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The absolute rate constants for the abstraction reactions of deuterium atoms, produced by the photolysis 
of C2D4 with SitR, SÌ2H6, CH3SÌH3, (CH3)2SiH2, and (CIRUSiH, have been determined at room tem
perature in competition with addition to ethylene. Silanes are more reactive than their hydrocarbon 
counterparts and the reactivities have the same order of magnitude as ethylene. The reactivity per Si-H 
bond is in the order SÌ2H6 > (CiUUSiH > (WURSilR > CH3SÌH3 > SifR. Potential energies of activi- 
tion of these reactions have been computed using a modified BEBO method.

Introduction

Quantitative kinetic data for the gas-phase hydrogen 
atom transfer reactions of alkyl radicals with a variety of 
silicon compounds have become available during the past 
5 years.1-18 In general, these reactions proceed at much 
faster rates than those with carbon analogs and the in
creased reactivity has been shown to be due to lower acti
vation energy requirements, the A factors being essential
ly identical. Quantitative data involving H atoms, how
ever, are still sparse and are restricted to a study of the H 
plus (CHsUSiH16 and H plus SiHU7 systems.

It has been shown recently from this laboratory19 that 
the hydrogen atoms produced in the mercury photosensi
tization of disilane undergo a displacement type reaction 
with the substrate to give SilR and SitR, parallel to the 
more common abstraction reaction producing H2 and Si2- 
H5. The rates of these two processes are comparable at 
room temperature. No such displacement reaction has 
been observed with methylated silanes.20'21

In previous publications5-8 from this laboratory Arrhen
ius parameters and kinetic isotope effects have been re
ported for the reactions of alkyl radicals with monosilane, 
disilane, and methyl- and phenyl-substituted silanes 
which were compared to theoretical values derived on the 
basis of transition state theory. The present article reports 
the rate constants of the reactions of D atoms with 
monosilane, disilane, and methyl-substituted silanes.

Experimental Section

A conventional cylindrical quartz reaction cell, 35 mm 
X  140 mm and 168 cc volume, was attached to a grease- 
free high-vacuum system. The quartz iodine lamp,22 filled

with ca. 10 Torr of Ne and excess iodine crystals, was dis-

(1) J. A. Kerr, D. H. Slater, and J. C. Young, J. C h em . S o c . A, 104
(1966) .

(2) J. A. Kerr, D. H. Slater, and J. C. Young, J. C h em . S o c . A, 134
(1967) .

(3) T. N. Bell and B. B. Johnson, Aust. J. C h em .. 20, 1545 (1967).
(4) W. J. Cheng and M. Szwarc, J. Phys. C h em .. 72, 494 (1968).
(5) O. P. Strausz, E. Jakubowskl, H. S. Sandhu, and H. E. Gunning, J. 

C h em . P hys., 51,552 (1969).
(6) ' E. Jakubowski, H. S. Sandhu, H. E. Gunning, and O. P. Strausz, J.

C h em . P h ys ., 52,4242 (1970).
(7) R. E. Berkley, Ph.D. Thesis, University of Alberta, Edmonton, Cana

da, 1970; R. E. Berkley, I. Safarik, H. E. Gunning, and O. P. Strausz, 
to be submitted for publication.

(8) I. Safarik, R. E. Berkley, and O. P. Strausz, J. C h em . P hys., 54, 
1919 (1971).

(9) E. R. Morris and J. C. J. Thynne, J. Phys. C h em ., 73, 3294 (1969).
(10) E. R. Morris and J. C. J. Thynne, Trans. F araday S o c . . 65, 183 

(1970).
(11) A. U. Chaudhry and B. G. Gowenlock, J. O rga n om eta l. C h em ., 16, 

221 (1969).
(12) J. A. Kerr, A. Stephens, and J. C. Young, Int. J. C h em . K inet., 1, 

339, 371 (1969).
(13) T. N. Bell and U. F. Zucker, J. Phys. C h em .. 74, 979 (1970); Can. 

J. C h em ., 48,1209 (1970).
(14) T. N. Bell and A. E. Platt, Int. J. C h em . K inet.. 2, 299 (1970); J. 

P hys. C h em ., 75, 603 (1971).
(15) J. A. Kerr and D. M. Timlin, Int. J. C h em . K inet.. 3, 1,69 (1971).
(16) M. A. Contlneanu. D. Mlhelcic, R. N. Schindler, and P. Potzlnger, 

B er. B u n sen g es . Phys. C h em .. 75, 426 (1971).
(17) G. K. Moortgat, D/'ss. Abstr. B, 31,1879 (1970).
(18) H. E. O'Neal, S. Pavlou, T. Lubln, M. A. Ring, and L. Batt, J Phys. 

C h em .. 75, 3945 (1971).
(19) T. L. Pollock, H. S. Sandhu, A. Jodhan, and O. P. Strausz, J. A m er. 

C h em . S o c .. In press.
(20) M. A. Nay, G. N. C. Woodall, O. P. Strausz, and H. E. Gunning, J. 

A m er. C hem . S o c ., 87, 179 (1965).
(21) A. G. Alexander, Ph.D. Thesis, University of Alberta, Edmonton, 
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TABLE I: Product Yields in the Photolysis of Ethylene-d4 at 2 5 °a

P ( C2D4), 
Torr

Products, jimol
Material
balanced 2 C2D2 C2D6 H-C4D- 0

50 2.94 4.05 0.21 1.37 C2D4.1
50 .4 2.86 3.48 0.21 1.26 C2D4.3
50 .2 2.89 3.91 0.20 1.37 c 2d 4.2
5 0 .4 6 2.84 3.20 0.18 1.10 C2D4.4
5 0 .7 C 1.23 1.71 0.09 0.59 C2D4.2
10 .4 C 0.60 0.77 0.04 0.29 C 2D 4 2
5 0 .0 c>d 0.66 0.72 0.04 0.34 C2D4.0

“ Exposure time 5 min. 6 660 Torr of Xe added. c Screen filter used. 
d Exposure time 2 min.

charged by a 2450 MHz/sec microwave generator. Con
stant iodine pressure (40 ji) was maintained by an ice- 
water bath. Of the nine emission lines between 2062 and 
1618 A the 2062-A line was the strongest and the shorter 
wavelength lines were effectively eliminated by keeping 
the lamp 1 cm away from the cell. Fresh air was flushed 
through continuously in order to cool the lamp and to re
move ozone produced during the irradiation. When Si2H6 
was present, a screen filter (28% transparency) was used 
to reduce the light intensity.

Ethylene-d4 (Merck) was purified by gas chromatogra
phy on medium activity silica gel column. Using mass 
spectrometry it was found that 4.5% ethylene-d3 was pres
ent as an impurity. Monosilane, disilane, methylsilane, 
and dimethylsilane (Peninsular) were purified by low- 
temperature distillations. Trimethylsilane (Procurement) 
was first purified by preparative gas chromatography on a 
medium activity silica gel column and then subjected to 
distillation.

Results
The deuterium atoms were generated by the photolysis 

of C2D4. Effective light intensities were calculated from 
the published relative emission intensities23 and the ex
tinction coefficient of oxygen24 assuming the transparency 
of the reaction cell windows to be independent of wave
length. About 80% of the absorbed radiation was in the 
2062-1830-A region.

The primary and secondary processes occurring in the 
photolysis of C2H4 are reasonably well understood.25̂ 27 
Analogous reactions of C2D4 are

C2D4 + hv —*■ C2D2 + D2 (1 )
C2D4 + hv —* C2D2 + 2D (2)

D + C2D4 —► C2D5 (3)
C2D5 + C2D5 —* n-CADio (4)

C2D5 + C2D5 — C2D6 + C2D4 (5)
The importance of primary process 2, relative to 1, in
creases with increasing photonic energy.25 The enthalpy 
change of reaction 2 is ~143 kcal/mol and consequently 
little excess translational energy can be associated with 
the D atoms. In addition a concurrent study21 has shown 
that excess translational energy up to 35 kcal/mol has no 
discernible effect on the reaction of H or D atoms with si
lanes.

The major products of the reaction, D2, C2D2, C2D6, 
and n-C4Dio, and the experimental conditions employed 
are given in Table I. Their formation can be explained in

terms of steps 1-5. In addition, small amounts of 1-bu- 
tene, n-hexene, and 1-pentane were also detected. These 
minor products, which could be completely suppressed in 
the presence of nitric oxide, probably arise from addition 
reactions of ethyl radicals to the olefins and/or secondary 
radical reactions of products. They have been neglected in 
the following kinetic treatments.

The ratio of the primary quantum yields is given by the 
relation

0(1) _ rate (Da)________________
0(2) rate(re-C4Di0) + rate(C2D6)

The value of 1.84 ± 0.03, calculated from the data given 
in Table I, is identical with that determined by Akimoto 
and Tanaka27 for C2H4 at 1931 A.

If a silicon compound containing abstractable hydrogen 
is introduced into the system, the abstraction, displace
ment, and exchange reactions will compete with the addi-

D + silane —* HD + silyl radical (6)

D -I- silane —► silane-dj + radical (7)
D -I- silane —* H + silane-di (8)

tion step 3. Steady-state treatment of reactions 1-3 and 6-8 
leads to the following rate expression

rate (Do) _ 0(1) [~ fe7 + fe8 fe3[C2D4] 1 m 
rate (HD) 20(2) L kn &6[silane]J

Thus, a plot of the left-hand side of this equation against 
ethyleneA/silane concentration should give a straight 
line, from the slope of which k3/k6 values can be deter
mined. The importance of steps 7 and 8 relative to step 6 
can be estimated from the intercept.

Monosilane. The isotopic composition of hydrogen 
formed in the presence of SiH4 is shown in Table II. The 
values have been corrected for the presence of ethylene-d3 
in ethylene-c/4.

