The 
value of the coupling constant Jn,na 3.0 c.p.s., ob
tained from the splitting of this peak, indicates the 
protons at Ci and C2 of the glucopyranose unit to be in 
equatorial-axial orientation, which is consistent with 
the C l conformation. Minor changes in the n.m.r. 
spectrum a t high field have been observed in alkaline 
media. In  the absence of a complete analysis of the 
spectrum it is difficult to interpret such changes. 
However, the position and the magnitude of the di
hedral splitting of the peak due to the anomeric pro
ton of the glucopyranose unit are the same in both 
D20  and in 1.5 N  KOD, indicating that no change has 
taken place in the conformation of this unit. The 
possibility of some alteration in the conformation of 
the fructose ring cannot be ruled cut.

Maltose also exhibits changes in specific rotation simi
lar to D-glucose and amylose with increasing pH. 
In  the spectrum of maltose in alkali (Table I) only two 
peaks corresponding to anomeric protons are observed, 
at r  4.8 and 5.2, as compared to three, a t t 4.6,4.7, and

5.3, in neutral solution. The peaks a t t 4.7 and 5.3 
have been attributed4 to the anomeric proton of the 
reducing unit and the peak at r  4.6 to the anomeric 
proton of the nonreducing unit. In  alkali, the peak 
at r  5.2 is enhanced in intensity, and the peak at r  4.7 
is missing, indicating that the reducing unit of maltose 
exists as the /3-anomer, similar to the case of D-glucose. 
This is in agreement with the optical rotation data, 
since the value of [a]«6 for D-maltose at pH 13.7 is 
about the same as that of d-maltose in neutral solution. 
The peak at r  4.8 undoubtedly is due to the anomeric 
proton of the nonreducing unit of maltose and is slightly 
shifted to the high-held side. Such a change is not 
observed in the position of the anomeric proton of the 
glucopyranose unit of sucrose. This might be due to 
the fact that when glucose units are connected through 
an «-1,4 linkage, space conflict restricts somewhat 
the rotation about glucosidic bonds connecting the 
units. Such a steric hindrance to freedom of rotation 
might change on ionization of hydroxyls, which in turn 
might affect the shielding of the anomeric proton, 
causing a change in the chemical shift. The value of 
the coupling constant ThiH2 obtained from the peak 
splitting of the anomeric proton of the nonreducing 
unit is 2.4 c.p.s. This indicates that the protons on 
C i  and C 2 carbons of the nonreducing unit of maltose 
are in equatorial-axial or equatorial-equatorial orien
tation. The 3B conformation would demand an axial- 
axial orientation of these two protons with an expected 
coupling constant J h,h2 of about 6-9 c.p.s. Some 
changes in the nature of the spectra would also be 
expected in the region r  6-6.5, since the CH2OH group 
would be in axial orientation in the 3B conformation. 
The magnitude of the coupling constant, the position 
of the peak due to the anomeric proton of the nonre
ducing unit of maltose, and the pattern of the spectra 
in the region r  6-6.5 all indicate tha t the conformation 
of the nonreducing unit of maltose in alkali is the same 
as that in neutral solution,4 namely Cl. Moreover, 
if the nonreducing unit of maltose is in the C l confor
mation in neutral solution, there is no reason for the 
ring to change its conformation in alkali, since it does 
not have any axial hydroxyls to cause further insta
bility on ionization. The present results show that 
the change in rotation with pH above 10.5 is due pri
marily to a shift in the a-(3 equilibrium toward the 
/J-anomer. There may be a small additional contri
bution from an alteration of the geometry of the a-1,4- 
glucosidic bond, possibly an increase in rotational

(9) R. II. Lemieux, R. K. Kullnig, H. J. Bernstein, and W. G. 
Schneider, J. Am. Chem. Soc., 79, 1005 (1957).
(10) C. A. Beevers and W. Cochran, Nature, 157, 872 (1946).
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freedom. Probably this is the major contributing 
factor in the case of methyl-/3-D-maltoside where the 
decrease is much smaller (15°).

Because of the poor solubility of amylose in D20 , 
it has not been possible to obtain good n.m.r. spectra 
in neutral solution. Low molecular weight amylose 
was dissolved in 2 N  KOD solution. The n.m.r. 
data obtained on such solutions are shown in Table I. 
The peaks are broad because of the high polymeric 
nature of the compound. The nature of the spectra 
and the approximate positions of these peaks are in 
agreement with those of a-D-glucose. The single peak 
on the low-field side (r 4.7) also indicates that the gluco- 
pyranose units exist in a single conformation. The 
data are consistent with the X-ray result that all the 
glucopyranose units in alkali amylose exist in the single 
conformation, C l.11 This result, together with the 
known alkali stability of the methyl glucosides, virtu
ally eliminates the possibility that the decrease in 
specific rotation of amylose in alkali is due to any al
teration in ring conformation. In  this case, the decrease 
must result from a change in the polymer configura

tion, for example a helix-coil transition, or possibly 
from an increase of rotational freedom about the glyco- 
sidic linkages. In  this connection it is of interest that 
the observed decrease in specific rotation of methyl
i3-maltoside in alkali (15.0°) leads to the prediction of 
a change of 33° for an infinitely long amylose polymer 
assuming the effect to be due to a change in rotational 
freedom and to be the same in all a-l,4-glucosidic 
bonds. In other words, the observed change of 40° 
in the case of amylose can be almost completely ac
counted for on this basis without the need of invoking 
special effects in the polymer such as a helix-coil tran
sition.

Acknowledgments. The authors wish to express their 
appreciation to the Com Industries Research Founda
tion for financial support of this work, and to Drs.
T. J. Schoch and N. K. Richtmeyer for furnishing some 
of the carbohydrate samples.

(11) F. R. Senti and L. P. Witnauer, Am. Chem. Soc., 70, 1438 
(1948).
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Dye-Sensitized Photopolymerization Processes.la I.

The Thionine-Nitrilotripropionamide-Acrylamide SystemlB

by S. Chaberek, A. Shepp, and R. J. Allen

Technical Operations Research, Burlington, Massachusetts (Received September 12, 1964)

A reinvestigation of the anaerobic, thionine-sensitized photopolymerization of acrylamide 
reported earlier showed tha t this is indeed an amine-activated process, in which traces of 
nitrilotripropionamide present in the monomer served as the weak reducing agent. Ex
perimental data on the rates of dye fading and of polymerization are in accord with a reac
tion mechanism in which the polymerization-initiating free radical is semithionine. Quan
tum yields of polymerization as high as 0 . 1 2  polymer molecules/photon were obtained.

Introduction
In 1962 we reported the thionine-sensitized photo

polymerization of acrylamide1 2 3 by a process differing 
from th a t described by Oster and co-workers3 4 in two 
respects; namely, neither oxygen nor weak reducing 
agents such as tertiary amines and amino acids were re
quired for polymer formation. On the basis of data 
available at tha t time, we postulated a reaction mech
anism in which the polymerization-initiating free radi
cal was semithionine and possibly hydroxyl radical 
formed by an oxidation-reduction reaction between the 
light-excited dye and hydroxyl ion. Further work on 
this system, as part of a general program to develop 
rapid, dye-sensitized photopolymerization processes for 
photographic purposes, showed tha t our conclusions 
were untenable. The acrylamide used in the prior 
investigation contained traces of nitrilotripropionamide 
in amounts insufficient to be detected by elemental 
analysis but sufficient to function as a weak reducing 
agent for the light-excited dye to cause dye bleaching 
and polymerization. Our system, therefore, is an 
amine-activated one, similar in some respects to those 
described by Oster and co-workers3a 4 but different in 
tha t oxygen is not required for the process. However, 
since its quantum  efficiency for polymerization was the 
highest reported to date, we considered it desirable to 
reinvestigate its reaction mechanism. The results of 
this study are summarized in this paper.

Experimental
The acrylamide used in this investigation was a pure 

sample obtained from the American Cyanamid Co.

Preliminary screening of this sample for anaerobic, 
thionine-sensitized photopolymerization showed no 
polymer formation in the absence of added activators 
and only a trace of dye bleaching over periods of 1 0  to 
15 min.

A pure sample of nitrilotripropionamide (NTP) was 
obtained from the American Cyanamid Co.

Thionine was purified by two recrystallizations from 
water, followed by chromatography on alumina. M a
terial purified in this way shows no impurities upon sub
sequent repetition of the chromatographic step. The 
absorption coefficient of this purified dye was found to 
be 6.2 X 104 1. cm . - 1  mole- 1  a t 5980 A.

The experimental procedures used in this study were 
substantially the same as those described previously . 2 

The rate of dye bleaching, R t, was calculated directly 
from speetrophotometric measurements. The polym
erization rate, R p, was determined by taking aliquots 
of the reaction solution a t several time intervals, pre
cipitating the polyacrylamide in methanol, filtering it, 
and drying the residue to constant weight. Polymer 
molecular weights were determined viscometrically.

(1) (a) These studies were performed under Contract No. AF33- 
(657)-8754, Reconnaissance Division, Aeronautical Systems Division, 
Wright-Patterson Air Force Base, Ohio; (b) presented in part at the 
Photochemistry Symposium, University of Rochester, Rochester, 
N. Y., March 27-29, 1963.
(2) A. Shepp, S. Chaberek, and R. M acNeil,./. Phys. Chem., 66, 2563 
(1962).
(3) (a) G. Oster, Nature, 173, 300 (1954); (b) Phot. Eng., 4, 173 
(1953).
(4) G. K. Oster, G. Oster, and G. Prati, J. Am. Chem. Soc., 79, 595 
(1957).
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Figure 1. Polymerization data for the thionine-N TP-acrylam ide system: a, monomer variation; b, N T P  variation.

Figure 2. Thionine fading for the thionine-N TP-acrylam ide ays 

Results and Discussion
Dye Bleaching and  Pholopolym erizalion under Anaero

bic C onditions. Figure 1 shows a set of photopolymer- 
izatiou data  in which the thionine concentration is

: a, monomer variation; b, N TP variation.

10 5 M . In Figure la  the NTP concentration was 
maintained a t 3.3 X 10^ 3 M , and the monomer level 
was varied from 1 to 7.5% (0.141-1.054 M ). It can 
be seen that, as the monomer is increased, the rate of

T h e  . I n u m a i  n f  I ‘hy.t ie n i  C h e m is tr y
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polymerization increases. Moreover, the rate is linear 
up to a reaction time of about 2  min., after which the 
rate falls off. This 2-min. reaction time corresponds to 
a conversion of about 10%. Figure la  shows the rate 
of polymerization as a function of the concentration of 
the activator N T P with the monomer held constant at 
5% (0.075 mole). Here, again, there is an increase in 
the rate of polymerization with the concentration of the 
activator.

Figure 2 summarizes the effects of N T P and mono
mer levels on the dye-bleaching reaction. Figure 2a 
shows th a t the maximum rate of dye fading is ob
tained in the absence of monomer and tha t R t  pro
gressively decreases with an increase in the acrylamide 
concentration. This trend must be interpreted as a 
quenching of light-excited thionine by the monomer. 
Figure 2a also summarizes the effect of thionine concen
tration on photo bleaching. The dashed lines indicate 
the bleaching rates a t three dye concentrations, 0.5 X 
10%  1.0 X 10%  and 1.2 X 10“ 5 M ,  a t the same activa
tor and monomer levels. The initial R  i values are 
independent of the thionine levels. Figure 2b shows 
the variation of R f with N T P level. I t  is seen to in
crease with an increase in NTP.

E ffect o f So lu tion  pH . Both the dye-bleaching and 
polymerization reactions are sensitive to solution pH. 
Table I summarizes the variation of R t  and R p with 
solution acidity for anaerobic solutions containing 1 0 ~ 6 

M  thionine, 0.704 M  acrylamide, and 3.3 X 10- 3  M  
NTP. I t  is seen tha t R p increases in the pH range 5.55 
to 7.6 and then falls off a t higher pH levels; R t  ap
pears to follow the same trend although it is not as well 
defined. We believe tha t the pH dependence in the 
range of 5.55 to 7.6 must be predominantly related to the 
acid-base properties of N T P and tha t the free base must 
be considerably more reactive than the protonated 
species. This is because, all other reaction parameters 
being equal, changes in the acidity alter only the rela
tive proportions of these forms and not the total 
amount. Thus, if both species had the same reactivities 
and if hydrogen ions were not involved directly in the 
formation of free radicals, this initiator system would 
be insensitive to changes in solution pH. Let us com
pare, therefore, the R f  and R p values in Table I with the 
percentage of free base, B, existing a t equilibrium . 6 

At a pH of 5.55, N T P exists predominantly in the pro
tonated form. As the pH is increased, the concentra
tion of free base increases rapidly in the 6.61-7.90 
interval and a t higher alkalinities approaches more 
slowly toward 100% conversion. The R p values 
parallel the increase in the am ount of B. For example, 
a pH increase from 6.61 to 7.6 doubles the amount of 
free base, and R p is about twice as great. The trend in

R i  is not as clear-cut although a large increase in re 
activity is obtained by increasing the pH above 5.55. 
Both rates decrease, however, a t pH levels exceeding
8.0. We believe that this loss of activity, so charac
teristic of thionine-containing systems, is the result 
of a change in the absorption characteristics of the dye. 
Absorption spectra show tha t the onset of spectral 
change begins a t pH levels of about 8 to 9.

Table I: Effect of pH on the Anaerobic Thionine-N T P -
Acrylamide System

Ri X  10», Ä p  X  10«, F r e e  b a s e  (B),
pH m o le  1. _1 s e c . -1 m o le  1. -1  s e c . _1 %

5.55 Very slow None 6.2
6.61 8.33 3 .0 43.1
7.62 8.33 5 .9 88.6
7 90 8.33 5 .4 93.6
8.50 6.94 4.5 98.3

E ffect o f Oxygen. Oxygen profoundly affects the 
behavior of the thionine-NTP-acrylam ide systems in 
tha t it introduces an induction period prior to the on
set of photopolymerization. In Figure 3 are plotted 
the degrees of dye bleaching and polymerization of solu
tions containing 10~ 5 M  thionine, 3.3 X 10~ 3 M  NTP, 
and 0.704 M  acrylamide at two oxygen levels. Also 
plotted are dashed curves showing the degrees of bleach
ing and polymerization of a similar system containing 
no oxygen. I t  is seen th a t the introduction of oxygen 
produces an induction period during which the dye is 
slowly bleached, but no polymer is produced. The 
initial bleaching rates decrease as the oxygen concen
tration increases. At the conclusion of the induction 
period, fading of thionine proceeds a t a ra te comparable 
to th a t of the anaerobic control, and polymer is formed. 
The relation between the length of the induction period 
and the oxygen level is apparent from Figure 3. The 
induction times were obtained both by extrapolating 
the polymerization curves to zero conversion and by 
determining the time corresponding to the intersection 
of the slopes of the two different dye-fading rates during 
and after the inhibition reaction. These da ta  show 
conclusively that the length of the induction period is 
proportional to the amount of oxygen in the system 
and th a t the onset of polymerization coincides with the 
term ination of the induction as measured by changes in 
the dye-bleac.hing rate.

(5) The equilibrium constant for the reaction HB + <=* H + ~f- B was 
calculated from potentiometric titration data at 25° in 0.1 M  KG1
and has a value of 10 ~6-73.
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DYE BLEACHING POLYMERIZATION

TIME,MIN TIME,MIN

Figure 3. Effect of oxygen on the thionine-N TP-acrylam ide system.

The Photopolym erization M echanism . A photopolym
erization mechanism consistent with the experi
mental data is represented by the sequence of reactions

0 / a (a)

K  (b)

K  (c)

h ,  k i (d)

kd (e)

fca (f)

k j  (g)

h  (h)

K  (i)

k t  (j)

In reaction a, T* represents the triplet state of light- 
excited thionine, and <f> is the efficiency of the formation 
of the triplet state when thionine has absorbed the 
quantity of light / a. Reaction b represents the ther
mal deactivation of T* to the ground state. The rate 
constant for this reaction has been measured by 
H atchard and Parker6 to be 5 X 104 sec.-1. Reaction 
c denotes the quenching of light-excited dye by the 
monomer M.

q- __ ^  q-*

T* — *■ T  +  heat 

T* +  M — >- T  +  M 

T* +  N T P ^  ST +  R- 

2(-ST) — *• T  +  LT 

■ST +  M — >  M- 

R- +  M — *■ M- 

2 R- — > product 

M- +  M — >  M- 

2 M- — > polymer

The reaction of excited thionine with N T P to form 
semithionine, ST, and a radical, R -, is shown by (d). 
The exact structure of R  ■ or its ultimate fate during the 
photoreaction is not known a t this time. Reaction d 
shows both forward and backward reaction steps, de
noted by rate constants k y and fc2, respectively. As in 
most kinetic schemes of this sort, fc2 is probably com
parable in magnitude to k y, but rapid removal of 'ST  
and R- by other reactions suppresses this reversal 
reaction.

Reaction e is the dismutation reaction tha t forms 
thionine and leucothionine (LT). In  our mechanism it 
is the only reaction by which LT is formed. Hatchard 
and Parker6 report k d to be 2 X 109 1. mole- 1  sec.-1.

Reaction f represents the initiation of polymeriza
tion by the reaction of -ST with the monomer to form 
the initiating radical M •. The rate constant fca 
for this reaction cannot be measured by ordinary 
vinyl polymerization because it cancels out in the 
mathematical analysis of the reaction. However, 
because of our measurements of the regeneration of 
LT, to be described later, we will be able to evaluate 
k &. Reactions g and h are possible reactions of the 
photoproduct R- formed in reaction d. Reactions

(6) G. G Hatchard and C. A. Parker, Trans. Faraday Soc., 57, 1093
(1961).
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i and j are the usual polymer propagation and polymer 
termination steps, respectively.

Verification o f the Reaction M echanism  w ith  Respect 
to R t. The following three equations form the basis 
of the mathematical analysis of this reaction mechanism 
with respect to R f

= 0 = * / .  -  [kc +  Ax(NTP) +  fcq(M) ](T*) (1) 
at

= 0 =  fci(T*)(NTP) -  A2(-ST)(R-) -  
at

2fcd(-ST) 2 -  Aa(-ST)(M) (2) 

R i = = fci(T*)(NTP) -  A2(-ST) (R-) -
d i

/cd(-ST) 2 (3)

Combination of eq. 2 and 3 gives

R f = Aa(-ST)(M) +  fcd ( -ST) 2 (4)

This equation shows tha t R t  is made up of two terms: 
the first is Aa(-ST)(M ), which represents the formation 
of polymer by reaction f; the second is Ad(-ST )2, 
which represents the formation of leucothionine by 
reaction e.

The solution of eq. 4 for -ST is complex; to simplify 
the solution, a series of thionine regeneration experi
ments was performed on typical anaerobic photo
polymerization runs to determine which of the two 
terms was more important.

By cutting off the irradiation (thus terminating the 
reaction a t 1 - and 2 -min. intervals) and then intro
ducing oxygen, we could estimate how much of the 
dye fading resulted from the formation of leuco
thionine and how much resulted from the formation of 
polymer by semithionine radicals. The results of two 
regeneration experiments are shown in Figure 2b. 
In the first case, the reaction was stopped a t 30 sec., 
oxygen was introduced, and the thionine concentra
tion was increased from 0.8 X 10- 6  to 0.94 X 10~ 5 M . 
In the second case, the reaction was stopped after 
60 sec., and the same regeneration ratio was obtained. 
Approximately 60% of the faded dye was restored 
in both cases. We, therefore, concluded from this 
experiment tha t 60% of the fading of thionine results 
in formation of leucodye and the remaining 40% of 
fading results in formation of polymer. This is ex
pressed by the equations

Ad(-ST) 2 = 0.6Rf (5a)

Aa(-ST)(M) = O ARt (5b)

Therefore, to a first approximation, Ad(-ST ) 2 is the 
dominant term in eq. 4.

We must now solve eq. 2 for ST. Since this equa
tion contains terms in both -ST and (-S T )2, an  exact 
solution cannot be obtained simply, and an approxima
tion must be made. Referring to eq. 5, we see tha t in 
eq. 2 we have 2Ad(-ST) 2 = 1.2i?f, while Aa(-ST)(M ) = 
O ARt. Thus, we may neglect the latter term. Then, 
if we assume tha t A2(-ST )(R -) is less than Ai(T*)- 
(NTP), eq. 2 becomes

2fcd(-ST) 2 =  k f  T*)(N TP) (6 )

By putting eq. 6  into the dominant term of eq. 4, we 
obtain

Ai (T*) (NTP)
( 7 )

Finally, solution of eq. 1 for T* and its substitution into 
eq. 7 gives

Ai(NTP) </>/»

_fc7+Ai(NTP)' +  Aq(M)_ (8)

For data analysis, eq. 8  is written in reciprocal forms

J_  =  2[fcc +  fcq(M )] 

R  f 07 aAi
1  = 2[Ac +  A!(NTP)] 
R t  Ai(NTP)0 / a

1

+

.(NTP) J  

2Aa

2
+  ~  

0 7 a

A1(N T P)0 / !
(M )

(8 a)

(8 b)

Thus, eq. 8a and 8 b predict linear plots of l / R t  vs. 
1/(N T P) and (M), respectively.

Figure 4 shows the plots of these equations, using 
the data of Figures 1 ar.d 2 . The plots of these equa
tions are both linear and, within experimental error, 
have the same intercept.

( I/NTP) 103 (MOLES/LITER)'1 
.2 .4 6 .8 1.0 1.2 1.4 1.6 1.8 2.0

Figure 4. Confirmation of Rf dependence on 
N TP and acrylamide concentrations.
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V erification o f Reaction M echanism  w ith  Respect to 
R p. Let us now derive the expression for the rate of 
polymerization R p. From reaction i it follows th a t

R p =  fcp(M) (M-) (9)

We must now obtain an expression for M •, assuming a 
steady state in M -. This, in turn, will require a 
steady-state assumption for R •

-  = 0 =  fca(-ST)(M) +  K '{ R-)(M ) -  
a t

2A;t(M - ) 2 (1 0 )

=  0 = *1(T*)(NTP) -  fc2(R ’)('ST ) -  
df

2fc3(R - ) 2 -  fca'(R-)(M ) (1 1 )

There are no simple solutions for eq. 10 and 11 un
less simplifying assumptions are made. In the case of 
•ST, we know tha t fcd(-ST) 2 is slightly greater than 
fca(-ST)(M ), and, by analogy, we expect fc3(R - ) 2 to 
be slightly greater than fca'(R -)(M ). Therefore,
neglecting the term k 2 in eq. 1 1 , we obtain

2fc3(R - ) 2 +  ka'(R-)(M ) =  fci(T*)(NTP) (12)

As a first approximation, let us assume that

fca'(R )(M ) =  fci(T*)(NTP) (13)

Equation 10 then reduces to

2fct(M ' ) 2 =  Ah(T*)(NTP) +  fc.(-ST)(M) =  2 R t (14)

We believe th a t the functional dependence of eq. 14 is 
correct, but that the approximations involved make 
the coefficient of 2R f incorrect. Using eq. 14 in eq. 
9, we arrive a t the final equation

R P = M a “ ,/!Rf’/!(M) (15)

Figure 5 shows a plot of R p vs. ( M ) \ /rR i, using the

Table II : Rate Constant D ata for T hionine-N T P-
Acrylamide System

R a t e  c o n s t a n t " V a lu e  o f  c o n s t a n t S p e c i e s
S t e a d y - s t a t e 6

v a l u e s

h 2 .7  X 107 A 8 X 10-7
Â/q 1.7 X 105 T* 9 X 10-12
kc 5 X 104 •ST 4 X 10-9
kd 2 .4  X 10“
k& 7.5

kp/ \ /  kt 2.5

“ All ra te  constants have the dimensions 1. mole-1 sec.-1. 
k Values are computed for monomer = 0.704 M , N TP = 3.3 X 
10-3 M, and for ST and T* a t steady-state values.

Figure 5. Confirmation of Rp dependence 
on monomer concentration.

data of Figures 1 and 2. A linear plot is obtained. 
However, the scatter of the data points is probably 
due to the approximations leading to eq. 12 through 15.

E valuation  o f Rate Constants. Reaction rate con
stants and steady-state concentrations of the transient 
species were calculated from the slopes and intercepts 
of the data plots of Figures 4 and 5, using the following 
values7: / ,  =  8  X 10- 7  einstein l. - 1  sec.-1 ; kc =  5 X 
104 1. mole- 1  sec.-1 ; kd =  2.4 X 109 1. mole- 1  sec.-1. 
These data are summarized in Table II.

Table I I I :  Quantum  Yield D ata

0 th 0 p
A c r y l a m i d e ,  M 1 X  1 0 - 5  M  d y e ,  3 .3  X  1 0 " 3 M  N T P

0 0.15 0
0.350 0.023
0.490 0.10 0.027
0.704 0.077 0.047
1.060 0.055 0.057

N T P ,  M  X  10* 1 X  1 0  _s M  d y e ,  0 .7 0 4  M  m o n o m e r

0.55 0.02 0.018
1.1 0.04 0.019
2 .2 0.06 0.028
3 .3 0.08 0.048

Q uantum  Yields. Experimental quantum  yields for
polymerization 4>v and for dye fading <f>th were calcu-
lated with the equations

R P monomer mol. wt.
*> =  f polymer mol. wt. (16)

(7) Values for kc and are those determined by Hatchard and 
Parker, ref. 6.
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*th =  ~  (17)
l  a

Table II I  summarizes <f>p and <f>th values as a function 
of monomer and N T P levels. In these calculations the 
polymer molecular weight was *aken as 106. These

data show that <f>p increases with an increase in both 
monomer and N T P levels. However, 4>th increases 
with an augmentation of the N T P  concentration but 
decreases with increasing monomer owing to dye 
quenching by reaction c. These quantum  yields of
0.05 molecule/photon of light absorbed are the highest 
reported on a controlled, visible light-induced system.

Dye -Sensitized Photopolym erization Processes.151 II. A Comparison o f the 

Photoactivities o f Thionine and Methylene Blue

by S. Chabereklb and R. J. Allen

Technical Operations Research, Burlington, Massachusetts (Received September 12, 1964)

The mathematical analysis of the experimental data on the anaerobic thionine- and meth
ylene blue-TEA-acrylam ide systems is consistent with the postulation th a t the polymeriza
tion-initiating radical is semithionine (or semi(methylene blue)) produced by the reac
tion of the light-excited dye with TEA. The predominant reactivity of TEA lies in its 
free base form, and the rate constant for this reaction is four to five times greater with 
thionine :han with methylene blue. However, methylene blue is a better photosensitizer 
a t pH  levels exceeding 9. The presence of oxygen in these systems causes an induction 
period during which no polymer is formed, but the dyes are slowly bleached. The length 
of the induction period is proportional to the oxygen level. Systems containing methylene 
blue appear to be about twice as sensitive to oxygen content as those containing thionine. 
The quantum  yields for polymerization for both dyes can be as high as 4 photons/polym er 
molecule and are the highest obtained to date with amine-containing systems.

Introduction
During studies of dye-sensitized free radical photo- 

polymerization processes, it became desirable to in
crease the pH-operating range of photoinitiator sys
tems. Most of our studies involved red-light-absorb
ing thionine. Although this dye has many attractive 
properties, it also has a disadvantage— namely, its 
photoinitiating efficiency a t pH values exceeding 8.5 
is greatly reduced. Exploratory experiments showed 
that the structurally similar phenothiazine dye, methyl
ene blue, was apparently superior to thionine in this 
respect. However, the latter appeared to be more sen

sitive to oxygen. In view of the differences in the 
behavior of these two closely related dyes, it was 
considered desirable to make a more quantitative as
sessment of their relative efficiencies. This paper sum
marizes studies on the photopolymerization of acryl
amide by thionine- and methylene blue-triethanolam ine 
(TEA) initiator systems.

(1) (a) This study was performed under Contract No. AF33(657)- 
11553, Photographic Branch, Reconnaissance Division, Air Force 
Avonics Laboratory, Wright-Patterson Air Force Base, Ohio; 
(b) to whom inquiries should be sent.
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Experimental
The acrylamide used in this investigation was a pure 

sample obtained from the American Cyanamid Co. 
Preliminary screening of this sample for anaerobic 
thionine-sensitized photopolymerization showed no 
polymer formation in the absence of added activators 
and only a trace of dye bleaching over periods of 1 0  

to 15 min.
Thionine and methylene blue were purified by three 

recrystallizations from water. The absorption coef
ficients were found to be 5.8 X 104 1. cm . “ 1 mole“ 1 for 
thionine (at 5980 A.) and 6.4 X 104 1. cm . “ 1 mole- 1  

for methylene blue (at 6620 A.).
Standard stock solutions of triethanolamine (TEA) 

were prepared gravimetrically from freshly distilled 
TEA.

The general experimental procedures used in this 
study were the same as those described previously . 2 

The rate of dye bleaching, R t, was calculated directly 
from spectrophotometric measurements. The polym
erization rate, R p, was determined by taking aliquots 
of the reaction solution a t several time intervals, 
precipitating the polyacrylamide in methanol, filtering 
it, and drying the residue to constant weight. Poly
mer molecular weights were determined viscometrically.

E xperim enta l D ata on Dye Bleaching and P olym eriza
tion Rates as a F unction  o f Reaction Parameters. The 
experimental approach in this study consisted of meas
uring the rates of dye bleaching R  ¡ and of polymeriza
tion R p as functions of reaction parameters, such as 
reactant concentrations, solution pH, and light in
tensity, and then calculating and comparing the quan
tum efficiencies of the two systems.

T E A  Concentration. Rates of dye bleaching and 
polymerization were determined for systems containing 
10 5 M  methylene blue, 5% acrylamide, and varying 
concentrations of TEA between 4.0 and 80.0 X 10- 3  M , 
a t pH 8.55. These data, together with similar values 
for thionine-containing systems, are summarized in 
Table I. We see that, for both systems, R t and R p 
increase with an increase in the TEA level. Unfor
tunately, a direct, broad comparison of these systems 
under comparable conditions is not possible on the 
basis of the data of Table I. The limitation of the 
experimental procedure required our working a t higher 
TEA levels in the methylene blue system. Only one set 
of experiments (at 3.75 X 10“ 3 M  TEA for thionine 
and 4.0 X 10“ 3 M  TEA for methylene blue) was done 
under essentially comparable conditions. A compari
son shows that the ñ f for thionine is about twice as great 
as that for methylene blue, and the R p is only about 32% 
greater. These rate variations are discussed further in 
a later section of this paper.

Table I :  Variation of R  and R v with TEA Concentration 
for the Thionine- and Methylene B lue-T E A - 
Acrylamide Systems“

✓--------T h i o n i n e  s y s t e m s --------* -— M e t h y l e n e  b l u e  s y s t e m s — .

T E A ,
R i  X  108, 
m o le  1. -1

R P X  104, 
m o le  l .  -1

R î  X  1 0 8, 
m o le  1. -1

R p  X  104, 
m o l e  1. _1

M  X  10> s e c .  - I s e c .  “ 1 s e c .  ~ l s e c .  -1

0.20 3.34 3.00
0.313 5.38 4.47
0.50 7.49 5.47
0 .75 . 8.72 7.03
0.80 3.70 2.90
1.25 12.58 10.13
1.50 6.10
3.75 26.14 14.67
4 .0 11.60 10.00
8 .0 14.90 12.60

16.0 30.30 14.30
24.0 ~ 3 5 15.80
40.0 ~ 41 17.80
80 0 ~ 5 6 18.40

' All thionine systems contain 10“6 M  dye and 0.704 M
acrylamide a t pH  8.55; all methylene blue systems contain 10 “6 
M  dye and 0.704 M  acrylamide a t pH  8.60.

M onom er Concentration. Table II  summarizes R t  
and Rp data for systems in which the acrylamide con
centration was varied between 0.141 and 1.056 M ,  
with all other reaction parameters held constant. The 
polymerization rates for both dyes increase with an 
increase in monomer level. The dye-bleaching rate

Table I I :  Variation of Rt and R„ with Acrylamide 
Concentration for the Thionine- and Methylene B lue-T E A - 
Acrylamide Systems“

A c r y l a m i d e ,

✓--------T h i o n i n e  s y s t e m s ---------
R f  X  lO 8, R p  X  104, 
m o le  1. ~l m o le  1.

-— M e t h y l e n e  b l u e  s y s t e m s -  
R i  X  1 0 8 , R p  X  lO 4, 
m o le  1. -1  m o le  1. “ 1

M s e c .  1 s e c .  - 1 s e c . - l s e c .  1

0.141 9.52 0.73 14.8 2.90
0.352 8.89 3.20 14.2 8.90
0 704 8.40 7.03 13.4 13.3
1 .056 7.41 11.03 12.4 12.0

" All thionine systems contain 10“5 M  dye and 7.5 X 10-4 M  
TEA a t pH 8.55; all methylene blue systems contain 10 _5 M  
dye and 8 X 10“3 M  TEA a t pH 8.55.

varies inversely; however, the highest rate is obtained 
in the absence of monomer. Thus, this decrease in 
R t  with increasing monomer concentration must be

(2) A. Shepp, S. Chaberek, and 11. MacNeil, J. Phys. C h c m 66, 2563
(1962).
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interpreted as the quenching of the light-excited dye by 
acrylamide. A direct comparison of the relative mag
nitudes of R  f and R p for the twc dyes is not possible 
since the amount of TEA is about ten times greater 
in the systems containing methylene blue than in the 
ones containing thionine. Nevertheless, this tenfold 
difference in activator level results in only a two- to 
threefold increase in R f and R„. Thus, the rate con
stants for bleaching and polymerization must be greater 
for the thionine-sensitized systems than for the methyl
ene blue ones.