Monosilane is transparent to wavelengths longer than 
1850 A ;28 consequently its photolysis is slow and the yield 
of H2 is less than 5% of the total hydrogen yield from 
equimolar concentrations of C2D4 and SiH4. A plot of eq I 
using the data presented in Table II for SiH4 is shown in 
Figure 1. From 0(l)/0(2) and the slope, the ratio of the 
rate constants for addition reaction 3 to that of abstraction 
reaction 9

D + SiH4 — HD + SiH3 (9)
k3/kg = 1-88 ± 0.07. From the intercept, an upper limit of 
less than 0.3 can be obtained for k10/kg

D + SiH4^ H  + SiH3D (10)
and we believe that step 10 does not occur at all.21

Disilane. Disilane absorbs strongly up to 2100 A and can 
be readily decomposed in this region29 whereas significant 
absorption by ethylene occurs .only below 1850 A .30 In
(22) P. Harteck, R. R. Reeves, and B. A. Thompson, Z. N aturforsh . A, 

19, 2 (1964).
(23) K. Obi, Ph.D. Thesis, Tokyo Institute of Technology, i 966.
(24) K. Watanabe, E. C. Y. Inn, and M. Zelikoff, J. C h em . P h ys ., 21, 

1026 (1953).
(25) J. R. McNesby and H. Okabe, Advan. P h o to ch em . 3, 228 (1964).
(26) R. A. Back and D. W. L. Griffiths, J. C h em . P h ys ., 46, 4839 

(1967).
(27) H. Akimoto and I. Tanaka, Z. E lec tr o ch em ., 72, 134 (1968).
(28) V. R. Scharz and F. Heinrich, Z. A n org . C h em ., 2 2 1 ,  277 (1935).
(29) T. L. Pollock, H. S. Sandhu, and O. P. Strausz, to be submitted for 

publication.
(30) R. McDiarmid and E. Charney, J. C h em . P hys., 47, 1517 (1967).
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Reactions of Deuterium Atoms with Silanes 3913

P(C2D4)/P(SILANE)
Figure 1. Plot of D 2/H D  as a fu n c tio n  o f .D(C 2D 4 ) /P (s ila n e ) .

TABLE II: Isotopic Composition of Hydrogen Formed in the 
Photolysis of C 2D 4 in the Presence of S iH4 at 2 5 °a

P( C2D4), 
Torr

P(SiH4),
Torr

Hydrogen, /¿moi

d 2 HD h 2

50.5 50.7 3.14 1.13 0.14
50.9 17.0 3.20 0.49 0.10
50.0 10.2 3.16 0.32 0.07
51.2 6.9 3.05 0.22 0.05
50.4 5.2 2.91 0.16 0.03

a Exposure time 5 min.

TABLE I II : Isotopic Composition of Hydrogen Formed in the
Photolysis of C2D 4 in the Presence of Si2H 6 at 2 5 °a ’6

P(C2D4),
Torr

P(Si2H6),
Torr

Hydrogen, /imol

d 2 HD h 2

50.9 5.2 0.16 0.06 1.34
50.7 2.6 0.35 0.07 1.26
50.7 1.7 0.45 0.06 1.13
50.1 1.3 0.57 0.07 1.10
50.6 0.97 0.63 0.06 0.94

a Exposure time 5 min. b Screen filter used.

order to reduce absorption by disilane, low disilane con
centrations were used and the light intensity was atten
uated by a screen filter. The results of isotopic analyses 
are shown in Table III. It can be seen that disilane is the 
major absorbing species even at 2% concentrations, since 
H2 constitutes 58% of total hydrogen yield. From the plot 
of D2/HD as a function of P(C2D4)/P(Si2H6), shown in 
Figure 2, the relative rate constant for abstraction reac
tion 11

Figure 2. Plot o f D 2/H D  as a fu n c tio n  of P (C 2D 4) /P ( S i2H 6).

D + Si2H6 —* HD + Si2H5 (1 1 )
fe3/&n = 0.20 ± 0.04. For the displacement and exchange 
reactions

D + Si2H6 —► SiH3D + SiH3 (12)
D + Si2H6 —*■ H + Si2H5D (13)

the upper limit of ( k 12 + &i3)/fen is estimated to be 0.4. 
Since step 13 is unlikely to occur21 this leads to an upper 
limit of k12/kii =  0.4. From independent studies19 the 
measured value of k12/ kn  for the attack by H atoms is
0.52.

M ethylsilane. The isotopic composition of hydrogen ob
tained in the presence of CH3SiH3 is given in Table IV. 
For a fourfold excess of methylsilane, H2 is 15% of the 
total hydrogen yield. Thus, although methylsilane is 
known to decompose at 1783 A31 its absorption at longer 
wavelengths is much weaker than that of ethylene-d4. As 
methane was not observed among the products, the dis
placement reaction

D + CH3SiH3 — CH3 + SiH3D
does not occur. It should be mentioned here that exchange 
reaction 8 does not occur with the methylated silanes.16’20 
A plot of D2/HD ratios as a function of P(C2D4)/P(CH3- 
SiH3) is displayed in Figure 3. For the abstraction reac
tion

D + CH3SiH3 -»■ HD + CH3SiH2 (14)
k3/k14: = 1.72 ± 0.02.

Dim ethylsilane. The isotopic composition of hydrogen 
formed in the presence of (CH3)2SiH2 is shown in Table
V. Since the H2 yield is only 5% of total hydrogen yield

(31) A. G. Alexander, O. P. Strausz, R. Pottier, and G. F. Semeluk, 
C h em . Phys. L ett., 13, 608 (1972).
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Figure 3. Plot of D 2/ H D  as a function of P (C 2D4) /P (s i lan e) .

TABLE IV: Isotopic Composition of Hydrogen Formed in the 
Photolysis of C2D4 in the Presence of C H 3SiH3 at 2 5 °“

Hydrogen, pmol
P ( C2D4), 

Torr
P(CH3SiH3),

Torr d 2 HD h 2

50.8 203.0 2.38 1.70 0.72
51.1 100.3 2.78 1.62 0.47
49.9 50.8 2.83 1.11 0.28
50.2 39.5 2.81 0.96 0.23
50.2 21 .2 3.02 0.62 0.07
49.8 10.3 2.98 0.34 0.06

100.0 10.5 3.62 0.22 0.06

0 Exposure time 5 min.

for a twofold excess of dimethylsilane the amount of ab
sorption by dimethylsilane must be minimal. Only small 
amounts of methane (0.004 jumol at the highest dimeth
ylsilane concentration) were present in the products. A 
plot of D2/HD as a function of P(C2Ü4)/P((CH3)2SiH2) is 
shown in Figure 1. From the slope the ratio of the rate 
constant of addition reaction 3 to that of the abstraction 
reaction

D + (CH3)2SiH2 —► HD + (CH3)2SiH (15) 
isk 3/k 15 = 1.75 ±  0.04.

A possible source of methane formation is the displace
ment reaction

D + (CH3)2SiH2 — CH3 + CHaSiHD
followed by H atom abstraction by methyl. However, this 
mechanism can be discounted since the Hg 6(3Pi) plus di
methylsilane reaction, which leads to exclusive Si-H bond 
cleavage, does not give rise to the production of CH4.20 
Consequently the small amount of CH4 formed in the 
present system must arise from the direct photolysis of

TABLE V: Isotopic Composition of Hydrogen Formed in the 
Photolysis of C 2D 4 in the Presence of (C H 3) 2SiH2 at 2 5 °“

P((CH3)2- Hydrogen, ¿rmol
rlG 2U 4),

Torr
ö m 2J,
Torr d 2 HD h 2

50.1 1 0 0 . 5 2.40 1.31 0.20
50.1 50.1 2.64 0.99 0.12
49 .4 25.3 2.65 0.63 0.06
50.0 17.0 2.62 0.45 0.05
49 .0 10.3 2.78 0.32 0.03

0 Exposure time 5 min.

TABLE VI:  Isotopic Composition of Hydrogen and Methane
Formed in the Photolysis of C 2[D4 in the Presence of
(C H 3) 3SiH at 2 5 °“

P(C2D4),
Torr

P((CH3)3-
SiH),
Torr

Hydrogen, |jmol
Methane,

/xmold 2 HD h 2

50.6 99.8 1.88 0 . 8 8 0.09 0 . 2 2

50 .4 49.7 2.26 0 . 6 8 0.06 0.04
50.1 24.9 2.46 0.46 0.03 0.01
50.2 17.3 2.69 0.37 0.02
50.4 10.4 2.92 0.26 0.01

a Exposure time 5 min.

(CH3)2SiH2.
Trimethylsilane. The results on this sytem are given in 

Table VI. Small amounts of H2 and methane indicate 
that absorption by trimethylsilane is much weaker than 
that by ethylene-d4 in the region above 1783 A. At the 
highest trimethylsilane concentration used, ca. 92% of 
methane product was CH4 and the remaining was CH3D. 
The only possible source of CH4 formation is the direct 
photolysis of (CH3)3SiH. Both molecular and radical ab
straction steps for methane formation have been shown to 
occur in the photolysis of methylsilane32 and dimethylsil
ane.21 The small amount of CH3D could arise from the 
disproportionation reactions of CH3, formed in the direct 
photolysis, with C2D5

CH3 + C2D5 — CH3D + C2D4
A plot of D2/HD ratios as a function of P(C2D4)/P((CH3)3- 
SiH) is shown in Figure 3. The slope of this plot yields

D + (CH3)3SiH -* HD + (CH3)3Si (16)
for the rate constant ratio k3/kie = 2.28 ± 0.07.

Bond Energy Bond Order (B E B O ) Calculations. Ac
cording to this method,33’34 the potential energy of the 
system, V, along the line of constant bond order, m = 1 — 
n, is given by

V = E is(l -  r p ) -  fi2sm« + V'tr (II)
where

V'tr = 0.5£3sj [exp( 3)][1 + 0.5 exp( —/3r3)]| ^
r3 = R i +  R 2 — R3s 
E i = Ris — 0.26 In n 

R2  = E2s ~  0.26 In m
(32) K. Obi, A. Clement, H. E. Gunning, and O. P. Strausz, J. A m er . 