Light In ten s ity . Calibrated neutral density filters 
were used to determine the effect of light intensity 
on R i  and R p. Our experimental results are listed in 
Table III. The reaction rates for both dyes decrease 
with a decrease in light intensity.

Table I I I : Effect of 7a on R , and ftp for the Thionine-
and M ethylene B lue-TEA-Acrylam ide Systems“

-------- T h i o n i n e  s y s t e m s -------- - .— M e t h y l e n e  b l u e  s y s t e m s — -

N D  f i l t e r

R i  X  IO», 
m o l e  1 . - I  

s e c .  - I

R p X  lO fi  
m o le  1. -1  

s e e .  - 1 *

R f  X  IO», 
m o le  1. ~ l 

s e c . -1

R p X  104, 
m o l e  1. - I  

s e c .  ~ 1 *

None 27.8 13.6 17.2 12.7
0.28 16.2 10.8 7 .9 7 .5
0.45 10.4 8.7 4 .4 5 .9

“ All systems contain 10~6 M  dye, 8 X 1 0  3 M  TEA, and 0.704 
M  acrylamide a t pH 8.55 and a t 24 ±  1°.

D ye Concentration. Dye-fading and polymerization 
rates were found to be independent of dye concentra
tion over the range of 0.5 to 1.5 X 10- 6  M , except for 
the dependence of the reactions on the light absorbed, 
7a. As the dyes fade, 7a decreases, and, thus, the re
action rates decrease.

So lu tion  pH . The magnitudes of 72f and R„ were 
determined as a function of solution pH for systems 
containing 10- 5  M  methylene blue, 8 X 10- 3  M  
TEA, and 0.704 M  acrylamide, and for those containing
10“ 5 M  thionine, 7.5 X 10- 4  M  TEA, and 0.704 M  
acrylamide. The results are shown in Figure 1.

Since the amount of TEA diff ers in the two dye sys
tems, let us consider the relative shapes of the plots 
in Figure 1 rather than their magnitudes. For the 
two dyes, both 7?f and R p increase with increasing pH 
in the range of 6.5 to about S.2-8.5. At higher pH 
levels, the rates decrease markedly for the thionine 
systems, bu t for methylene blue :hey remain essentially 
constant to pH ~ 1 0 . Thus, • the methylene blue is 
obviously superior to thionine in the alkaline pH range.
We believe tha t this loss of activity so characteristic of

Figure 1. ftp and ftf as a function of solution 
pH : a, f t p  vs. pH; b, ftf vs. pH.

thionine-containing systems is the result of a change 
in the absorption characteristics of the dye. Absorp
tion spectra show tha t the onset of spectral change 
begins at pH levels of about 8  to 9 with thionine but at 
about 1 1  with methylene blue.

In the pH range of 6  to 8.5, the strong dependence 
of R i  and R p on solution pH indicates that hydrogen 
ions are somehow involved in the process. We be
lieve tha t this pH effect must be predominantly related 
to the acid base properties of TEA as defined by

■Khh
H B + ^ B  +  H + (a)

which governs the am ount of free base, B, at equilibrium. 
The free base of TEA appears to be the most reactive 
species. A comparison of the shapes of the R f  curves 
with th a t denoting the pH variation in the percentage 
of B at equilibrium shown by the dashed curve 
in Figure 1 substantiates this postulation. The 
strikingly similar shapes of these curves show th a t the 
increase in R t with pH closely parallels the increase in 
B.

Oxygen. Oxygen profoundly affects the behavior of 
the thionine- and methylene blue TEA -acrylamide 
systems in that it introduces an induction period
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METHYLENE B L U E = IX I0 '5M A= 1 X I 0 5 M ° 2
TEA = 8  X ICf 3 M B = 2 X I 0 5 M ° .
M ONOM ER1 5 % C = 3 X I 0 5 M ° 2
pH = 8 .5 5 D=NO OXYGEN

Figure 2. Effect of oxygen level on methylene blue-TEA -acrylam ide systems: a, dye bleaching; b, polymerization.

-5 -5
THIONINE CONC = 1X10 M A = 2X 10 M 0 2
TEA = 8 X I 0 '3 M B = 3X IO_ 5 M 0 2
M 0N 0M E R =5% C = 4 X I0- 5  M 0 2
pH = 8 .5 5 D=NO OXYGEN

Figure 3. Effect of oxygen level a t constant thionine-TEA- -acrylamide: a, dye bleaching; b, polymerization.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



D y e - S e n s i t i z e d  P h o t o p o l y m e r i z a t i o n  P r o c e s s e s 651

prior to the onset of photopolymerization. Some 
implications of this inhibition phenomenon were ex
plored as a function of oxygen and TEA levels.

Effect o f Oxygen Concentration. In Figures 2 and 3 
we have plotted the degrees of dye bleaching and of 
polymerization as functions of time for the thionine- 
and methylene blue-TEA-acrylam ide systems. In 
the presence of varying amounts of oxygen, all sys
tems contain 10~b M  dye, 8  X 10- 3  M  TEA, and 0.704 
M  acrylamide a t pH 8.55. Also plotted are dashed 
curves showing the degrees of bleaching and of polym
erization of similar systems in the absence of oxygen. 
In Figure 2 we see tha t the introduction of oxygen 
produces an induction period during which the dye is 
slowly bleached, but no polyacrylamide is produced. 
The initial bleaching rates decrease as the oxygen con
centration increases. At the conclusion of the induc
tion period, fading of methylene blue proceeds a t a 
rate comparable to th a t of the anaerobic control, and 
polymer is formed. Similar data for the thionine sys
tems in Figure 3 show tha t these are qualitatively 
similar to the ones containing methylene blue. In this 
case, however, the bleaching rates during the induction 
period are much greater and are less sensitive to the 
oxygen level. The relations between the lengths of the 
induction periods and the oxygen level are shown in 
Figure 4. The induction times were obtained both 
by extrapolating the polymerization curves to zero 
conversion and by determining the time corresponding 
to the intersection of the slopes of the two different 
dye-fading rates during and after he inhibition reaction. 
These data show conclusively tha t the length of the 
induction period is proportionate to the am ount of 
oxygen in the system and tha t the onset of polymeriza
tion coincides with the termination of the induction as 
measured by changes in the dye bleaching rate. In 
addition, the difference in the slopes of the plots, At / A0 2, 
indicates a difference in the sensitivity to oxygen of these 
two dyes. The methylene blue plot has a slope approxi
mately twice that of thionine; tnus, the latter is about 
half as sensitive to oxygen. This lower sensitivity 
with thionine must be related to its higher fading rate 
during the induction period when the oxygen reacts 
with the light-excited dye.

E ffect o f T E A  Concentration. In Figure 5 are plotted 
the degrees of thionine bleaching and polymerization 
of acrylamide at an oxygen level of 2 X 10_5 M  as a 
function of TEA concentration. The general shapes 
of the curves are similar to these of Figures 3 and 4. 
Most im portant, however, Figure 5 shows tha t the 
length of the inhibition period can be m arkedly de
creased by increasing the concentration of TEA. For 
example, a 20-fold increase in the TEA level decreased

Figure 4. Effect of oxygen concentration on induction 
period for dye bleaching and photopolymerization.

the polymerization inhibition period by a factor of about
10. Similar results (not shown) were obtained with 
systems containing methylene blue. These data show, 
therefore, tha t the effect of oxygen may be decreased 
by increasing the concentration of components in the 
photoinitiator combination.

Polymerization Reaction Mechanism
The basic reaction mechanism for the methylene blue 

and thionine TEA-acrylamide systems is identical 
with that described for thionine-nitrilotripropionamide- 
acrylamide. 3 I t  may be represented by the sequence 
of reactions

T  — >- T*

T* — *- T +  heat 

T* +  M — v T  +  M 

T* +  TEA — >- ST +  R- 

2(-ST) — ► T +  LT

4>E

ICc

kq

h

k d

(b)

(c)

(d)

(e)

(f)

•ST +  M — 3- M- fc„ (g)

R- +  M — M- k j (h)

2 R- — ►product k¡ (i)

M- +  M — * M- k v (j)

2M ■ — polymer k t (k)

In reaction b, T* represents the triplet state of light- 
excited thionine, and <t> is the efficiency of the formation
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THIONINE CONC= IXK)5 M
OXYGEN CONC = 2X10“5M A = 8 X I0"3 NI TE A
MONOMER - 5 % B=8XIC)4 MTEA
pH = 8.55 C= 4X I0“4 M TEA

Figure 5. Effect of TEA  concentration on aerobic thionine-TEA -aerylam ide systems: a, dye bleaching; b, polymerization.

of the triplet state when thionine has absorbed the 
quantity of light 7a. Reaction c represents the thermal 
deactivation of T* to the ground state. The rate 
constant for this reaction has been measured by 
Hatchard and Parker4 to be 5 X 104 sec.-1. Reac
tion d denotes the quenching of light-excited dye by 
the monomer M. The reaction of excited thionine 
with TEA to form semithionine -ST and a radical R- 
is shown by (e). The exact structure of R- or its 
ultimate fate during the photoreaction is not known a t 
this time. Reaction f is the dismutation reaction tha t 
forms thionine and leucothionine LT. In our mech
anism it is the only reaction by which LT is formed. 
Hatchard and Parker4 report fcd to be 2 X 109 1. 
mole- 1  sec.-1. Reaction g represents the initiation 
of polymerization by the reaction of -ST with the 
monomer to form the initiating radical M •. Re
actions h and i are possible reactions of the photo
product R- formed in reaction e. Reactions j and 
k are the usual polymer propagation and polymer ter
mination steps, respectively.

V erification o f the Reaction M echanism  fo r  72 f. The 
basic relation between R t  and reaction parameters is 
expressed by eq. I . 5

R t
fa (TEA) 

2
____  4>I a

_fcc +  fa(TEA) +  fc„(M)_ (1)

For data analysis, eq. 1 is written in reciprocal forms

1 __ 2 [fa +  fcq(M) ] 

R f  gJC\

_1 = 2 [fcc +  fa(TEA )] 
R t ~  fa(TEA)<»/a

L(TEA)J 

2 fcn
+ fa(TEA)4>7a

+  ¿ r .  ( l a )

(M) (lb)

Equation la  predicts a linear relation between 1 /R t  
and 1/(TEA). Figure 6  shows plots of the data of 
Table I according to this relation. The adequate linear 
relations obtained for both dye systems substantiate 
tha t the postulation of similar reaction mechanisms is 
valid. The 1/72f vs. 1/(TEA) plots show further that, 
a t the same TEA concentration, thionine containing 
systems bleach faster than the corresponding methylene 
blue containing ones (l/72f is smaller for thionine). 
In addition, the unequal slopes of these plots indicate 
tha t the rates of fading of these dyes differ in their 
sensitivities to activator concentration. Simple calcu
lation of the slope ratios of the plots shows tha t 72f for 
thionine is about two and a half times more sensitive 
to the TEA level than is methylene blue.

(3) S. Chaberek, A. Shepp, and II. J. Allen, ./. Phys. Chem., 69, 641 
(1965).
(4) G. G. Hatchard and C. A. Parker, Trans. Faraday Soc., 57, 1093 
(1961).
(5) For details of the derivation of the rate equations for Rt and R v 
see paper I of this series.3
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D ata plots such as those of Figure 6  provide a 
valuable method by which relative reactivities of systems 
may be assessed when the data cannot be gathered 
under exactly the same reactant concentrations or 
experimental conditions.

Equation lb  further predicts a linear relation be
tween l/i2 f and (M). Figure 7 shows th a t this linear 
relation holds for both systems. However, the greater 
sensitivity of R  t of monomer levels for the thionine- 
containing systems is apparent from the greater slope of

METHYLgNE THIONINE
INTERCEPT, LITER-SEC-MOLE' 1 6.53 X I06 10.03 X I06

SLOPE , LITER2- SEC-MOLE" 2 1.44 X IO6 3.12 X 10s

Figure 7. Ri dependence on monomer level.

the thionine plot (about twice the value of th a t for 
methylene blue containing systems).

Equation 1 shows tha; R i  should be directly propor
tional to / a if all other reaction parameters are held 
constant. Figure 8  shows th a t the experimental results 
are in accord with prediction.

Figure 8. R t dependence on light intensity.

Dependence on pH . Equations 1, la , and lb  do not 
indicate a pH dependence in their present form. To 
introduce a hydrogen ion concentration into the rate 
equation, let us substitute the following two reactions 
for reaction e

T* +  HB+ — > -ST +  R- knB  (1)

T* +  B — > -ST +  R- fcB (m)

Thus, we have assigned separate reactivities to the 
protonated TEA, HB+, and to its free base, B. Solu
tion of the rate equation gives the relation for R[

„  M (H B )  +  M B ) w 
H{ =  “  X

</>T>
U„ +  fcq(M) +  /chb(H B ) +  M B ) J 

Elimination of (B) with the aid of 

(H+)(B)
K  HB = -  1 0 “ 7-90

(HB+)

(2)

(3)

and rearrangement of terms then gives finally

V o lu m e  6 9 , N u m b e r  2  F e b r u a r y  I 9 6 0
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2 /2 f [ f c c +  fcq ( M ) ]  ^  7 , feB-K^HB

m m .~ m  '  '  BB + mW (4)

Equation 4 shows th a t a plot of $  vs. 1 /H  + should be a 
straight line whose intercept is the rate constant fcHb and 
whose slope is related to k b- All the terms in 4> either 
are known or may be calculated from available data. 
Figure 9 shows the excellent correspondence obtained 
between theory and experimental measurements. 
Moreover, the greater slope of the thionine plot indi
cates tha t the rate constant of B with this dye is con
siderably greater than tha t with methylene blue.

E ffect o f Oxygen. We have discussed qualitatively 
the effect of oxygen on these photopolymerization sys
tems. A reaction mechanism must account for the 
following: (1) Slow dye bleaching occurs w ithout poly
mer formation during the early stages of the reaction.
(2) The rate of this initial dye bleaching increases 
with an increase in TEA concentration and with a 
decrease in oxygen level, all other reaction parameters 
remaining constant.

Basically, oxygen can affect the photopolymeriza
tion process in several ways. I t  can quench the light- 
excited dye by a reaction similar to (d), or it can 
react with free radicals (semithionine in our case)

THIONINE METHYLENE
BLUE

INTERCEPT, LITER-MOLE-SEC1 7.6 X I06 0.91 XIO6
SLOPE ,SEC_I 0 .590 O. 1 10

required for the initiation of the polymerization reac
tion. Let us assume that the interaction of oxygen 
with • ST occurs by

•ST +  0 2 — *■ T  +  H 0 2- (n)

H 0 2- +  • ST — *■ T +  H 0 2-  ( o )

The net reaction is then

2(-ST) +  0 2 — > 2 T +  H 0 2-  k 0, (p)

Let us assume further th a t the rate constant fco, 
is much greater than the corresponding rate constant 
associated with the quenching of the light-excited dye 
so tha t reaction p denotes the primary way oxygen af
fects the photopolymerization process. If we now 
include reaction p in the general mechanism outlined 
by reactions b -k  and solve the rate equation, we obtain 
the following relation between R t  and the oxygen con
tent

R t
/d(TEA) 4>h

+  fcq(M) +  fci(TEA)J

kd

X

_kd +  ko 2{Oi)_
(5)

A comparison of eq. 5 with eq. 1 shows tha t the first two 
terms of (5) are identical with (1 ). Therefore, a t 
constant levels of oxygen we would expect the same 
relation between R f and TEA under aerobic and 
anaerobic conditions, th a t is, l / R i  is a linear function 
of 1/(TEA). This relation was checked on thionine- 
TEA -acrylamide- oxygen systems containing 10 5 M  
thionine, 0.704 M  acrylamide, 2 X 10” 5 M  0 2, and 
varying amounts of TEA (pH 8.55). The results are 
shown in Figure 10. Although the data  are indeed 
limited, it appears tha t the predicted relationship 
holds.

Similarly, eq. 5 may be readily rearranged to

1

R t
= A +  B (  0 2) (6)

where A  and B  are constants.
Equation 6  predicts th a t l / R t  should be a linear 

function of the oxygen concentration. This relation 
was checked with methylene blue systems containing 
10~ 5 M  dye, 0.704 M  acrylamide, 8  X 10~ 3 M  TEA, 
and varying amounts of oxygen a t pH 8.55. The 
results are shown in Figure 11. The linear relation 
obviously hold's for this system.

Verification o f the Reaction M echanism , fo r  R p. 
Solution of the rate equation with respect to R p for 
the mechanism outlined above gives

R P =  k pk t ~ I/lR , ' /\ M )  (7)
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X IO*, LITER-MOLE '

Table IV : R ate Constants for the Thionine- and
M ethylene Blue-TEA-Acrylam ide Systems

R a t e  c o n s t a n t T h io n in e  s y s te m s
M e t h y le n e  b lu e  

s y s te m s

<P 0.72 0.72
& H B ¿ 7 .6  X 106 ¿ 9 .1  X 105
kB

From TEA  dep.“ 5 .4  X 107 14.2 X 10«
From monomer dep.“ 4 .1  X 107 8 .2  X 106
From pH dep. 4 .7  X 107 8 .7  X 10‘

kb, av. 4 .7  X 107 8 .4  X 10«
kq 2 .4  X 104 2.3  X 104
M r 7 ’ 3 .9 6 3 .9 6

‘ i a  was calculated from the relation kB ~  M ( H + ) / A h b  +  
1), where ki is the rate  constant for reaction e. b In dimensions 
of l.1/ ’ mole-77 sec.-7 s ; all other constants in 1. mole-1 sec.-1.

Table V : Quantum Yield D ata  for the Thionine- and 
Methylene B lue-TEA-Acrylam ide Systems“

Figure 10. R t dependence on TEA  level in aerobic 
thionine-TEA-acrylam ide systems.

Figure 11. Ri dependence on oxygen level.

Figure 12 shows a plot of R p vs. (M )\/B f, according 
to eq. 7 using the data of Tables I and II. A linear 
plot through the origin is obtained, but the scatter of 
the data points is probably due to the approximations 
made in deriving eq. 7 . 4 Note th a t the data for both 
thionine and methylene blue fit the same line equally 
well. Therefore, the magnitudes of kpk i ~ ' ,'t are com
parable for both systems.

Evaluation o f Rate Constants. The data plots of Fig
ures 6 , 7 , 9 , and 1 2 , together with the following values

✓---- T h io n in e  s y s te m s — — > ✓— M e t h y le n e  b lu e  s y s te m s —
4>p <t>i p

T E A , 1 0 - 5  M  d y e ,  0 .7 0 4  M 1 0 - 5  M  d y e ,  0 .7 0 4  M
M  X  1 0 ' a c r y la m id e ,  p H  8 .5 5 a c r y la m id e ,  p H  8 .5 5

0.20 0 . 0 4 0 . 0 4

0 . 3 3 0 . 0 7 0 . 0 6

0 . 5 0 0 . 0 9 0 . 0 8

0 . 7 5 0.11 0.10
0 . 8 0 0 . 0 5 0 . 0 4

1 . 2 5 0 . 1 6 0  1 5

1 . 5 0 0 . 0 8

3 . 7 5 0 . 3 2 0.21
4 . 0 0 . 1 4 0 . 1 5

8.0 0 . 1 8 0 . 1 8

1 6 . 0 0 . 3 7 0.21
2 4 . 0 0 . 4 3 0 . 2 3

4 0 . 0 0 . 5 1 0 . 2 6

A c r y la m id e , 1 0 “ * M  d y e ,  7 X  1 0 - *  M 1 0  “ 5 M  d y e ,  8 x io > .w
M T E A ,  p H  8.55 T E A ,  p H  8 .5 5

0 . 1 4 1 0.12 0.01 0 . 1 8 0 . 0 4

0 . 3 5 2 0.11 0 . 0 5 0 . 1 8 0 . 1 3

0 . 7 0 4 0.10 0.10 0 . 1 7 0 . 1 9

1 . 0 5 6 0 . 0 9 0 . 1 6 0 . 1 5 0 . 1 8

1 0 -s  M  d y e ,  7 X  1 0 -* M 1 0  "5 M  d y e ,  8 X  1 0 - '  M
p H T E A ,  0 .7 0 4  M  a c r y la m id e T E A ,  0 .7 0 4  M  a c r y la m id e

6 . 5 0 0.01 0.01
6 . 5 3 0 . 0 3 0.02
7 . 3 0 0 . 0 6 0 . 0 7

7 . 3 8 0 . 0 5 0 . 0 7

7 . 5 0 0.10 0.10
7 . 9 0 0.10 0.11 0 . 1 4 0 . 0 8

8 . 1 8 0.10 0.12 0 . 1 6 0.12
8 . 5 5 O i l 0.10 0 . 1 7 0 . 1 7

9 . 0 0 0 . 1 7 0 . 1 7

10.00 0 . 1 7 0 . 1 6

“ A molecular weight value of 6 X 106 was used in all cases.
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for 7a and k0, were used to evaluate the various rate 
constants: Í ,  =  8  X 10- 7  einstein l. - 1  sec.-1 ; k 0 = 
5 X 104 1. mole- 1  sec.-1. These values are sum
marized in Table IV. The data show both similarities 
and differences in the behavior of these dyes. They 
are similar in tha t the quenching constants k q, the 
k pk t ~1/! values, and the efficiencies of formation of the 
light-excited dyes are all comparable in magnitude. 
They are also similar because the primary reactivity of 
TEA lies in the free base B as opposed to the proto- 
nated base HB+. The magnitudes of /ch b listed in 
Table IV represent their maximum value, and, indeed,

they may be even smaller. The systems differ in th a t 
the rate k z  for thionine is about five times greater 
than th a t for methylene blue. Further studies are in 
progress to determine the reason for this difference in 
reactivity.

Q uantum  Efficiencies o f the D y e -T E A -A c r y la m id e  
System s. Experimental quantum  yields for polymeri
zation, 0 P, and for dye fading, </>f, were calculated 
from eq. 8  and 9 and are summarized in Table V.

7?„ monomer mol. wt.
—- X -----------------------
7* polymer mol. wt. (8)

(9)

The trends in <¡>¡ and 0 P are the same for both dyes. 
Both yields increase with an increase in TEA level. 
An increase in monomer level also results in an increase 
in 0 P but in a decrease in <f> f owing to monomer quench
ing.

A detailed comparison of the quantum  yields for 
thionine and methylene blue systems cannot be made 
because substantially higher TEA concentrations were 
required with the latter dye to obtain measurable R¡ and 
R p values. One set of measurements a t TEA levels 
of 3.75 and 4.0 X 10- 3  M  show, however, th a t 0 f is 
about twice as great for thionine while the 0 P values 
are almost comparable for both dyes. In general, the 
data show conclusively tha t the quantum efficiency for 
photopolymerization can be as high as 4 photons/ 
polymer molecule—the highest achieved to date with 
am ine-initiator combinations.

N O T E S

A n  A d d i t i o n  C o m p le x  b e t w e e n  C a r b o h y d r a t e s  

a n d  D i m e t h y l  S u l f o x id e  a s  R e v e a le d  b y  

P r o t o n  M a g n e t i c  R e s o n a n c e

by V. S. R. Rao and Joseph F. Foster

Department of Chemistry, Purdue University, Lafayette, Indiana 
(Received October 12, 196If)

In  the course of a study of the optical rotatory dis
persion behavior of carbohydrates, certain observations

led us to suspect th a t dimethyl sulfoxide (DMSO) 
might be forming a specific complex with certain sugars- 
We wish now to present evidence th a t this is indeed 
true and th a t the complex formation involves cis hy
droxyls in axial-equatorial relationship.

In Table I are presented values of the specific ro ta
tion for several sugars a t 436 mg as determined in both 
water and in DMSO. I t  will be seen th a t for D-glueose 
and D-xylose, the rotations in DMSO are very much 
more positive than in water. I t  is well known th a t the 
a-anomers of these sugars have a more positive rotation
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Table I :  Comparison of Optical Rotations of Sugars in
W ater and in DMSO

------ S p e c i f i c  r o t a t i o n  a t  4 3 6  m fi-
C o m p o u n d W a t e r D M S O

o-Glucose 112 220
D-Xylose 37 178
D-Mannose 31 22
D-Ribose — 39 - 2 7
a-M ethyl D-glucose 306 327

than the /3-anomers and th a t in aqueous solution the 
anomeric equilibrium favors the /3-isomer. These re
sults suggested the possibility th a t DMSO might favor 
the a-anomer due to complex formation. This is sup
ported by the relatively trivial difference in specific 
rotation found in the case of methyl a-D-glucose. In 
the case of D-mannose, the difference in rotation in the 
two solvents is again small bu t is in the opposite direc
tion. If anything, in this case DMSO might be 
stabilizing the /3-anomer.

To throw more light on these questions, proton mag
netic resonance studies were carried out on these sugars 
in deuterated DMSO. The n.m.r. spectra were deter
mined in a Yarian A-60 instrum ent and the results are 
summarized in Table II. Here are shown chemical 
shifts for the readily identifiable anomeric hydrogen 
atoms together with the corresponding coupling con
stants J 12 obtained from the magnitude of the peak

Table I I : Summary of N.m.r. D ata

C h e m i c a l  3 h i f t s  
( r - v a l u e s )  o f

a n o m e r i c  p r o -  C o u p l i n g  c o n s t a n t ,  J h i H j . 
t o n s 0 c .p . s .

I n In I n  D 2O  o r I n
C a r b o h y d r a t e D s O D M S O c h l o r o f o r m D M S O

D-Glueose 4.7 3.82 3.0 4 .7
5.3 7 .0

D-Xylose 4.82 3.9 2.2 4 .5
5.45 7.2

D-Mannose 4.72 3.79 1.4 4 .0
5.10 1.0

n-Ribose'’ 4.73 3.70 Undefined 5 .6
4.95 3.90 5.4 5 .7

3.95 8 .5
M ethyl a - D  xylopyranoside 5.2 £.48 2 .2
M ethyl /3 -d  xylopyranoside 5.62 £.95 7.2 7 .0
a-D-Glucose pentaacetate 3.58 c .86 3 .2 3 .5
S-o-Glucose pentaacetate 4 . 1 4.03 7.7 8 . 0

° The chemical shifts are measured relative to the internal 
standard tetram ethylsilane ( t 10) _n deuterated DMSO and 
chloroform and relative to the w ater im purity band in the case 
of D 20  (t 5.2). b The data  in D 20  are from ref. 5.

splittings. I t  is clear from the table th a t the signal 
corresponding to the anomeric protons in the free sugars 
is shifted toward low field in DMSO. Secondly, only 
one type of anomeric proton is observed in each of the 
sugars D-glucose, D-xylose, and D-mannose, indicating 
th a t these sugars in DMSO exist in a single anomeric 
form. For D-glucose and D-xylose this is clearly the a- 
anomer. This is in agreement with the conclusion 
arrived a t from the optical rotation measurements. 
From Table II  it is also evident th a t the coupling con
stants J i2 in DMSO are considerably higher than for 
the corresponding anomeric forms in D 20 . This in
dicates a significant decrease in the C iH i-C 2H 2 dihedral 
angle. Such a decrease in dihedral angle is reasonable 
if a complex is formed across the cis hydroxyl groups 
a t Cj and C2 of a-D-glucose and a-D-xylose. Such 
significant changes in coupling constants are not ob
served for the methyl glucosides and sugar acetates, 
again in support of the thesis th a t the effects are due to 
complex formation with hydroxyl groups.

I t  has been shown recently th a t the oxygen atom  in 
DMSO can form hydrogen bonds with two chloroform 
molecules. 1 I t  does not seem unreasonable to postu
late a similar doubly hydrogen-bonded complex with 
two cis hydroxyl groups a t Ci and C2. Such complex 
formation might easily cause a slight deformation of 
the ring with a decrease in the C iH i-C 2H 2 dihedral 
angle and an increase in the distance between the axial 
protons a t C2 and C4. Comparatively little energy 
would be necessary for such a deformation. On the 
other hand, a similar deformation caused by complex 
formation across frans-situated hydroxyls would tend 
to push together the axial protons. Such a deforma
tion is much less favorable. In general, complex for
mation across trans hydroxyls is sterically hindered . 2

In  the case of D-mannose also only one peak is ob
served in the low-field region in DMSO. While it 
cannot be stated positively th a t this corresponds to the 
/3-anomerie form, inspection of models of D-mannose in 
the C l ring conformation shows tha t complex formation 
between DMSO and the Ci and C2 hydroxyls would be 
impossible in the a-form. I t  is therefore inferred th a t 
D-mannose is stabilized in the /3-form by DMSO. 
Again, the increase in J i2 is in agreement with a complex 
of this type with a slight distortion of the ring.

n-Ribose presents a more complex problem. The 
earlier optical rotation data have been interpreted by 
assunring th a t this sugar exists in equilibrium both in 
pyranose and furanose forms. 3'4 On the other hand.

(1) A. L. McClellan, S. W. Nicksic, and J. C. Guffy, J . Mol. Spectry., 
11, 340 (1963).
(2) S. J. Angyal and C. G. MacDonald, J . Chem. Soc., 686 (1952).
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from the n.m.r. data in D 20 , Lenz and Heeschen6 con
cluded th a t D-ribose exists as furanoside. If the later 
interpretation is correct, one should expect either one 
or two peaks in the low-field region, depending on whe
ther D-ribose forms a complex similar to glucose and 
xylose. The observed three peaks a t 3.7, 3.9, and 3.95 
are compatible with the interpretation th a t D-ribose 
exists in equilibrium in both furanose and pyranose 
forms in DMSO.
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dustries Research Foundation for financial support of 
this work. 3 4 5
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Contribution No. 1766 from  the Sterling Chemistry Laboratory,
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In  performing measurements of the high-field con
ductance of electrolytes, as is often the case with 
other electrolytic measurements, the presence of un
avoidable impurities is a cause of concern. If the un
wanted materials are ionized significantly or are 
subject to ionization by the applied field and if the 
ionic mobilities and valence type of the contaminants 
differ markedly from those of the solute being in
vestigated, the results may be altered in some un
expected way by their presence. I t  makes little dif
ference if these unavoidable impurities result from 
hydrolysis of the solute or are introduced from some 
other source; one would wish to calculate what effect 
they may have on the measurement.

A recent set of measurements on uranyl salts1 - 3  

has raised all these problems and suggested the need for 
an empirical study, since it is not yet possible to 
handle theoretically the computation of the behavior 
of mixtures of ions under high fields. In  working with 
these solutions, all of which are appreciably hydrolyzed, 
we have found it convenient to use mixtures of acid and 
salt as the reference electrolyte, for example, hydro
chloric acid and potassium chloride, and to adjust the 
pH of the reference electrolyte solution as closely as is

reasonable, or within 0.1 pH  unit, to th a t of the uranyl 
salt under study. W ithout this being done, polari
zation in the uranyl salt solution makes conductance 
bridge balancing difficult or impossible, while if the 
acid-salt mixture is used as a reference electrolyte the 
difficulty is markedly diminished, and reproducible 
measurements become possible.

In order to understand the behavior of these refer
ence electrolyte solutions, we have accordingly studied 
the relative Wien effects of mixtures of potassium 
n itrate and nitric acid vs. potassium chloride, of 
mixtures of the same electrolytes vs. potassium chlo
ride-hydrochloric acid mixtures, and of potassium 
chloride-hydrochloric acid mixtures vs. hydrochloric 
acid. The concentrations have been chosen to re
semble those used in the reference electrolyte solutions 
relative to which uranyl salts have been studied.

We have computed the theoretical Wien effects, as 
described in ref. 4, using two approximations; in one 
we simply consider the Wien effects of the two constit
uents to be additive; in the other, we calculate a com
bined valence and a combined limiting ionic conduct
ance, in these cases th a t of the cation. On the reason
able assumption tha t these 1 - 1  electrolytes will behave 
normally and as closely in accord with theory as any 
available, the comparison of the theoretical results 
using the two methods of calculation with the experi
mental results may yield some guidance in how best 
to proceed with the theoretical computation for these 
and other solutions. 1 The amount of information 
which can be obtained in this way is limited in this 
particular study by the fact th a t the measurements 
are being made between solutions in which it is known 
in advance th a t polarization will occur and make bridge 
balancing difficult.

The experimental procedure has been described in 
ref. 1. In the rest of this paper we shall refer to 
method I as the assumption of additivity of the Wien 
effects

A A / A ( 0 ) totai =  A A /A (0 )ac id  +  A A / A ( 0 ) , .u  (1)

and method II as the computation and use of combined 
valences and limiting ionic conductances for the 
appropriate ions in the theoretical calculation

( A o + ) to t a i  =  A r i ( A o + ) i  +  A j ( A o + ) j  ( 2 )

| |  to ta l =  A i | z i + | +  A j l z j  +  I ( 3 )  1 2 3 4

(1) J. F. Spinnler and A. Patterson, Jr., J . P hys. Chem., 69, 500 
(1965).
(2) J. F. Spinnler and A. Patterson, Jr., i b i d . ,  69, 508 (1965).
(3) J. F. Spinnler and A. Patterson, Jr., i b i d . ,  69, 513 (1965).
(4) H. Freitag and A. Patterson, Jr., J . Electrochem. Soc., 108, 529 
(1961); also H. Freitag, Dissertation, Yale University, 1959.
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I t  is realized tha t these equations are approximations, 
since they overlook mixture effects in which departures 
from the Kohlrausch principle of independent ionic 
mobilities appear when the electrolyte mixture con
tains ions of like sign but of very different mobilities. 
Thus the experimental results of Longsworth5 6 show 
that in a potassium chloride-hydrochloric acid mixture 
the limiting ionic conductance o: the hydrogen ion was 
approximately 3% less and th a t of the potassium ion 
1.5% greater than the theoretical values calculated 
by Onsager and Fuoss6 for the mixture. No correction 
has been made for this effect in the theoretical cal
culations plotted in Figure 1, although this could be 
done. We expect to extend these measurements and 
calculations to other electrolytes, including higher 
valence types, and will then undertake to make such 
corrections. In  the same calculations, 1 the limiting 
ionic conductances of the other ions involved are 
known with a considerably poorer degree of precision 
than those of the mixtures determined as in eq. 2 , espe
cially at tem peratures other than 25°, in which cases 
this refinement is certainly not necessary.

Figure 1. Plots of the experimental and theoretical high-field 
conductance quotients vs. field for three pairs of reference 
electrolyte solutions. At top, for a potassium nitra te-n itric  
acid mixture vs. potassium chloride, die concentrations were 
1.830, 0.488, and 3.024 X 10"4 M , respectively. In  the 
center, for a potassium nitrate-nitric  acid mixture vs. a 
potassium chloride-hydrochloric acid mixture, the 
concentrations were, in order, 1.830 and 0.488 vs. 1.849 
and 0.477 X 10“4 M . At the bottom , for a potassium 
chloride-hydrochloric acid mixture vs. potassium chloride, 
the concentrations were 1.849 and 0.477 vs. 3.028 X 10~4 M.

I t  can be seen from inspection of the curves of 
Figure 1 th a t both methods I and II  agree to within 
0.1 unit of AA/A(0), %, with the experimental measure
ment. A higher experimental error is to be expected 
in the measurements of acid-salt mixtures against a 
salt because of concentration polarization, as noted

above. Nevertheless, the average difference in AA/A(0) 
determinations a t a given field strength with the same 
solutions was 0 .0 2  unit. Consequently, the accuracy 
attained in these measurements of AA/A(0) is estimated 
to be within 0.05 unit in the range of fields between 
0 and 90 kv./cm ., decreasing to 0.1 unit a t 200 kv./cm.

I t  will be seen th a t the curve calculated for I \N 0 3-  
H N 0 3 vs. KC1 by method I  rises rapidly, 0.1 unit in 
15 kv./cm ., and then remains constant, while th a t cal
culated by method II  slowly decreases to —0.085 
unit a t 200 kv./cm . A similar situation exists in the 
calculation for KC1-HC1 vs. KC1. The rapid increase 
followed by a flat portion for most of the range of 
fields calculated by method I is due to the absolute 
Wien effect of the acid in the mixture. At 6  kv./cm . 
its absolute Wien effect is approximately 0.03%, 
while th a t of the salt is about 0.016%. At 100 kv./cm ., 
the absolute Wien effect of the acid is approximately 
0.13%, while th a t of the salt is 0.31%. Thus the 
theoretical results predicted by method I are at first 
dependent on the acid constituent, in particular be
cause of the large limiting ionic conductance of the 
hydrogen ion, and become more dependent on the salt 
a t higher field strengths. I t  can be dem onstrated 1 

th a t an increase in the limiting ionic conductance of 
the cation results in a decrease in the magnitude of 
the Wien effect a t high field strengths, other parameters 
being held constant.

The curves representing the theoretical results cal
culated by method I I  agree with the experimental 
results within 0.05 unit between 0 and 60 kv./cm. 
and within 0.05 unit a t the higher field strengths in 
the K N 0 8-H N 0 3 vs. KC1 case, but the agreement is 
considerably poorer with the KC1-HC1 vs. KC1 case, 
where experimentally there was much more trouble 
with polarization. Why this should be observed in 
the one case and not in the other is not known; the 
same conductance cells were not used, however, and 
this may have had some effect. In the case where the 
pH of the two cell solutions was balanced, both methods 
yield results in close agreement with the experimental 
values, and the experimental values are a t least as 
accurate as the precision claimed previously: 0 . 0 2

AA/A(0), %.
Thus, it appears tha t the effects of the hydrogen 

ion tend to be overcompensated for by method I and 
tha t any errors introduced by ignoring the mixture 
effect will be greatly magnified a t the lower field 
strengths. At higher fields errors of this type are not 
so significant, but errors due to concentration polari

(5) L. G. Longsworth, J. Am. Chem. Soc., 52, 1897 (1930).
(6) L. Onsager and R. M. Fuoss, J. Phys. Chem., 36, 2684 (1932).
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zation become the major source of disagreement be
tween the theoretical values and experiment. As a 
consequence of these facts, coupled with the agreement 
of the method II theoretical calculations and the ex
perimental results a t low fields where polarization 
effects were not troublesome, it is concluded th a t 
method II  is the more satisfactory of the two.

We propose to continue this empirical investigation 
on mixtures of a variety of salts of different valence 
types where the difficulties from polarization forced 
upon us by necessity in the present investigation will 
be absent.
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Central Laboratory, Staatsmijnen in Limburg, Geleen, 
The Netherlands (Received July 6, 1964)

From experimental observations it appears th a t the 
combination of aromatic hydrocarbons and TiCh, 
TiBr4, and V0C13, respectively, gives rise to broad ab
sorption bands in the visible and/or the ultraviolet part 
of the spectrum. These absorption bands are not ob
served in the spectra of the relative partners. As a 
consequence, the bands must be caused by some com
plex formation. Investigations into the nature of the 
chemical bonding in these complexes lead to Mulliken’s 
charge-transfer theory . 1

Observed Spectra
The spectra were run on a Beckman Type DK-2 

spectrophotometer. Curve 1 of Figure 1 represents the 
spectrum of a solution of naphthalene in cyclohexane, 
whereas curve 2  corresponds to the spectrum of a solu
tion of TiCh in cyclohexane. The spectrum of a mix
ture of naphthalene and TiCh is represented by curve 3 
of Figure 1. I t  appears that new absorption bands 
arise. (Note th a t the spectra are drawn on different 
ordinates, so tha t no intensity conclusions can be 
drawn.) The spectra of a number of molecular com
pounds of aromatic hydrocarbons and TiCh, TiBr4, and 
VOCh were investigated. The wave numbers of maxi-

3 1■— »■ Wave num ber in K> cm '

14 18 22 26 3 0  3 4  3 8  4 2  46

Figure 1.

mum absorption of the bands are summarized in Table 
I. The charge-transfer bands of VOCh in combination 
with benzene, naphthalene, and phenanthrene agree 
with those already observed by Krauss and G natz . 2

Discussion

In our opinion the observed absorption bands are 
caused by charge-transfer interaction between the halo
gen compounds of titanium  and vanadium, on the one 
hand, and the aromatic hydrocarbons, on the other. 
As stated by Hastings, et a l.,3 a relation of the following 
type exists in charge-transfer complexes

2 fi2
hv =  I d -  E k -  E c  +  -  -  tt

1 d  — M,a — n  c

where hv =  energy of maximum absorption, In  =  ion-

(1) R. S. M u l l ik e n ,Am. Chem. Soc., 72, 600 (1950) ; 74, 811 (1952) ; 
J. Phys. Chem., 56, 801 (1952); Rec. trav. chim., 75, 845 (1956).
(2) H. L. Krauss and G. Gnatz, Ber., 95, 1023 (1962).
(3) S. H. Hastings, J. L. Franklin, J. C. Schiller, and F. A. Matsen, 
J. Am. Chem. Soc., 75, 2000 (1953).
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Table I :  Wave Number (in 103 cm .-1) of Observed Maxima of Charge-Transfer Compounds

.----------------------------T i C l . ----------------------------. .------------------------------T i B r , ------------------------------ . ------------------------------------------------V O C l i ------------------------------------------------
Sol- Sol- Sol-

C T B i C T B i A<n_ a v e n t C T B i C T B i A fr i-* v e n t C T B i C T 3 i C T B i A<T1_8 A<ri_* v e n t

Benzene 29.8 c° 27 .06 c 23.8 c
Naphthalene 21.0 25.8 4 .8 21.3 c 16.0
Anthracene 16.7 25. O'1 8 .3 16.5 22. g6 6 .4 c 12.2 c
Phenanthrene 22.0 21.3 c 16.2
Chrysene 19.2 27 .0ft 7 .8 18.5 c 14.5
Pyrene 17.2 23.5 6.3 16.8 c 12.5 18.8 6 .3 c
Perylene 14.5 21.0 6.5 14.2 19.2 5 .0 c 8 .0 15.2 20.4 7 .2 12.4 C

■C = cyclohexane. b Inaccurate value.

ization potential of the donor molecule, E A — electron 
affinity of the acceptor molecule, E c =  Coulomb en
ergy of the ions D+ and A - , and ¡3 -  a constant. 
McConnell, et a l . , *  give a linear relationship of the 
type hv — a ln  +  b.

In  Figure 2 the hv values of maximum absorption of

Figure 2. O, complexes with TiCU; • ,  complexes 
with T iB r4; A, complexes with VOCla. 1, benzene; 
2, naphthalene; 3, phenanthrene; 4, chrysene;
5, pyrene; 6, anthracene; 7, perylene.

the longest wave length band observed in the complexes 
are plotted against the ionization potential of the aro
matic hydrocarbons. The observed linear relationship 
strongly supports the charge-transfer character of the 
complexes.

In  some charge-transfer complexes a number of 
charge-transfer bands have been observed. I t  appears 
th a t the differences Ao- are independent of the acceptor 
molecules. So the reason for these additional bands 
will have to be found in the donor molecules. The Ao- 
values observed by us agree reasonably well with a 
number of Ao- values found by Briegleb, e t al. , 6 who 
measured the charge-transfer spectra of complexes of 
tetracyanoethylene and chloranil with aromatic hydro
carbons. In  agreement with the interpretation of 
these authors we assign these additional absorption 
bands to  transitions from the ground level of the com
plex to charge-transfer levels of which the D+ ion is 
excited.
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In connection with some light scattering studies1 on 
the precipitation of silver iodide from homogeneous
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solution, using the reaction between silver nitrate and 
ethyl iodide in ethanol, an expression for the over-all 
kinetics of this reaction was assumed involving the 
degree of dissociation of the silver nitrate. This ex
pression is now discussed further in the light of sub
sequent conductometric studies of silver n itrate in 
ethanol-w ater mixtures.

The kinetics of the reactions between alkyl halides 
and silver nitrate in a variety of solvents have been 
extensively studied since the papers of Donnan, 
Burke, and Potts, published between 1904 and 1910.2-4 
A recent review of the literature is tha t of Melendez- 
Andreu .5

Kinetic data have usually been interpreted in terms 
of the stoichiometric concentrations of the reactants, 
leading to fractional over-all apparent orders between 
2 and 3. The contribution of the alkyl halide to the 
over-all order has invariably been found close to unity, 
but attem pts to separate the contributions of the Ag + 
and N 0 3~ ions to the over-all order, again using 
stoichiometric concentrations, have led to a compli
cated picture. M any of the apparent anomalies are, 
however, resolved if quantitative allowance is made for 
ionic strength effects, association of silver n itrate to 
ion pairs, and the effect of reaction products.

The suggestion that silver n itrate ion pairs may be 
involved in the reaction was, in effect, made in 1909 
by D onnan , 3 who postulated th a t in ethanol “undis
sociated silver nitrate molecules” may be the reacting 
species. Senter ,6 however, found th a t the apparently 
similar reaction between silver n itrate and salts of 
brominated aliphatic carboxylic acids in aqueous 
solution was catalyzed by the solid silver bromide 
produced, and the ion pair mechanism was also strongly 
criticized by Hughes, Ingold, and M asterm an ,7 who 
suggested that heterogeneous catalysis was “diagnostic 
of the reaction between silver ions and alkyl halides.” 
Although heterogeneous catalysis may be significant 
in aqueous and some other solutions, there is good 
evidence that, e.g., in ethanol4 and acetonitrile ,8 it is 
negligible. The autocatalytic effects observed in the 
reaction can, moreover, be explained without recourse 
to the postulate of heterogeneous catalysis.

Hughes, et a l.,7 have commented th a t to invoke the 
participation of “undissociated silver n itrate mole
cules” in the reaction is “a convenient theory since 
nobody claims to know the concentration of these 
molecules.” The situation has now changed, however, 
and some confidence can be placed in ion pair concen
trations obtained from conductance measurements 
analyzed by recently refined conductance equations . 9 

I t  is, moreover, only the variation of ion-pair concen
tration with over-all concentration which is required

to test the hypothesis and this quantity is not very 
sensitive to the value of the association constant 
taken. In the following discussion association con
stants for silver nitrate in ethanol-water mixtures 
which have been calculated from conductance measure
ments in this laboratory 10 will be used.

Kinetic Analysis
Since the reaction rate is affected by both the 

silver and nitrate ion concentrations, the over-all . 
kinetic process might tentatively be w ritten8

+
N 0 3_ +  R I +  Ag+ — > N 0 3~RIAg — > products

t r a n s i t i o n  / i \
s t a t e  \ - * - /

with the n itrate ion participating in the transition com
plex essentially as formulated by Kornblum . 11

Defining the rate of reaction as the rate of decrease 
of stoichiometric silver n itrate concentration, and
ignoring the effect of reaction products

- d c / d t  = fc 'c V /P  (2 )

where c is the stoichiometric concentration of silver 
n itrate and alkyl halide (taken equal) a t any time t, 
y  is the degree of dissociation of silver nitrate, and / ± 
is the mean ionic activity coefficient.

Since eq. 1 can hardly represent a single kinetic step, 
it may be split into a postulated association equi
librium between two of the three species, and the rate
determining step proper may be taken as the reaction 
between the result of this association and the remaining 
species. Since silver nitrate ion pairs are known to 
exist in solution (especially at low dielectric constant), 
it seems reasonable to interpret eq. 1 as (AgN 03) +  
RI —► transition state, where parentheses are used to 
indicate an ion pair. This leads a t once to the kinetic 
expression

— d c /d t  = kc2( 1  — y)  (3) 1 2 3 4 5 6 7 8 9 10 11

(1) M. J. Jaycock and G. D. Parfitt, Trans. Faraday Soc., 57, 791 
(1961).
(2) K. A. Burke and F. G. Donnan, J. Chem. Soc., 85, 555 (1904).
(3) F. G. Donnan and K. A. Burke, Z. physik. Chem., 69, 148 (1909).
(4) F. G. Donnan and H. E. Potts, J. Chem. Soc., 97, 1882 (1910).
(5) E. Melendez-Andreu, Ann. Chim. (Paris), 7, 695 (i962).
(6) G. Senter, J. Chem. Soc., 97, 346 (1910).
(7) E. D. Hughes, C. K. Ingold, and S. Masterman, ibid., 1236 
(1937).
(8) G. S. Hammond, M. F. Hawthorne, J. H. Waters, and B. M. 
G ray bill, J. Am. Chem. Soc., 82, 704 (1960).
(9) R. M. Fuoss, ibid., 81, 2659 (1959).
(10) G. D. Parfitt and A. L. Smith, Trans. Faraday Soc., 59, 257 
(1963).
(11) N. Kornblum, R. A. Smiley, R. K. Blackwood, and D. C. Iffiand, 
J. Am. Chem. Soc., 77, 6269 (1955).
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but, since K a =  ( 1  — y ) / c y 2f ± 2, where K a is the as
sociation constant for the silver n itrate equilibrium, 
eq. 3 reduces to

—dc/df = /cA1ac37 2/ ± 2

which is equivalent to eq. 2. An alternative interpre
tation of eq. 1 as

R IA g+ +  N 0 3~ —► transition state

will also lead to expressions equivalent to eq. 2 and 3.
In  hydroxylic solvents nitric acid appears as a prod

uct of the reaction yielding nitrate ions which will 
participate in the reaction. Then

K a =  (1 -  y ) / y f ± 2(cy  +  c 'y ')  (4)

where the primed symbols refer to nitric acid. In  
the simple case th a t the reaction is supposed to produce 
nitric acid in stoichiometric quantities (actually 70% 
or more in ethanol-water mixtures3) and K a ' is assumed 
equal to K a (in fact, K a ' <  K a in ethanol), then 
7  =  y ’ and c ' =  c0 — c, where the subscript 0  refers 
to initial quantities, yielding, from eq. 4, 1 — y  = 
A aCo7 2/± 2. Since, under the assumed simple condi
tions, the ionic strength remains constant, the activity 
coefficient is also constant, leading to 1  — y  =  con
stant, which, combined with eq. 3, gives

— dc/d t = k " c 2 (5)

where k "  =  & ( 1  — 7 )0  so th a t a given reaction would 
follow a simple second-order equation in stoichiometric 
concentrations. A plot of c “ 1 vs. t is now linear and 
of slope k "  whereas eq. 3 predicts th a t such a plot is 
concave to the time axis of slope, a t any time, of k (  1 — 
7 ). Even though the simple conditions assumed 
above do not fully apply, some straightening of the 
c - 1  vs. t plot will enable initial slopes (independent of 
products) and, hence, k  values to be obtained more 
accurately.

The addition of the n itrate of an indifferent cation 
will, on the assumed mechanism, increase the reaction 
rate by increasing the concentration of silver nitrate 
ion pairs. Equation 4 again applies, and, for nitrates 
such as K N 0 310 and N H 4N 0 3, the K a value for the 
added nitrate may be taken equal to th a t for silver 
n itrate without great error.

Comparison of Kinetic Analysis with Experimental Data
Burke and D onnan2 found that, for the reaction 

between silver nitrate and both ethyl and butyl iodides 
in ethanolic solution, the (apparent) second-order rate 
constant, k ” , calculated from — dc/df = k " c 2, re
mained almost constant in the course of any one re
action but varied with the initial concentration of

reactants (at equal concentrations) according to 
k "  =  (constant)co0-53. Thus, application of eq. 5 
predicts tha t a plot of log ( 1  — 7 )0  vs. log c0 will have a 
slope of 0.53. Such a plot, using 7 -values calculated 
from conductance d a ta 13 over the range c0 <  2 0  m M , 
is shown in Figure 1. The result is a curve of slope 
varying between 0.4 and 0.6, which is in good agreement 
with the experiments of Burke and Donnan. If the 
value of K a from conductance data ( 2 1 0  M _1) is in 
error, it is most probable th a t association has been 
overestimated . 12 Reduction of A a to 8  M ~ \  as found10 

in the 70 wt. %  ethanol-water mixture, only causes 
an increase in d log ( 1  — 7 )0/d  log c0 to ^ 0 .7 .

Log c0 (c0. mM).
Figure 1. Plot of log (1 — y)0 vs. concentration 
Co ( mM)  for silver n itra te  in ethanol; y  is 
the degree of dissociation of silver nitrate.

Burke and Donnan also studied the effect of adding 
ammonium nitrate to the initial reaction mixture. 
In  the range of concentrations for which values are 
available, they found th a t the value of k "  for a re
action initially 12.5 mM , with respect to ethyl iodide, 
silver nitrate, and ammonium nitrate, was greater 
than th a t found in the absence of ammonium nitrate 
by a factor of 1.2. If Me ammonium nitrate is taken 
to have approximately the same value of K a as 
silver nitrate, this factor is expected, on the ion pair 
mechanism, to be the ratio of the ( 1  — 7 ) value at 
25 mM to th a t a t 12.5 mM, which, from the data 
quoted 10 and plotted in Figure 1, is 0.46/0.38 = 1 .2 . 
Calcium nitrate caused smaller increases in rate, as 
expected in view of increased ionic strength and as
sociation effects introduced by the divalent cation.

For reactions in solvents containing significant 
amounts of water where the nitric acid is appreciably 
ionized, the virtual constancy of k "  for a given reac

(12) R. L. Kay and J. L. Dye, Proc. Natl. Acad. Sci. U. S., 49, 5
(1963).
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tion is explained immediately by eq. 5: In  pure ethanol 
the limited dissociation of nitric acid, together with the 
side reaction producing ethyl n itrate rather than nitric 
acid to the extent of ~ 3 0 % , makes the virtual con
stancy of k "  more difficult to explain, though the 
ionization of the nitric acid is still sufficient to make the 
reaction difficult to follow conductometrically . 18

In  the case of nonhydroxylic solvents, such as aceto
nitrile, where no nitric acid is produced, the value of 
k "  does, as expected, decrease during the course of 
reaction .8 Furthermore, when silver lactate replaces 
silver nitrate in ethanol-water mixtures, the value of 
k "  again decreases as the reaction proceeds, 4 which is 
exactly as expected in view of the weak nature of lactic 
acid.

The ion-pair mechanism predicts th a t the reaction 
rate will decrease as the dielectric constant is raised 
in moving from ethanol to water as solvent, by the 
ratio of the ( 1  — y) values in the two solvents which is 
~ 8 0  (y  in water calculated from an extrapolated K k 
value10 and stoichiometric activity coefficients14).

As observed, the reaction with methyl or ethyl 
iodide3 is only decreased by a factor of ^>7; the rate 
does not change monotonously, but it is not expected 
th a t the silver n itrate ion pair will remain equally re
active in conditions of competitive solvation obtaining 
in mixtures of polar solvents.

The recent work of Melendez-Andreu5 using an ace
tone-w ater mixture provides good support for the pro
posed mechanism involving the silver n itrate ion pair. 
The reactions of alkyl bromides, from methyl to n- 
hexyl, with silver nitrate and perchlorate were studied 
and found (by means of the Leffler plot16) to be of the 
same mechanism for all the bromides in all the sol
vent mixtures. The reaction with silver n itrate is 
particularly rapid in acetone, and it is significant tha t 
silver nitrate is a particularly weak electrolyte in this 
solvent. Silver perchlorate, which is not as weak in 
acetone , 16 reacts much more slowly, even though in 
water-rich mixtures, where the two electrolytes are 
both strong, the rates are very similar. I t  is evident 
th a t the rapid rate of the silver nitrate reaction in 
acetone cannot be due to a high reactivity of the 
silver ion In this solvent and also can hardly be due to 
the increased nucleophilic character of a desolvated 
nitrate ion since the transport number for this ion in 
silver n itrate in acetone (0.58) is little different from 
tha t in water (0.54) and less than th a t in ethanol (0.61). 
The considerable association of silver n itrate in ace
tone, which may be due to stabilization of the ion pair 
itself in this solvent, 17 explains the high reaction rate, 
a t once, if the ion pair is the reacting species.

We conclude, therefore, th a t the suggestion of

Donnan as to the mechanism of the silver nitrate-alkyl 
halide reaction was essentially correct for many sol
vents despite later criticisms.

(13) A. G. Walton, Thesis, University of Nottingham, 1960.
(14) R. Parsons, “Handbook of Electrochemical Constants," Butter- 
worth and Co., Ltd., London, 1959.
(15) J. E. Leffler, J . Org. Chem., 20, 1202 (1955).
(16) V. S. Griffiths, K. S. Lawrence, and M. L. Pearce, J. Chem. 
Soc., 3998 (1958).
(17) W. R. Gilkerson, J. Chem. Phys., 25, 1199 (1956).

T h e  R e a c t i o n  o f  M e t h y l  R a d i c a l s  w i t h  M e t h y l  

a n d  M e t h y l e n e  F l u o r i d e

by G. O. Pritchard, J. T. Bryant, 
and R. L. Thommarson

Department of Chemistry, University of California, Santa Barbara, 
California 93018 (.Received July 29, 1964)

Raal and Steacie1 have observed a significant de
crease in the activation energy for H atom  abstraction 
by methyl radicals with increasing halogenation of 
methane

CH 3 +  CH 4 _ „X , — > CH 4 +  CH 3 _ nX„ (1)

For X  = chlorine, and n =  1 ,2 , and 3, they obtained 
values of E x of 9.4, 7.2, and 5.8 kcal. mole-1, respec
tively. For X  = fluorine, and n  = 1  and 2 , E i  was 
found to decrease from 8.7 to 6.2 kcal. mole-1. A 
similar trend was obtained with methyl and methylene 
bromide. They conclude th a t there is a progressive 
decline in the magnitude of the C -H  bond strength 
with increasing halogenation, leading to an enhanced 
“activity” of hydrogen atoms in substituted methanes.

While this generalization is correct for chlorometh- 
anes , 2 it is certainly not correct for fluoromethanes. 2 

We3 have found E x using C F3H to be 10.2 ±  0.2 kcal. 
mole-1, and the most likely value3'4 for Z)(CF3-H ) is 
close to 105 kcal. mole-1. We have therefore rede
termined E i for C FH 3 and CF2H 2. 1 2 3 4

(1) F. A. Raal and E. W. R. Steacie, J. Chem. Phys., 20, 578 (1952).
(2) C. T. Mortimer, “Reaction Heats and Bond Strengths,” Perga- 
mon Press, London, 1962, pp. 132-134.
(3) G. O. Pritchard and R. L. Thommarson, J . Phys. Chem., 68, 568 
(1964).
(4) E. Whittle, private communication; from unpublished bromina- 
tion experiments. This is some 4 kcal. lower than the previous value, 
see P. Corbett, A. M. Tarr, and E. Whittle, Trans. Faraday Soc., 59, 
1609 (1963).
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The experimental method was identical with that 
described previously for the CF3H experiments, 3 in 
which reaction 1  competed with

CD 3 +  CD 3COCD3 — ► CD 4 +  CD 2COCD3 (2)

The fluoromethanes were obtained commercially and 
purified by repeated low tem perature fractionation. 
Their mass spectra indicated nc detectable impurities 
and they were coincident with the previously pub
lished spectra for the two compounds. 5 In  the C FH 3 

experiments, the pressure of C FH 3 was approximately 
8  cm., and tha t of the ketone about 3 cm. In the 
CF2H 2 experiments, the respective pressures were 5 
and 3.5 cm. The data for CF2H 2 are collected in Table 
I. The CD 3FI/CD 4 ratios have been corrected for the 

impurity in the acetone-d6.

Table I : Data for the Competitive System :
CD3 +  CH2F2 ---- >  CD3H +  CHF2 (1) and

CD3 +  CD3COCD3 — >- CD, +  CD2COCD, (2)

T e m p . , [ C H j F î ] [ C D s H ] kì
“ C . [ a c e to n e - d e ] [ C D , ] ki
122 1.03 1.22 1.19
143 1.72 1.64 1.29
164 1.69 1.52 1.37
177 1.48 1.29 1.44
198 1.12 0.98 1.47
222 1.73 1.30 1.57
239 1.55 1.08 1.70
268 2.11 1.29 1.83
30) 1.36 0.82 1.91

A least-squares treatm ent of the Arrhenius plot for 
CF2H 2 gives k2/ k ,  =  5.5 exp —1200/R T ] ,  Taking 
E 2 =  11.4 ±  0.2 kcal. mole- 1  (assuming zero activation 
energy for CD 3 radical recombination), we obtain E \ 
(for CF2H2) =  1 0 . 2  ±  0.2 kcal. mole-1. An average 
of 17 runs with C FH 3 in the tem perature range 193 
to 331° yielded k2/k \  = 3.2 ±  0.2 (the ratio being 3.18 
at 193° and 3.41 at 331°). This scatter was not par
ticularly satisfactory, but it seems valid to equate 
E i (for C FH 3) with E 2 = 11.4 ±  0.2 kcal. mole-1. 
I t  is apparent th a t the activation energies given by 
Raal and Steacie1 for these two reactions are markedly 
in error. Trotman-Dickenson6 has remarked tha t the 
results may be unreliable because complicating side 
reactions probably occurred. The differences in the 
two sets of determinations are well beyond the limit of 
being low by 1 kcal. mole-1, an effect which has been 
observed when acetone-d0 is used as the radical source.7

However, we must comment that below 200° we 
were unable to obtain reproducible data  with the C FH 3 

system. This was despite repeated careful checks on 
the purity of the compounds and the condition of 
the quartz reaction cell. Periodic blank runs with 
acetone-d6 alone consistently gave reproducible CD 3H / 
CD 4 ratios. From 200° down to ~  1000 we obtained 
generally decreasing values of fc2//ci, which were very 
scattered. These indicated th a t E% — E i =  ^ 2 .7  ±  
0.5 kcal. mole-1, which yields E i =  8.7 ±  0.7 kcal. 
mole-1, in complete, but probably fortuitous, agree
ment with Raal and Steacie’s figure1 for this reaction. 
These authors also obtained their result in the tempera
ture range 125 to 211°. Our data from the CF2H 2 

system were completely reproducible over the entire 
tem perature range, and a comparison of the results 
derived from the three fluoromethane systems strongly 
suggests tha t we disregard the data obtained below 2 0 0 ° 
in the C FH 3 system. The cause of the discrepancy 
is not obvious; it is plausible tha t an undetected trace 
im purity of a substance containing very labile H atoms 
is responsible.

Taking the value for the pre-exponential factor6 * 

A 2 =  6.3 X 1011 mole- 1  cc. sec. - 1  gives normal storie 
factors for the two reactions of about 1 0 -3.

We intend to present data on reaction —1 for C FH 2 

and CF2H radicals. Our initial work8 on the photol
ysis of (CFH2)2CO indicates tha t the reactivity of 
C FH 2 radicals with regard to H atom abstraction 
lies between th a t of CF3 and CH 3 radicals. The acti
vation energies for the two reactions

CF3 +  CH 4 C F3H +  CH 3

CH 3 +  CH 4 —^  CH, +  CH 3

are about 10 and 14 kcal. mole-1, respectively . 9 We 
may therefore postulate tha t reaction 1 for C FH 3 

and CF2H 2 will be close to being thermoneutral, 
and tha t Z>(CFH2-H ) and Z)(CF2H -H ) will not be 
very different from Z)(CH3-H ).

Acknowledgm ents. We are very grateful to Dr. 
W hittle for communication of his results prior to 
publication, and to the National Science Foundation 
for support of this work.

(5) J. II. Majer, Advan. Fluorine Chem., 2, 55 (1961).
(6) A. F. Trotman-Dickenson, “Gas Kinetics,” Butterworth and Co., 
Ltd., London, 1955, p. 202.
(7) H. O. Pritchard and G. O. Pritchard, Can. J. Chem., 41, 3042 
(1963).
(8) G. O. Pritchard, M. Venugopalan, and T. F. Graham, ./. Phys. 
Chem., 68, 1786 (1964).
(9) G. O. Pritchard and G. H. Miller, J. Chem. Phys., 35, 1135
(1961).
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C y c lo h e x a n o n e  t o  5 - H e x e n a l  i n  t h e  

L i q u i d  P h a s e la

by Ajit Singh and Gordon R. Freeman

Department o f Chem istry, University o f Alberta, Edmonton, 
Alberta, Canada  (Received J u ly  29, 1964)

When liquid cyclohexanone is irradiated with Co60 

7 -rays, the compound isomerizes to 5-hexenal with a 
yield of 0.85 G un it.lb The present communication 
includes evidence th a t the lowest triplet state of cyclo
hexanone is a precursor of or a reactant in the isomeri
zation reaction.

Experimental
The techniques were similar to those described 

earlier.lb
Various solutions of benzene and of 2,3-dimethyl- 

1,3-butadiene (DMB) in cyclohexanone were irradiated 
to a dose of 5.92 ±  0.12 X 10- 4  e .v ./e_ , which is about
1.9 X 1020 e.v./m l., with Co60 7 -rays. The total 
dose was kept constant in units of e .v ./e_ so th a t the 
cyclohexanone in all solutions received the same dose. 
The dose rate was 5 X 1018 e.v./ml. hr. and the tem
perature of the samples was 24 ±  3°.

Two solutions of oxygen in cyclohexanone were ir
radiated to the above dose and analyzed to compare 
the effects of oxygen and DM B on the product yields.

Results and Discussion
The effects of benzene and DM B on the yield of 

5-hexenal are shown in Figure 1. For the benzene 
solutions, the value of (?(5-hexenal) increases with 
increasing benzene concentration and passes through 
a maximum at an electron fraction of benzene of 
about 0.6. For DM B solutions, the yield of 5-hexenal 
drops very rapidly at first and then decreases more 
slowly as the electron fraction of the solute, es, is in
creased beyond about 2 X 10 _8 (Figures IB and C).

Oxygen also decreases the yield of 5-hexenal (Table 
I), and it is a more efficient inhibitor than is DMB.

Blank analyses were made on all solutions and a 
very slow dark reaction between cyclohexanone and 
oxygen was noted.