C hem . S o c .. 9 1 , 1622 (1969).
(33) H. S. Johnston and C. Parr, J. A m er . C h em . S o c .. 85, 2544 (1963).
(34) H. S. Johnston, "Gas Phase Reaction Rate Theory,” Ronald Press, 

New York, N. Y., 1966, p 339.
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TABLE V II:  Bond Properties for BEBO Calculations2

Oe,c kcal
Bond m o l- 1 «e,c cm - ' R e,“  A 0,e k - '

X1X

109.47 43957 O.747 1.9407
S ÍH 3 -H 98.3« 2182 1.48 1.408
SÍ2 H 5 -H 9 3 .0 * 2159 1.48 1.433
Ch+3S iH 2-H 8 9 .0 ‘ 2167 1.48 1.470
(C H 3 ) 2S iH -H 8 7 .0 ‘ 2143 1.48 1.470
(C H 3 ) 3S i-H 84.17 2125 1.48 1.483
C H 3-H 1 0 8 .3 * 29147 I.O97 1.780

a The bone energy indices used are H-H — 1.041 and C-H =  1.087
(ref 34); and Si-H = 1.004 (ref 5). 6 Includes zero point energy.
c Weighted average of S i-H  stretching frequencies taken from R. P.
Hollandsworth and tvI. A. Ring, Inorg. C h em ., 7, 1635 (1968). “  R. E.
Wilde, J. Mol. S p e c t r o s c ., 8 , 424 (1962). «Calculated from the expres
sion j8 =  1.2177 X 107 u>e (p./De ) ' , ! . !  Reference 34, p 82. 4 Reference 
41. 71 Estimated from the relationship D(CH3-H ) /D (C 2H5-H )
D(SiH3-H )/D (S i2 H s-H ). ‘ Estimated using the relationship [D(SiH3-H ) -  
D(MexSiH3 -x -H ) ]/ [D (C H 3-H ) -  D fM e ^C H s-x -H )] =  [D(SIH3-H ) -  
D(Me3S i-H )]/[D (C H 3-H ) -  D (M e3C -H )j. > Reference 42. k Reference 
40.

TABLE V I I I :  Potential Energies of Activation and Experimental 
Activation Energies of Hydrogen Abstraction by H Atoms

Substrate V,a kcal m o l-1 £ a, kcal m o l-1

C H 3-H 14.0 12 .0*
c 2h 5- h 10.6 9 .4 e
(C H 3) 2C H -H 9.0 8 .2 e
(CH3) 3C -H 7.6 6 .8 e
S iH 3-H 9.1 (6 .2) 2 .5 -3 .9 ,'d 4.1«
S i2H5-H 7.0 (4 .6) 1 .4 -2 .8 *
C H 3S iH 2-H 5.6  (3 .6) 2 .3 -3 .7 d
(C H 3) 2S iH -H 5.1 (3 .3) 2 .1 -3 .4 0
(C H 3) 3S i—h 4.4  (2 .80) I . 8 - 3 .2 A  2.307

“ In parentheses are the values calculated using modified Vlr , eq 
IV. 6 K. J. Laldler, "Chemical Kinetics,”  McGraw-Hill, New York, N. Y., 
1965, p 129. c B. A. Thrush, Progr. R ea c t . K inet.. 3, 89, 95 (1965). 
“  Estimated assuming an A factor in the range 5 X 10l2-5  X 1013 cc 
m o l- 1  sec- ' per S i-H  bond. e Reference 17. 7 Reference 16.

p and q are the bond energy indices, £ ls, E2s, and E3s are 
the single bond energies, Rls, R 2s, and R 3s denote the sin
gle bond distances, and R2 are the progress distances,
13 is the Morse parameter of the R-R' bond in the triatom- 
ic transition state R ---H ---R ' (see ref 34 for a de
tailed discussion and notation), and Vtr represents the 
triplet interaction energy between the end atoms. This ex
pression has been widely used to predict the activation 
energies for a variety of H atom abstraction reactions and 
the calculated values are found to agree with experiment 
to within ±2 kcal mol-1. Table VII lists the bond proper
ties needed in the computations. The final results are 
given in Table VIII which also contains the estimated 
values for silanes (vide infra) and the literature values for 
alkane reactions.

Discussion
In order to calculate absolute rate constants from rela

tive rate measurements, k 3 must be estimated. For the 
analogous reaction

H + C2H4-~C2H5 (17)
the high-pressure rate constants reported in the litera
ture35-38 are in good agreement, yielding an average value 
of 6.7 X 1011 cc mol-1 sec-1. The rate of the H plus C2D4

reaction is reported to be 10% higher than reaction 17.36 
Although primary and secondary isotope effects will con
tribute to the overall isotope effect in the D plus C2D4 
reaction, the major contribution to the k n / k o  ratio will 
probably arise from the stretching frequency of the newly 
created C-D bond in the activated complex. Neglecting 
tunneling effects then, the minimum value of the primary 
isotope effect will be ~1.4. Taking into account these 
considerations a value of 5.3 x 1011 cc mol- 1  sec- 1  is 
adopted for k 3 . Table IX lists the absolute rate constants 
derived for the D plus silane reactions, along with those 
for CH3 and CF3 radicals.

The absolute rate constants derived in the present 
study for reactions 9, 11, and 16 are in reasonable agree
ment with the literature values, considering the different 
experimental techniques employed in the measurements. 
The reactions of deuterium atoms with silanes are much 
faster than those with carbon analogs; the approximate 
values of the rate constants39 for the analogous reactions 
with methane and isobutane are ~ 104 and 109 cc mol- 1  
sec-1, respectively. Enhanced reactivities have also been 
reported for the reactions of methyl and trifluoromethyl 
radicals with silanes.5-10 For paraffins, it is now well es
tablished that the reactivities for hydrogen atom abstrac
tion are intimately related to the strength of the bonds 
being broken and formed, that is, to the enthalpy changes 
of the reactions. An examination of Table IX reveals that 
the reactivities of monosilanes, per Si-H bond, increase 
with increasing the number of methyl substituents on the 
Si atom. This trend is the same as in the corresponding 
hydrocarbons: (CH3)3C-H > (CH3)2CH-H > CH3CH2H 
> CH3-H.

The difference in reactivities between alkanes and si
lanes in their hydrogen transfer reactions is due largely to 
activation energy differences since the preexponential fac
tors are almost identical.5-10 Lower activation energies re
sult from lower Si-H bond energies. The bond dissociation 
energies of paraffins are40 D(CH3-H) = 104.0, D(C2H5-H) 
= 98.0, D((CH3)2CH-H) = 94.5, and D((CH3)3C-H) = 
91.0 kcal mol-1. Similar data for silanes are scarce and 
values are available only for monosilane,41 95.2 kcal mol-1, 
and trimethylsilane,42 81.0 kcal mol-1. Clearly, a differ
ence of about 10 kcal mol- 1  between the Si-H and C-H 
bond strengths manifests itself in the enhanced reactivi
ties of silane reactions.

The reported39 preexponential factors of the hydrogen 
atom reactions with alkanes vary from 1011 to 1014 cc 
mol- 1  sec-1. The latest values of Parsamyan, et a/.,43-44 
are 6.6 X  1013, 5.4 X  1013, and 4.5 X 1013 cc mol- 1  sec- 1  
for ethane, propane, and butane, respectively. The only 
study reported on the temperature dependence of the sili
con hydride reactions was made on the D plus (CH3)3Si- 
H system16 which has an A factor of 5.4 X  1012 cc mol-1

(35) W. Braun and M. Lenzi, D iscu ss . F araday S o c ., 44, 252 (1967).
(36) R. D. Penzhorn and B. deB. Darwent, J. C hem . Phys.. 55, 1508 

(1971).
(37) J. A. Eyre, T. Hiklda, and L. M. Dorfman, J. C hem . P hys., 53, 1281

(1970).
(38) M. J. Kurylo, N. C. Peterson, and W. Braun, J. C h em . P hys.. 53, 

2776 (1970).
(39) A. F. Trotman-Dickenson, Advan. F re e -R a d ica l C h em ., 1,1 (1965).
(40) J. A. Kerr, C h em . R ev ., 66,465 (1966).
(41) F. E. Saafeld and J. J. Svec, J. Phys. C h em ., 70,1753 (1966).
(42) S. J. Band, I. M. T. Davidson, and C. A. Lambert, J. C hem . S o c . A. 

2068 (1968).
(43) N. I. Parsamyan, E. A. Arakelyan, V. V. Azatyan, and A. B. Nai- 

bandyan, izv. A kad. N auk SSSR. S er. K him ., 496 (1968).
(44) N. I. Parsamyan and A. B. Nalbandyan, Izv. A kad . N auk SSSR. 

S er. Khim .. 750 (1968).
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TABLE IX: Kinetic Data  of Hydrogen Transfer Reactions of Silanes

D*

Substrate ^3 / ^abstr0

^abstr X 10 11 
cc m o l-1 se c -1

Per Si-H
Total bond

CH;3 CF3

Log A,
cc m o l-1 sec-1

fa ,
kcal m o l-1

Log A,
cc m o l-1 se c -1

Ea ,
kcal mol 1

S iH 3- H 1.88 ±  0 .07 2.82, 1 .3 2c 0.71 1 1 .8 0 /1 1 .8 2 « 6 .9 9 /6 .8 9 « 1 1 .9 0 /  1 1 .9 0 ' 4 . 9 3 / 5 . 1 1 '
C H 3SiH2- H 1.72 ±  0.02 3.08 1.03
(C H 3) 2S iH -H 1.75 ±  0.04 3.03 1.51
(C H 3) 3S i-H 2.28 ±  0.04 2 .94 , 1.11 2.32 11.34« 7.83« 12 .2 6 ' 5 .5 6 '
SiH3SiH2-H 0.20 ±  0.04 26.5, 13 .0 e 4.41 11.9 6 7 5 .6 3 7

a Errors Quoted are based on 90% confidence limit. 6 Present work, temperature 25°. Absolute rate constants calculated with k3 =  5.3 X 1 0 "  cc 
mol 1 sec 1 (see text). c Lower limit for H plus SiH4 reaction, ref 17. d Reference 16, log A =  12.73 (cc m o l“ 1), £a =  2.3 kcal m o l“ 1. e H plus 
Si2 H6 reaction, ref 19. '  Reference 5. g Reference 9. h Reference 6. 1 Reference 10.

sec-1. This is an order of magnitude smaller than those of 
the alkane reactions. On the other hand, the A factors for 
the reactions of methyl and trifluoromethyl radicals with 
several silanes have been found to have values essentially 
identical with those of the alkanes. The cause of this dis
crepancy is not understood but clearly more experimental 
work will be required for the elucidation of the problem.

If we now arbitrarily assign a value to the A factor of 
the H plus silane systems then it is possible to estimate 
the magnitude of the activation energies involved. The 
values derived this way by taking a range of A from 5 X 
1012 to 5 X  1013 cc mol- 1  sec- 1  per Si-H bond are listed 
in Table VIII in comparison with the measured activation 
energies of the alkane reactions and calculated potential 
energies of activation for both systems. As seen from the 
table, the measured and calculated values are in good 
agreement for the alkanes; for the silanes, however, the 
computed values are persistently too high. The discrepan
cies, which were also found before in the CH3 and CF3 
plus silane systems,5-8 cannot be attributed to possible 
inaccuracies in the input parameters because the spectro
scopic and bond energy data for the monosilane molecule 
are reasonably well established, and it is highly unlikely 
that they could lead to a 5-6 kcal mol- 1 error.

One crucial point in the BEBO method is the estima
tion of the triplet repulsion term, Vtr. In the original for
mulation of the method, Johnston and Parr33 assumed 
Sato’s45 anti-Morse function with a coefficient of 0.5, eq 
III, to represent the triplet repulsion between two H 
atoms. This same function, however, would not be expect
ed to provide a satisfactory description of the repulsive

term in cases where one or both end atoms are different 
from hydrogen. Also, Matsen46 has questioned, on quan
tum mechanical grounds, the hypothesis that the repul
sive term arises only from spin-spin interactions. Thus, 
the overestimation of the activation energy in the hydro
gen transfer reactions of silicon hydrides is probably relat
ed to the inadequacy of the anti-Morse function in the de
scription of the repulsive potentials. Since, apart from the 
case of the H2 molecule, neither experimental nor com
puted repulsive potential data are available, we modified 
the potential energy function, Vtr, on empirical grounds by 
introducing a coefficient a into the exponential factors

Vtr = 0.5£3sl[exp(-a/Jr3)][l + 0.5 exp(-a/3r3)]j (IV)

The value of a was determined from the measured activa
tion energy of the CH3 + SiH4 reaction.

The potential energies of activation computed with this 
modified potential function, listed in Table VIII, are in 
reasonable agreement with the experimentally estimated 
values of the action energies. It should be mentioned that 
other modifications of Vtr have also been suggested re
cently in the literature.47-49

Acknow ledgm ent. The authors thank the National Re
search Council of Canada for financial support.

(45) S. Sato, J. C hem . P hys.. 23, 2465 (1955).
(46) F. A. Matsen, J. A m er . C h em . S o c .. 92, 3525 (1970).
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(48) S. W. Mayer, J. Phys. C h em .. 73, 3941 (1969).
(49) C. M. Previtali and J. C. Scalano, J. C h em . S o c . B. 2317 (1971).
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Chemical Ionization Mass Spectrometry. XVII. Effect of Pressure on 
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The kinetics of the decomposition of protonated tert-amyl acetate have been investigated mass spectro- 
metrically under chemical ionization conditions at pressures of isobutane (the reactant gas) between 0.5 
and 4.0 Torr. Within the limits of experimental error, the rate constant ( £ 3 0 0  = 2 X  103 sec-' 1!, activa
tion energy (12 kcal/mol), and frequency factor (6 X  1011 sec“ 1) are independent of pressure in this 
range, and it is concluded that thermal equilibrium is essentially established in the ionization chamber 
of the mass spectrometer.

It has been shown1'5 that the chemical ionization mass 
spectra of organic esters are strongly dependent on tem
perature. The gaseous ionic reactions occurring under 
chemical ionization conditions have therefore been stud
ied as a function of temperature in an attempt to derive 
meaningful kinetic data about the reactions. To date the 
results obtained have shown satisfactory correlations be
tween reactivity and structure of the ions being studied. 
However, one of our continuing concerns is whether suffi
cient collisions occur in the ion chamber so that the reac
tions of the decomposing ions are activated completely or 
nearly completely (except for a small electrical contribu
tion) by thermal collisions, i.e., whether thermal equilib
rium conditions are essentially achieved in the ion source. 
In order further to investigate this problem, we have ex
tended our measurements1'5 of the decomposition of pro
tonated ierf-amyl acetate in isobutane to pressures up to 
4 Torr. This is a matter of some importance because gas- 
phase investigations of the chemistry of ions permit in 
principle the determination of the chemical properties of 
the ions in the absence of solvent. To the extent that we 
are able to demonstrate that reliable quantitative and 
physically meaningful kinetic measurements can be made 
for gaseous ionic reactions, we shall be able to parallel in 
the gas phase the extensive condensed-phase studies (sol
volysis studies, for example) of the reactions and kinetics 
of ions.

Experimental Section
The experiments were made with the Esso Chemical 

Physics mass spectrometer6-8 modified as follows. The 
original 300 l./sec source diffusion pump was replaced by 
a Norton Vacuum VHS-4 pump, which has a capacity of 
1200 l./sec. A new power supply for the electron accelerat
ing voltage was installed, and with it variable electron 
voltages to 600 V can be achieved. The higher voltages are 
needed to provide the higher electron penetration requi
site for adequate sensitivity at the higher source pres
sures. The accelerating voltages actually used were those 
which maximized the ion production. Duplicate determi
nations were made of the effect on rate constants of vary
ing the source pressure, and duplicate or triplicate deter
minations were made of the temperature variations of the 
rate constants at the several different source pressures.

The rate constants were obtained using previously de
scribed1 calculational procedures.

Measurements and Results
The reaction studied is the alkyl oxygen cleavage of 

protonated ieri-amyl acetate with isobutane as the reac
tant gas

OAcH+ +
(CH3)2C(  ̂ — (CH3),CC,H5 + AcOH (1)

C2H5
The following two kinds of experiments were made: (1) 
measurements of the rate constants at different tempera
tures holding the isobutane pressure constant (experi
ments made at PO'-CéHio) = 0.70, 2.0, and 3.1 Torr), and 
(2) measurements of the rate constants at different isobu
tane pressures between 0.5 and 4.0 Torr holding the tem
perature constant at (T = 350°K).

In making the pressure studies we found that the mag
nitude of the repeller voltage significantly influences the 
results obtained. We have previously shown1 that the rate 
constants for dissociation of protonated esters increase as 
the repeller voltage is increased, and this may be attrib
uted to collision-induced dissociations produced by the 
drift of the ions under the influence of the repeller field 
gradient. We find in the present study that for certain 
ranges of the repeller voltage and the source pressure, an 
inverse relationship exists at constant repeller voltage be
tween the rate constant for decomposition and the pres
sure. Our mass spectrometer requires the presence of a re
peller field for the extraction of ions from the ion source. 
Below a certain minimum repeller voltage no ion current 
is observed, and increasing the repeller voltage above the 
minimum value causes the ion current to rise and ap
proach an asymptote. Of interest here is the fact that the 
value of the minimum repeller voltage needed for the ap
pearance of an ion current is dependent upon the particle

(1) F. H. Field, J. A m er. C h em . S o c ., 9 1 , 2827 (1969).
(2) F. H. Field, J. A m er. C hem . S o c ., 9 1 , 6334 (1969).
(3) D. P. Weeksand F. H. Field, J. A m er. C h em . S o c .. 92, 1600 (1970).
(4) F. H. Field and D. P. Weeks, J. A m er. C h em . S o c .. 92, 6521 (1970).
(5) W. A. Laurie and F. H. Field, J. A m er . C h em . S o c .. 94, 2913 (1972).
(6) F. H. Field, J. A m er . C h em . S o c . , 83, 1523 (1961).
(7) M. S. B. Munson and F. H. Field, J. A m er . C h em . S o c . , 88, 

2621 (1966).
(8) D. P. Beggs and F. H. Field, J. A m er . C h em . S o c ., 93, 1567 (1971).
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Figure 1. k ( s e c - 1 ) vs. P ( /-C4H i 0) (Torr) for reaction 1 : T =  
350°K.

density in the ion source, and specifically the minimum 
repeller voltage needed becomes larger as the particle 
density becomes larger. The threshold for the appearance 
of ion current seems to occur at approximately the same 
value of E/P at the several different pressures (E  = repel
ler field strength, P  = source pressure). The quantity E/P 
is a measure of the mean energy the ions acquire from the 
electric field, and it seems reasonable to investigate the 
effect of pressure on the kinetics of ionic reactions at ap
proximately constant values of E/P. We did this indirect
ly by adjusting the repeller voltage at each pressure so 
that the total ion current issuing from the ionization 
chamber was the same at each pressure (other experimen
tal conditions maintained constant). The E/P  values in
volved lay in the range 10 ±  2 V/cm Torr. By contrast, if 
the pressure studies are made at a fixed repeller, the vari
ation in E/P  is as large as the variation in pressure, which 
on the basis of our past experience should give rise to an 
appreciable variation in rate constants, but one which is 
of little or no significance for the intrinsic chemistry of 
the system.

The rate constants obtained at various isobutane pres
sures at fixed temperature (350°K) and quasi-constant 
E/P  are given in Figure 1. One does well to achieve an ac
curacy of a factor of 2 in the determination of the absolute 
values of rate constants for these gaseous ionic reactions, 
and within this limit of accuracy we conclude that the 
rate constants in Figure 1 exhibit no meaningful trend. 
Thus the rate constants are essentially unchanged by in
creasing the pressure of isobutane from 0.7 to 4 Torr, 
which is in agreement with more restricted experiments 
(0.5-1.3 Torr) carried out on substituted benzyl acetates.2

Determinations of the temperature variation of the rate 
constants were made at three different isobutane pres
sures, namely, 0.70, 2.0, and 3.1 Torr. The values of the 
repeller voltage used in the. measurements at the different 
pressures corresponded roughly to those used at the same 
pressures in the pressure study depicted in Figure 1. A

Figure 2. Arrhenius plot for reaction 1.

typical Arrhenius plot is given in Figure 2, and the kinetic 
results obtained are given in Table I. Our experience has 
been that we can measure a rate constant at a given tem
perature more accurately than we can measure activation 
energies or frequency factors, and thus we first examine 
the values of log £300 given in Table I. The variation to be 
observed for this quantity corresponds to a variation in 
&300 of a factor of 3, which we consider to be small in the 
context of the overall accuracy generally found with these 
measurements. Moreover, one is most often concerned 
with the effect of molecular structure on the kinetics of 
the reactions, and for such studies one considers as signif
icant differences in rate constants appreciably larger than 

• a factor of 3.
The values found for the activation energies and the fre

quency factors show variations, but here particularly we 
feel that the variations lie within the appreciable experi
mental uncertainties in determining these quantities. 
Comparing the present results with those obtained pre
viously (all in the same mass spectrometer but with some
what different configurations and conditions), we see that 
poor agreement exists with the results of ref 5 and good 
agreement with results of ref 1 . The higher rate constant 
obtained in ref 5 can be attributed at least in part to the 
significantly higher E / P value used in that experiment.