Benzene sensitizes the formation of 5-hexenal, 
whereas DM B and oxygen inhibit it. Consideration of 
the energies of the lowest excited singlet and triplet 
states and the ionization potentials of the molecules 
involved (Table II) indicates tha t these effects might 
be due to energy transfer processes th a t involve the

0
O I 2  3  4  5

€ ,  X I 0 3

Figure 1. 5-Hexenal: t, = electron fraction of the solute; 
dose = 5.92 ±  0.12 X 10-4 e .v ./e" . Filled points 
refer to yield in pure cyclohexanone a t zero dose:
A, benzene solutions; B and C, DM B solutions.

Table I :  Oxygen Solutions (Dose = 5.92 ±  0.12 X 10-4 
e .v ./e - )

P r e s s u r e  
o f  O 2 

in  t h e  
s a m p le ,®  

m m .
E l e c t r o n  f r a c t i o n  

o f  O i b ( ? ( 5 - H e x e n a l )
G ( C t  h y d r o 

c a r b o n s )

0 0 0.56 ±  0.03 0.29 ±  0 .02
71 2 .5  X 10~6 0.22 ±  0.02 0.21 ±  0 .02

412 14 6 X 10“6 0.15 ±  0 02 0 .20  ±  0 02

“ Cyclohexanone, 2 ml.; oxygen, 10 ml. b To calculate the 
electron fraction of dissolved oxygen, its solubility has been 
assumed to be 0.2 ml./m l. of the ketone, on the basis of the 
values for the solubility of oxygen in some oxygenated organic 
compounds (“ International Critical Tables” ).

( 1 )  ( a )  T h i s  w o r k  r e c e i v e d  f i n a n c i a l  a s s i s t a n c e  f r o m  t h e  N a t i o n a l  
R e s e a r c h  C o u n c i l  o f  C a n a d a ;  ( b )  A .  S i n g h  a n d  G .  R .  F r e e m a n ,  
Can. J .  Chem., 4 2 ,  1 8 6 9 ,  1 8 7 7  ( 1 9 6 4 ) .
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lowest triplet state of cyclohexanone. The ground 
state of oxygen is a triplet, while those of the other 
molecules are singlets. Thus, for reasons of spin 
conservation, the excited singlet states of oxygen are 
to be grouped with the excited triplet states of the 
other molecules.

Table II: Energies (in e.v.) of the Lowest Excited States
and Ionization Potentials

Ionization
Compound Triplet Singlet potential

Cyclohexanone 2.8° 4 .274 9 .14“
Benzene 3.58" 4 .766'” 9.25*
DM B ~ 2 .6 / 5 .46 ~ 8 .7 S
Oxygen 4.354 0 .984

1.644
12.2'“

° Estim ated by comparison with the states of cyclopentanone.6'“ 
b C. N. R. Rao, “Ultra-Violet and Visible Spectroscopy; Chemi
cal Applications,” B utterw orth and Co., L td., London, 1961. 
e S. R. LaPaglia and B. C. Roquitte, J . Phys. Chem., 66, 1739 
(1962). d K. W atanabe, T. N akayam a, and J. M ottl, J . Quant. 
Spectry. Radiative Transfer, 2, 369 (1962). * C. Reid, “Excited 
States in Chemistry and Biology,” B utterw orth and Co., Ltd., 
London, 1957. 7 G. S. Hammond, N. J. Turro, and P. A. Leer-
makers, J . Phys. Chem., 66, 1144 (1962). " W. C. Price, R. 
Bralsford, P. V. Harris, and R. G. Ridley, Spectrochim. Acta, 
14, 45 (1959). 4 G. Herzberg, “Molecular Spectra and Molecu
lar Structure. I. Spectra of Diatomic Molecules,” 2nd Ed., 
D. Van N ostrand Co., Toronto, 1950.

The quenching effects of oxygen2 and conjugated 
diolefins3 on triplet states have been discussed else
where. We suggest th a t the lowest triplet state of 
cyclohexanone is a precursor of 5-hexenal in the radio- 
lytic system.

The yield of 5-hexenal is reduced to about a third 
of the initial value (G\ = 0.85) by about 2 X 10~ 3 

electron fraction of DMB. The inhibition of the re
maining third of the 5-hexenal requires a more than 
100-fold larger concentration of DM B (Figure IB). 
Oxygen is an even more efficient inhibitor than is DMB 
because about 3 X 10_6 electron fraction of oxygen 
reduces 5-hexenal to about one-fourth of the initial 
yield (Table I). Much larger concentrations of oxy
gen are required to inhibit the formation of the re
maining one-fourth of the 5-hexenal (a sixfold increase 
in oxygen concentration causes a relatively small 
further decrease in the 5-hexenal yield, see Table I).

I t  thus appears th a t 5-hexenal has two precursors, 
one of which (roughly 70% of the total) is the lowest 
triplet state of cyclohexanone. The other precursor 
(roughly 30% of the total) has several possible identi

ties, between which the present work does not dis
tinguish.

The present results are consistent with either a con
certed or a diradical intermediate mechanism for the 
isomerization of cyclohexanone to 5-hexenal. I t 
should be mentioned tha t all of the evidence tha t has 
been presented in support of concerted mechanisms 
in the photoisomerization of cyclic ketones to open 
chain olefinic aldehydes4 can be equally well interpreted 
on the basis of mechanisms th a t involve diradical in
termediates.

K ine tic  Considerations. Crude values for diffusion- 
controlled rate constants for reactions between cyclo
hexanone molecules and oxygen or DM B molecules 
can be calculated by a method reported earlier.6 The 
value for oxygen in liquid cyclohexanone a t 25° would 
be about 1 X 1010 l./mole sec. and th a t for DM B in 
cyclohexanone would be about half this value.

Approximately half of the precursors of 5-hexenal 
are quenched at a DA IB concentration of 2 X 10~ 3 M . 
The average time between encounters of any given 
cyclohexanone molecule and a DM B molecule would be 
1 X 10~ 7 sec. a t this concentration. If the inhibition 
of 5-hexenal formation occurs by a diffusion-controlled 
reaction, the lifetime of the precursor with respect 
to the isomerization reaction is 10~7 sec. This assumes 
th a t DM B deactivates the precursor a t the first en
counter. A similar calculation for the oxygen solu
tions also indicates th a t the 5-hexenal precursor has a 
lifetime of 10- 7  sec. I t  seems unlikely tha t a diradical 
would have a lifetime as great as 1 0 ~ 7 sec. , 6 so the oxy
gen and DMB do not interact with diradicals in these 
systems. This conclusion has no bearing upon whether 
or not diradicals are intermediates in the formation 
of 5-hexenal. The conclusion is simply tha t if di
radicals are involved, oxygen and DMB interfere 
with a precursor of the diradicals. This is consistent 
with the previous conclusion th a t it is the lowest triplet 
state of cyclohexanone th a t interacts with oxygen 
and DMB.

Other Products o f C -C  B ond Cleavage Reactions. 
Carbon monoxide, Cs hydrocarbons, and ethylene are 
also products of the radiolysis of cyclohexanone. 1 2 3 4 5 6

(2) R. M. Hochstrasser and F. B. Porter, Quart. Rev. (London), 14, 
146 (1960).
(3) G. S. Hammond and P. A. Leermakers, ./. Phys. Chem., 66, 1144, 
1148 (1962).
(4) (a) R. Srinivasan, J. Am. Chem. Soc., 81, 2601 (1959); (b) ibid., 
83, 4344, 4348 (1961); (c) “Advances in Photochem istryV ol. I, 
W. A. Noyes, Jr., G. S. Hammond, and J. N. Pitts, Jr., Ed., Intersci
ence Publishers, Inc., New York, N. Y., 1963, p. 83.
(5) G. R. Freeman, J. Chem. Phys., 39, 988 (1963).
(6) The period for internal rotation in the diradical would be of the 
order of 10 ~1'2 sec., so intramolecular recombination or disproportiona
tion would probably occur in a time much less than 10-7 sec.
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c-C6H10O —> CHi=CHCH2CH2CH2CHO (1)

— CO +  C6H 10 (2 )

— *■ CO +  C2H4 +  C3H6 (3)

—■> 2C2H4 +  CH2CO (4)

The cyclohexanone molecule requires more energy 
to undergo reactions 3 and 4 than it does to undergo 
reaction 2. It requires more energy to undergo 
reaction 2 than it does to undergo reaction 1 . In 
general, the higher the energy state of a species, the 
shorter is its lifetime, and the smaller is the probability 
that the species will enter into sensitization or quenching 
reactions. Thus, one would expect that the yield of 
C5 hydrocarbons would be less sensitive to the presence 
of additives than was the 5-hexenal yield. The yield 
of ethylene should be less sensitive than the C5 hydro
carbon yield. The sensitivity of the CO yield should 
be intermediate between those of the C5 and the ethyl
ene yields. All these things were observed. (See 
Figure 2 and Table I. The effect of DMB on the 
C6 yield could not be measured due to analytical 
difficulty.)

Figure 2. Other products of C-C  cleavage reactions: 
e„ = electron fraction of solute; dose = 5.92 ±  0.12 X 
10—* e.v./'e ' . Filled points refer to yield in pure 
cyclohexanone a t zero dose: A, Cr, hydrocarbons from 
benzene solutions; B, CO from DM B solutions; C, CO 
from benzene solutions; D, C^H, from DMB 
solutions; E, C»H4 from benzene solutions.

E f f e c t s  o f  C h a r g e  a n d  N ic k e l  I o n  o n  P r o t o n  

C h e m i c a l  S h i f t s  o f  G ly c y l  P e p t i d e s

by Raj Mathur and R. Bruce Martin
Cobb Chemical Laboratory, University of Virginia,
Charlottesville, Virginia {Received August 6, 1964)

Beginning with glycine and proceeding through 
tetraglycine, the series of glycyl peptides provides 
a set of compounds of known structure and increasing 
length upon which to study the effects of charge 
changes at the termini on the proton magnetic reso
nance spectra of pairs of equivalent protons at varying 
distances from the protonation sites. Such a study 
on this comparatively simple series would seem a 
prerequisite to the understanding of the effects of 
protonating equilibria in more complicated systems. 
Furthermore, since there is an ammonium group at 
one terminus and a carboxylic acid group at the other, 
effects of ionization at two different kinds of groups are 
simultaneously studied. In this note the proton 
magnetic resonance spectra of cationic, dipolar ion, 
and anionic glycyl peptides are reported.

When base is added to solutions containing divalent 
nickel ion and one equivalent of triglycine or tetra
glycine, the color of the solution changes from blue to 
yellow. During the course of this color change, the 
nickel ion promotes ionization of amide hydrogens in 
a cooperative manner over a narrow pH range. 1 In 
solution, an equimolar mixture of triglycine and nickel 
chloride is blue and fully paramagnetic. Addition of 
one equivalent of base effects little change as only an 
ammonium hydrogen is removed, and nickel ion as
sociates at this nitrogen. Addition of a second equiva
lent of base yields a solution that is half as paramag
netic as the above and half as yellow as when three 
equivalents of base have been added, in which case the 
solution exhibits little paramagnetism. 2 Thus in
creasing yellow color directly parallels loss of para
magnetism and both changes are in accord with the 
cooperative nature of the transition deduced from titra
tion data. After the addition of the second equiva
lent of base, half of the nickel complexes possess two 
ionized amide hydrogens and half retain both amide

(1) R. B. Martin, M. Chamberlin, and J. T. Edsall, ./. Am. Chem. 
Soc., 82, 495 (1960).
(2) T. D. Coyle and R. B. Martin, unpublished experiments per
formed in Oxford, England, in 1961. The n.m.r. method of Evans3 
was used to estimate the relative paramagnetic susceptibilities on a 
30-Mc. machine with solutions containing 2% ¿-butyl alcohol.
(3) D. F. Evans, J. Chem. Soc., 2003 (1959).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is tr y



N o t e s 6 6 9

hydrogens rather than  all complexes containing ligands 
with one of two amide hydrogens ionized. This co
operative transition has been interpreted as a change 
in stereochemistry about the nickel ion from octa
hedral to planar. Cupric ion also promotes amide 
hydrogen ionization bu t in a normal, noncooperative 
manner. 1

Curiously, the magnetic susceptibility of the solid, 
yellow-orange, fully amide hydrogen ionized nickel 
triglycine complex, prepared from solutions equivalent 
to tha t mentioned above displaying .almost no para
magnetism, is about 1.4 Bohr magnetons . 4 This value 
is intermediate between the zero value of a low-spin 
complex and a value of about 2.9 Bohr magnetons for 
a high-spin nickel ion complex. Results of X-ray 
crystal structure analyses of this or similar yellow nickel 
ion complexes would be of considerable interest.

In  this research, we attem pted to obtain proton 
magnetic resonance solution spectra of yellow com
plexes of nickel ions and several amides and dipeptides. 
The p.m.r. solution spectra of the yellow nickel ion 
tetraglycine complex are reported. The existence of 
this type of spectra indicates th a t this complex is also 
diamagnetic. Unfortunately, we were unable to pre
pare yellow solutions of nickel ion and triglycine, 
glycinamide, 1 or glycylhistidine5 of sufficiently low 
paramagnetism so tha t their p.m.r. spectra could also 
be recorded. A spectrum was observed in yellow solu
tions containing histidylhistidine5 and nickel ion in a 
6  to 1 ratio with excess base. A ttem pts to procure a 
spectrum of the complex by reducing the dipeptide to 
metal ion ratio yielded considerably broadened spectra.

Experimental

Proton magnetic resonance spectra were obtained 
with a Varian A-60 spectrometer a t room temperature. 
About 0.5 mole of commercially obtainable materials 
was placed in D 20  solutions containing about 2% aceto
nitrile .6 The position of the acetonitrile reference 
peak is independent of added acid, base, or metal 
ions when the spectra are recorded immediately. In 
basic solutions acetonitrile eventually decomposes.

Results
Only the carbon-bound hydrogens exchange slowly 

enough with D 20  so th a t their proton magnetic reso
nance spectra may be recorded under the conditions of 
this study. Solutions (~ 0 .5  M )  were prepared with 
amino acid or peptide. Spectra were then taken on 
neutral solutions or on solutions with one equivalent 
plus a 5% excess of DC1 or NaC'D. This am ount was 
deemed sufficient to yield predominantly the positive 
or negative peptide species without introducing

additional solvent effects. The spectra of the zinc- 
(glycinate) 2 complex were also obtained. Four equiva
lents of base were added to a solution containing 
equimolar amounts of tetraglycine and nickel chloride 
to give the yellow diamagnetic complex with three 
ionized amide hydrogens. 1 The chemical shifts down- 
field from acetonitrile as an internal standard in parts 
per million are recorded in Table I.

Table I : Proton Chemical Shifts as a Function of Charge

C o m p o u n d C h a r g e C h e m ic a l  s h i f t s  in  p . p . m . “

Glycine + 1.85
+  - 1 47
— 1.08

Glycine +  0.5- 0 1.25
Zn+2 +  OBT

Glycinamide + 1.76
0 1 28

Glycylglycine + 2.03(D ), 1.84(A)
+  - 1.85(D ), 1.80(A)
- 1 71(D), 1.29(A)

Triglycine + 2.05(D ), 2.04(B). 1.91(A)
+  - 2.03(B), 1.89(A), 1.77(D )
- 1.95k(B), 1.73(D ), 1.34(A)

Tetraglycine + 2.07(D ), 2.03(B), 2.03(C), 1.93(A)
- 2.036(C), 1.99"(B), 1.77(D ), 1.38(A)

Tetraglycine +
N i+2 +  4 0 H “ - 2 1.40(B), 1.40(C), 1.13, 1.08

“ Downfield shifts in parts per million with respect to aceto
nitrile as internal standard. 6 Peak disappears with time.

In  the negatively charged peptides, peaks a t 1.95
p.p.m. in triglycine and 2.03 and 1.99 p.p.m. in te tra 
glycine decrease in height over a period of several 
hours. The 2.03-p.p.m. peak in tetraglycine disappears 
more rapidly than the peak at 1.99 p.p.m. Evidently, 
hydrogens more downfield than about 1.9 p.p.m. in 
basic solutions exchange with deuterium of the solvent. 
Placement in alkaline solutions of D20  provides an 
easy way to deuterate these compounds.

The total upfield shifts in the nickel ion complex of 
tetraglycine are about four times greater than can be 
accounted for by a simple increase of one negative 
charge as compared with the spectra of tetraglycine in 
basic solution. Since these upfield shifts are so large 
tha t peak identification is difficult, an additional ex-

(4) R. B. Martin, Federation Proc., 20, Suppl. 10, 54 (1961).
(5) R. B. Martin and J. T. Edsall, J. Am. Chem. Soc., 82, 1107
(1960).
(6) R. A. Y. Jones, A. R. Katritzky, J. N. Murrell, and N. Sheppard, 
J. Chem. Soc., 2576 (1962).
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périment was performed. The two peaks at lowest 
field in tetraglycinate anion were permitted nearly to 
disappear by exchange in excess base. Then an equiva
lent amount of nickel chloride was added to the solu
tion and the spectrum was compared with tha t ob
tained from a similar but freshly prepared solution 
containing nickel ion which had undergone little 
exchange. The peak a t lowest field in the first solu
tion was markedly lower than the same peak in the 
second solution, a difference indicating th a t the two 
pairs of lowest field hydrogens in tetraglycinate anion 
are also a t lowest field in the nickel complex.

If excess tetraglycine is added to a solution contain
ing the diamagnetic nickel-tetraglycine complex, two 
superimposed spectra appear corresponding to the free 
and complexed tetraglycine. Thus the exchange of 
nickel ion between tetraglycine molecules is slow.

Discussion
In addition to results, Table I also contains our 

assignments of the pairs of methylene hydrogens to 
glycyl residues in the peptides. The N-terminal 
residue is designated A and the C-terminal residue D. 
Residues in intermediate positions are designated B 
and C from the N-terminal end. Thus the successive 
residues from the N terminus in tetraglycine are ABCD ; 
triglycine contains no C residue. The assignments are 
made on the basis of the principles mentioned below. 
Assignments of protons with similar chemical shifts 
may be reversed. All assignments are consistent 
with those made from studies of downfield shifts and 
selective broadening upon addition of metal ions to 
solutions containing ligand and base .7'8 9 The assign
ments of the double peak a t 1.40 p.p.m. in the nickel 
solution of tetraglycinate are made on the basis of the 
exchange experiment. We assign the two peaks at 
highest field in the nickel ion complex to A and D 
residues, but cannot distinguish between them. Com
pared to tetraglycinate anion, each of the four pairs 
of carbon-bound hydrogens is shifted upfield in the 
nickel tetraglycine complex.

Except for glycine, where they are about equal, 
deprotonation of an ammonium group causes about 
twice as great an upfield shift on A protons as depro- 
tonation of a carboxylic acid group does on D protons. 
The carboxylic acid proton is one atom further re
moved from a methylene hydrogen than is an ammon
ium proton. Ammonium deprotonation also exerts 
a somewhat greater effect on a neighboring glycyl 
residue hydrogen than does a carboxylic acid ioniza
tion. For example, in glycylglycine or triglycine the 
upfield shift of the D protons on going from dipolar 
ion to anion is greater than the upfield shift of the A

protons on passage from cation to dipolar ion. This 
conclusion holds even if the assignments of A and D 
protons are reversed in dipolar ion glycylglycine.

Previous studies have noted the downfield shift 
caused by addition of a diamagnetic metal ion to a 
solution containing the free base form of a ligand .7 - 9  

This result, expected on the basis of additional positive 
charge near ligand hydrogens, is verified by the 0.17-
p.p.m. downfield shift on the addition of zinc ion to a 
solution containing glycinate anion. More to the 
point, however, is a comparison of the shifts caused by 
complexed metal ions with ligands of the same net 
charge as those in the complex. Thus zero net charge 
zinc (glycinate) 2 exhibits an upfield shift of 0 . 2 2  p.p.m. 
compared to dipolar ion glycine. Lesser upfield shifts 
have been observed in zinc and cadmium ion com
plexes of histidine and in the zinc ion complex of 
cysteine when compared with free ligand of the same 
net charge as th a t of the ligand in the complex. 10

The chemical shift of the diamagnetic nickel te tra 
glycine complex of net charge — 2 cannot be compared 
directly with free ligand of the same net charge. The 
total upfield shift for all four pairs of carbon-bound 
hydrogens on passing from cationic tetraglycinium 
ion to anionic tetraglycinate is 0.89 p.p.m. An upfield 
shift of about 0.45 p.p.m. might then be expected on 
going from a — 1 to a — 2 charged species of tetraglycine.

' To this upfield shift of about 0.45 p.p.m. might be 
added a value of about 0.15 p.p.m. for the effect of a 
diamagnetic metal ion as noted above. The total 
predicted upfield shift of about 0 . 6  p.p.m. is about one- 
fourth of the observed total upfield shift of 2.16 p.p.m. 
on passing from tetraglycinate anion to doubly nega
tive charged nickel tetraglycine complex. Thus dia
magnetic nickel ion yields a much greater upfield 
shift than expected from a comparison with other dia
magnetic metal ions and with free ligand of the same 
net charge. A similar conclusion has been reached 
with the diamagnetic nickel(cysteinate) 2 complex on 
comparison with the zinc(cysteinate) 2 complex. 10 There
fore, the pronounced upfield shifts induced by dia
magnetic nickel ion appear to be a feature of the dia
magnetic metal ion and not of the ligands involved.
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(1961).
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The reduction principle is one of the most useful tools 
in experimental viscoelasticity. I t  is most commonly 
used in connection with data obtained a t different tem 
peratures and it states th a t there exists a simple rela
tion between such sets of data. For example, the dy
namic shear storage modulus G'(w, T0) and the dynamic 
shear loss modulus G " (u , T0) for a reference tempera
ture T 0 are related to the corresponding quantities for 
the tem perature T  by expressions of the form 2

(?'(»,T0) = AG'(u<a,T) (1)

(?"(« ,To) =  A G " ( m ,T )  (2)

where A  and a  are functions of the tem peratures T and 
To. The purpose of this note is to show tha t the phe
nomenological theory of linear viscoelasticity determines, 
in part, the nature of A  and a for fluids.

I t  has been shown3 th a t a t low frequencies

G'(o>,T) =  ho (T )]2J e(T ) « 2 (3)

G " (u ,T )  =  ho(T) ]co (4)

where i?0(T) and J e(T) are the zero-shear viscosity and 
the steady-state shear creep compliance, respectively, 
a t the tem perature T. Substitution of (3) into (1) and
(4) into (2) leads to two equations which can be solved 
for A  and a

a =  Vo(T o)Je(T 0) /v o (T )J e(T )  (5)

A  = J  e(T) /  J  e(T0) (6 )

One of the forms commonly used for the reduced 
variables can be obtained by replacing J J T ) / J e( T 0) in 
these expressions with T 0p o /T p .1 Such a substitution 
is compatible with various molecular theories of the 
linear viscoelastic behavior of dilute polymer solutions, 
for example, that of Rouse. 1'4

I t  has been proposed tha t similar reduction principles 
hold for other independent variables, such as concen
tration and molecular weight. In  the latter case, one

could then be led to expect th a t the shift factors should 
be very sensitive to molecular weight distribution since 
J e iS .1

(1) This work was suported by the National Science Foundation.
(2) J. D. Ferry, “Viscoelastic Properties of Polymers,” John Wiley 
and Sons, Inc., New York, N. Y., 1961.
(3) B. D. Coleman and H. Markovitz, J. Appl. Phys., 35, 1 (1964).
(4) P. E. Rouse, Jr., J. Chem. Phys., 21, 1272 (1953).
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by J. O’M. Bockris and S. R. Richards

The Electrochemistry Laboratory, The University of Pennsylvania, 
Philadelphia, Pennsylvania 19104 {Received August 28, 1964)

Two approaches are recognized in the theory of 
liquids: (a) numerical values of the properties of the 
liquid are deduced by assuming an intermolecular force 
law; (b) alternative models are assumed and predictions 
of the numerical values of experimental quantities made 
on their bases to ascertain which model is the most 
useful in representing the structure of the liquid. A 
difficulty in this second approach has been th a t usually 
the equations upon which the predictions are made 
contain an adjustable param eter, determined by 
calibration.

Bockris and Richards1 applied a version of the theory 
of holes originated by F ü rth , 2 to predict values of equi
librium properties in simple molten salts. The holes 
considered differ significantly from those of “ quasi
lattice” hole models: their sizes are therm ally dis
tributed. They can be regarded as arising from density 
fluctuations in the liquid . 3

Bockris and Hooper4 deduced an equation for the 
self-diffusion coefficient on this basis. I t  is easy to 
convert this equation into one for viscosity. The 
result is

where p is the density and y is the surface tension of 
the liquid, and m  is the mean mass of the ions in the

(1) J. O’M. Bockris and N. E. Richards, Proc. Roy. Soc. (London), 
A241, 44 (1957).
(2) R. Fürth, Proc. Cambridge Phil. Soc., 37, 252 (1941).
(3) R. A. Swalin, Acta Met., 7, 736 (1959).
(4) J. O’M. Bockris and G. W. Hooper, Discussions Faraday Soc., 32, 
218 (1961).
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Figure 1. Energies of activation for viscous flow vs. melting tem perature. Sources of data: for liquid gases and 
hydrocarbons, R. H. Ewell and H. Eyring, J . Chem. Phys., 5, 726 (1937); for molten salts, J. P. Frame, E. Rhodes, 
and A. R. Ubbelohde, Trans. Faraday Soc., 55, 2039 (1959); H. Bloom and E. Heymann, Proc. Roy. Soc. (London), A188, 392 
(1947); J. O’M. Bockris, E. H. Crook, H. Bloom, and N. E. Richards, ibid., A255, 558 (1960); A. Klemm in “M olten Salt 
Chem istry,” M. Blander, Ed., Interscience Publishers, Inc., New York, N. Y., 1964, C hapter 8. Inset: energies of activation 
for self-diffusion vs. melting tem perature [after L. Nanis and J. O’M. Bockris, J. Phys. Chem., 67, 2865 (1963)].

molten salt. AS* denotes the entropy of activation, 
and AH *  is given by

AH * = A H h +  A H j *  (2)

where A H u  is the heat content change in the formation 
of a mole of holes, and A H j *  is the heat of activation 
for the movement of a particle from one site to another. 
AH j *  is very much less than AH *  (see below), and the 
value of A H h is tha t of Bockris and Hooper,4 namely 
3.74R T m. Hence, for viscous flow

AH *  «  3.74R T m (3)

The relation arises independently o f adjustable param 
eters. I t is compared with experimental heats of 
activation for viscous flow a t constant pressure, E v, 
for a large variety of liquids in Figure 1. .

Analysis of the data shown in Figure 1 reveals tha t 
the line of best fit is

E„ = 7.32 T m +  220 (4)

where E v is in cal. mole-1. The intercept value is 
within the limits of error of measurements of E v. 
The regression coefficient of eq. 4 is 0.90. Liquefied 
gases and organic liquids of low molecular weight 
or near spherical symmetry fit the relation; E v values 
for the molten metals fall below the line. As pointed 
out by Grosse,6 the latter group of liquids obey better 
a nonlinear relation in T m given by

E„ = 0.4313V-348 (5)

On the other hand, eq. 3 is obeyed for self-diffusion 
in the molten metals. Thus, while the mechanism 
for self-diffusion in the molten metals appears to be the 
same as th a t for fused salts (since both obey eq. 3), 
the same does not seem to be confirmed for viscous 
flow.

The equation deduced does not apply to associated 5

(5) A. V. Grosse, J . Inorg. N ucl. Chem., 25, 317 (1963).
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liquids, because viscous flow in these is determined 
in rate not by the availability of holes, but by the break
ing of bonds in the associated structure .6

Equation 3 would not be expected to be exact be
cause it involves the approximation ARj* =  0. In 
accordance with this, it is seen from Figure 1 that the 
experimental values tend to be a little higher than 
the prediction of eq. 3. Recent work7 8 9 in this labora
tory on the heat of activation for self-diffusion in molten 
salts a t constant volume (z.e., AHj*) has shown that 
this is about V« °f that a t constant pressure in the 
case of molten sodium nitrate.

The agreement recorded here between the predicted 
and observed heats of activation for viscous flow 
strongly supports the hole model. Indeed, it became 
difficult to escape from this model for ionic liquids 
after the confrontation of the disparity between 
the volume change on melting and the free volume1 

and after reliable knowledge became available8 - 1 1  

that the internuclear distance decreases upon fusion 
while the corresponding volume change is (e.g., for 
the alkali halides) large and positive.

The model rested here produces successful predictions 
of both equilibrium1' 11' 12 and transport properties in 
ionic liquids. 4’7,12’13 14 15 The latter are the only calcula
tions in the field hitherto published which do not use 
adjustable parameters. I t  is pertinent to note that 
the work of Reiss, et al.,u  which gives rise to successful 
calculations of surface tension , 16 compressibility, 16 

and interionic distance , 17 also involves a consideration 
of the work of hole formation.
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The proton n.m.r. spectrum of the important ligand 
2 ,2 /-bipyridine (a,a'-dipyridyl, I) has been described 
previously only in general terms . 1 This paper reports 
a detailed interpretation of the spectrum of this com
pound in dichloromethane solution (Figure 1), de
termined on a Yarian A-60 n.m.r. spectrometer. This 
compound provides an unusual example of a very com
plicated spectrum which is nevertheless fully analyz- 
able as repeated AX patterns by simple first-order 
spin-spin splitting theory.

Four nonequivalent protons, numbered as shown for 
I, are present on each ring of the 2 ,2 '-bipyridine mole
cule. The n.m.r. spectrum a t low resolution consists 
of two triplets, centered at 433 and 464 c.p.s., respec
tively, downfield from tetramethylsilane (r 2.78 and 
2.27), and two doublets at 502 and 514 c.p.s. downfield 
(t 1.64 and 1.44). Under high resolution, these multi- 
plets show further splitting and a total of 30 lines are ob
served.

Coupling by protons on adjacent carbon atoms is 
expected to be much larger than for more remote 
protons. On this basis, the principal splitting should

I

give doublets for protons 3 and 6  and triplets (or 
quartets) for protons 4 and 5. Much work has been 
done on the n.m.r. spectra of pyridine2’3 and substi
tuted pyridines, 1 - 4  which establishes that protons in 
the 3- and 5-positions to the nitrogen are the more 
shielded and quite generally appear a t higher field. 
Moreover, in 2-substituted pyridines, the position of 
the 3-proton is dependent on the substituent a t the 
2 -position, and electronegative 2 -substituents are ex-

(1) M . Freym ann and R . Freym ann, Arcih, S ci. (Geneva), 13, 506 
(1960); M . Freym ann, R. Freym ann, and D. Liberm ann, C om pt. 
ren d ., 250, 2185 (1960).
(2) E. B. Baker, J .  Chem. P h y s ., 23, 1981 (1955).
(3) H . J . Bernstein and W. G. Schneider, ib id ., 24, 469 (1956); H. J. 
Bernstein, J. A. Pople, and W. G. Schneider, Can. J .  Chem., 35, 
65 (1957); W. G. Schneider, H. J. Bernstein, and J. A. Pople, ib id ., 
35, 1487 (1957).
(4) W. Brtlgel, Z . E lektrochem ., 66, 159 (1962).
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Figure 1. Proton, n.m.r. spectrum of 2,2'-bipyridine,
15% w./w . in diehloromethane, determined
on a Varian A-60 spectrometer, 250-cycle sweep width.
Units are c.p.s. downfield from tetramethylsilane.

pected to deshield the 3-proton. 4 Therefore, the triplet 
a t 433 c.p.s. is assigned to proton 5. This assignment 
is consistent with the spectrum observed for 4,4',6 ,6 '- 
tetramethyl-2 ,2 '-bipyridine, which we find has ring 
proton resonances at 407 and 483 c.p.s., attributed to 
the 5- and 3-protons, respectively.

Assignments for the other protons follow logically 
and uniquely once the triplet a t 433 c.p.s. has been 
assigned to proton 5. The other triplet a t 464 c.p.s. 
can be assigned to the 4-proton. Because the principal 
J  splitting for the triplet a t 464 c.p.s. is equal to 
that of the doublet a t 502 c.p.s., the latter is assigned 
to the 3-proton. Only the doublet a t 514 c.p.s. re
mains, which must be assigned to proton 6 . The con
sistency of these assignments is verified by the equiva
lence of the principal splitting for the peaks assigned 
to protons 5 and 6 . Our assignment agrees with that 
made earlier for I 1; it is also consistent with studies 
of substituted pyridines, which show that the 6 -proton 
usually appears a t lowest field. 2 - 4

Splitting constants between nearest neighbor pro
tons can now be evaluated: from the doublet for proton 
3, Jn  =  8.3 c.p.s.; from the doublet for proton 6 , 
, / 66 =  4.9 c.p.s.; and from the triplet for proton 4, 
J 45 =  8.0 c.p.s. The multiplet splittings for proton 
5 are consistent with these values. Coupling between 
protons on nonadjacent carbon atoms is also observed, 
giving further first-order splitting. Thus the reso
nance for proton 4 appears as a triplet of doublets. 
The doubling is due to coupling with proton 6 , and 
from tins splitting, J i6 =  2.1 c.p.s. Similar reasoning 
allows evaluation of J 35 as 1.4 c.p.s. and J 36 as 1.2 c.p.s.