Since the modification of our instrument enables us to 
vary the electron voltage over a much wider range than 
previously, we determined the rate constant for reaction 1 
at four electron voltages between 200 and 600 V (P {i-C4

TABLE I: Effect of Source Pressure on Rate Parameters0 for f-AmAcOH + —► f-Am + +  AcOH

P (i-C4H10), 
Torr

Repeller,
V

E/P,
V /cm  Torr

Ea,
kcal/m ol Log A Log /<3oo

0.70 2 7 . 2 11.0 ±  1.0 11.0 ±  0.6 2 . 9  ±  0 . 2

2.0 8 1 0 . 0 11.9 ±  0.4 11.7 ±  0.2 3 . 1  ±  0 . 1
2.0 10 1 2 . 5 12.7 ±  0.5 12.4 ±  0.2 3 . 4  ±  0 . 4

3.1 10 8 . 3 11.8 ±  1.2 12.0 ±  0.7 3 . 4  ±  0 . 2

Previous R esults

0 .7 0s 8 27.4 9.3 11.3 4 . 5
0 .7 0c 5 17.9 12.4 12.4 3 . 3

a The uncertainties given in the kinetic quantities are the average deviation from average of replicate measurements. b Reference 5. c Reference 1.
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Hio) = 1 Torr) and found it to be independent of electron 
voltage (10% average deviation from average).

An increase in pressure effects a proportional increase 
in the number of collisions per second experienced by an 
ion. In our experiment the pressure is varied by a factor of 
approximately 6, and this change in pressure and collision 
rate has no significant effect on the kinetic quantities ob
tained. This result indicates that thermal equilibrium 
conditions are essentially achieved in our chemical ioniza
tion source and that meaningful comparative kinetic data 
can be obtained by this method. However, it must be 
noted from both present and past experience2 that the re
sults are dependent upon repeller voltage. Since we are

obliged to use this voltage, the results obtained should 
properly be considered as relative values, and all data 
should be obtained under the same experimental condi
tions where practically possible.
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The ion-molecule reactions in ethane have been investigated in a mass spectrometer at pressures from 
0.1 to 5 Torr and at temperatures ranging from 189 to 410°K. The major primary ions, C2H4+, C2H5U 
and C2H6 + , react with ethane to form the respective addition ions, CUHnU, C4H11 + , and (C^HeL*. 
Under these conditions, the addition ions dissociate to give all the product ions which have been attrib
uted to reactions of these primary ions in previous studies. The major product ions resulting from these 
dissociation reactions are the C3H74- and C4H9+ ions, formed by dissociations of the CLHio* and C4Hn+ 
ions, respectively. The rate constants for disappearance of the primary ions decrease as the temperature 
is raised from 189 to 410°K, from 2 X 10~10 to 0.9 X 10~10 cm3/molecule sec for the ethylene ion, from
2.5 X 10_1° to 0.5 x  10~10 cm3/molecule sec for the ethyl ion, and from 2 X ICR10 to 0.5 x  ICR10 cm3/ 
molecule sec for the ethane ion. There is no evidence that any of the product ions react further with ethane 
to give higher molecular weight addition ions under these conditions of temperature and pressure. When 
H20 is added to ethane the ethylene ion is intercepted in a rapid reaction to form the C2H4-H20+ complex, 
which reacts further with water to add a second, a third, and a fourth molecule of water.

Introduction
Recent studies of ion-molecule reactions in saturated 

hydrocarbon systems have called attention to the fact that 
under conditions of low temperature and high pressure, 
many ions will form persistent complexes or condensation 
ionslb in reactions with alkane molecules. It has been 
demonstrated, for example, that the “ unreactive” CH5+ 
and C2H5* ions formed in methane will associate with a 
molecule of methane at temperatures in the range 77- 
370°K, and at pressures of 0.1-1 Torr.2a

C H 5+ + C H 4 ^ C H 5 -C H 4 +  (1)

C2H5 + C H 4 ^ C 2H5-CH4+ (2)

Furthermore, it was seen that the CHs-CH4̂  ion formed 
in reaction 1 would associate with still another molecule 
of methane

C H 4 - C H 5+ + C H 4 ^ ( C H 4 ) 2 C H 5+ (3)
In each case, the lifetime of the adduct ion increased as

the temperature was lowered.
Other recent studies have shown that at 300°K and 

pressures in the range 0.01-0.1 Torr, the ethane,2b pro
pane,3'4 and isobutane5 parent ions will react with their

(1) (a) Visiting Assistant Professor, 1971-1972, National Bureau of 
Standards Training Act. (b) According to the usual usage, a con
densation reaction is taken to be the addition of an ion to a mole
cule to form a new species which is held together by chemical 
bonds, while an association reaction is pictured as a combination of 
an ion with a molecule through attractive forces of a physical na
ture. Obviously there is not a sharp dividing line between condensa
tion and association, and there will be many reactions which will 
seem to belong to both categories. In the results discussed here 
we will not attempt to make such distinctions, but will simply refer 
to all product ions formed In such reactions as "adducts” or “ com
plexes.”

(2) (a) F. H. Field and D. P. Beggs, J. A m er . C h em . S o c . 93, 1585
(1971); (b) S. K. Searles, L. W. Sieck, and P. Ausloos, J. C hem . 
Phys.. 53, 849 (1970).

(3) L. W. Sieck, S. Searles, and P. Ausloos, J. C h em . Phys.. 54, 91 
(1971).

(4) D. P. Beggs and F. H. Field. J. A m er . C h em . S o c .. 93, 1576 
(1971).

(5) L. W. Sieck, S. K. Searles, and P. Ausloos, J. R es . Nat. Bur. 
Stand.. S ec t . A. 75, 147 (1971).
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respective parent molecules to form dimer ions. The eth
ane ion, for instance, reacts with ethane as follows

C2H6+ + C2H6 —*■ (C2He)2 + (4)

The addition of the vinyl to ethane has also been ob
served6*8

C2H3+ + C2H6 —*• C4H9 + (5)

With the exception of reactions 4 and 5, however, the oc
currence of addition reactions between the major ions 
formed in ethane and ethane itself has not been demon
strated, although in a recent study of the radiolysis of eth
ane at pressures of 100 Torr and above,6 experiments uti
lizing deuterium labeling gave evidence that a large frac
tion of the n-butane product originated from the C4H11 + 
ion formed by addition of the ethyl ion to ethane. For ex
ample, about 70% of the partially deuterated butane 
formed in a C2D6-C2H6 (1:1) mixture was C4D5H5

C2H5+(C2D5+) + C2D6(C2H6)-*C4H5D6 + (C4D5H6) (6) 
C4H5D6+(C4D5H6-)  + A -  C4H5D5 + AD+(AH+) (7)

(where A is a proton acceptor).
We have here examined the ion chemistry of ethane in a 

mass spectrometer at pressures ranging from 0.1 to 5 Torr 
and at temperatures from 189 to 410°K, with particular 
emphasis on detecting and following the chemistry of the 
addition complexes of the various ions with ethane. In the 
discussion which follows, we shall relate our results to the 
ion chemistry reported to occur in ethane at pressures in 
the range 10~4-10*5 Torr (where stabilization of such 
complexes does not occur), as well as to the radiolytic re
sults6 obtained at pressures above 100 Torr.

Experimental Section
The experiments were performed with the Esso chemi

cal physics mass spectrometer, equipped with the ion 
source designated as Source III. The apparatus and tech
nique have been described in previous papers.1 '4'9 11 The 
repeller and focus electrodes were maintained at mini
mum operating potentials (5 V repeller and 6 V focus) 
needed to achieve a useable sensitivity. The maximum 
pressures which could be attained in the pressure varia
tion experiments were a function of the temperature of 
the source. That is, under these approximate field-free 
conditions, at 410°K, a source pressure of 5 Torr could be 
used, but at 189°K, the maximum pressure which could 
be attained was only 3 Torr. In terms of particle density, 
however, these pressures are roughly equivalent.

The ethane used in this study was Phillips Research 
Grade. Gas chromatographic analysis indicated that it 
contained 0.0003% methane, 0.011% ethylene, 0.0036% 
propylene, 0.034% propane, and 0.011% butane. No analy
sis was made for higher molecular weight impurities. 
Traces of water in the ethane were substantially reduced by 
passing the ethane through a refrigerated bath at 196°K.

Results and Discussions
In ethane, the major primary and secondary fragmenta

tion processes will lead to the formation of C2H2+, C2- 
H34, C2H4+, and C2H5+ fragment ions. The reactions which 
these ions and the parent C2H6+ ion undergo with ethane 
at pressures below about 0.1 Torr have been thoroughly 
documented,2' 1*8'12 19 especially by recent cyclotron reso
nance studies7-18'19 which have unambiguously estab

lished the numerous parent-daughter relationships for 
these reactions. The exothermic or thermoneutral reac
tions which have been established, as well as the reactions 
observed for the first time in this study, are summarized 
in Table I (eq 9-32). With the exception of reaction 8 
(which may proceed through a direct transfer of an H 
atom or proton), we make the assumption that each reac
tant ion forms a collision complex with ethane which may 
be collisionally deactivated to give the addition ion, or 
may dissociate in various ways to give the overall reac
tions which have been observed. We neglect the numerous 
reactions which are endothermic for ground-state ions but 
which energetic ions have been observed to undergo with 
ethane, since it is reasonable to assume that at the pres
sures used in this study, collisional deactivation of the in
termediate complex ion will preclude the occurrence of 
these reactions to any significant extent.