PROTON 3 PROTON 5

PROTON 6 PROTON 4

Figure 2. Diagrams of splitting patterns and spin- 
spin coupling constants for protons in 2,2'-bipyridine.

The complete assignment is indicated in Figure 2.
For a system of four widely separated nonequivalent 

protons, each coupling to one another unequally, first- 
order theory predicts an eight-line pattern for each 
proton, or a total of 32 lines. The spectrum of I is 
simplified, and the analysis is aided by the near
equality of J 34 and J 45, and of ./,% and J 36 (Figure 
2 ). At 250 c.p.s. sweep width, 28 lines are observed 
(Figure 1): a doublet of quartets for proton 6 , a pair 
of separated triplets for proton 3, a quartet of doublets 
for proton 5, and two overlapping triplets for proton
4. At 50 c.p.s. sweep width, the resonance for proton 
4 is further resolvable; the central two peaks each 
acquire a shoulder, giving an eight-line pattern as pre
dicted. No further fine structure could be found. 
All other lines in the spectrum were unusually sharp 
and well-separated.
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The present investigation relates mostly to the 
relaxation mechanism of systems composed of two polar 
liquids of known structure in the microwave region,
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and was undertaken to check the validity of the con
clusions arrived a t by Schaflamacli1 2 3 on dipolar mixtures 
a t radiofrequencies. He assumed that the dielectric 
relaxation mechanism cannot be directly connected 
with individual molecules but is a disturbance of an 
appreciable region in the liquid,, involving a volume 
nearly large enough to be representative in its composi
tion of the bulk concentration. On this basis, any 
liquid, even if a mixture of two polar components, 
should have only one relaxation time. Schallamach’s 
conclusions were a t variance with the theories of 
Debye,3a Kauzmann,8b and others. Also, the rela
tively large amount of experimental evidence reported 
by various workers in the literature on dilute solutions 
of single polar liquids in nonpolar solvents4 has led to 
the conclusion that, in the phenomenon of dielectric 
relaxation, the molecules retain rhcir identity and so 
give a separate relaxation time for each molecular 
species present. Unlike the earlier work of one of the 
authors6 which was restricted to purely nonassociated 
liquids, the present investigation on mixtures involves 
both associated and nonassociared liquids. In  the 
present investigation, some of the dielectric constant 
measurements have been made using a generalized 
approach wherein the sample is treated as a four-ter
minal dissipative network.

Experimental

The loss factor vs. temperature measurements were 
done at a frequency of 16,200 ±  1 Me. as read on a high 
Q resonant cavity frequency meter. Primarily a re
flection method based upon the variation in the reflection 
coefficient of a uniform layer of the dielectric6 was used. 
The other details of our experimental setup are de
scribed in an earlier paper5 with particular emphasis to 
automation of the experimental data. Since the di
electric sample is located in a wave guide propagating 
a single mode, one can adopt a generalized approach 
to the problem of dielectric measurement by treating 
the sample as a four-terminal dissipating network. 
In this method the liquid cell is terminated in a mov
able short circuit and for different positions of the short 
circuit the input impedances of the network are plotted 
on a reflection plane. The circle which gives the best 
fit is drawn through the measured points .7 From the 
complex plane plot, the determinant of the admittance 
representation Y e is obtained. Setting Fe =  Ge +  
jB e, the real and imaginary parts of the dielectric 
constant are, respectively

, _  Ge +  (Ag/Ae)2 
6 ~  1 +  (Ag/Xe)2

1 +  (Ag/Ac)2

where Xg is the wave length in the guide and X0 is the 
cutoff wave length. This method has the advantage 
that it can be used over a wide range of loss measure-

Figure 1. Loss factor vs. temperature of solutions in 
n-dodecane: (a) 0.35 mole fraction each of nitrobenzene 
and o-nitrotoluene; (b) O, nitrobenzene, mole fraction 
0.35, and • ,  o-nitrotoluene, mole fraction 0.35; (c) 0.45 mole 
fraction each of nitrobenzene and o-nitrotoluene; (d) O, 
nitrobenzene, mole fraction 0.45, and • ,  o-nitrotoluene, mole 
fraction 0.45. Frequency of measurement, 16,200 ±  1 M c./sec.

(1) (a) This work was supported by a grant from the National Sci
ence Foundation; (b) Postdoctoral Research Fellow.
(2) A. Schallamach, Trans. Faraday Soc., 42, 180 (1946).
(3) (a) P. Debye, “ Polar Molecules,” Chemical Catalog Co., Inc., 
New York, N. Y., 1929; (b) W . Kauzmann, Rev. Mod. Phys., 14, 
1 (1942).
(4) J. G. Powles and C. P. Smyth, “ Physical Methods of Organic 
Chemistry,” Vol. I, 2nd Ed., P art III, Chapter XXXV, Interscienee 
Publishers, Inc., New York, N. Y., 1954.
(5) P. K. Kadaba, J. Phys. Chem., 62, 887 (1958).
(6) W. H. Surber, Jr., J. Appl. Phys., 19, 514 (1948).
(7) “ Handbook of Microwave Measurements,” Polytechnic Institute 
of Brooklyn, Microwave Research Institute, 1955, Section X, pp. 
5-40.
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Figure 2. Loss factor vs. temperature of: (a) 2A by volume 
of chlorobenzene and 3/ 6 of bromobenzene; (b) 3/ 6 by volume of 
cMorobenzene and 2/ 5 of bromobenzene; (c) chlorobenzene; (d) 
bromobenzene. Frequency of measurement, 16,200 ±  1 M c./sec.

merits. Some of the measurements reported in this 
investigation were done using this latter method, the 
data being processed by means of an IBM  1620 com
puter. The values of the dielectric constant obtained 
by the above two methods were self-consistent within 
the limits of experimental errors. In  all the measure
ments reported in this paper, the accuracy in the 
determination of e' was 1 % and in the determination of 
e", 3%.

Materials. The various chemicals used were ob
tained from Matheson Coleman and Bell Co. and were 
of C.p . grade.

Results and Discussion
Loss factor-temperature curves of solutions in n- 

dodecane of nitrobenzene and u-nitrotoluene are shown 
in Figure 1. Also shown in the same figure are the 
two-component mixtures with only one polar compo
nent present, the concentration of the dipolar component 
expressed in mole fraction being the same as that

Figure 3. Loss factor vs. temperature of: (a) 0.1 mole 
fraction each of benzonitrile and /3-isopropoxypropionitrile 
in w-dodecane; (b) mixture of diethylaniline and 
isoamyl alcohol at 75 wt. % diethylaniline; (c) 
mixture of acetic acid and pyridine at 77 wt. % pyridine. 
Frequency of measurement, 16,200 ±  1 M c./sec.

in the ternary mixture. In  the ternary mixtures, the 
concentrations of the individual dipolar components 
were adjusted to be the same. The curves for a mix
ture of chlorobenzene and bromobenzene a t two dif
ferent concentrations are shown in Figure 2. Also 
shown in the same figure are the curves for the individ
ual components of the mixtures. The curves for benzo- 
nitrile and /3-isopropoxypropionitrile in n-dodecane 
and the two binary mixtures diethylaniline +  isoamyl 
alcohol and acetic acid +  pyridine, both of which have 
rather interesting viscosity behaviors, are shown in 
Figure 3.

As noted earlier, 6 the distinctness of the two maxima 
in all the mixtures involving two polar components is 
quite apparent. A comparison of the two-component 
curves with the curves for the ternary mixtures in 
Figure 1 does not reveal any particular trend toward 
cooperative motion of the dipoles. The change in the 
peaks by adding the third component in the ternary 
mixtures may very well be the result of a change of 
solvent. I t  may be well to point out that a preliminary
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investigation of a ternary mixture of 0.2 mole fraction 
each of nitrobenzene and o-nitrotoluene in n-dodecane 
at various frequencies and at 30° gives a very good 
Debye circle on the Cole-Cole plot.8 The relaxation 
time, t ,  corresponding to the absorption peak for this 
mixture is 1.9 X 10_u sec., which is close to 1.7 X 
10 _u sec. for the mixture of 0.2 mole fraction nitro
benzene in n-dodecane at the same temperature. The 
Debye circle for the ternary mixture may not be 
surprising as it could be the result of a simple overlap 
of the absorption curves of single component mixtures 
with very close relaxation times. In  the case of the 
binary mixtures of chlorobenzene and bromobenzene, it 
is interesting to note that a change in the concentration 
from 60% by volume of bromobenzene to 40% does 
not significantly change the height or the position at 
which the low-temperature peak occurs, but the second 
peak does. Also interesting is the fact that the loss 
faeton-temperature curve of pure bromobenzene has a 
rather peculiar shape. An approach was made to 
analyze the data in terms of the relaxation times asso
ciated with the peaks. In  the case of the ternary mixture 
involving 0.35 mole fraction of the nitro compounds in 
Figure 1, for example, the relaxation time r  correspond
ing to the low-temperature peak is about 20% higher 
than the r-values of the individual polar components in 
the same solvent. For the binary mixtures of chloro
benzene and bromobenzene, the relaxation times cor
responding to either of the two peaks he between the 
values of the individual components and tend toward 
the value of the relaxation time of the higher concen
tration component. In  comparing the mixtures 
involving two polar components with that of the cor
responding single components, it is perhaps more ap
propriate to compare the ratios of the relaxation times, 
r, to the respective viscosities, r„ instead of just the 
r-values. This was done for the case of the 0.35 mole 
fraction mixtures of nitro compounds shown in Figures 
1 (a) and (b). The viscosities a t the various tempera
tures were measured using an Ostwald-Fenske viscom
eter. The t/ t) value of 0.95 in units of 10“9 sec.- 
poise-1 for the low-temperature peak of the composite 
mixture compares very well with the values 0.95 and 
0.93 computed at the same temperature for the single 
component mixtures of nitrobenzene and o-nitrotoluene, 
respectively. The corresponding values relating to the 
high-temperature peak of the composite mixture, on 
the other hand, are 1.37 for the ternary mixtures and 
0.89 and 0.91, respectively, for the single component 
mixtures of nitrobenzene and o-nitrotoluene.

The above results seem to indicate that, a t least in 
the case of mixtures studied in the present investigation, 
the relaxation mechanism in dipolar liquid mixtures

may not be significantly different from that of single 
components.

Acknowledgments. The authors wish to thank Dr.
T. J. Bhattacharyya for some of the calculations. 
The viscosity measurements were done by T. V. 
Gopalan, Research Assistant on the project.
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C a r b o n y l  S o l u t i o n s

by G. R. Dobson

Department of Chemistry, University of Georgia, Athens, Georgia 
{Received September 10, 196If)

Solutions of the group YI-B metal carbonyls, M(CO)6 
(M = Cr, Mo, W), in many organic solvents become 
yellow when exposed to a strong ultraviolet source; 
upon removal of the source the solutions may again 
become colorless. El-Sayed,1 in discussing the color 
changes observed upon irradiation of Mo(CO)6 in 1:1 
ether-isopentane mixtures both a t 77 °K. and at room 
temperature, suggested that the photochromie behavior 
was characteristic of the species Mo(CO)6 rather 
than of the reversible formation of a weak complex 
between the metal carbonyl and the solvent. Among 
the supporting arguments advanced by El-Sayed was 
that for strong charge donors (D), e.g., those which 
coordinately bond to the carbonyl through a lone pair 
on nitrogen, the production of the color is irreversible.

The following evidence is presented in support of the 
alternative explanation that the observed photochro
mism is the result of ultraviolet-induced complex for
mation between the ether and the hexacarbonyl.

A. I t  has been reported that ethers may form co
ordination complexes with the group YI-B metal 
carbonyls. Although spectral evidence only has been 
presented in support of complex formation in most 
cases, e.g., with ethyl ether2 and tetrahydrofuran,3 
the complex [6is-(2-methoxyethyl) ether]Mo(CO)3,4 
in which the ether functions as a tridentate ligand, has 
been characterized.

(1) M. A. El-Sayed, J. Phys. Chem., 68, 433 (1964).
(2) I. W. Stolz, G. R. Dobson, and R. K. Sheline, Inorg. Chem., 2, 
323 (1963).
(3) W. Strohmeier and K. Gerlach, Chem. Ber., 94, 398 (1961).
(4) R. P. M. Werner and T. H. Coffield, Chem. Ind. (London), 936 
(1960).
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B. The persistence of the yellow color is dependent 
upon the presence of ether, but not isopentane. Solu
tions of Mo (CO) 6 in ethyl ether, when exposed to a 
strong ultraviolet source in a sealed cell a t room tem
perature, remain yellow for several minutes (determined 
spectrophotometrically) after the completion of the 
irradiation. Though Mo(CO)6-isopentane solutions 
appear yellow during irradiation, no color can be 
detected upon the removal of the ultraviolet source.5

C. Spectral evidence strongly supports complex 
formation. (1) The infrared spectrum in the C -0  
stretching region (2100-1700 cm.-1) for the photolysis 
product in an ether-isopentane mixture is that expected 
if a M(CO)bD derivative of C4v symmetry were 
produced, while the low-temperature spectrum reported 
for M o(CO)56 (in saturated hydrocarbon solvents) is 
consistent with trigonal bipyramidal molecular sym
metry (D3h) analogous to the reported structure of 
Fe(CO)6.7’7a

(2) The electronic spectrum of irradiated Mo(CO)6 
in ether-isopentane is quite similar to the spectra 
reported for M(CO)5D complexes in which D is a 
ligand coordinately bonded through nitrogen8 (Table 
I). The essential features of the reported spectra are 
independent of the metal and the donor. I t  is reason
able to expect that such a spectrum is characteristic 
of D—*M(CO)5 complexes regardless of the identity 
of the coordinating atom; the electronic spectra of 
different 7r-arene derivatives of the group VI-B metal 
carbonyls, for example, are quite similar.9

Table I: Comparison of Electronic Spectra for M(CO)sD 
Complexes8 w ith th a t of Irradiated  M o(C O )e-E ther- 
Isopentane Solution1

D M ^maxi »A. '

Pyridine Cr 3900 2420
Piperidine Cr 4200 2500
Quinoline Cr 4130
Piperidine Mo 3970 2510
Piperidine W 4050 2470

Irradiated  M o(CO )e-ether-
isopentane 4095 2469

I t  seems most probable, therefore, that a t room tem
perature and where colorpersists for a time after the com
pletion of an ultraviolet exposure, complex formation ac
cording to the mechanism first proposed by Strohmeier10 1 2 3 4 5 6 7 8 9

M(CO)6 +  hv — M(CO)6* —>  M(CO)6 +  CO 
(colorless) (yellow)

M(CO)6 +  D M(CO)6D 
(yellow)

M(CO)6 +  CO —>  M(CO)6 
(very rapidly)

is involved, and that the process can be reversible, 
be., photochromie, only when the complexing ability of 
the solvent is extremely poor.

Acknowledgment. Acknowledgment is made to the 
donors of the Petroleum Research Fund, administered 
by the American Chemical Society, for support of 
this research.

(5) At 77°K. the color imparted to irradiated M (COVsaturated 
hydrocarbon glasses may persist for longer periods of time.
(6) I. W. Stolz, G. R. Dobson, and R. K. Sheline, J. Am. Chem. Soc., 
85, 1013 (1963).
(7) A. W. Hansen, Acta Cryst., 15, 930 (1962).
(7a) N ote Added in  Pboof. The CO stretching force constants 
calculated from the secular equations of F. A. Cotton and C. S. 
Kraihanzel (J. Am. Chem. Soc., 84, 4432 (1962)) for a postulated 
Mo (CO) 5 species of C<v symmetry obtained in a 1:4 methyleyclo- 
hexane-isopentane glass at 77°K.6oare ki = 15.25 and fo = 16.31 
mdynes A .-1 (fc, = 0.33 mdyne A .-1), compared to 16.52 mdynes 
A .-1 for Mo(CO)i. The low values for the former suggest tha t the 
species may be a weak complex formed between Mo (CO) 5 and an 
extremely poor donor, perhaps the nitrogen under which the experi
ments were carried out, rather than Mo (CO) 5 itself.
(8) W. Strohmeier and K. Gerlach, Z. physik. Chem. (Frankfurt), 27, 
439 (1961).
(9) R. Ercoli and A. Mangini, Ric. Sci., 28, 2136 (1958).
(10) W. Strohmeier and D. von Hobe, Chem. Ber., 94, 2031 (1961).

R a d io l y s i s  o f  C y a n o g e n - C y c l o h e x a n e  M i x t u r e s

by J. A. Knight, R. A. Stokes, and David Bowen

Nuclear Sciences Division, Engineering Experiment Station,
(Georgia Institute of Technology, Atlanta, Georgia 
Received June 10, 196If)

The radiation chemistry of cyclohexane has been the 
subject of a number of investigations.1-12 This is a 
report on the irradiation of mixtures of cyanogen and

(1) H. A. Dewhurst, J. Phys. Chem., 63, 813 (1959).
(2) T. D. Nevitt and L. P. Remsberg, {bid,., 64, 969 (1960).
(3) G. R. Freeman, J. Chem. Phys., 33, 71 (1960).
(4) P. J. Dyne and J. A. Stone, Can. J . Chem., 39, 2381 (1961).
(5) P. J. Dyne and W. M. Jenkinson, ibid., 39, 2163 (1961).
(6) R. R. Williams, Jr., and W. H. Hamill, Radiation Res., I, 158 
(1954).
(7) R. H. Schuler, J. Phys. Chem., 61, 1472 (1957).
(8) G. Meshitsuka and M. Burton, Radiation Res., 10, 499 (1959).
(9) L. J. Forrestal and W. H. Hamill, J . Am. Chem. Soc., 83, 1535 
(1961).
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cyclohexane. The radiation-induced cyanogenation 
of organic compounds has been reported.13 In  the 
presence of cyanogen, the yields of hydrogen, cyclo
hexene, and dicyclohexyl were decreased with increasing 
concentrations of cyanogen. Cyclohexyl cyanide was 
formed with G ~  25 under optimum conditions, 
which indicates a chain process. The results from the 
irradiation of the cyanogen-cyclohexane mixtures are 
similar in many respects to the results reported for 
chlorinated solutes in cyclohexane.12 The polymeriza
tion of cyanogen by «-particles from radon14 and by 
soft X-rays15 has been investigated. Cyclohexane was 
selected for this study as its radiation chemistry has 
been extensively investigated and the number of pos
sible cyano products is small.

Experimental
Materials. The cyclohexane was Phillips research 

grade and was used without further purification. 
Cyanogen was obtained from The Matheson Co. Cy
clohexyl cyanide was prepared as previously de
scribed.16

Irradiations. The cyclohexane was degassed by re
peating several times the cycle of freezing, evacuation, 
and melting under vacuum. For pure samples of 
cyclohexane, the irradiation tube was then sealed under 
vacuum. For mixtures of cyanogen-cyclohexane, the 
required amount of cyanogen was measured in a gas 
buret and transferred to the irradiation tube, which 
was cooled in liquid nitrogen. The tube was then 
sealed. In all samples 10 ml. of cyclohexane was used. 
The samples were irradiated in the center hole of a 
12-kcurie Cs137 facility.17 Dosimetry measurements 
with the ferrous ion dosimeter were made so that es
sentially the same geometry was obtained as in the ir
radiations, and an electron denshy correction was ap
plied. The dose rate was 6.1 X 1019 e.v./(g. hr.). 
For the calculation of G values for the mixtures, it was 
assumed that the dose absorbed was due to the cyclo
hexane.

Analytical. The radiolysis products were analyzed 
with gas chromatographic units having thermistor de
tectors. Hydrogen was determined using a 1.52-m. 
column of silica gel with argon as the carrier gas. 
Cyclohexene, other C6 products, and cyanogen were de
termined with a 3.66-m. column of 25% (by weight) 
tri-m-cresyl phosphate and a 2.44-m. column of 25% 
triacetin. Cyclohexyl cyanide, dicyclohexyl, and other 
high molecular products were determined with a 2.74-
m. column of 15% Ucon LB-550X and with a 3.05-m. 
column of 15% Apiezon L grease. The solid support 
was 50-60 mesh, acid-washed Chromosorb P, and the 
carrier gas was helium. The gas chromatographic

units were calibrated for thermal response for sub
stances which were analyzed quantitatively, except as 
noted in the tables. For hydrogen, cyanogen, and 
cyclohexane, pure samples of known volume were used. 
For cyclohexene, other Ce products, dicyclohexyl, and 
cyclohexyl cyanide, individual dilute solutions of 
known concentrations of each in cyclohexane were 
used. Hamilton microliter syringes were used for all 
sampling and calibration work, and all peak areas were 
measured with a planimeter. The samples were a t
tached immediately after irradiation to the vacuum 
apparatus, and after evacuation the break-seal was 
broken. After equilibration, gas samples were taken 
for gas chromatographic analysis. The irradiated sam
ples were removed and capped immediately. Samples 
of the liquid for gas chromatographic analysis 
were then taken through a rubber septum in the 
cap.

Results and Discussion
The G values for the radiolysis products from pure 

cyclohexane are given in Table I, and those from the 
cyanogen-cyclohexane mixtures are given in Table II.

Cyanogen-Cyclohexane. Cyclohexyl cyanide, the 
only cyano product detected, was formed with a G of 
~ 25 . In the early stages of the study, it was found 
that the quantity of cyclohexyl cyanide in the ir
radiated sample decreased with time after irradiation. 
I t  was also found that either washing the irradiated 
sample with 5% potassium hydroxide solution or the 
addition of a potassium hydroxide pellet would prevent 
the decrease of cyclohexyl cyanide with time after 
irradiation, and the G value was increased 1 to 2 units 
over the untreated sample. The exact nature of the 
post-irradiation effect is not clear. The fact that the 
decrease in cyclohexyl cyanide is prevented by a base 
indicates that the effect may be attributable to some 
radiolytic acidic material.

The high G value for cyclohexyl cyanide indicates 
that a chain process is involved. This suggestion of a 
chain process is also supported by the fact that cyclo
hexyl cyanide could not be detected by the usual gas

(10) J. A. Stone and P. J. Dyne, Radiation Res., 17, 353 (1962).
(11) J. R. Nash and W. H. Hamill, J. Phys. Chem.r 66, 1097 (1962).
(12) J. A. Stone and P. J. Dyne, Can. J. Chem., 42, 669 (1964).
(13) J. A. Knight, C. J. Bryan, and R. A. Stokes, Intern. J . Appl. 
Radiation Isotopes, 14, 239 (1982).
(14) S. C. Lind, D. C. Bardwell, and J. H. Perry, J. Am. Chem. Soc., 
48, 1561 (1926).
(15) D. C. Bardwell and D. K. Taylor, Radiation Res., 11, 432 
(1959).
(16) D. S. Breslow and C. R. Hauser, J . Am. Chem.' Soc., 67, 686 
(1945).
(17) R. C. Palmer and R. W. Carter, Intern. J . Appl. Radiation Iso
topes, 9, 123 (1960).
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Table I  : Radiolysis Products from Cyclohexane

Product G values*

Gases (to tal)6’” 5 .8
n-Hexane 0 .16
Hexene-1 0 .5o
Unknown l d 0.35
M ethylcyclopentane 0 .45
Cyclohexene” 3.16
Unknown 2d O .I2

Dicyclohexyl” 2.06
Unknown 3”'<i 0 . 2 5

“ The G values are initial values w ith the  exception of n- 
hexane which is the G value obtained w ith a dose of 1.22 X 1020 
e.v ./g . 6 T otal gases were determined volumetrically, and no 
analysis was m ade to  determine the composition of the radio- 
lytic gases from pure cyclohexane. The m ajor component of 
the gases is hydrogen, which is equal to  or greater th an  96% of the 
to ta l radiolytic gases (ref. 1) and corresponds to  a G value of 
5.57 for hydrogen. ” D yne and Stone (ref. 4) reported for hydro
gen, Gi =  5.55; cyclohexene, G\ =  3.27; dicyclohexyl, Gi =  
1.95; unknown 3, identified by Dyne and Stone as cyclohexyl- 
hexene-1, Gi =  0.25. d Based on retention times, unknown 1 
is m ost likely a C6 unsaturated  hydrocarbon; unknown 2, a C 9 
hydrocarbon; and unknown 3, which appears im mediately after 
dicyclohexyl on the gas chromatogram, a  C12 hydrocarbon. The 
calibration for n-hexane was used for the calculation of G values 
for unknown 1, and the calibration for dicyclohexyl was used for 
unknowns 2 and 3.

Table I I : Radiolysis Products from
Cyanogen-Cyclohexane Mixtures

Product“ *=------------------ G values6-

6 .69” 8.92” 17.84” 26.76'
Hydrogen 4 . 6 0 4.26 4 .0 i 3 .95
n-Hexane 0 .04 0 .05 0.05 0 .04
Hexene-1 0.43 0.44 0 .37 0.37
Unknown 1 0.06 0.07 0.05 0 .02
M ethylcyclopentane 0 . 1 1 o .io 0.07 0.07
Cyclohexene 1.58 1.45 1.36 1.25
Dicyclohexyl 0 .42 0.39 0.3g O. 3 7

Cyclohexyl cyanide
U ntreated sample 23.6 24.2 23.5 22.0
K OH  pellet-treated

sample 25.5 25.5 25.4 24.8
Cyanogen disappearance'1 36.1 36.4 37.0 38.1

“ No evidence of unknowns 2 and 3 (see Table I)  in  the ir
radiated mixtures. b Dose equal to  1.22 X 1020 e.v ./g . All 
samples contained 10 ml. of cyclohexane. ” Moles of cyanogen X 
104 initially present. d Calculated on basis of to ta l energy 
absorbed by  system.

chromatographic method in a sample of irradiated 
cyclohexane which was 0.089 Min cyanogen and ~0.04 
M  in iodine.

Hydrogen cyanide was considered to be a very likely 
radiolytic product. Therefore, analyses were made for 
hydrogen cyanide by several different techniques. 
W ith hydrogen cyanide test paper, it was estimated 
that the G value for hydrogen cyanide is less than 0.1. 
I t  seems evident that, if hydrogen cyanide is formed in 
significant quantity in any of the processes, it is also 
consumed by some other process.

The simplest reaction in a chain process to account 
for the formation of cyclohexyl cyanide would be

C6Hu . +  (CN)2 — > CeHnCN +  -CN (1)

If the above reaction accounts for the formation of 
cyclohexyl cyanide, then the fate of the cyanide radical 
is a m atter of speculation. If the reaction is prop
agated by the cyanide radical abstracting a hydrogen 
atom from cyclohexane to yield a cyclohexyl radical 
and hydrogen cyanide, then G for hydrogen cyanide 
should be ~25 . However, this is not the case as the G 
value for hydrogen cyanide was estimated to be less 
than 0.1. Even though hydrogen cyanide polymerizes 
with G ~  33 in the presence of a-particles14 and with 
G =  42 in the presence of soft X-rays,15 it would not be 
directly affected by the radiation to the extent required 
to account for its disappearance. I t  is possible that, 
if hydrogen cyanide is formed, it is consumed in some 
undefined process. Since approximately 3 moles of 
cyanogen was consumed for every mole of cyanogen 
converted completely to cyclohexyl cyanide, there is 
the possibility that a polymeric form of cyanogen is in
volved in reaction 1 of the chain process in the forma
tion of cyclohexyl cyanide rather than cyanogen. The 
abstraction of a hydrogen atom from cyclohexane by a 
polymeric cyanogen radical would not require the for
mation of hydrogen cyanide, and, therefore, this would 
account for the negligible yield of hydrogen cyanide. 
Evidence for polymerization of cyanogen is to be found 
in the high G value for the disappearance of cyanogen, 
which had a value of ~ 37 , and in the insoluble dark 
brownish material that was formed in each irradiated 
mixture. The product formed by the action of u- 
particles14 was described as a black polymer. The for
mation and nature of the polymeric form of cyanogen is a 
matter of speculation. Even though the polymeriza
tion of cyanogen by a-particles14 and soft X-rays15 
with G values of 22 and 27, respectively, has been re
ported, the cyanogen in the cyclohexane solutions 
should not be affected directly to the extent required 
for formation of a polymer form. I t  is possible that 
an energy-transfer process is operative which yields ex
cited cyanogen molecules that initiate the formation of 
polymeric cyanogen. The evidence is not sufficient to
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permit a definite choice of one mechanism over the 
other for the formation of cyclohexyl cyanide.

The yields of hydrogen, cyclohexene, and dicyclo
hexyl were reduced in the presence of cyanogen, and 
the yields of all the minor products showed some de
crease with increasing concentration of cyanogen. 
The hydrocarbon radiolysis products from the cyano
gen-cyclohexane mixtures were qualitatively the same 
as those from pure cyclohexane except for unknowns 
2 and 3, which were not detected as products in the 
mixtures. The yield of hydrogen decreased with in
creasing concentration of cyanogen up to approximately 
0.1 M  and appeared to have reached a limiting value of 
G 4 at the higher concentrations. Other substances, 
such as cyclohexane,1,2 benzene,3’5’10 iodine,6-7-9 car
bon tetrachloride,12 and chloroform,12 also decrease the 
hydrogen yield by varying amounts. Hydrogen is gen
erally considered to be produced simultaneously by a 
unimolecular process and a bimolecular process1’5; a 
third undefined process also has been suggested to ac
count for a portion of the hydrogen.2 Even though a 
number of investigations have been devoted to the 
effects of solutes on the hydrogen yield from cyclo
hexane, the processes have not been completely eluci
dated. The effects of solutes have been attributed to 
H-atom scavenging, electron attachment, energy trans
fer, and quenching. From the available data, cyano
gen is the least efficient of the various solutes in de
creasing the hydrogen yield, being slightly less efficient 
than benzene10 and cyclohexene.4 The similarity of the 
results from this work with those from y-irradiated 
benzene-cyclohexane mixtures and carbon tetrachlo
ride-cyclohexane mixtures suggests that the effect of 
cyanogen may be of the same nature as that suggested 
for benzene10 and carbon tetrachloride.12

The yield of cyclohexene showed a rapid decrease to 
G = 1.58 at 0.067 M  and then a more gradual decrease 
with increasing concentration to G =  1.25 at 0.268 M. 
The dicyclohexyl yield decreased sharply to G =  0.42 at 
0.067 M  and then decreased only slightly to G ~  0.38 
at the higher concentrations. The effect of cyanogen 
in decreasing the yields of cyclohexene and dicyclohexyl 
is very similar to the effects of benzene10 and chlorinated 
solutes,12 with the yields of cyclohexene agreeing with 
those from chloroform-cyclohexane solutions and with 
the yields of dicyclohexyl agreeing with those from 
cyclohexane solutions of chloroform and carbon tetra
chloride. The efficiencies of the different solutes vary, 
and for each solute there are residual yields of cyclo
hexene and dicyclohexyl. The formation of cyclo
hexene has been attributed to the disproportionation 
of cyclohexyl radicals and to the unimolecular decom
position of some form of the excited cyclohexane mole

cule; the formation of dicyclohexyl has been attributed 
to the combination of cyclohexyl radicals.1 In addi
tion, other modes of formation for cyclohexene and di
cyclohexyl have been suggested.2’12 A portion of the 
decrease in the yields of cyclohexene and dicyclohexyl 
can be ascribed to the radical scavenging action of the 
solute; in this case, cyanogen or a polymeric form of 
cyanogen. For cyclohexene, a part of the decrease has 
been attributed to interaction of the solute with some 
form of an excited cyclohexane molecule, thereby pre
venting its unimolecular decomposition to hydrogen 
and cyclohexene.12 Since the yields of cyclohexene 
from cyanogen-cyclohexane solutions are in agreement 
with the yields reported for the solutes, chloroform and 
carbon tetrachloride,12 the cyanogen could interact in 
a similar manner. The residual yields of cyclohexene 
and dicyclohexyl in the presence of cyanogen may be 
due to chain termination steps and/or to reactions of 
cyclohexyl radicals in the same solvent cage. If cyclo
hexyl cyanide is formed in a chain process as suggested 
above, then the disproportionation and combination of 
cyclohexyl radicals would constitute two chain ter
mination steps to yield cyclohexene and dicyclohexyl. 
As suggested by Hardwick,18 some or all of the yields of 
cyclohexene and dicyclohexyl a t the higher concentra
tions of solute may be due to the disproportionation 
and combination reactions of the cyclohexyl radicals 
formed together in the same solvent cage.

Acknowledgment. This work was supported in part 
by the United States Atomic Energy Commission.

(18) T. J. Hardwick, J. Phys. Chem., 64, 1623 (1960).
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by E. Lyndol Harris

Department of Chemistry, McMurry College, Abilene, Texas 
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Because of an anticipated need for such data in con
nection with another project, activity coefficients were 
determined for cadmium chloride in aqueous solutions

(1) This investigation was supported by Public Health Service Re
search Grant GM-09728, from the Division of General Medical 
Sciences,
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with, benzyltrimethylammomum chloride by the e.m.f. 
method at total stoichiometric ionic strengths of 1.0, 
0.5, and 0.2 to. These were the ionic strengths used by 
Leifer, Argersinger, and Davidson2 in determining the 
activity coefficients of both cadmium chloride and 
hydrochloric acid in mixed aqueous solutions. Hamed 
and Gary3 had earlier reported the activity coefficients 
of hydrochloric acid in cadmium chloride solutions of 
total stoichiometric ionic strength of 5.0.