All of the product ions reported in previous studies 
(Table I) were observed in our experiments. Ions at mass
es corresponding to all of the adduct ions were observed in 
significant quantities. Of especial interest is the observa
tion of ions at masses 58 and 56 which, as will be shown in 
more detail below, seem to correspond to the adduct ions 
formed in the reactions

C2H4+ + C 2H6- C 4H10+ (17)
and

C2H2+ + C 2H6- C 4H8+ (26)
These reactions have not been reported before. Our results
also provide the first direct observation of the formation of
the adduct C4HH+ in reaction 13.

C2H5+ + C2H6 = C4Hu + (13)
The only other ions observed in amounts as great as 1% of 

the total ion current were at masses 70 (CsHio4), 71 (C5- 
Hn+), 85 (CeHi3 + ), and 99 (C7Hi5+). These ions, each of 
which comprises about 1- 2% of the total ion current under 
most experimental conditions, probably originate in reac
tions with small amounts of impurities as will be demon
strated below. Finally, low-intensity ions were observed at 
m/e 46, 47, 48, 49, 54, 64, 65, 72, 73, 74, 75, 83. and 84. 
These include many ions produced by reactions of various 
ions with small amounts of water which is always present 
as a minor impurity in the ion source. The sum of the 
intensities of these ions was less than 1% of the total ion 
intensity.

The effects of varying pressure on the intensities of all 
the ion currents of interest are shown in Figures 1-4 for

(6) P. Ausloos, R. E. Rebbert, and L. W. Sieck, J. C h em . P hys., 54, 
2612 (1971).

(7) S. Wexler and L. G. Pobo, J. A m er . C hem . S o c .. 93,1327 (1971).
(8) A. S. Blair, E. J. Heslin, and A. G. Harrison, J. A m er . C hem . S o c .,  

94,2935 (1972).
(9) F. H. Field, J. A m er . C hem . Soc.. 83, 1523 (1961).

(10) D. P. Beggs and F. H. Field, J. A m er . C h em . S o c ., 93, 1567
(1971) .

(11) S. L. Bennett and F. H. Field, J. A m er . C h em . S o c . 94, 5188 (1972). 
lished

(12) M. S. B. Munson, J. L. Franklin, and F. H. Field, J. Phys. C h em ., 
68, 3098 (1964).

(13) G. A. Derwlsh, A. Galll, A. Glardinl-Guidoni, and G. G. Volpl, J. 
C hem . P hys., 40, 5 (1964).

(14) R. Fuchs, Z. N aturforsch . A, 16, 1026 (1961).
(15) F. H. Field and F. W. Lampe, J. A m er . C h em . S o c ., 81, 3242 

(1959).
(16) A. Henglein and G. A. Muccini, Z. N atu rforsch . A, 17, 452 (1962).
(17) V. L. Talroze and E. L. Frankevich, J. A m er . C h em . S o c . , 80, 2344 

(1958).
(18) R. C. Dunbar, J. Shen, and G. A. Olah, J. C h em . P hys.. 56, 3794

(1972) .
(19) T. McAllister, J. C hem . Phys., 56, 5192 (1972).
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TABLE I: Exothermic or Thermoneutral Io n-M olecular  Reactions in Ethane

Reaction Ref Eq no.

6- 8 , 12, 13 (8 )
2 b (4)
2 b (9)
2 b, 18 ( 1 0 )
2b, 7, 18 ( 1 1 )
2b, 7, 18 ( 1 2 )
6 , 183 (13)
6- 8 , 13, 18 (14)
7, 8 , 12 (15)
6 (16)
This work (17)
7, 8 , 13, 14 (18)
7, 18 (19)
18 (2 0 )
18 (2 1 )
6 (2 2 )
6 - 8 (5)
7, 8 (23)
7 (24)
7, 8 (25)
This work (26)
7, 8 (27)
7 (28)
7, 18 (29)
7, 8 , 18 (30)
8 (31)
7 (32)

(C2H6+ )*  +  C2H6 - * C 2H7 + +  C2H5 
C2H6+ +  C2H6^  (C2H6) 2 +

► C.» H i • 7 +  H
—  C4H9+ +  H2 +  H
- * C 3H8 + +  CH4 
^ C 3H9+ +  CH3

C2H5 + +  C2H6 ^ C 4H11 +
—*■ sec-C4H9+ +  H2 
- * C 3H 7 + +  C H 4 
- * C 2H 5+ +  C2H 6

C2H4+ +  C2H6 —► C4H 10 +
- * c 3h 7+ +  c h 3 
- * c 3h 6+ +  c h 4
—  c 4h 8+ +  h 2
- ^ C 4H9 + +  H
- *  c 2h 4+ +  c 2h 6 

c 2h 3+ +  c 2h 6^ / - c 4h 9+
- * c 2h 5+ +  c 2h 4 
^ c 3h 5+ +  c h 4 
—*• c 4h 7+ +  h 2

c 2h 2+ +  c 2h 6 ^ c 4h 8+
—*  c 2h 4+ +  c 2h 4 
- * c 3h 3+ +  c h 3 +  h 2 
- * c 3h 5+ +  c h 3
—*>C4H7+ +  H
—* c 4h 5+ +  h 2 +  h 

c 3h 3+ +  c 2h 6 —  c 3h 5+ +  c 3h 4

a C4H-|, + was observed but not attributed to any particular reaction.

experiments performed at 189, 327, and 410°K. We have 
found that at pressures above about 1 Torr, the variations 
of the intensities of the ion currents of the primary ions 
(C2H6+, C2H5+, C2H4+, C2H3+, and C2H2 + ) cannot easi
ly be interpreted in terms of the kinetics of the reactions 
occurring in the system. Material balance considerations 
between ions thought to be involved in reactant-product 
relationships are oftentimes inexact at the higher pres
sures. It is clear that our understanding of the details of the 
reactions occurring is far from complete, but in spite of 
this, the overall trends shown in the figures yield mean
ingful information about the ion chemistry of ethane at 
high pressures.

We discuss separately the reaction sequences initiated 
by the various primary ions.

Ethyl Ion Reactant. As the results given in Figure 1 
show C4Hh + is formed in significant quantities in ethane 
at pressures from 1 to 5 Torr, particularly at temperatures 
of around 300°K or lower. This ion corresponds to that 
which would be formed in the addition of C2H5+ to 
C2H6+.

C2H5+ + C2H6 —- C4Hh + (13)
The formation of C4Hn+ in reaction 13 was verified in an 
experiment in which methane was used as the reactant 
gas in a chemical ionization experiment with ethane as 
the additive at 336°K. In such an experiment, the ethyl 
ion formed in methane will react with the added ethane 
through reactions 13-16, and the CH5+ ion will transfer a 
proton to ethane

CH5+ + C 2H6^ C 2H7+ + CH4 (33)
to give C2H7+, which, if it dissociates, will form a C2H5+ 
ion. That is, such an experiment, in which small amounts 
(1- 10%) of ethane are added to methane, effectively al
lows us to observe the reaction sequence initiated by reac-

tion of the ethyl ion with ethane, in the absence of other 
reactive ions which are present in the pure ethane system. 
The results, shown in Figure 5, confirm that the C4Hn + 
species originates from reaction of the ethyl ion. A frac
tion of the C4H1T  in the pure ethane system may origi
nate from reaction 9.

The results of the chemical ionization experiment also 
indicate that the C4Hn+ ion dissociates primarily to give 
a C4H9+ ion (reaction 14), but also undergoes a dissocia
tion to form a C3H7+ ion (reaction 15, Table I) to a much 
lesser extent. This is in agreement with results obtained 
in earlier studies.6~8-12-13-18

The C4H9+ formed in these experiments (Figure 1) does 
not necessarily all originate from reaction of the ethyl ion. 
As shown in Table I, it has been demonstrated6-" that the 
condensation reaction between the vinyl ion and ethane 
results in the formation of an ¡-C4H9+ ion (reaction 5). 
Furthermore, the dissociation of the ethane dimer ion re
sults in the formation of some C4H9+ (reaction 10), and it 
has recently been suggested18 that C4H9+ is formed in a 
reaction of the C2H4+ ion (reaction 21). However, it has 
been demonstrated7 that at low pressures (where contri
butions from reactions 10 and 21 would be most impor
tant) the ethyl ion is the precursor of most of the butyl 
ions observed. At the pressures of the experiments re
ported here, the stabilized r-C4H9+ ion formed in the con
densation reaction between the C2H3+ ion and ethane 
(reaction 5) undoubtedly contributes to the observed ion 
current, but the diminution of the C2H3+ ion current as 
the pressure is increased in these experiments amounts to 
not more than 5-7% of the total ion current (Figure 4) 
while the increase in C4H9+ is four-six times greater, so 
the contribution to C4H9+ from this source cannot be 
large. We may therefore conclude that most of the C4H9+ 
originates from reaction 14, the dissociation of the C4Hn + 
ion. On this basis it can be seen that under all conditions,
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Figure 1. Abundances of the C2Fi5 + , C4H H  + , and C4FI9+ ions as a 
function of pressure at 189, 327, and 410°K.

Figure 2. Abundances of the C2FU + , C4H 10+ ,  C3H 7+ , and C3Fi6+ 
ions as a function of pressure at 189, 327, and 410°K.

reaction 14 is the most probable dissociation of the C4- 
H n+ ion. As would be expected, this dissociation becomes 
more important at higher temperatures.

It may be seen from a careful examination of Figure 1

Pressure, torr

Figure 3. Abundances of the C 2H6+, C 2H 7 + , (C2H6)2 + , C3hi8 + , 
and C3Fi9+ ions as a function of pressure at 189, 327, and 410°K.