Experimental

A concentrated stock solution of cadmium chloride 
was prepared from Baker’s Analyzed reagent and de
ionized water. Standardization was by gravimetric 
determination of cadmium as sulfate and was verified 
by gravimetric determination of chloride. The stock 
solution of benzyltrimethylammomum chloride was 
Matheson 60% aqueous solution and was standardized 
by gravimetric determination of chloride. Mixed 
solutions of stoichiometric ionic strength of 1.0 to were 
prepared from the stock solutions, using weight burets. 
Portions of the 1.0 m  solutions were deoxygenated by 
bubbling of nitrogen under reduced pressure and were 
transferred to flushed e.m.f. cells with nitrogen pressure. 
Solution compositions in the prepared cells were cor
rected for loss of water.

The e.m.f. cell used may be represented by

CdHg;r |CdCl2(TO2), CtoHaeNClCmO |AgCl-Ag

The cadmium amalgam, approximately 8% cadmium 
by weight, was prepared, stored, and transferred to 
the cells under nitrogen. The silvemsilver chloride 
electrodes were prepared by the thermal method.4 
The standard potentials used were 0.35163 and 
— 0.22246 abs. v., respectively. Cell measurements 
were made with a Leeds and Northrup Type K-3 
potentiometer in conjunction with an electronic null 
indicator. Cells were made up in triplicate and were 
kept a t 25 ±  0.05° during the measurements. Devia
tions from the average of triplicate measurements were 
of the order of 0.05, 0.1, and 0.2 mv. for ionic strengths
1.0, 0.5, and 0.2, respectively, except that for small X 2 
a t 0.2 to ionic strength, deviations >0.5 mv. were ob
tained for some cells.

Results

The results of the cell measurements are recorded in 
Table I, along with the calculated values of the log
arithms of the stoichiometric mean ionic activity co
efficients of cadmium chloride in the solutions. The 
latter have been adjusted by short interpolation to the

appropriate ionic strength in cases where the ionic 
strength differed significantly from its intended value.

Table I : Cell Measurements and Calculated Activity 
Coefficients of CdCl2

Total Ionic strength
stoichiometric fraction of CdCb, Measured cell
ionic strength, 
I  = 3 m2 +  mi

3 m2

x 2 = 7T
potential, E, 

in abs. v. — log y 2

1.0063 0.09969 0.70800 1.006
0.9882 0.19805 0.69851 0.989
1.0072 0.3020 0.69222 0.967
0.9985 0.3951 0.68855 0.955
1.0000 0.4998 0.68510 0.939
1.0010 0.5991 0.68269 0.926
0.9935 0.6997 0.68052 0.911
1.0119 0.8064 0.67936 0.905
0.9991 0.9002 0.67896 0.904
1.0000 1.0000 0.67906 0.905
0.5093 0.09969 0.71407 0.778
0.4877 0.19805 0.70664 0.774
0.5052 0.3020 0.70185 0.778
0.4992 0.3951 0.69870 0.768
0.5000 0.4998 0.69620 0.763
0.5002 0.5991 0.69412 0.754
0.5235 0.6997 0.69192 0.752
0.5002 0.8064 0.69200 0.747
0.4995 0.9002 0.69185 0.748
0.5002 1.0000 0.69180 0.749
0.2004 0.09969 0.73235 0.582
0.1999 0.19805 0.72391 0.576
0.1998 0.3020 0.71945 0.577
0.2003 0.3951 0.71707 0.579
0.1999 0.4998 0.71510 0.578
0.2000 0.5991 0.71308 0.570
0.1992 0.6997 0.71249 0.571
0.1973 0.8064 0.71214 0.569
0.2001 0.9002 0.71113 0.568
0.2001 1.0000 0.71110 0.569

The effect of benzyltrimethylammomum chloride on 
the activity coefficient of cadmium chloride is con
siderably different from that of hydrochloric acid in 
solutions of analogous composition,2 particularly a t the 
higher solution concentrations. This behavior could 
be of some interest because of the relationship of benzyl- 
trimethylammonium chloride to the common type of 
anion-exchange resin, although the concentrations of the 
quaternary ammonium ion within these resins usually 
are much higher than those recorded here.

(2) L. Leifer, W. J. Argersinger, Jr., and A. W. Davidson, J. Phys. 
Chem., 66, 1321 (1962).
(3) H. S. Hamed and R. Gary, ibid., 63, 2086 (19S9).
(4) D. J. G. Ives and G. J. Janz, “ Reference Electrodes,” Academic 
Press, New York, N. Y., 1961, Chapter 4.
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E t h y l a m i n e  w i t h  E t h y l a m m o n i u m  a n d  

C o p p e r  I o n s  i n  M o n t m o r i l l o n i t e 1

by V. C. Farmer and M. M. Mortland

Soil Science Department, Michigan State University, East Lansing, 
Michigan (Received July 10, 1964)

In the course of investigations on the nature of the 
interactions between nitrogenous compounds and soil 
clays, Mortland and Barake2 noted that the infrared 
spectrum of ethylamine adsorbed from the vapor on 
hydrogen montmorillonite differed markedly from that 
of ethylammonium ions introduced into montmorillon
ite by exchange from solution. To elucidate the cause 
of these differences, a study has been made of the prod
ucts formed when ethylamine is adsorbed on films of 
ethylammonium and copper montmorillonite; adsorp
tion of ethylamine on hydrogen and calcium mont
morillonite2 has also been re-examined.

Experimental
Montmorillonite H-25 from Upton, Wyo., supplied 

by Ward’s Natural Science Establishment was used 
in this work. Homoionic clays were prepared by 
treating the <0.5-¡i fraction with the chloride salts of 
ethylammonium, copper(II), and calcium in excess of 
the cation-exchange capacity. After flocculation had 
taken place, the supernatant liquid was siphoned off 
and distilled water was added to bring it to the original 
volume and the chloride salts again were added. This 
process was repeated three times at the end of which 
no more salts were added but the clays were allowed to 
settle and were redispersed in distilled water until the 
clays showed signs of not flocculating, a t which time 
they were placed in dialysis bags and dialyzed against 
distilled water until the conductivity of the dialyzate 
approached that of distilled water.

Thin films (2-5 mg./cm.2) of ethylammonium and 
copper montmorillonite were prepared by evaporating 
suspensions in dishes of alum inon foil. Since copper 
ions reacted with the aluminum surface, it was neces
sary to fine the dishes with polyethylene film, held in 
place by a smear of vacuum grease. The films, which 
could be readily stripped from these surfaces, were 
mounted in an evacuable brass cell fitted with sodium 
chloride windows. After evacuation by rotary pump 
for 15 min., the films were exposed to ethylamine 
vapor (50 cm. pressure) for 30 min. (ethylammonium) 
or 2 hr. (copper). The longer period was necessary to 
displace water coordinated to the copper ion and held

against vacuum. Excess ethylamine was then frozen 
out in a bath of liquid nitrogen, and the films were de
gassed for 30 min. by a rotary vacuum pump with a 
liquid nitrogen trap. Infrared spectra were recorded 
with the beam normal to the films on a Beckman IR7 
spectrophotometer. Samples for chemical analysis 
were treated with ethylamine vapor for 2 hr. and then 
evacuated 2 hr. X-Ray diffraction patterns were ob
tained on the same films used for the infrared studies.

Results and Interpretation
The intense blue color which developed on treating 

copper montmorillonite with ethylamine indicated the 
formation of a copper-ethylamine complex, and this 
was confirmed in the infrared spectrum (curve 3 of 
Figure 1), which showed complete displacement of 
coordinated water by ethylamine. The complex 
was stable to atmospheric moisture. After 2 days in 
air there was some decrease in ethylamine absorption 
but no evidence for the absorption of coordinated water 
or hydroxyl which would be expected if amine were 
displaced by water from the complex. The decrease 
in nitrogen content over the 2 days (Table I) is ascribed 
to the loss of interlayer ethylamine which is not co
ordinated to the cation. The final nitrogen content 
(160 mequiv./lOO g.) is just below that expected for a 
full complement of the square-planar complex ion 
Cu(EtNH2)42+, that is, 180 mequiv./lOO g. A planar 
geometry is required by the X-ray spacings, reported 
below.

Table I : Nitrogen Content of 
Ethylamine-Treated Montmorillonites

mequiv. of N/100 g. of hydrogen 
montmorillonite

Exchangeable cation Initially After 2 days
E tN H U 230 92
Cu2+ 235 160
Ca2+ 210 140

Coordination of ethylamine causes shifts in its ab
sorption bands from the position observed for the free 
amine in CCb solution.3 The NH2 scissoring vibra
tion, a t 1626 cm.-1 in solution, is displaced to 1590 
cm.-1 on coordination, and CH deformation vibra-

(1) Authorized for publication by the Director as Journal Article 
No. 3402 of the Michigan Agricultural Experimental Station, East 
Lansing, Mich. This work was supported by National Science 
Foundation Project GP1978.
(2) M. M. Mortland and N. Barake, Trans. 8th Intern. Congr. Soil 
Sci., in press.
(3) L. Segal and F. V. Eggerton, Appl. Spectry., IS, 112 (1961).
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Figure 1. Infrared spectra of: (1) ethylammonium-saturated montmorillonite, degassed 20 min.; (2) ethylammonium- 
saturated montmorillonite, after adsorbing ethylamine (50 cm. pressure) for 15 min. and then degassing for 45 
min.; (3) copper-saturated montmorillonite, after adsorbing ethylamine (50 cm. pressure) for 2 hr. 
and then degassing for 30 min. Curves 1 and 2 have the same base line; curve 3 is displaced.

tions, a t 1470 cm.-1 in solution, separate into two ab
sorption bands a t 1472 and 1456 cm.-1. Absorption 
bands in the solution phase at 1383 and 1353 cm.-1 
are markedly enhanced in the coordination complex.

The absorption spectrum of ethylammonium ions 
in montmorillonite (curve 1) was profoundly altered 
by the adsorption of ethylamine, to give a spectrum 
(curve 2) identical with that obtained by adsorbing 
ethylamine on hydrogen or calcium montmorillonite,2 
and showing many features in common with that of co
ordinated ethylamine in the copper-montmorillonite 
system. This altered spectrum has no obvious counter
part to the NH3+ symmetric deformation at 1510 
cm.-1 in ethylammonium, and its absorption a t 1593 
cm.-1 can be more reasonably equated with the NH2 
scissoring vibration of coordinated ethylamine at 1590 
cm.-1 than with the asymmetric NH3+ deformation 
given by ethylammonium ions a t 1617 cm.-1. The 
principal differences in the 1300-1700 cm.-1 region 
between the absorption of the ethylamine-ethylam- 
monium complex and that of the copper-ethylamine 
complex is that the former has an additional broad 
band a t 1642 cm.-1, a diffuse shoulder between 1510 
and 1580 cm.-1, and stronger absorption at 1400 cm.-1, 
where the ethylammonium ion absorbs more strongly

than does complexed ethylamine. This marked per
turbation of the vibrations of the ethylammonium 
ion suggests that a strong hydrogen bond is formed 
between ethylamine and ethylammonium.

Nitrogen analysis (Table I) indicated the presence 
of more ethylamine than would be expected for a dimer 
of structure

Et H
\  + /

H —N -'-H — N— H
X Et

The excess ethylamine present (50 mmoles/100 g.) is 
close to the excess ethylamine found in the copper- 
ethylamine complex. Part of this may be held at 
weakly acidic sites, for which evidence has been found 
in ammonia montmorillonite. Treatment of ammoniun 
montmorillonite with gaseous ammonia increases the 
NH4 content from 88 mequiv./lOO g. to 100 mequiv./
1 0 0  g . 4

In  the 2000-3600-cm.-1 region, adsorption of ethyl
amine on ethylammonium montmorillonite also caused 
marked changes. The strong, broad absorption of the 
ethylammonium ion between 2600 and 3350 cm.-1

(4) J. D. Russell, private communication.
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(curve 1) was replaced by weaker absorption bands 
(curve 2) resembling those of coordinated ethylamine 
(curve 3).

The only features in the spectrum of the ethylamine- 
ethylammonium complex which can be ascribed to the 
proton involved in hydrogen bonding between the com
ponents of the dimer are the absorption band at 1642 
cm.-1 and a very broad featureless absorption extend
ing from 3300 cm.-1 to a t least 1200 cm.-1. This pat
tern of absorption does not match any of those dis
cussed by Hadzi and co-workers5-7 in their studies 
on strong hydrogen bonds, but appear to be inter
mediate between those given by strong bonding with 
a double potential minimum and those given by sym
metrical hydrogen bonds with a single minimum. 
The former have two broad but discrete maxima 
near 2500 and 1800 cm.-1, while the latter generally 
give a very broad intense band extending from 1600 
to 400 cm.-1, and sometimes also a more discrete 
maximum near 1600 cm.-1.

The ethylamine-ethylammonium complex was stable 
against the vacuum of a rotary pump, but ethylamine 
was displaced by water vapor a t room humidity. 
During this process the broad shoulder of the complex 
near 1560 cm.-1 shifted to lower frequency and de
veloped into the 1515-cm.-1 band of the hydrated 
ethylammonium ion. This change was complete 
within 24 hr. for ethylammonium montmorillonite, 
and the nitrogen analysis after 2 days (Table I) con
firmed the loss of all excess ethylamine. This result 
must be contrasted with that of Kinter and Diamond,5 6 7 8 
who found air-dry ethylammonium-saturated mont
morillonite to have a carbon content 1.6 times that 
expected on the basis of the exchange capacity. Per
haps acetone, which was used to wash their prepara
tions, was retained by their samples. The ethyl- 
amine-ethylammonium complex formed by treating 
hydrogen and calcium montmorillonite with ethyl
amine was more stable; both nbrogen analysis (Table 
I) and infrared spectra still showed the presence of 
perturbing ethylamine after 2 days.

The lattice 001 spacing for the copper-ethylamine 
montmorillonite was 12.9 A. The same spacing was 
observed in all the ethylamine-clay systems studied 
including ethylammonium itself. When the complexes 
were well developed, as indicated by infrared, the X- 
ray patterns always showed sharp 001 peaks and ration
ality of the higher orders.

An attem pt was made to determine the orientation 
of the ethylamine molecules in the copper-amine com
plex by observing changes in the intensity of infrared 
absorption bands when the clay film was positioned at

45° to the infrared beam. The method of prepara
tion of the films leads to a well-oriented sample with the 
001 planes of the clay mineral predominantly in the 
plane of the film. Only absorption bands with a com
ponent perpendicular to the clay sheets should be en
hanced on positioning the film at an angle to the 
beam.

Bands found to be enhanced in intensity included 
those a t 1472 and 1456 cm.-1 (both by 12%), the NH2 
scissoring vibration at 1590 cm.-1 (by 11%), and the 
broad NH stretching vibration at 3313 cm.-1 (by 14%). 
The C-H  stretching vibrations near 2900 cm.-1 and 
the bands in'the 1350-1400-cm.-1 region were unaffected 
in intensity. None of these absorption bands can have 
its dipole change perpendicular to the plane of the clay 
sheets; a three- or fourfold increase in intensity would 
be expected for such bands.9 The increase in intensity 
of the broad NH stretching vibration at 3313 cm.-1 
is consistent with hydrogen bonding of the NH2 group 
to the silicate sheet; the presence of a weaker, sharper 
NH stretching vibration at 3367 cm.-1 suggests that 
the amino group is oriented so that only one of the 
protons is involved in hydrogen bonding, the other being 
free. Such an orientation of the amino group would 
tend to force the methylene group attached to it out 
of the plane of the copper ion and its coordinated ni
trogen atoms, and the enhancement of the bands at 
1472 and 1456 cm.-1 gives some support for this belief. 
Although the asymmetric CH3 deformation vibrations 
are also expected in this region, it seems likely that at 
least one of these absorption bands corresponds to the 
CH2 scissoring vibration, as the copper-ethylenedi- 
amine complex10 has CH2 scissoring vibrations a t 1475 
and 1463 cm.-1. The dipole change of this scissoring 
vibration is along the bisector of the H -C -H  angle 
and therefore in the plane of the N -C -C  skeleton. The 
observed enhancement of these absorption bands in
dicates that this plane is at an angle to the plane of the 
clay sheets. The absorption bands in the 1350- 
1400-cm.-1 region include CH3 symmetrical deforma
tion vibrations and CH2 wagging vibrations,10 both of 
which have dipole changes in the general direction of

(5) R. Blinc, D. Hadzi, and A. Novak, Z. Elektrochern., 64, 567
(1960) .
(6) D. Hadzi, J. Chem. Soc., 5128 (1962).
(7) D. Hadzi, A. Novak, and J. E. Gordon, J. Phys. Chem., 67, 1118 
(1963).
(8) E. B. Kinter and S. Diamond, Clays Clay Minerals, 10, 174 
(1963).
(9) J. M. Serratosa, A. Hidalgo, and J. M. Vinas, Nature, 195, 486 
(1962).
(10) D. B. Powell and N. Sheppard, Spectrochim. Acta, 17, 68
(1961) .
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the long axis of the molecule. As these bands are in
sensitive to orientation, it can be concluded that the 
ethylamine molecule is oriented with its long axis 
approximately parallel to the silicate sheets and that 
the methylene group is displaced out of the plane of 
the copper and nitrogen atoms.

Discussion

A few salts involving cations of the type [B2-H]+ 
are known in which the two molecules of base, B, are 
joined by a symmetrical hydrogen bond, giving the 
typical infrared absorption pattern. These, however, 
involve oxygen atoms of the base, as in diacetamide 
hydrochloride,11 and di(picoline oxide) salts.6’12 The 
ethylamine-ethylammonium complex shows some un
usual features, which could possibly correspond to a 
symmetrical bond between nitrogen atoms. No re
ports of salts involving an ethylamine-ethylammonium 
complex are known to the authors. The stability of 
such salts depends on crystal structure considerations 
in addition to strength of hydrogen bonding. Ex
panding-layer minerals provide favorable sites to ac
commodate large cations of this type. n-Alkylamines 
with more than six carbon atoms are taken up from 
solutions of their salts by montmorillonite in amounts 
which are in excess of its exchange capacity.13 14 The 
forces involved are normally considered to be prin
cipally van der Waals, but the present work clearly 
indicates that hydrogen bonding may play an im
portant part.

The results obtained here for ethylamine on clay 
have also been foimd by others for ethylenediamine. 
Fripiat, et al.,1* observed that when ethylenediamine 
was added in amounts less than the exchange capacity 
of acid montmorillonite, the NH3+ symmetric deforma
tion band was clearly evident a t 1531 cm.-1. They also 
observed that ethylenediamine added in excess of the 
exchange capacity resulted in the suppression of the 
1531-cm.-1 NH3+ symmetrical deformation band and 
the appearance of the NH2 deformation vibration at 
1597 cm.-1. These results may be accounted for by 
strong hydrogen bonding between NH2 and NH3+ as 
suggested here for the ethylamine system. Fripiat, 
et al.,1* noted a progressive diminution of the NH3+ 
symmetric deformation band from 50 to 100 mmoles/ 
100 g. of clay, the band being totally suppressed at the 
higher level. This may be accounted for by strong 
hydrogen bonding between NH2 and NH3+ to give a 
dimer as

+

h 2c  c h 2
H jb  c h 2\  /

H2N --h --N h 2
+

At maximum levels of diamine (150 moles/100 g. of 
clay), a trimer may be formed of the structure: N H 2- 
(CH2)2NH3+• NH2(CH2)2NH3+■ NH2(CH2)2NH2.

The ideas suggested here are not in contradiction to 
those of proton delocalization suggested by Fripiat, 
et al.,u  but are perhaps more descriptive of the actual 
bonds formed.

The vibrations of the NH4+ ion in montmorillonite 
are not so strongly perturbed by the presence of am
monia as was found here for the ethylamine-ethylam
monium system. Adsorption of ammonia4 on ammo
nium montmorillonite causes the NH4+ stretching vibra
tion at 3270 cm.-1 to broaden, intensify, and shift to 
2791 cm.-1, while the deformation vibration at 1430 
cm.-1 shifts to 1462 cm.-1. Clearly, the ammonium 
ion preserves its identity, although its vibrations are 
modified by the strong hydrogen bonding.

Although the results of the present study lead to a 
reinterpretation of the spectra reported by Mortland 
and Barake,2 their conclusion that ethylammonium 
ions are formed when ethylamine is adsorbed on both 
hydrogen and calcium montmorillonite remains correct, 
and has been confirmed in the course of the present 
work. On exposure to the atmosphere, excess ethyl
amine was lost from the treated hydrogen montmoril
lonite to give the normal ethylammonium absorption 
pattern. Both ethylamine and ethylammonium were 
lost, under these conditions, from the calcium system 
on long exposure, leaving only a weak ethylammonium 
absorption at 1510 cm.-1. A weak, broad band also 
appeared at 1413 cm.-1, probably due to some calcium 
carbonate formed in the alkaline system on exposure 
to atmospheric C 02. The loss of ethylammonium can 
be ascribed to a reversal of the reaction by which it is 
formed, i.e.

Ca2+-xH20  +  4EtNH2

Ca(OH)2 +  2 [EtNH3 -EtNH2 ] + +  H20

(11) N. Albert and R. M. Badger, J . Chem. Phys., 29, 1193 (1958).
(12) M. Szafran, Bull. Acad. Polon. Sci., Ser. Sci. Chim., 11 (3), 111 
(1963).
(13) C. T. Cowan and D. White, Trans. Faraday Soc., 54, 691 (1958).
(14) J. J. Fripiat, A. Servais, and A. Leonard, Bull. soc. chim. France, 
635 (1962).
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K i n e t i c s  o f  B a s e - C a t a l y z e d  H y d r o ly s i s  

o f  U r e a

by K. R. Lynn1

Australian Atomic Energy Research Establishment,
Lucas Heights, N.S.W ., Australia (Received July 20, 1964)

The hydrolysis of urea in booh water and aqueous 
mineral acids has been thoroughly investigated2; 
in the latter solvent ureolysis is not directly subject to 
catalysis by hydrogen ion, and in both solvents the de
composition of urea produces cyanate and ammonium 
ions.

(NH2)2CO —^  CNO- +  NH4+ (1)

In acid solutions, cyanate is rapidly converted to am
monia and carbon dioxide.3

Although ureolysis in the presence of hydroxide ion 
has been the subject of several reports,4 the kinetic 
laws pertaining to the reaction have not been un
ambiguously elucidated, nor the thermodynamic pa
rameters determined. However , cyanate and ammonia 
are the products of the reaction, which, the data col
lected4 suggest, does not proceed in a simple bimolecu- 
lar process first order in each reactant. Because the 
ureolysis may have relevance as a model system for a 
study of the urease-catalyzed hydrolysis proceeding 
in this laboratory, it has been re-examined.

Experimental
Reagents. The urea, which was used without fur

ther purification, was of Analytical grade, as were the 
sodium hydroxide, hydrochloric acid, and sodium chlo
ride employed. Nessler’s reagent was prepared by the 
conventional procedure.

Method. Solutions of urea in sodium hydroxide of 
known molarity were prepared immediately before 
use. Aliquots (1 or 2 ml.) were sealed in Jena or Pyrex 
glass tubes which were then immersed in a constant 
(±0.03°) temperature bath at zero time and removed 
therefrom at measured intervals. Reaction was 
quenched by chilling the samples in iced water; they 
were then shattered under hydrochloric acid of such 
strength as to provide an acidic medium for the residual 
urea and the products of the ureolysis. After a time 
sufficient to allow conversion of any cyanate formed4-5 
to ammonium ion and carbon dioxide (during which 
period further hydrolysis of urea would be negligible2-3), 
the acid solution was diluted to a concentration con
venient for treatment with Nessler’s solution and sub

sequent measurement of the resulting color a t 4100 
A. in a Unicam-SP600 spectrophotometer using cells 
of 1-cm. light path.

Results and Discussion
Pseudo-first-order rate constants were estimated 

graphically from the absorption measurements made as 
described above. Reaction was allowed to proceed 
in sodium hydroxide solutions ranging in concentra
tion from 1 to 2 M  for up to 70% of completion and no 
deviations from linearity were discerned in the pseudo- 
first-order plots. Re-formation of urea from its de
composition products in strong base was not found 
in this work nor by Warner.4 A fourfold increase in the 
concentration of urea, from 0.1 to 0.4 M , caused a 
small drop in the experimental rate constant for 
hydrolysis in 2 M  sodium hydroxide at 50.0° (0.97 X 
10-6 sec.-1 to 0.95 X 10-6 sec.-1) which was within 
the limit of the combined errors of the analytical pro
cedure used.

Hydrolysis of urea in 2 M  hydroxide at 60° for twenty 
times the “half-time” of reaction yielded only 96% 
of the expected amount of ammonia; a white powder, 
probably a polymer formed from cyanate, was also 
found in the reaction vessels. For this reason, ureol
ysis was usually allowed to proceed to only 20-40% of 
completion.

A typical set of pseudo-first-order rate constants 
from reaction in base ranging in concentration from 1 
to 2 M , a t 60°, are listed in Table I. Although the 
errors are somewhat larger than those expected from 
kinetics measurements, this may be attributed to the 
analytical procedure used; Shaw,2 who also employed 
Nesslerization for assay, found comparable errors in 
rate measurements of ureolysis. Usually, three sepa
rate experiments, performed in duplicates containing 
seven to ten samples each, were made at each tempera
ture at which the reaction was investigated.

When the rate constants collected over the full 
range of base concentrations and temperatures studied 
(1-2 M, 33-70°) were plotted as a function of hydroxide 
ion concentration, a series of curves was obtained which 
indicated more rapid reaction at higher concentrations 
of base than simple first-order dependence on that solu
tion parameter would allow. This effect could not be 
attributed to the difference in ionic strength between

(1) Radiation Biology Division, NRC, c/o Atomic Energy of Canada 
Limited, Chalk River, Ont., Canada.
(2) W. H. R. Shaw and J. J. Bordeaux, J . Am. Chem. Soc., 77, 4729 
(1955).
(3) A. R. Amell, ibid., 78, 6234 (1950).
(4) R. C. Warner, / .  Biol. Chem., 142, 705 (1942).
(5) M. W. Lister, Can. J. Chem., 33, 426 (1955).
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Table I : Pseudo-FirsvOrder R ate Constanta for Hydrolysis 
of 0.1 M  Urea in Sodium Hydroxide a t  60.0°

O H - ,  M fc e x p t i , “  s e c . - '  X  1 0 - 6

1.0 1.02 ±  0 .04
1.25 1.40 ±  0 .03
1.50 1.79 ±  0 .04
1.75 2 .22 ±  0.13
2 .0 2 .69 ±  0 .17

“ Errors appended are standard deviations.

solutions at 1 and 2 M  base, for adjustment of those 
a t the former concentration to 2 I  with sodium 
chloride caused no measurable alteration in the rate of 
hydrolysis at 50° (fcexpti =  0.320 X lCM sec.-1 for each 
experiment).

If base-catalyzed ureolysis proceeds with both uni- 
and bimolecular participation of hydroxide ion, then

v =  fci [urea] +  fc2[urea][OH“ ] +
fc3[urea][OH-]2 (2)

where v is the over-all velocity of reaction and h  is 
the specific rate constant for the hydrolysis in water, 
fc2 is that for reaction first order in both urea and hy
droxide ion concentrations, and fc3 is that for reaction 
first order in substrate and second order with respect 
to base concentration. Consequently

(fcexpti -  fci)/[OH"] =  fc2 +  M O H -] (3)

where fcexpti is the experimentally determined pseudo- 
first-order rate constant for the base-catalyzed ureol
ysis.

When the left-hand side of eq. 3 was plotted as a 
function of hydroxide ion concentration, using values 
of fcexpti determined in this work and the data of Shaw 
and Bordeaux2 for evaluation of fci, straight lines of 
intercept fc2 and fc3 were calculated using least-squares 
procedures, and the results are collected in Table II.

Bieschler and Taft have shown6 that the pseudo- 
first-order rate constants obtained for the hydrolysis

Table II  : Evaluation of the R ate C onstants fe and k3

doti k3,a 1. m o l e - '  s e c . - 1  X  10 fcs,“  l . 2 m o le 2 s e e . - '  X  1 0 -7

33.0 0.32 ±  0.02 0.19 ±  0.02
40.0 0.55 ±  0.08 0.47 ±  0 .05
49.9 0 .75 ±  0 .06 2.01 ±  0.05
56.1 3.63 ±  0.36 2 .74  ±  0 .24
60 .0 4 .28 ±  0 .30 4 .14  ±  0 .20
70.0 20.52 ±  3.72 7.42 ±  0 .24

“ Errors appended are standard deviations.

of N-methylanilides of trifluoroacetic and other acids 
fit an equation analogous in form with that of (2), 
the term for the uncatalyzed reaction (fci[amide]) 
being negligible in their systems. The equation was 
interpreted6 with the reaction route described by

O
II

R—C—N R /R " +  O H - ^

OH o -
O H - 1

R—C—N R 'R " 
1

R—C—N R 'R "
1

o - o -

products (4)

Supporting evidence for this mechanism was ad
duced from a variety of reactions.6 More recently, 
Bender and Thomas7 have reported lsO-exchange 
studies which show that the initial step of eq. 4 must be 
represented by a rate, not a pre-equilibrium process 
for the anilides examined. I t  is also relevant to note 
that the hydrolysis of monochloroacetamide in sodium 
hydroxide has lately been shown8 to proceed via both 
intermediates I  and II.

Arrhenius energies of activation for the reactions 
uni- and bimolecular in base were estimated, using 
least-squares procedures, as 21.59 and 21.49 kcal./mole, 
respectively. The corresponding entropies of activa
tion are —20.0 and —21.4 e.u. The pairs of thermo
dynamic parameters are almost identical, a situation 
similar to that obtaining for the hydrolysis of mono
chloroacetamide.8 The Arrhenius energy of activation 
calculated from the experimental data of Warner,4 
which were available for only two temperatures, is in 
good agreement with those reported above. Further
more, interpolation of data reported4 previously a t 
66° in the Arrhenius plots for this work shows that there 
is close agreement between the rate constants found 
there and those of this study, even though entirely 
different methods of analysis were employed.

The route by which ureolysis in sodium hydroxide 
solution proceeds is described by eq. 4 in which R  = 
NH2 and R ' =  R "  =  H. For this reaction, little 
stabilization of either intermediate I  or II  would be ex

(6) S. S. Bieschler and R. W. Taft, J. Am. Chem. Soc., 79, 4927 
(1957).
(7) M. L. Bender and R. J. Thomas, ibid., 83, 4183 (1961).
(8) F. Kezdy and A. Bruylants, Bull. soc. chim. Belges, 69, 602
(1960).
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pected; the large negative values of AS* found verify 
that expectation. However, no definition of the rate
determining step(s) can be made at this time.

Acknowledgment. The author is indebted to Mr.
H. E. Smith for competent technical assistance.
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by P. F. Mijnlieff and H. Zeldenrust

Koninklijke/Shell-Laboratorium, Amsterdam, Holland
(.Received July 29, 1964)

In the present note, we wish to draw attention to a 
complication arising in light scattering measurements 
on optically active systems. In  particular, it will be 
shown that the value of the measured depolarization 
of the scattered fight (pu,m) depends on the dimensions 
of the fight scattering cell; in order to obtain from 
P u , m  the depolarization (pu) characteristic for the sys
tem investigated, a correction for this artifact has to be 
applied. This is important in the interpretation1 of 
measured depolarizations as well as in molecular weight 
determinations. In the latter 3ase one needs the iso
tropic scattering (Ii8) and this is obtained by multiply
ing the measured scattering (Im) by a Cabannes factor, 
which for unpolarized incident fight is given by

6 — 7 pu
6 +  6pu

Let us consider the scattering by a solute molecule 
and let the solute be optically active. In general, the 
fight scattered in any direction will have an electrical 
vector with components along all of three perpendicular 
axes; if the x axis is the direction of the incident beam 
and if we are observing along the y axis, then only the 
components along the x and 2  axes make contributions, 
I x and I z, to Im.

Now, if the solution is optically active, both I x and 
I z when “leaving” the measuring cell will have rotated 
around the y axis by an angle a; the value of a de
pends on the distance traveled through the cell and on 
the specific rotation and concentration of the solute. 
Then the original I x must be replaced by a new vector 
having the components I x,x = I x cos2 a, and I x,z =  I x 
sin2 a; similarly, I z has given rise to components 
I ZiZ =  I z cos2 a and I z,x = I z sin2 a. Consequently, 
the observed depolarization pu,m is given by

Ix,x ~b Iz,x Ix cos oc —}— I z sm a pu -{- tg2a
P u , m  I x , z  +  I z , z  I x  sin2 a +  I z cos2 a putg2a+ 1

(1)
So even if pu is zero, p„,m will be finite, viz., equal to 
tg2a.