Figure 4. Abundances of the C2H2+ (O ) ,  C2H3+ ( X ) ,  C 3hl3+  ( □ ) ,  
C 3H5+ ( # ) ,  C4Fi5 + ( A ) ,  C4H 7+ ( O ) ,  and C4FI8+ ( ■ )  ions as a 
function of pressure at 189, 327, and 410°K.

that the overall rate of disappearance of the ethyl ion, and 
the overall rate of formation of the C4Hn + and C4Hg+ 
ions, are strongly temperature dependent, being much
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c 2h 6/ c h 4

Figure 5. Abundances of the C H 5 + , C2H5 + , C4H 11 + , C 3H 7 + , C4Hg+, 
and C2H 7+ ions in methane as a function of added ethane con
centration at 336°K and 1.5 Torr.

faster at low temperatures. This undoubtedly reflects the 
fact that the dissociation of C4Hn + to regenerate the 
ethyl ion (reaction 16) is much slower at the lower tem
peratures. If we accept the earlier estimate6 of 1 X  lO ^ 10 
cm3/molecule sec as the rate constant for the reaction of 
the ethyl ion with ethane to give products other than the 
original reactants at temperatures of about 300°K (and 
assume that at low pressures, the distribution of ion resi
dence times is not strongly temperature dependent), we 
can estimate from the initial slopes of the curves in Figure 
1 that at 189°K, this rate constant is about 2.5 x 10-10 
cm3/molecule sec, and at 410°K, the value is about 0.5 x 
10~10 cm3/molecule sec. These experiments were con
ceived of and executed as being essentially qualitative in 
nature. However, we found that rough quantitative analy
ses of the data could be made, and the rate constant 
values given above resulted. These values are not highly 
accurate, but they do indicate trends.

E thylene Ion Reactant. The addition of an ethylene ion 
to ethane would result in the formation of a product ion of 
the formula C4H10+

C 2 H 4 + +  C 2H 6 —► C 4H io  + (17)

At the high pressures and relatively low temperatures 
used in the experiments reported here, the C4Hio+ ion is 
a significant ion in all experiments, as shown by the re
sults given in Figure 2. Although C4Hio+ from reaction 17 
has never before been observed in the mass spectrometer, 
it has been shown7-8'^.!* that the major products coming 
from reaction of an ethylene ion with ethane (other than 
the regeneration of the original reactants) at low pressures 
are the propyl ion and the propylene ion. These are exact
ly the product ions which would result from the dissocia
tion of a C4Hio+ ion formed with about 20-kcal excess 
energy20-22 (as it would most probably have if formed in 
reaction 17).

% i-C 4H,o
Figure 6. Abundances of the C2H4 + , C4H 10+ , C3H 7 + , and C4H8+ 
ions as a function of added isobutane concentration at 1 Torr and 
334°K .

In order to demonstrate that the C4Hio+ ion does not 
originate in any reaction sequence involving the small 
amount (0.011%) of butane impurity present in the start
ing material, experiments were performed in which small 
amounts of butane or isobutane were added to ethane in 
the ion source. Similar results were obtained in these two 
experiments, and the results of the isobutane additive ex
periment are given in Figure 6. These results show that as 
the Ü2H4+ ion is intercepted by the isobutane to form 
C4H8+

C2H4+ + i'-C4Hio C2H6 + C4H8+ (34)

the abundances of the C4Hio + and C3H7 + ions diminish, 
as would be expected if these ions originate primarily in 
reactions 17 and 18.

It should be mentioned that C4Hi0+ ions were observed 
in low yield in a recent ion cyclotron study of ethane,18 
but double resonance experiments demonstrated that they 
originated in a slow reaction (k = 4 X 10-12 cm3/mole- 
cule sec) of the C2H8+ ion

C2H6+ + C 2H6-C 4 H 10+ + H2 (35)
In the results reported here, the fact that at low or moder
ate temperatures the intensity of the C4Hio+ ion current 
is much greater than the maximum intensity of the ion 
current of the parent ion essentially precludes this reac
tion as a significant source of the butane ions.

We conclude, then, that the C4Hio+ observed in our ex
periments originates in reaction 17, the addition of the 
ethylene ion to ethane. The intensities of the C2H4 + , C4- 
Hio+, C3H7+, and C8H6+ ions at pressures of 0.1-5 Torr

(20) W. A. Chupka and E. Lindholm, A rk. F ys., 25, 349 (1963)
(21) V. Cermak and Z. Herman, C ollec t. C z e c h . C h em . C om m u n ., 30, 

169 (1965).
(22) B. Steiner, C. F. Giese, and M. G. Inghram, J. C h err . P h ys., 34, 

189 (1961).

The Journal of Physical Chemistry, Vol. 76, No. 26, 1972



3924 S. L. Bennett, S. G. Lias, and F. H. Field

Figure 7. Abundances of the C2hl4 + , C4FI1o+ , C 3H 7 + , C2H4- 
(H 20 ) + ,  C2H4(H 20 )2 + , C2H 4(H 20 )3 + , C2H4(H 20)4 + , and C3H 7- 
(hl20 ) + ions as a function of the concentration of added water at 
1 Torr and 334°K.

and at temperatures of 189, 327, and 410°K are shown in 
Figure 2. Ion cyclotron experiments7 have shown that 
reaction 18 is the major source of C3H7+ ions in ethane, 
and that at low pressures, about half of the C3H6+ ions 
originate from reaction 19 of the ethylene ion. In a recent 
study of ethane,18 it was observed that reactions of C2H4+ 
also led to the formation of C2HS + , C3H5 + , C3H3+, C4- 
Hg+, C4H7-1, and C4H9+. The reactions to form C2H5+, C3- 
H5+, and C4H7+ are endothermic by 1 1 , 16, and 22 kcal, 
respectively, indicating that the C2H4 + ions which react
ed in the experiments reported must have had consider
able excess energy. In view of this, one must view with 
some suspicion the authors’ contention that their observa
tion of the reaction

C2H4+ + C2H6 — C3H3+ + CH3 + H2 (36)
constitutes evidence for the existence of a C3H3+ ion with 
a heat of formation of about 200 kcal/mol. Finally, al
though exothermic reactions between C2H4+ and C2H6 
leading to the formation of C4Hg+ and C4H9+ can be 
written, the fact that these ions are not observed as disso
ciation products20"23 of n-C4Hio+ or i-C4Hi0+ formed 
with about 1-eV excess energy argues against their occur
rence to any important extent in these experiments.

The overall trends with pressure and temperature ob
served for reactions 17-19 are similar to those discussed 
above for the reaction sequences of the ethyl ion. That is, 
the adduct ion, C4Hio+, becomes less important as the 
temperature is increased, while the fragment ions become 
more important. Making the same assumptions as were 
made above for the reactions of the ethyl ion, it can be 
estimated that the rate constant for the overall disappear
ance of the ethylene ion increases by about an order of 
magnitude when the temperature is lowered from 410°K, 
where the rate constant is about 0.1 X 10"10 cm3/mole

cule sec, to 189°K, where the rate constant is about 2 X 
10"10. The high-temperature rate constant for disappear
ance of the ethylene ion in ethane is in agreement with 
earlier estimates12'13 for this rate constant of 1-3 X 10"11 
cm3/molecule sec. The effect of temperature on the over
all rate of disappearance of the ethylene ion may be ex
plained in terms of an increased probability for the colli
sion complex to fall apart to regenerate the original reac
tants (reaction 22) as the temperature is increased. Reac
tion 22 includes dissociations which regenerate the origi
nal ethylene ion and ethane molecule, as well as the reso
nance H2" transfer reaction which can be detected only 
through labeling experiments. In the recent radiolytic 
study8 of ethane, a rate constant of 1.1 X 10" 10 cm3/ 
molecule sec was measured for the resonance D2" transfer 
(reaction 37) at a temperature of about 300°K.

C2H4+ + C2D6 - »  C2H4D2 + C2D4+ (37)
The results given in Figure 7 show the effects of added 

water on the reaction sequence initiated by reaction of 
C2H4+ with ethane. As H20 is added, the ethylene ion is
intercepted to form a complex

C2H4+ + H20 — C2H4-H20+ (38)
which, as the concentration of water is increased, adds a 
second, a third, and a fourth molecule of water

C2H4-H20+ + H20 -  C2H4(H20 )2+ (39)
C2H4(H20 )2+ + H20  — C2H4(H20 )3+ (40)
C2H4(H20 )3 + + H20  —► C2H4(H20)4+ (41)

The C4Hio+ and C3H7+ ions show a strong decrease as 
the C2H4+ precursors are intercepted, although in the 
case of C3H7+, some of the decrease occurs because the 
ions form a complex4 with H20

C3H7+ + H 20  — C3H7(H20) + (42)

The C3H7+ ion will add a second and a third molecule of 
water.4

Ethane Ion Reactant. As mentioned above, it has been 
reported23 that ethane ions, formed by ionizing ethane 
with 11.6-11.8-eV photons, will react with ethane to form 
the ethane dimer ion, (C2Hg)2+ (reaction 4). The failure 
to observe the ethane dimer in a recent mass spectrome- 
tric study18 led to the suggestion that C2H6+ ions pro
duced by electron impact are formed with too much inter
nal energy to form the dimer ion. The results presented 
here show that at sufficiently high pressures, a stable eth
ane dimer ion is indeed formed. As shown in Table I, the 
dissociation of an unstabilized dimer complex is expected 
to lead to the formation of C4Hn + , C4H9+, C3H9+, and 
C3H8+. The first two of these product ions are, of course, 
formed in much greater abundance through reactions 13 
and 14, as discussed above, and the relative importance of 
reactions 9 and 10 cannot be assessed in these experi
ments. Figure 3, therefore, shows the relative abundances 
of the C2H6+, (C2H6)2+, C3Hg+, and, C3H8+ ions observed 
in these experiments, as well as the C2H7+ formed in 
reaction 8.