To check the validity of eq.^1, we measured for two 
wave lengths, 5461 and 4358 A., the depolarization in 
an aqueous sucrose solution of concentration 0.5 g ./ 
cm.3 at 23°. The instrument used was that described 
by Coumou2; in one set of experiments the center of the 
incident beam (beam width, 2 mm.) was a t 3 mm. and 
in another a t a 17-mm. distance from the side wall. 
By inserting the relevant a-values into eq. 1, pu was 
calculated from pu,m. The results are given in Table I. 
I t  is seen that p„, unlike pu ,m, is within the experimental 
error independent of the distance traveled by the 
scattered fight through the cell, as it should be.

Table I : Correction of Depolarization in Sucrose Solution

Wave length,
Â.

Beam dis
tance from 
side wall, 

mm. P u ,m a, deg. Pu

5461 3 0.040 1.16 0.040
5461 17 0.052 6.60 0.039
4358 3 0.031 1.92 0.030
4358 17 0.066 10.88 0.029

Sucrose solutions are sometimes used for calibrating 
fight scattering instruments.3 Scattering of fight by 
such solutions was studied by Maron and Lou4 5 and by 
Stigter,6 but these authors fail to mention the rotation 
effect discussed above. Both publications4'6 compare 
Tm, the turbidity derived from fight scattering, with 
7*th, the turbidity calculated from thermodynamic 
data. The latter quantity should be equal to riS, 
the turbidity for isotropic scattering. As rm is the 
total scattering, it must be converted into r i8 by apply
ing the relation

For an easier comparison with the papers discussed, 
we use the symbol t for a quantity loosely called

(1) W. Prins, J. Phys. Chem., 65, 369 (1961).
(2) D. J. Coumou, J. Colloid Sci., 15, 408 (1960).
(3) L. H. Prineen, Thesis, University of Utrecht, 1959.
(4) S. H. Maron and R. L. H. Lou, J. Phys. Chem., 59, 231 (1955).
(5) D. Stigter, ibid., 64, 114 (1960).
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c,g /cm3 OF SOLUTION
Figure 1. L ight scattering by aqueous sucrose solutions a t 25°: 
full curve, H c/ tth (M aron and Lou4); dashed curve, ffc/rth  
(Stigter5); O, H c/ t¡s (M aron and Lou,4 X 5461 A..);
□, H c/ tis (M aron and Lou,4 X 4358 A.).

“turbidity.” In  fact, this “turbidity” is nothing but 
Bso, the Rayleigh ratio, multiplied by 167t/ 3; as was 
stressed by Prins,1 it differs from the real turbidity of 
the solution by a, factor (1 +  1/ 2 pu) /  (1 +  pu).

Maron and Lou4 claim a reasonable agreement 
between r th from osmotic pressure and r;3; according 
to Stigter,6 who suggests some corrections in the 
method for calculating n t  from osmotic pressure, how
ever, the former quantity is, a t the highest concentra
tion studied, larger than the latter. In Figure 1 
Maron and Lou’s4 Figure 4 is reproduced; the r  on 
the ordinate is equivalent either to r th or to riS. Fur
thermore Stigter’s5 theoretical curve has been added; 
this curve was derived, taking into account his slightly 
different way of plotting, from Stigter’s Figure 4.

We also draw attention to the differences between 
the experimental results for the two wave lengths used. 
As riS only depends on the thermodynamic properties 
of the system, it should be insensitive for the particular 
wave length used to measure its value.

We suspected tha t the latter discrepancies were due 
to the use of pu,m-va!ues, instead of pu-values, for con
verting rm into Tia. We therefore multiplied the values 
of H c/ tiS of Figure 1 by the factor

6 +  6 p u ¡ 6  +  6pu,m 

6 —  7 p u/  6  —  7 pn,m

T

Figure 2. Legend as in Figure 1, b u t t„ 
calculated by using pu instead of pu,m.

Figure 3. Depolarization of scattered light by  sucrose 
solutions a t  25°: O, pu,m (M aron and Lou,4 X 4358 
and 5461 A .); X , pu, X 5461 A.;
- { - ,  P u ,  X 4358 A.

thus obtaining new values, free from the “optical 
activity effect,” which are plotted in Figure 2. The 
Pu-values were derived from Maron and Lou’s pu,m- 
values with the aid of eq. 1. Figure 3 gives both p u , m  

and pu as a function of sucrose concentration; the 
values of a employed were those for a 4 X 4-cm. light 
scattering cell in conformity with the experimental 
setup.6

(6) S. H. Maron and R. L. H. Lou, J . Polymer Sci., 14, 29, 273 
(1954).
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Figure 2 shows that now at the highest sucrose con
centration the experimental light scattering turbidity is 
nearer to Stigter’s thermodynamic value. In addition, 
the experimental turbidities for the two wave lengths 
are closer together now, especially a t the higher con
centrations where pu,m measurements become more ac
curate.

In general, the effect discussed will not be very im
portant in turbidity measurements. As shown by 
Table I and Figure 3, however, attention should be 
paid to it if one is concerned with the interpretation of 
the depolarization itself.

Acknowledgment. We gratefully acknowledge valu
able discussions with Dr. D. Coumou of this laboratory.
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B e n z e n e  a n d  D io x a n e  S o l u t i o n s 1

by William P. Purcell and Judreh A. Singer

Department of Pharmaceutical and Medicinal Chemistry,
College of Pharmacy, University of Tennessee, Memphis, Tennessee 
{Received August S, 1964)

We recently reported the dipole moments of some 
selected N-alkyl-substituted nicotinamides2 measured 
in benzene solution, and the calculated values for the 
corresponding amide group moments. Nicotinamide 
and the monosubstituted derivatives were so insolu
ble in benzene that we were forced to measure very 
dilute’solutions. The compounds are soluble in dioxane, 
but the increase in problems of association between sol
vent and solute molecules makes this an unattractive 
solvent.3 As a result, we have applied the mixed 
benzene-dioxane solvent technique, described by Estok, 
et al.,3~e to isonicotinamide, a molecule which fits into 
our series2 and one which has low solubility in benzene.

Experimental
Reagent. Isonicotinamide (research grade, Aldrich 1 2 3 4 5 6

(1) This investigation is being supported by the National Science 
Foundation (GB-2381/B-15989), U. S. Public Health Service Grant 
MH-04379 and by a grant from the Geschickter Fund for Medical 
Research, Inc. Computer facilities were provided through U. S. 
Public Health Grant FR-1.
(2) W. P. Purcell, J. Phys. Chem., 68, 2666 (1964).
(3) G. K. Estok and C. H. Stembridge, J. Am. Chem. Soc., 76, 4316 
(1954).
(4) G. K. Estok and S. P. Sood, J. Phys. Chem., 61, 1445 (1957).
(5) G. K. Estok, S. P. Sood, and C. H. Stembridge, ibid., 62, 1464 
(1958).
(6) G. K. Estok and S. P. Sood, ibid., 66, 1372 (1962).
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Table II: Slopes, Orientation Polarizations at Infinite Dilution, Observed Moments, and Amide Group Moments of 
Isonicotinamide at 25°

Solvent Technique a 7 Pr,m, oc./mole fi, D. m2, D.

Benzene Pure solvent 8.952 0.8937 184.6 3.00 ±  0.09 2.88
Benzene Mixed benzene-dioxane solvent 12.232 0.1736 276.7 3.68 3.77
Dioxane Pure solvent 16.784 0.4322 328.1 4.01 4.19
Dioxane Pure solvent 311.3« 3.88« 4.03
Dioxane Mixed benzene-dioxane solvent 17.120 0.3943 334.8 4.05 4.23

« D. G. Leis and B. C. Curran, J .  A m . C h em . S o c ., 67, 79 (1945).

Chemical Co., Inc.) was recrystallized five times from 
ethyl acetate; m.p. 148.9-149.4° (lit.7 m.p. 155°) and 
was dried under vacuum in an Abderhalden pistol.

Solvents. The compound was measured in dilute 
benzene solution using Spectroquality benzene (Mathe- 
son Coleman and Bell), in dilute p-dioxane solution us
ing Spectroquality p-dioxane (Matheson Coleman and 
Bell), and in dilute mixed benzene-p-dioxane solutions, 
using the above mentioned solvents.

Apparatus. The dielectric constants, e, and refrac
tive indices, md, as a function of the weight fraction, 
Wi, of the solute were measured at 25° as previously 
described.2 The data are given in Table I.

Calculations. The dipole moments in pure benzene 
and in pure dioxane solution were calculated from the 
equations and methods described by Smith.8 The di
pole moment in pure benzene was also calculated from 
the equations and methods described by Halverstadt 
and Kumler9 and Guggenheim,10 and the standard 
error of this value was calculated from the equation 
used by Kumler,11 which takes into account only errors 
in the dielectric constant measurement. The dipole 
moments measured in mixed solvent were calculated 
from a modification of the method described by Estok, 
et al.3~6 The value (slope of e vs. w2 in hypo
thetically pure benzene or dioxane solution) was calcu
lated exactly as described by these authors; a corre
sponding value, 7 „ (slope of wd2 vs. w2 in hypothe
tically pure benzene or dioxane solution) was calculated 
in an analogous manner. These values were then 
used to calculate the dipole moment by the Smith 
method.8 Least-squares analyses were applied to de
termine all slopes and intercepts used in the calcula
tions.

Results and Discussion
Table II gives the slopes of the dielectric constant 

and square of the refractive index with concentration, 
the orientation polarization calculated from Smith’s 
modification8 of the Guggenheim method,10 the dipole 
moments in Debye units, and the amide group mo

ments, m2 . The amide group moments were calculated 
from eq. 1 which is a special case of Eyring’s equation12 13

M2 =  mi2 +  m22 — 2m m 2 cos 9 cos <j) (1)

assuming free rotation or symmetrical rotational en
ergy barriers.13 We used mi =  2.28 (the observed 
value for pyridine measured in benzene solution2) for 
the benzene values, mi = 2.22 (the observed value for 
pyridine measured in dioxane solution14'15) for the 
dioxane values, 9 =  180°, and <f> =  110° (from Bates 
and Hobbs16).

There is no literature value for the moment of iso
nicotinamide measured in benzene, but the dioxane 
value, 3.88, reported by Leis and Curran14 can be com
pared with our value, 4.01. The benzene value, 3.00, 
measured in the pure solvent is 0.68 D. lower than that 
measured by the mixed solvent technique. The latter 
moment, 3.68, agrees exactly with the moment, 3.68, 
of isonicotinamide calculated from eq. 1 reported 
earlier.2 The agreement between the mixed solvent,
4.05, and the pure solvent, 4.01, for the dioxane values 
is very good.

The large difference between the two moments for 
isonicotinamide in benzene can be interpreted in terms 
of the formation of dimers of zero moment6 with pure 
benzene as the solvent, thus lowering the observed 
moment in this medium. The excellent agreement be

(7) K. W. Merz and H. Stolte, Arch. Pharm., 293, 92 (1960).
(8) J. W. Smith, Trans. Faraday Soc., 46, 394 (1950).
(9) I. F. Halverstadt and W. D. Kumler, J. Am. Chem. Soc., 64, 
2988 (1942).
(10) E. A. Guggenheim, Trans. Faraday Soc., 45, 714 (1949).
(11) W. D. Kumler, A. Lewis, and J. Meinwald, J. Am. Chem. Soc., 
83, 4591 (1961).
(12) H. Eyring, Phys. Reo., 39, 746 (1932).
(13) H. B. Thompson, J. Phys. Chem., 64, 280 (1960).
(14) D. G. Leis and B. C. Curran, J. Am. Chem. Soc., 67, 79 (1945).
(15) J. Barassin and H. Lumbroso, Bull. soc. chim. France, 492
(1961).
(16) W. W. Bâtes and M. E. Hobbs, J. Am. Chem. Soc., 73, 2151 
(1951).
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tween the observed mixed solvent moment and calcu
lated moment, and between the value of m2, 3.77, and 
the moment of benzamide, 3.774 (the group moment 
values, m2 (Table II), represent the -CONH2 group 
attached to the aromatic ring and, therefore, might be 
compared with the benzamide moment) in benzene 
using mixed solvent techniques indicates that this 
technique apparently circumvents the problems of as
sociation to a large extent.6 The mixed solvent mo
ment for benzamide in dioxane is 3.88,4 which should 
be compared with our m2 value, 4.23; the agreement 
here is not so good as that of the benzene values from 
mixed solvent techniques.

The larger moment found ir_ dioxane as compared 
with benzene is in keeping with other experimental 
measurements and has been discussed in detail else
where.17 For example, associated molecules, when 
diluted with dioxane, break into single molecules (ivia 
the formation of hydrogen bonds to the dioxane oxygen 
atoms), whereas nonpolar solvents lack the ability to 
disrupt these associations.18 In addition, Woodbrey 
and Rogers19 found tha t the energy barriers restricting 
internal rotation about the central C -N  bond in N,N- 
disubstituted amides increased with increasing polarity 
of the solvent in which the amide was measured. This 
would indicate greater contribution of the resonance

"A +
form > C = N <  in the more polar solvents, a corre
sponding increase in m2, and, therefore, an increase in 
the observed moment; this explains qualitatively the 
increase in moment measured in dioxane over that 
measured in benzene (the moment of dioxane is 0.4,20 21 
whereas the moment of benzene is 020).

Assuming that the mixed solvent moment in benzene, 
3.68, is virtually free of association problems,6 the 
number of dimers in pure benzene solution was calcu
lated from eq. 2,21 where /xobsd is the observed moment,

/Pobsd — Ajnassoeiated /Aunaaaocia-ed 4“ Udimer M̂d imer (2)

3.00, in pure benzene, Uunassooiated is the fraction of un
associated molecules with moment (/¿unassociated), 3.68, 
and Cdimor is the fraction of the isonicotinamide mole
cules in the dimer configuration having zero (¿¿dimer) 
moment. The values obtained are 66% unassociated, 
34% in the dimer form.

(17) C. P. Smyth, “Dielectric Behavior and Structure,” McGraw- 
Hill Book Co., Inc., New York, N. Y., 1955, p. 329.
(18) P. A. Geary and J. G. Miller, J. Eledrochem. Soc., 97, 54 
(1950).
(19) J. C. Woodbrey and M. T. Rogers, J. Am. Chem. Soc., 84, 13
(1962).
(20) A. L. McClellan, “Tables of Experimental Dipole Moments,” 
W. H. Freeman and Co., San Francisco, Calif., 1963.
(21) C. P. Smyth, ref. 17, p. 293.
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a n d  c i s -  a n d  t r a n . s - P e r f l u o r o b u t e n e - 2 1

by Julian Heicklen, Francis Wachi, 
and Vester Knight

Aerospace Corporation, El Segando, California 
(.Received August 4, 1964)

We wish to report the infrared spectra in the NaCl 
region of three simple fluorocarbons. The preparation 
and purification procedure of the compounds cyclo- 
C3F6, cis-CiFs-2, and trans-C4F8-2 is described by Greene 
and Wachi.2 For the cis and trans compounds, it was 
necessary that we perform the purification procedure 
twice for complete separation. The spectra were ob
tained on a Perkin-Elmer 21 infrared spectrometer and 
the bands and their relative intensities are listed in 
Table I.

The infrared spectrum of cyclo-C8F6 has not been 
previously reported. The molecular symmetry is D3h, 
and the only allowed infrared fundamental vibrations 
are the two A2"  and the four E ' bands. The two in
tense bands a t 1368 and 1272 cm.-1 must consist mainly 
of C -F  stretching motions. Thus, one of these is an 
A2"  band and the other an E ' band; it is not clear 
which is which. However, there are some indications 
to suggest that the 1368-cm.-1 band has A2"  symmetry 
and the 1272-cm.“ 1 band has E ' symmetry. The A2"  
band involves the asymmetric stretching motion of the 
CF2 group, whereas the E ' band involves the sym
metric stretching motion. Usually, the asymmetric 
mode has higher frequency, which corresponds to the 
assignments of cyclo-C8H6.3 Furthermore, if the 
2532-cm.-1 band is the overtone of the 1272-cm.-1 band, 
then the latter band must be of E ' symmetry as the over
tones of A2"  bands are symmetry forbidden. The dis
turbing feature is that asymmetric bands are usually 
more intense, but our assignment requires the reverse.

The strong band at 859 cm.-1 undoubtedly corre
sponds to the CF2 deformation of E ' symmetry. The 
two bending frequencies associated with the motion of 
the CF2 groups relative to the carbon skeleton lie below 
650 cm.-1 and are not observed. The E ' ring-defor
mation frequency of cyclopropyl compounds usually 
lies within 25 cm.-1 of 1025 cm.-1.4 No such band ap-

(1) This work was supported by the U. S. Air Force under Contract 
No. AF 04(695)-269.
(2) S. A. Greene and F. M. Wachi, Anal. Chem., 35, 928 (1963).
(3) (a) H. H. Giinthard, R. C. Lord, and T. K. McCubbin, Jr., J. 
Chem. Phys., 25, 768 (1956); (b) H. E. Duckworth, Can. J. Phys., 
34, 1448 (1956).

V o lu m e  69 , N u m b e r  2  F e b r u a r y  1 9 6 5



6 9 4 N o t e s

Table I : Infrared Frequencies

Relative Relative
v, cm,"1 intensity v, cm.“1 intensity

Cyclo-C|F6
859 s 1172 VW
932 w 1272 VS
978 w 1368 S

1111 w 2532 W
1135 w

CÌS-C4F8-2

719 vs 1224 VS
726 sh 1245 VS
760 m 1287 m
766 m 1350 vs
905 vw 1389 m
952 vs 1481 vw
956 sh 1524 vw

1064 sh 1562 w
1111 vs 1686 sh
1156 sh 1724 s
1166 sh 1779 m
1193 vs

trans-CiF a-2
682 vs 1387 m
696 sh 1424 m
712 m 1451 vw
730 vw 1499 m
760 m 1527 w
875 sh 1560 w
878 sh 1582 m
882 s 1751 w
890 sh 1848 m
945 m 1953 w
982 m 2000 w

1070-1105 m 2053 m
1149 sh 2105 w
1163 sh 2353 m
1193 vs 2512 w
1242 vs 2652 w
1292 vs 2932 w
1321 sh 3003 w

=  strong, m =  medium, w = weak, v =  very, sh
shoulder.

pears in our spectrum; thus, from this point of view, 
cyclo-C3F6 must be considered atypical. We tenta
tively assign the 978-cm.-1 band to this mode.

The weak band at 2532 cm.-1 must be either a com
bination or an overtone of C-F stretching modes. 
Only seven such possibilities are consistent with the 
symmetry selection rules; these are the overtones of 
the E ' or E "  bands or the five combinations Ai X 
A2" , E ' X A /, E "  X A2" , E ' X E ', and E ' X E " . 
The overtone of the E ' band seems very attractive as 
2532 is almost twice 1272, a result that would be ex
pected if anharmonicity were considered.

The infrared spectrum has been reported for mix
tures of cis- and trans-OF but not for the pure 
geometric isomers. If the internal rotations of the 
CF3 groups are nearly free, then the trans and cis com
pounds have C2h and C2v symmetry, respectively. 
Table I I  gives the symmetry classes and approximate 
descriptions of the vibrations.

Table II: Vibrations of c is -  and tra n s -C4F8-2

Description trans symmetry cis symmetry

In-plane motions
C = C  stretch Ag Ai
C -F stretch Ag A,
C-C stretch Ag Ai
CF3 symmetric stretch Ag Ai
CF3 asymmetric stretch Ag Ai
C -F bend Ag Ai
C-C bend Ag Ai
CF3 symmetric bend Ag Ai
CF3 asymmetric bend Ag Ax
CF3 coupling wag Ag Ai
C -F stretch Bu Bi
C-C stretch Bu Bi
CF3 symmetric stretch B„ Bi
CF3 asymmetric stretch Bu Bi
C-F bend Bu Bi
C-C bend Bu Bx
CF3 symmetric bend Bu Bx
CFs asymmetric bend Bu Bx
CF3 coupling wag B„ Bx

Out-of-plane motions
CF3 asymmetric stretch Au A2
Skeletal bend Au A2
Skeletal bend Au A2
CF3 asymmetric bend Au A2
CF3 coupling wag Au A2
CFs asymmetric stretch Bg b 2
Skeletal bend Bg b 2
CF3 asymmetric bend Bg b 2
CF3 coupling wag Bg b 2

For the trans molecule, all the gerade vibrations are 
symmetry forbidden in the infrared spectrum. Thus, 
there are five stretching modes that should be active. 
Three of these are surely the intense bands a t 1193, 
1242, and 1292 cm.-1. The band at 882 cm.-1 also 
might correspond principally to stretching motions. 
At least one (and maybe two) of the stretching bands is 
not readily discernible; it is probably completely or 4 5 6

(4) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,” 
John Wiley and Sons, Inc., New York, N. Y., 1958, p. 29.
(5) T. J. Brice, J. D. La Zerte, L. J. Hals, and W. H. Pearlson, 
J. Am. Chem. Soc., 75, 2698 (1953).
(6) R. N. Haszeldine, J. Chem. Soc., 4423 (1952).
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partially obscured by the other bands. All the ob
served overtone bands must be combinations of gerade 
and ungerade bands. As a result, the C = C  stretch 
must participate in the overtone bands a t 2932 and 
3003 cm.-1 (except in the unlikely event that they are 
triple combinations). If the intense bands a t 1242 
and 1292 cm.-1 are the other participating bands, then 
the differences are 1711 and 1690 cm.-1, respectively, 
in reasonably close agreement. Allowing for some an- 
harmonicity sets the C = C  stretching frequency at 1710 
±  20 cm.-1, which correlates nicely with the corre
sponding frequency in the cis molecule.

For cis-CiFg-2, all bands are allowed in the infrared 
spectrum, though some may be weak. The band at 
1724 cm.-1 is the double-bond siretch. Of the remain
ing ten stretching modes, a t leave five are observed, at 
1111, 1193, 1224, 1245, and 1350 cm .-1. The band at 
952 cm.-1 is also likely to contain considerable stretch
ing motion. The other four stretching motions either 
are weak bands or are completely or partially obscured.

M u l t i s t a t e  D i s s o c i a t i o n  a n d  t h e  E f f e c t  o f  

P r e s s u r e  o n  t h e  E q u i l i b r i u m  o n  

M a g n e s i u m  S u l f a t e 1

by F. H. Fisher

University of California, San Diego, Marine Physical Laboratory 
of the Scripps Institution of Oceanography, San Diego, California 
92152 (Received August 8, 1964)

Eigen and Tamm2 have proposed a four-state 
model for the dissociation of MgS04 in order to explain 
ultrasonic absorption in aqueous solutions of this salt. 
The model is shown in eq. 1, where the free ions which 
would affect the electrical conductivity of solutions 
are those in state 1.

M g + 2 +  SO4 - 2

H H

Mg O O S04 

H H
TO 1

MgS04

to4

(1)

The conventional molal equilibrium constant is

TOiV m y j
m to2 +  to3 +  m4 1 — a

where to is the molality of the salt, rrn is the molal con
centrations of the respective states, a is the degree of 
dissociation, and y ± 2 = a 2/ ± 2 =  cPir1.

Eigen and Tamm2b proposed two sets of parameters 
to describe the four-state model. Work on the effect 
of pressure on sound absorption in M gS04 solutions 
favors one of the sets of parameters and these values 
are set forth below

K „  -  0.04 -  _  *5 i F . „ _ 0 (3)
TO2 «12

K n  = 1 =  — = AF23 =  —18 cc./mole (4)
to3 A23

K u =  9 =  — = ~ ,  AVzi =  — 3 cc./mole (5)
m4 km

Calculation
Using eq. 2, 3, 4, and 5, it is possible to show

„  _  K 1 2K  23 A 34

" ~  1 +  K m +  K 2iK u

From the Van't Hoff equation

/ d In K g \  _  _  AFjj 
\  àp ) T,m R T

(6)

( 7 )

the effect of pressure on the Ka  can be calculated u s in g  
the above parameters. The effect of pressure on 7/  is 
negligible a t low concentrations. Using the equation

(8)

the value of AU* is of the order of 0.2 cc./mole a t to = 
0.02.3 Values of the parameters as a function of pres
sure are given in Table I. This is carried up to only the 
pressures a t which ultrasonic absorption has been 
measured.4

In conductivity experiments and in the Fuoss theory 
of ion association, only a two-state model has been 
used to calculate the effects of pressure on equilibrium 
according to the equation

(1) This paper represents results of research sponsored by the Office 
of Naval Research under contract Nonr 2216 (05).
(2) (a) M. Eigen and K. Tamm, Z. Elektrochem., 66, 93 (1962); (b) 
ibid., 66, 107 (1962).
(3) F. H. Fisher, J. Phys. Chem., 66, 1607 (1962).
(4) F. H. Fisher, J. Acoust. Soc. Am., to be published.
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where AF° represents the difference in partial molal 
volumes between products and reactants. However, 
from eq. 6 it is seen tha t A7° is a composite of all 
volume changes involved in the four-state model; that 
is

AH0 _  f b In K m\
R T  \  bp /T.m

f  K^Ko.Ku 1
Ll +  +  K nK ?A\

bp K

From a plot of R T  log K m (calculated from the Eigen 
and Tamm model) vs. pressure, the slope of this curve 
AF° =  —7.7 cc./mole. This is in excellent agreement 
with the experimental value of AT0 =  —7.3 cc./mole 
obtained by Fisher3 from conductivity experiments 
and with the value AT70 =  —7.4 cc./mole calculated by 
Hamann5 from the ion association theory of Fuoss.

Discussion

From the close agreement of the values evaluated by 
three independent methods, it appears that acoustic 
and conductivity data on aqueous solutions of M gS04 
can be interpreted in a quantitative manner on the 
basis of a four-state dissociation model. I t  is seen how 
different values of the ATij describing each step of the 
dissociation reaction must be considered in order to re
late the multistate model to conductivity measure
ments.

As Eigen and Tamm point out, their values of the Ku 
are only known to within ±  50% and the A 7 ¡j to within 
±  20% based on their ultrasonic experiments a t atmos
pheric pressure. Eigen and Tamm show that adiabatic 
and isothermal AVu can be taken as numerically equal 
in aqueous solutions since the enthalphy correction 
term is negligible. I t  is seen that one of their four-state 
models is consistent with both acoustic and conductivity 
data as a function of pressure.

Table I : Pressure Dependence of Equilibrium C onstants of 
M gS04 Based on Four-State Eigen and Tam m  Model

P, p.s.i. Kiz Ki s Ku

14.7 0.019 0.04 1 9.0
5,000 0.021 0.04 1.28 9.4

10,000 0.024 0.04 1.65 9.8
15,000 0.026 0.04 2.13 10.24

Acknowledgment. The author wishes to thank Mr. 
Douglas Davis for his assistance with the calculations.

(5) S. D. Hamann, J . Aconst. Soc. Am., 68, 375 (1964).

D i s s o c i a t i o n  S t u d i e s  i n  H i g h  D i e l e c t r i c  S o lv e n t s .

I I .  C o n d u c t a n c e  o f  S o m e  2 -2  S a l t s  i n  

F o r m a m i d e  a t  2 5 °

by Gyan P. Johari1 and P. H. Tewari

Department of Chemistry, University of Gorakhpur,
Gorakhpur, U. P., India (Received September 8, 1964)

Recent conductance studies2-6 have demonstrated 
that the Fuoss-Onsager extended theory6 adequately 
explains the conductance behavior of some high- 
charge symmetrical salts. Several high-charge sym
metrical salts have been found unassociated in aqueous 
solutions,2-4 thus establishing a base line for a reason
able estimation of association constants in other sol
vents by this method. Since ion association depends 
on coulumbic interaction, we would expect less associa
tion in media of high dielectric constants. Dawson7 
and his co-workers have found that the conductance 
data for many electrolytes in such solvents give anabatic 
phoreograms, and Kohlrausch plots represent the con
ductance data fairly satisfactorily for 1-1 salts to much 
higher concentrations than in water. We have un
dertaken the study of some 2-2 salts in formamide to 
see if a high dielectric constant would relegate ion as
sociation to any extent. Conductance of M gS04, 
NiS04, and Cu(en)2S04 has been measured in form
amide at 25°. A study of the sulfates of Cu, Zn, and 
Mn could not be successfully done on account of the 
chemical interaction of the salt with formamide.

Experimental
Bis(ethylenediamine) cupric sulfate was prepared 

by mixing a warm aqueous solution of CuS04 (British 
Drug Houses Analar grade) and pure ethylenediamine.

(1) Grateful acknowledgment is made to the University Grants Com
mission, New Delhi, for the grant of a fellowship to G. P. J.
(2) G. Atkinson, M. Yokoi, and C. J. Hallada, J. Am. Chem. Soc., 83, 
1570 (1961).
(3) G. Atkinson and G. J. Hallada, ibid., 83, 3759 (1961).
(4) G. Atkinson and M. Yokoi, ibid., 83, 4367 (1961).
(5) G. Atkinson and S. Pettrucci, / .  Phys. Chem., 67, 337 (1963).
(6) R. M. Fuoss and F. Accassina, “Electrolytic Conductance,” 
Interseience Publishers, Inc., New York, N. Y., 1959.
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The salt was precipitated with ethanol and redissolved 
in water. The product was recrystallized five times 
from conductivity water. The pure salt was dried 
over CaCl2 at 25° to its dihydrate. Analysis for the 
sulfate was performed by estimating it as BaS04 
and for Cu2+ as CuCNS by decomposing a definite 
amount of the salt with HC1 and then precipitating as 
CuCNS. Anal. Calcd. for Cu(en)2S04-2H20 : Cu, 
20.11; S04) 30.41. Found: Cu, 19.93; S04, 30.23.

MgS04-7H20  and NiS04-6H20 , Judex A.R. grade, 
were recrystallized twice from conductivity water and 
dried over the partially dehydrated salt.

Solvent. Formamide (E. Merck, Germany) was 
shaken with quicklime, decanted, and fractionally 
distilled. This was repeated twice. The distilled 
formamide was kept over anhydrous sodium sulfate. 
This, on fractionating through a 20-cm. column a t a

Table I : Concentration and Equivalent Conductance Data“

,---------M g S 0 4- 7 H 20 --------- ,  .---------N i S 0 4- 6 H 20  ^ C u ( e n ) 2S 0 4- 2 H 20 — ,
c X 10* A c X 10* A c X 10* A

1.2646 27.236 2.4067 30.262 2.5530 30.409
2.3376 26.891 2.5980 30.110 4.1337 29.828
2.6099 26.808 3.6573 29.697 5.7498 29.489
5.0861 26.201 5.7750 29.220 8.3918 28.996
8.1822 25.536 7.4610 28.875 12.4420 28.259
9.4591 25.259 10.309 28.420 18.352 27.490

13.838 24.574 12.850 28.021 19.374 27.278
19.352 23.789 16.611 27.465

21.322 26.942

“ Units: c, moles/1.; A, equivalent conductance.

The final value of the cell constant was obtained from 
measurement on 10-14 independently prepared aqueous 
KC1 solutions, using the L.Z.F. method.7 8

The solutions were prepared directly into the cells 
by a weight dilution method from the stock solutions. 
Before each run, the cells were cleaned with fuming 
nitric acid, rinsed with conductivity water, steamed 
out for 0.5 hr., and dried at 110° in an oven. The 
molarity of the solutions was calculated assuming the 
density to be equal to that of the pure solvent. Each 
run was repeated with a different stock solution and a 
different solvent batch. The conductances of the 
solutions were obtained by subtracting the conduc
tance of the solvent of the same batch determined sepa
rately in a cell a t the same time.

The resistances were measured a t 25 ±  0.005° at 
1000 cycles. No change in resistance with frequency 
was recorded during a check measurement up to 10,000 
cycles.

Equipment. The bridge equipment consisted of two 
Leeds and Northrup Kohlrausch slide wires (Model 
4258), a Hewlett-Packard (Model 200 AB) variable 
frequency oscillator with a transformer and amplifier, 
one Leeds and Northrup 10,000-ohm decade resistance 
box (inductance compensated and graduated in 0.1- 
ohm intervals), and two variable capacity condensers 
of 1000 and 500 pf. The bridge arrangement was 
made according to Jones design with Wagner’s ground
ing device. The ratio arms R6 and R6 were made with 
the Kohlrausch slide wire. A pair of Leeds and 
Northrup headphones was used as the null detecting 
device.

Table I I : Derived Parameters for the Data

Salt A0 a j <rA A°!) S E J

M gS04 28.385 ±  0.023 1.80 ±  0 .15 0.022 0.9373 86.90 262.9 402.8
N iS 04 31.677 ±  0.024 2 .49 ±  0 .12 0.033 1.0457 90.40 304.2 541.6
Cu(en)2S 0 4 31.952 ±  0.024 2 .26 ±  0.12 0.032 1.0549 90.71 307.6 504.9

pressure of <0.1 mm. (at 54-56°) gave a solvent of 
conductance 1-2 X 10 ~'5 mho. This was further sub
jected to fractional freezing. Two or three cycles of 
fractional freezing gave a sample of sufficiently low 
conductance. The solvent used in the preparation of 
solutions had a specific conductance of 2-4 X 10~6 
mho, a density of 1.1295, and a viscosity of 0.03302 
poise a t 25°.

Resistances were measured in 500-ml. erlenmeyer 
flask-type cells with lightly platinized electrodes. 
Three such cells were used for measurements.

Results and Discussions
In Table I are summarized the equivalent conductance 

and concentration data of the three salts in formamide. 
The data were analyzed by the Fuoss-Onsager equa
tion6 for unassociated electrolytes in the form

A = A° — S c h  +  Ec log c +  Jc

(7) L. R. Dawson, T. M. Newell, and W. J. MeCreory, J . Am. Chem. 
Soc., 76, 6024 (1954); L. R. Dawson, E. D. Wilhoit, and P. G. Sears, 
ibid., 79, 5906 (1957).
(8) J. E. Lind, J. J. Zwolenik, and R. M. Fuos3, ibid., 81, 1557 
(1959).
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on an IBM  7090 computer using a Fortran program 
similar to that described by Kay . 9 * (Higher terms in 
c ^  were neglected and the Einstein correction term 
in the viscosity was set to zero.)

The results of the analysis are given in Table II, 
where A° is the limiting equivalent conductance, aj 
is the ion size parameter from J  terms in the equation, 
aA is the standard deviation in AA units of the data 
from the equation, and A“17 is the Walden product.

The data for the three salts fit the equation for un
associated dielectrolytes satisfactorily. The aj values 
obtained, however, are unexpectedly small, showing a 
greater variance for MgS04. This may be due to 
slight association or else one has to take into account 
the viscosity correction which was set to zero. How
ever, on treating the data as an associated electrolyte, 
a negative a and K  were obtained. The calculated 
crossover parameters2’3 from J  and E  are much differ
ent from the observed values. The smaller values of 
a j  and the nonconformity of calculated and observed 
crossover parameters suggest the need for a mixed sol
vent technique as an attempt to determine whether 
any small degree of association is taking place. Besides 
this, it may further give an idea whether any specific 
ion-solvent interaction is operating to reduce the ion 
association. We have started a broad program of 
studying several high-charge salts in a formamide- 
dioxane mixture.

Acknowledgment. The authors wish to thank Dr. 
R. P. Rastogi, Head of the Chemistry Department, 
for providing the necessary facilities, and Dr. G. 
Atkinson of the University of Maryland for data proc
essing.

(9) R. L. Kay, J. Am. Chem. Soc., 82, 2099 (1960).

I s o t o p e  E f f e c t s  i n  t h e  R a d io l y s i s  a n d  

P h o t o l y s i s  o f  H 2O - D 2O  M i x t u r e s 13 1 2 3 4 5 6 7 8 9 10 11 12

by M. Anbarlb and D. Meyerstein

Chemistry Department, Stanford University, Stanford, California, 
and the Soreq Research Establishment, Rehovoth, Israel 
lReceived September 14, 1964)

The origin of hydrogen atoms formed in the radi
olysis of neutral aqueous solutions was the subject of a 
number of studies. 2 - 9  I t  has been suggested that these 
hydrogen atoms are formed by the reaction

eaq-  +  H 30+  — >  H +  H20  (I)

occurring in the spur.8’4'6,7 On the other hand, it was 
proposed that they are formed through the dissociation 
of excited water molecules.2,6,8,9

H20* — > H +  OH (II)

Measurement of the isotope effects in the formation 
of hydrogen from radiolyzed solutions has been pre
viously applied in the elucidation of the primary reac
tions involved.3,6,10 Reaction I was shown to produce 
hydrogen atoms in acid solution.11 I t  was of interest, 
therefore, to compare the isotope effect in the formation 
of hydrogen atoms from neutral and acid solutions. 
This isotope effect was also compared with the effect 
in the photolysis of acid aqueous iodide solutions, 
where reaction I was shown to take place.12

The isotopic composition of the hydrogen was deter
mined using a C.E.C. 21-401 mass spectrometer. No 
correction for the fractionation in the mass spectrom
eter was included, but this should be the same for all 
the results and is smaller than 10%. In a H20 : D20  1:1 
mixture, the isotope effect (aM) on the formation of the 
molecular hydrogen is equal to the ratio (H /D )evoived. 
The isotope effect (aA) in the formation of H atoms was 
calculated using the data of the “molecular” experi
ments, by subtracting from the measured values of 
masses 2 and 3 the contribution of molecular hydrogen, 
which is proportional to the value of mass 4 (as no 
mass 4 can be obtained by hydrogen abstracting from 
2-propanol). The ratio between the remaining masses
2 and 3 is equal to (th/G d = a A. For the experiment 
with deuterated formate, it is supposed that no mass 2 
was obtained from the radical yield (this introduces a 
small error as the compound was only 98% D). Gb/  
Gh2 was calculated by dividing the sum of masses 2 and
3 after subtracting the proportional value of mass 4 
by the sum of masses 4 plus the subtracted values. 
aA/, the isotope effect in the formation of H  atoms in 
photochemistry, is equal to the ratio of masses 2 and 3.

(1) (a) Based on experiments carried out a t the Isotope Department, 
the Weizmann Institute of Science; (b) on sabbatical leave from the 
Weizmann Institute of Science.
(2) J. T. Allan and G. Scholes, Nature, 187, 2188 (1960).
(3) C. Lifshitz, Can. J. Chem., 40, 1903 (1962).
(4) J. Rabani and G. Stein, J. Chem. Rhys., 37, 1865 (1962).
(5) E. Hayon, Nature, 196, 533 (1962).
(6) C. Lifshitz, Can. J. Chem., 41, 2175 (1963).
(7) S. Gordon, E. J. Hart, M. S. Matheson, J. Rabani, and J. K. 
Thomas, Discussions Faraday Soc., 36, 193 (1963).
(8) M. Anbar and D. Meyerstein, J. Phys. Chem., 68, 1713 (1964).
(9) M. Anbar and D. Meyerstein, ibid., 68, 3184 (1964).
(10) J. Jortner and G. Stein, Intern. J. Appl. Radiation Isotopes, 7, 
198 (1960).
(11) M. S. Matheson, Radiation Res. Suppl., 4, 1 (1964).
(12) J. Jortner, M. Ottolenghi, and G. Stein, J. Phys. Chem., 66, 2029 
(1962).
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All the other experimental details were identical with 
those previously described.8’9 The results are given in 
Table I.

Table I : Isotope Effects in the Formation of Hydrogen from 
Radiolyzed and Photolyzed Aqueous Solutions“

Photoly-
-Radiolysis®------- s sisc

Solute pH «M aAr Gh/Gh2 « a'

KBr (K T 3 M ) 6 2.29 2.61
2.26e
2 .35/

1.69
1.58e
0.68'

KBr (H T 3 M )  +  H2S 04 
(K T2 N )

2 2.28 3.57
2 .76e

8 .7
2 .76e

3.77

KBr (10-3 M )  +  H2S 0 4
(0.1 N ) 1 2.34 3.60 8 .7

KBr (IO“8 M )  +  H2S 0 4
(1.0 N ) 0 2.30 3.44 10.0

KBr (IO“3 M )  +  N H 4CI 
(1.0 M )  +  K2H P 04
(2 X IO“4 M ) 7 .5 2.29 4.15 2.17 4.33

° All solutions were evacuated and contained 1:1 hydrogen and 
deuterium. 6 Radiolysis with Co60 -/-rays, dose rate 7500 r ./ 
min., total dose 1 Mrad. ° Photolysis with a low-pressure mer
cury resonance lamp, these solutions contained 0.15 M  KI and 
0.1 M  2-propanol. d These solutions contained 0.1 M  2-propanol. 
6 These solutions contained, in addition to the 2-propanol, 0.1 iff 
acetone. /  These solutions contained 0.05 M  deuterated formate 
instead of 2-propanol.

The results for the atomic isotope effect (aA) clearly 
show that the isotope effect for the residual hydrogen, 
in neutral solutions, is significantly lower than that in 
acid solutions. The effect of acetone (a good electron 
scavenger) in neutral solutions is small, whereas a t pH 
2 it causes a substantial decrease in the isotope effect.

These results prove that the atomic hydrogen is 
formed by two different mechanisms: “the residual 
hydrogen” is produced with an isotope effect of ap
proximately 2.3, and hydrogen atoms in acid solution 
are formed through reaction I with an isotope effect 
larger than 3.6. This is in full agreement with Hayon’s 
conclusion that in acid solution there are two mech
anisms for the formation of hydrogen atoms.13 Fur
ther, it corroborates the conclusion that the residual 
hydrogen is formed mainly through reaction II.8’9 
An alternative interpretation of the difference in the 
isotope effects is that reaction I takes place before 
H30+  reaches isotopic equilibration with the solvent. 
This would make it enriched in deuterium by a factor 
of 1.4,14 and diminish aA by the same factor. This 
would mean that the recombination reaction I takes 
place within less than 1 X 10-11 sec. from the moment

of formation of H30+, which is the time of the H30+ - 
H20  equilibration.15 This is not plausible as the 
specific rate of reaction I is only 2.3 X 1010 M ~ l sec.-1 
and the concentration of eaq-  even in the “spur” is at 
least two orders of magnitude smaller than that of 
H20.

The isotope effect in reaction I is too large to be at
tributed to a diffusion isotope effect. This implies that 
the H30-activated complex does not decompose in the 
first vibration into H and H20 . Thus reaction I may 
consist of two consecutive steps

eaq_ +  H 30+  — H30  (III)

H30  -^5- H +  H20  (IV)

This conclusion corrobrates earlier suggestions that 
H 30  has a relatively long lifetime.16’17

The isotope effect in photochemistry indicates that 
the kinetic behavior of eaq-  formed photochemically 
from iodide solutions is identical with that formed by 
ionizing radiation.

I t  is of interest to note that the reaction of eaq~ with 
a Br0nsted acid AH (AH = NH4+ or H2P 0 4- ) 18

eaq-  +  AH —>  A-  +  H (V)

involves an isotope effect larger than that of reaction I, 
a fact which was previously shown for the case of phos
phate.3

The results for the “molecular” hydrogen show that 
the isotope effect on its formation is not changed in the 
pH range 0 to 6, in accord with earlier results.6 This 
fact throws some doubt on the accepted mechanism for 
the formation of molecular hydrogen via reaction VI.

eaq_ +  eaq~ —>  H2 -f- 20H -  (VI)

In the presence of 1 M  H30+, which is an efficient scav
enger of eaq_, the mechanism of H 2 formation should be 
partially changed to eaq_ +  H 30+  -*> H +  H20  fol
lowed by H +  H -*■ H2, resulting in an increased isotope 
effect in the formation of H 2. No such increase was 
observed, however. I t  should be noted that the mole
cular isotope effect is comparable with that of the 
residual hydrogen and the dependence upon the deu
terium concentration is also similar.3’6 This might in
dicate that both species are formed through similar

(13) E. Hayon, J. Phys. Chem., 68, 1242 (1964).
(14) V. Gold, Proc. Chem. Soc., 141 (1963).
(15) S. Meiboom, J. Chem. Phys., 34, 375 (1961).
(16) J. L. Magee, Radiation Res. Suppl., 4, 20 (1964).
(17) J. K. Thomas, ibid., 4, 111 (1964).
(18) J. Jortner, M. Ottolenghi, J. Rabani, and G. Stein, J. Chem. 
Phys., 37, 2488 (1962).
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processes. This similarity may be fortuitous, how
ever, as it has been shown that atomic and molecular 
hydrogen have different precursors,8’9 and that reac
tants like Co(NH3)6+3 affect the yield of molecular 
hydrogen without diminishing the yield of atomic 
hydrogen in neutral solution.19 1 I t  may be concluded, 
therefore, that the origin of the “molecular” hydrogen 
in radiolyzed water remains an open question.

Acknowledgments. The authors wish to thank Dr.
F. S. Klein for helpful discussions.

(19) M. Anbar and D. Msyerstein, J . Phys. Chem., submitted.

P u r e  A c e t ic  A c id  a n d  A c e tic  A n h y d r id e  a n d  

t h e  E le c t r i c a l  C o n d u c ta n c e  a n d  D ie le c t r ic  

C o n s t a n t  o f  T h i s  S y s te m la b

by It. Thomas Myers

Department of Chemistry, Kent State University,
Kent, Ohio 44-24-0 (Received September 16, 1964)

Research was contemplated using acetic acid as sol
vent. Acetic anhydride was used in the purification of 
the acid, as described below. Consequently, it seemed 
proper to study the effect of added acetic anhydride 
on the properties of the acid. The density, electrical 
conductance, and dielectric constant of the system 
acetic acid-acetic anhydride are reported below, along 
with novel—but very simple—methods of purifying 
these substances.

Experimental
Purification of the Acetic Acid. The first step was to 

determine the water content of the stock supply of re
agent grade acetic acid by a calorimetric method similar 
to that of Greathouse, et al, 2  In  order to avoid the rise 
of temperature upon addition of the perchloric acid 
catalyst (due to reaction of the water therein with the 
acetic anhydride) a solution of perchloric acid in acetic 
acid was used as catalyst. The catalyst solution con
sisted of 6 ml. of 70% perchloric acid dissolved in 39 ml. 
of acetic acid to which was then added in small por
tions slightly more than the theoretical amount of acetic 
anhydride (14.0 ml.). A typical run was carried out as 
follows. To 200.0 ml. of acetic acid in the calorimeter 
(a common silvered vacuum bottle) was added 8.0 ml. 
of anhydride. The liquids were mixed by swirling the 
bottle and the temperature was estimated to the near
est 0.01° on a thermometer calibrated in 0.1° steps.

Then 2.0 ml. of the catalyst solution was added and a 
temperature-time curve drawn. The straight portion 
of this curve was extrapolated back to zero time and the 
temperature rise computed. This can be duplicated 
to within about 0.03° in separate runs. The heat ca
pacity of the calorimeter was determined by adding to 
the stock acetic acid a known amount of water and re
peating the experiment. This gives two equations in 
two unknowns (the amount of water in the stock acetic 
acid and the heat capacity of the calorimeter). Using 
the heat of reaction and specific heat data given by 
Greathouse, the two equations can be solved simul
taneously.

Then, knowing the water content of the stock solu
tion, the pure acetic acid is prepared by adding the 
theoretical amount (plus a 2% excess) of acetic anhy
dride necessary to react with the water in the stock solu
tion. The reaction is catalyzed by the addition of 1 g. 
of anhydrous 5-sulfosalicylic acid/1. This solution is 
kept overnight a t about 100°, then distilled a t total take
off through a 1-m. column, packed with glass helices and 
insulated with 2.5 cm. of glass fiber insulation. This 
new and simple process will result in acetic acid with a 
specific conductance of 0.6 X 10~8 ohm-1 cm.-1, pro
vided it is distilled directly into the conductance cell.

Purification of Acetic Anhydride. The acetic anhy
dride is purified by a novel azeotropic distillation proc
ess. Toluene is added to reagent grade acetic anhy
dride and the mixture is distilled through a 38-cm. 
column with silvered evacuated jacket, packed with 
glass helices or Heli-Pak,3 a t a reflux ratio of 30:1. 
The first material to come off is the acetic acid-toluene 
azeotrope, boiling at 100.6° and containing 28% acetic 
acid.4 Next, toluene distils at 110.8°, and finally acetic 
anhydride. (Within the limits of accuracy of the ex
periment the acetic anhydride-toluene system is non- 
azeotropic a t 730 mm.). At this stage the reflux ratio is 
changed to 20:1. Acetic anhydride of a specific con
ductance of about 0.5 X 10_8 can be obtained if dis
tilled directly into the conductivity cell. The distil
late reaches this low conductance after about half of the 
charge has distilled.

Conductance Measurements. The conductance cell 
was a Washburn type with a cell constant of 0.0161

(1) (a) Presented in part at the 138th National Meeting of the 
American Chemical Society, New York, N. Y., Sept. 1960 
(Abstracts of Papers, p. 58S) ; (b) partially supported by the Direc
torate of Chemical Sciences of the Air Force Office of Scientific 
Research, under Contract No. AF 49 (638)-631.
(2) L. H. Greathouse, H. J. Jannsen, and C. H. Hagdill, Anal. Chem., 
28, 357 (1956).
(3) Obtained from Podbielniak, Inc., Chicago, 111.
(4) L. H. Horsley, “Azeotropic D ata,” American Chemical Society, 
Washington, D. C., 1952, p. 48.
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cm.-1. The bridge utilized a Leeds and Northrup 
shielded ratio box with Wagner ground, a 1 to 111,111- 
ohm General Radio Company decade resistor, with a 100- 
kilohm resistor in parallel. The accuracy of resistance 
readings is considered to be about 0.1%.

Dielectric Constant Measurements. The dielectric 
constant was measured at 1 Me., using a sample holder 
similar in design and dimensions to the one described 
by Smyth and co-workers.5 6 In  view of the extremely 
corrosive nature of the liquids used in the investigation, 
the inner parts of the copper cell were gold-plated and 
given a dispersion coating of Teflon about 0.1 mm. 
thick. This latter, although offering very good re
sistance to corrosion, had the effect of making the cali
bration curve nonlinear, and the cell slightly variable in 
capacity. The cell was calibrated using Spectrograde 
liquids from Eastman: CCL, C6H6, CHC13, CH2C12, 
(CH2C1)2, C6H6N, (CH3)2CHOH, CHsCOCH3, and CH3- 
OH. The capacitance was measured by use of a Twin- 
T  impedance measuring circuit from General Radio 
Co.

Preparation of Mixtures. Mixing of solutions was 
accomplished by direct distillation into a small flask 
attached by ground joints to the distillation apparatus. 
The samples were weighed and then transferred through 
ground joints to the conductance cell. After conduc
tance measurement the liquid was poured into the di
electric constant cell. Of course, some contact with air 
was unavoidable at this stage, but the effect of traces 
of absorbed moisture on the dielectric constant is much 
less than on the conductance. When density measure
ments were made, the liquid was transferred to the 
pycnometer from the conductance cell via ground 
joints.

All measurements were carried out a t 25 ±  0.02°, as 
judged by a thermometer calibrated by the U. S. Bureau 
of Standards.

Results
The results for electrical conductance and dielectric 

constant are shown in Figure 1. The density and re
fractive index of mixtures are given in Table I. The 
data for density are in perfect qualitative agreement 
with the results of Drucker and Kassel6 a t 15°. Re
fractive index data apparently are not available.

Discussion
The fact that the procedure described for removal 

of water from acetic acid yields a material of such low 
conductance certainly indicates that water is the chief 
volatile impurity in present-day reagent grade acid.

The situation with respect to acetic anhydride is more 
complicated. After the acetic acid-toluene azeotrope

Figure 1. Specific conductance and dielectric constant 
of acetic acid-acetic anhydride mixtures : upper left curve, 
conductance data of Hoover; lower curve, conductance 
data of present study and of Brun (A); middle curve, 
dielectric constant.

Table I : Density and Refractive Index of Acetic Acid- 
Acetic Anhydride Mixtures

fraction of AcOH d ®4 W26 D

0 1.0747 1.3878
0.0619 1.0738 1.3874
0.1203 1.0724
0.1215 1.0733 1.3871
0.1513 1.0717 1.3862
0.3400 1.0679 1.3842
0.4208 1.0656 1.3826
0.5933 1.0607 1.3799
0.8533 1.0498 1.3738
0.9212 1.0478 1.3724
1.0000 1.0435 1.3704

and the excess toluene have come over, the anhydride 
which distils has a high electrical conductance, around 
5 X 10-8 ohm-1 cm.-1. As this product which first 
distils over stands in the conductance cell there is a 
gradual increase in conductance, with a constant value 
reached in about 24 hr. This is true also of the mix
tures of this first distillate with acetic acid. Neither 
this high conductance nor the increase in conductance 
can be due to dissolving adsorbed water from the cell, 
because the same result is obtained when the cell has 
stood for a long time with pure acetic anhydride.

However, as the distillation proceeds, the conduc
tance of the distillate becomes less and less, reaching an

(5) W. P. Conner, It. P. Clarke, and C. P. Smyth, J. Am. Chem. Soc., 
64, 1379 (1942).
(6) J. Timmermans, “Physico-Chemical Constants of Binary 
System,” Vol. 2, Interscience Publishers, Inc., New York, N. Y., 
1959, p. 625.
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almost constant value after about half of the charge has 
distilled. A product has been obtained with a conduc
tance as low as 0.3 X 10~7 8 ohm-1 cm._1. This product 
of low conductance does not exhibit the phenomenon of 
increasing conductance on standing in the conductance 
cell which is shown by the product in the early stage of 
distillation, either by itself or mixed with the acetic 
acid. The previous facts indicate that the conducting 
impurity is volatile, with a boiling point just slightly 
lower than that of the anhydride. Qualitative experi
ments show that his impurity is not water, acetic acid, 
2,4-pentanedione, or ethylidene diacetate. The in
creasing conductance on standing indicates that a 
chemical reaction involving the impurity is occurring. 
Except for the very slightly probable simultaneous dis
tillation of two impurities, the only probable single sub
stance is one involving a keto-enol isomerization. At 
this time diketene, or some reaction product of dilte- 
tene, is suspected. This problem is being investigated 
further.

In  any event, the conductance found for pure acetic 
anhydride is about one order of magnitude less than 
most values previously reported.7 Likewise, the con
ductances of mixtures of the acid and anhydride are 
about one order of magnitude less than previous values.7

An unusual phenomenon was the relatively enormous 
increase in conductance when the first fractions of 
acetic anhydride (of about 5 X 10-8 ohm-1 cm.-1) were 
mixed with pure acetic acid. Conductances of these 
mixtures were as high as 50 X 10-8 and were in es
sential agreement with the results of Hoover. The con
ductance of these mixtures increases slowly for about 
24 hr. The indication is that a chemical reaction is 
occurring between acetic acid and an impurity in the 
anhydride.

The presence of an ionic solute in supposedly “pure” 
acetic anhydride (and the enormous increase in con
ductance caused by this impurity on addition of acetic 
acid) is reason to question a great deal of the data re
ported in the literature using acetic anhydride as solvent.

The conductance data reported here essentially 
verify the results of Brun,8 with the exception that the 
conducting impurity in acetic anhydride appears to be 
volatile, whereas Brun’s method of distillation indicates 
that the impurity is nonvolatile.

Acknowledgment. A. large amount of the data was 
obtained by Mr. Donald Knapp and Miss Viola M. L. 
Sun.

(7) For a good summary, see T. B. Hoover and A. W. Hutchinson, 
J . Am. Chem. Soc., 83, 3400 (1961).
(8) T. S. Brun, Univ. i  Bergen Arbok, Naturvitenskap. Bekke, No. 12,1 
(1952).

O n  t h e  P o la r i z a b i l i t y  o f  R a r e  G a s  A to m s

by Ralph L. Amey

Douglas Aircraft Company, Inc., Missile and Space Systems 
Division, Santa Monica, California (Received October 6, 1964)

Calculations of several authors1-2 3 indicate tha t the 
effective polarizability, a , of an atom may decrease with 
increasing density, contrary to the predictions of the di
electric theory derived for very low densities.8 These 
predictions have been experimentally verified in the 
case of liquefied rare gases and methane.4 5-6 ten Sel- 
dam and de Groot, employing an isolated, compressed 
atom model, unaffected by fluctuations in a, as well as 
by any attractive forces between atoms, demonstrated a 
decrease in a a t high pressures. Jansen and Mazur 
showed that a remains a molecular constant for a har
monic oscillator but that, when a more realistic model is 
considered, the effective polarizability becomes a func
tion of temperature and density. In  the latter calcula
tion, their employment of large intermolecular distances, 
corresponding to lower densities, is equivalent to the 
use of a potential softer than that of the harmonic 
oscillator.

In this note are presented calculations based on 
two rather simple potential energy models. The first is 
that of a harmonic oscillator, bounded at the points X  
=  ±  X0 by an infinite potential barrier

V(X)  =  «  [X <  —X 0, X  >  X0] 

= V, ÄX2 [-X o  ^ X ^ Xo]

The second is that of a particle in the potential field

V(X)  =  Vo tan2 a
2

In the first case the boundary condition changes the 
normalization constant, N n, of the harmonic oscillator 
through the orthogonality calculations so that it now 
appears as

N n

where

A n +  2 nn\
-V*

(1) C. A. ten Seldam and S. R. de Groot, Physica, 18, 905 (1952).
(2) L. Jansen and P. Mazur, ibid., 21, 193 (1955).
(3) J. G. Kirkwood, J. Chem. Phys., 4, 592 (1936).
(4) R. L. Amey and R. H. Cole, ibid., 40, 146 (1964).
(5) G. O. Jones and B. L. Smith, Phil. Mag., 5, 355 (1960) ; C. M. 
Knobler, C. P. Abbiss, and C. J. Pings, J . Chem. Phys., 41, 2200
(1964).
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A n = —2e~a' E  7------h~. fJn-fl,,Li=0 (n — i)l
The quantity in brackets is to be evaluated at £ =  0 and 
£ = a, and //„(£) is the nth Hermite polynom ial 
defining the wave function = N nH n(g) exp( —y 2£2) 
in terms of the dimensionless parameter £ =  g hX,  
where g h =  (4ir2mr0/^ )1/2 and a =

If —eXF0 is considered as a perturbation on the har
monic oscillator system owing to the electric field, then 
the field contributes initially to the second-order per
turbation term, AW.

Since — bW/bFo =  m  =  aF0, where m is the in
duced electric moment, an expression for the polariza
bility is obtained

e2

2n+1n\ f exp(—£2)d£ -  (4n2A n̂  -  A n+1)
______«/ —a_____________________________

A n +  2nn\ f  exp(—£2)d£
J  — a

(1)

I t is observed that for A  =  0, eq. 1 reduces to the usual 
result for the harmonic oscillator case, a = e2/k.  I t  
is also seen that, for the lowest level where n = 0, one 
obtains

e2

and that, for all values of a, a will be less than e2/k,  the 
normal harmonic oscillator value. By thus putting 
a bound on the permissible region of the particle, one 
finds that the polarizability of the particle is decreased. 
This is equivalent to using a harder potential function 
at small distances of separation. For a maximum dis
placement of A. this decrease is about 2%.

In the second case, where V(X) = V0 tan2 (irX/a), 
the function is asymptotic to X  =  ±  a/2, and, in the 
region near X  = 0, it approximates the harmonic oscil
lator function. The behavior of a particle in such an 
environment is obtained from solution of the corre
sponding Sehrodinger equation. The wave function is 
expressed in terms of Gegenbauer polynomials, C j  
(sin Z),6-8 and is given by ^„(Z) =  iV^cos Z)&Cne 
(sin Z), where /J =  * /2  +  V  v+ 1 8/ i, v =  2a2mV0/Tr2fi2, 
and Z = ttX / a.

If Z0 is kept undetermined, N n then may be written as

2a exp (—a2) 

f  exp(—£2)d£^
(2)

N,.  -  [ a .  +  ( - 2 ) - C-r0 i, t  ") X
m

j Z° (cos Z)2ii+2n" 1d z J
-  V j

where

A m =

and

E  ( -2 f (c o s Z )2?- ‘ X
-3 = 0

GrXi.ß +  j) 
Gn-i-x m

-|Zo
nß+3'rtß+i+1 '-,n-~3yjn—3~ 1

J-Zo

(~2)"rQ3 +  n)Y(2ß +  n) 
n\Y{ß)Y(2ß +  2 n)

If the system is perturbed by a force of the form 
—eF0 sin Z (for small values of Z, — eF0 sin Z ^  — eF0Z) , 
it is possible, as in the previous case, to derive an ex
pression for a. When V  is large and n = 0, the ground- 
state value for a is given by

= 0 2 tt2/32

2/3-1“
1 -

2 sin Z0 (cos Z0)

f Z° (cos Z)2̂ _1dZ 
J  - Z 0

(3)

The second term within the brackets is a function which 
increases slightly with decreasing values of Z0. Hence, 
an = 0 decreases as Z0 diminishes from its maximum 
value of 7r/2. At 7r/2, the second term vanishes, and 
a reduces to e2a2/2ir282, corresponding to a harmonic 
oscillator.

In both types of calculation, the polarizability ap
pears to be sensitive to changes in boundary conditions. 
This is best seen in the second example where the func
tion is restricted naturally by its asymptotic character.

I t  is gratifying that such simple calculations as these 
reflect the experimental observations.4 I t  appears 
that a more realistic model might utilize a potential 
harder than the harmonic oscillator a t small inter- 
molecular distances and softer a t large separations.9-10

Since changes in the electron cloud configuration will 
occur in high density regions, modification of the ac
companying wave functions will be required to main" 
tain orthogonality conditions. I t  is believed that such 
a treatment is necessary in order to represent satisfac
torily the microscopic dielectric behavior a t high and 
low densities.
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for the many helpful discussions the author had with 
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(6) M. Abramowitz and I. Stegun, Ed., “Handbook of Mathematical 
Functions,” National Bureau of Standards, Washington, D. C., 1964, 
p. 771.
(7) A. Erdeli, et al., Ed., “Higher Transcendental Functions,” Vol. 1, 
and 2, McGraw-Hill Book Go., Inc., New York, N. Y., 1953, 
Chapters 3 and 10.
(8) P. M. Morse, Ed., “Methods of Theoretical Physics,” Yol. 1 
and 2, McGraw-Hill Book Co., Inc., New York, N. Y., 1953, Chapters 
6 and 12.
(9) G. J. Oudemans and R. H. Cole, J. Chem. Phye., 31, 843 (1959).
(10) D. R. Johnston, et al., ibid., 33, 1310 (1960).
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T h e  C o n d u c t a n c e  o f  S o m e  A lk a l i  M e t a l  

S a l t s  i n  H y d r o g e n  C y a n id e

by R. H. Davies
Department of Chemistry, University College, Swansea, Wales

and E. G. Taylor
Thompson Chemical Laboratory, Williams College,
Williamstown, Massachusetts (.Received September 24, 1964)

In  an attempt to take advantage of the recent modi
fication of the Onsager conductance equation, we have 
measured the conductance of some alkali metal salts in 
hydrogen cyanide to higher concentrations than used in 
an earlier investigation1 and have made most of the

Table I : Conductance of Salts in HCN at 18 and 25°

10
— 18°—  

N H4CI
A 10*c

— 25°—  

NH4C1
A

69.62 351.4 68.62 372.3
41.36 361.0 40.76 381.9
22.56 367.8 15.74 392.9
15.97

LiBr

371.4

LiBr
135.4 314.5 133.4 333.2

93.25 320.5 29.16 353.7
51.16 328.2 5.644 363.3
29.59

NaCl

333.5

NaCl
77.20 317.9 76.07 338.2
50.62 323.8 49.89 344.1
30.04 328.8 29.60 349.2
19.45

KC1

331.4 19.16

KC1
352.3

148.7 329.2 146.5 349.0
95.05 336.6 93.65 356.4
47.09 344.4 46.40 364.7
29.56

RbCl

348.5 29.13

RbCl
368.9

122.6 336.2 120.8 356.3
68.82 343.6 67.82 363.9
32.96 350.8 32.48 371.3
18.31

CsCl

354.7

CsCl
148.7 339.5 141.7 359.7
96.87 345.8 95.47 366.1
50.02 353.3 49.30 373.4
28.87 357.7 28.45 378.4

Cesium Picrate Cesium Picrate
91.67 272.5 90.33 289.7
49.15 279.1 24.95 302.0
25.32 284.4 9.800 308.2
17.16 286.5

measurements a t 25° as well as a t 18°. The details 
have been reported in a recent note.2 The salts used 
were of the highest quality available (RbCl and CsCl 
were of spectroscopic grade) and were recrystallized 
prior to use as well as between runs.

In calculating concentrations from the weight data, 
the following values of a (X 104) were used in obtaining 
the densities of the solutions: LiBr, NaCl, KC1, 7.5; 
RbCl, 7.7; CsCl, 7.6.

Typical conductance data for the salts are summa
rized in Table I.

Table II : Limiting Equivalent Conductances

18° 25°

N H4CI 384.5 407.5
LiBr 349 370.8
NaCl 344.2 366.0
KC1 363.5 385.4
RbCl 366.6 388.5
CsCl 372.5 394.3
Cesium picrate 297.6 316.5

Values of Ao (Table II) have been obtained by ex
trapolation from plots of A' (A +  S c ’'1 — Ec In c) vs. c.

As stated in the earlier note, the relatively low preci
sion precludes one attaching quantitative significance 
to the slopes (J ) of the plots, but it is worth noting that 
the values of the slopes for NH4CI, LiBr, and NaCl a t 18 
and 25° are negative (less than —300), while that for 
KC1 at 18° is almost zero. In view of the catabatic 
behavior noted earlier1 for both lithium and ammonium 
salts, it seems likely that the inclusion of an association 
term in the J  function is responsible for negative values 
of the slopes. The remaining slopes have positive and 
reasonable values.

Approximate values of limiting ionic conductances 
based on values taken for the Bu4N+ ion at 18 and 25° 
as 90 and 96, respectively,2 are presented in Table
III.

Table III : Limiting Equivalent Ionic Conductances 
in HCN at 18 and 25°

18° 25°

N H 4+ 168 180
Li + 133 142
N a+ 127 138
K+ 148 158
Rb + 150 161
Cs+ 156 167

(1) J. E. Coates and E. G. Taylor, J. Chem. Soc., 1245, 1495 (1936).
(2) R. H. Davies and E. G. Taylor, in press.
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