Again, as in the cases of the ethyl and ethylene ions dis
cussed above, it is seen that the relative importance of the 
adduct ion is much greater at the lower temperatures, but ■ 
this is the only straightforward phenomenon to be ob
served in Figure 3. Beyond this, we call attention to the 
variations with pressure of the intensities of C3Hs+ and 
C3H9+. One can conclude that these ions are formed from 
C2H6+, but the pressure variations do not seem to be eas
ily compatible with the sequential reactions.
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C2H6+ + C2H6 -  (C2H6)2+ -  c 3h 8+ + CH4 (11)
- C 3H9+ + CH3 (12)

The earlier study of the ethane dimer ion2a indicated 
that reaction 12, the formation of the C3H9+ ion, was 
readily quenched by increasing pressure; the dimer ions 
formed in these experiments (a fraction of which possibly 
have more initial internal energy than those formed in the 
earlier photoionization study) still undergo this dissocia
tion at pressures as high as 5 Torr, although the yield of 
C3H9+ is low in all experiments. It should be mentioned 
that there is no evidence that the C3H9+ ion undergoes a 
fast (k = 1 x 10-10 cm3/molecule sec) reaction with eth
ane as suggested in a recent study.18

Making the same assumptions as those made above for 
the ethyl ion, one can derive from the initial slopes of the 
curves describing the abundance of the C2H6+ ion as a 
function of pressure (Figure 3) an estimate that the rate 
constant for the disappearance of the parent ethane ion is 
about 0.5 X  10-10 cm3/molecule sec at 410°K, 0.7 X  10~10 
cm3/molecule sec at 327°K, and 2 x 10-10 cm3/molecule 
sec at 189°K. The value derived for the 327°K experiment 
is in excellent agreement with the value of 1 x 1CV10 cm3 
molecule sec reported for this rate constant23 at 300°K. 
(Values of 1.85 x 1CV11 and 3.2 X 10-11 cm3/molecule sec 
have also been reported for this rate constant at an unspe
cified temperature,8 presumably, higher than 300°K.) 
Again, the fact that the rate of disappearance of the ion 
increases as the temperature is lowered undoubtedly re
flects the fact that the dissociation to regenerate the origi
nal reactants becomes less important as the energy of the 
complex is lowered.

Other Ionic Reactants. Figure 4 shows the intensities of

Figure 8. Abundances of the C3H5 + , CsHn"1", C4H 7 + , C6H 13 + , 
C3H3 + , C5H 10+ ,  and C 7H U  + ions as a function of the concentra
tion of added propane at 2 Torr and 333°K.

the ion currents of the C2H2+ and C2H3+ ions as a func
tion of pressure in the experiments carried out at 189, 327, 
and 410°K. For the sake of clarity in the figure, the abun
dances of these two primary ion currents are not shown 
at pressures above about 1 Torr. In each case the ion cur
rents of these primary ions reach a minimum value, then 
increase with increasing pressure. As pointed out above, 
in the pressure region above about 1 Torr, variations in 
the ion currents of the primary ions do not accurately re
flect the kinetics occurring in the system.

Figure 4 also shows the relative abundances of the C3- 
H3 + , C3H5+, C4H5+, C4H7+, and C4Hg+ ions as a func
tion of pressure. As the reactions listed in Table I show, 
results obtained in previous studies7.».13-18 have shown 
that the first four of these ions are formed in reactions of 
the C2H2+ and C2H3+ ions. The C4Hg+ could result from 
the addition of C2H2+ to ethane (reaction 26), from reac
tion 20, or from reaction 34 between the ethylene ion and 
the small amount of butane impurity (0.011%) which is 
present in the starting material. A rough calculation indi
cates that reaction with the impurity could probably not 
account for all of the C4Hg+ which we observe.

Previous results7 •8’12-19 have indicated that none of the 
C3 or C4 ions, except possibly C3H3+ and C3H5+ 7 or 
C3H9+ 18 show any reactivity toward ethane. Therefore, 
several experiments were performed in an attempt to 
trace the sources of the higher molecular weight ions ob
served in these experiments at masses 70, 71, 85, and 99. 
These results are given in Figures 8 and 9 which show the 
yields of the higher molecular weight ions, as well as their 
possible precursors, as a function of added propane or bu
tane. It is seen (Figure 8) that the C3H5+ ion reacts with 
propane and with butane (Figure 9). The abundance of 
the CeHi3+ ion increases in the presence of propane and 
decreases as butane is added. This ion may be formed as a

Figure 9. Abundances of the C 3 H5 +, C s H - n - , C 3 H3 +, C 6 H 1 3  +  , 
C 5 H 1 0  +  , C 4 H7 + , and C 7 H 15+ ions as a function of the concentra
tion of added isobutane at 1 Torr and 334°K.
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result of a reaction between C3H5+ and propane
C3H5+ + C 3H8- C 6H13+ (43)

Propane is the major impurity present in the starting ma
terial (0.034%). The ion current at mass 99 (C7His+) in
creases with the concentration of added butane, suggest
ing that the reaction of C3H5+ with butane may be

C3H5+ + C 4Ha0- C 7H15+ (44)
under these conditions.

The same reasoning may be applied to the ion current 
at mass 70 (CsHio+l and, to a lesser extent, that at mass 
71 (C5HU + ), which may also originate from reactions in
volving the propane impurity to some extent. The relative 
insensitivity of the ion current at mass 71 to the added 
propane and butane, however, suggests that this ion may 
originate largely from some other source, probably a fast 
reaction with some other impurity, possibly a small 
amount of C5H12.

We must conclude that although several higher molecu
lar weight ions were observed in our experiments at high

pressures, there is no firm evidence for further reaction of 
any of the product ions with ethane itself to form these 
higher molecular weight ions, and their presence is proba
bly best explained by the occurrence of fast reactions with 
minute amounts of alkane impurities.

It is worthy of mention that when propane and butane 
are added to ethane, no ions corresponding to the C^He- 
C3H8+ or C2H6-C4Hio+ addition ions are observed. 
In order to check on this point, large amounts of propane 
(up to 10%) were added to ethane, and the product ions 
were observed at temperatures from room temperature 
down to 188°K, but no adduct ion was observed.

When butane or isobutane is added to ethane, an ion 
current is observed at mass 113, indicating the occurrence 
of the reaction

C4H7-  -I- C4Hjo -*■ C8Hi7+ (45)
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The photochemistry of decafluorobenzophenone was investigated in degassed solutions of cyclohexane, 
benzene, toluene, and p-xylene using 366-nm irradiation. In cyclohexane the primary photochemical step 
is hydrogen abstraction by triplet decafluorobenzophenone, 3(n,7r*), with a rate constant of 7.5 x 106 
M - 1  sec-1. The primary radicals formed undergo two types of radical-radical reactions, (a) combination 
and (b) an aromatic substitution reaction. At high concentrations (C ) and at low light intensities (/a), 
aromatic substitution of decafluorobenzophenone by cyclohexyl radical is also observed. Thus, the quan
tum yield (4>) is dependent on C and / a. In cyclohexane using C = 0.01 M and by extrapolating 7a to 
4> = 0.41 for decafluorobenzophenone disappearance, the major products of which are
cyclohexyldi(pentafluoro)phenylcarbinol (24%) and 0- and p-cyclohexylnonafluorobenzophenone (22 and 
54%). Benzene quenches the triplet state with a rate constant kq of 1.6 X  108 M - 1  sec-1. There is no 
conversion of decafluorobenzophenone to products in pure benzene. In toluene and p-xylene, <f> = 0.055 
and 0.096, respectively, indicating that both hydrogen abstraction and direct quenching by the aromatic 
ring is taking place. The rates of hydrogen abstraction from cyclohexane and quenching by benzene are 
much higher than those obtained in the photochemistry of benzophenone. These higher rates must be 
due to the inductive effect of fluorine substitution, which increases the charge polarization of the 3(n,7r*) 
state. The quenching mechanism by benzene thus can be explained by a charge-transfer complex or an 
exciplex between the ketone in the 3(n,7r*) state andhenzene.

Introduction
The reactivity of the aromatic ketones in hydrogen-do

nating solvents depends on the nature of the lowest energy 
triplet state. The order of reactivity of the three known 
triplet states is as follows: 3(n,7r*) > 3(ir,7r*) > 3(CT). The 
reactivity has been correlated1 qualitatively with the par

tial charge distribution of the carbonyl group in the excit
ed state. The partial charge on oxygen has been indicated to 
be positive in the 3(n,7r*) state, neutral in the 3 ( - 7 r ,7 r * )  state, 
and negative in the 3(CT) state. A wide range of reactivity 
is also anticipated within a particular class of the triplet
(1) G. Porter and P. Supan, Trans. F araday S o c . , 61, 1664 (1965).
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states as the partial charge can be varied by substituent 
groups.

T o  determine the effect of substituent groups on the re
activity o f the 3(n,7r*) states, exploratory photochem ical 
investigation o f a series o f fluorine-substituted benzophe- 
nones has been initiated. The preliminary results indicat
ed that decafluorobenzophenone is the most unusual and 
therefore further investigation has been pursued using 
several solvents to determine the mechanism o f the photo
chem ical reactions o f this com pound.

Recently some photochem ical2 ’3 and spectroscopic4 '5 

studies have been reported on this subject by other inves
tigators. O f these, the most pertinent is the flash photoly
sis2 study reported at the X X X IIIrd  International C on
gress o f IUPAC. In this study the decafluorobenzophenone 
ketyl radical generated in 2 -propanol was identified and 
the lifetime o f the triplet state at room temperature using 
inert solvents (CCR, Freon E4, and perfluorom ethylcyclo- 
hexane) was determined to be 20 /¿sec. The lifetime o f the 
benzophenone triplet6 at similar conditions is 0.71 msec. 
The esr spectra o f  the decafluorobenzophenone ketyl and 
anion radicals have been reported by Sargent and Bailey .4 

The phosphorescence spectrum o f decafluorobenzo
phenone has been reported by Sim pson and O ffen .5 It is 
interesting that the lowest energy excited state is 3 (n ,7r*) 
and that the energy of this state in nonpolar solvents is 
essentially the same as that o f benzophenone. The sole 
photochem ical study reported by Filipescu, Pinion, and 
M inn 3 indicates that decafluorobenzophenone in 2-propa
nol is converted to decafluorobenzhydrol with a quantum 
yield o f 0.60 ±  0.01. These authors recom m end decafluo
robenzophenone dissolved in 2 -propanol as an actinom eter 
in the uv region from 290 to 370 nm.

Experimental Section
1. Reagents. Decafluorobenzophenone (Aldrich), when 

recrystallized from cyclohexane, did not contain any reac
tive impurities. Spectro Grade (Eastm an K odak) cyclo
hexane, benzene, toluene, p-xylene, and 1 ,2 -dichlo- 
roethane were used without further purification. Perfluo- 
rodim ethylcyclobutane was obtained from the Pierce 
Chemical Co., zone-refined benzene and benzophenone 
from James Hinton, and irons-stilbene from Eastman 
K odak Co.

2. Procedure. The light source (1000-W xenon-m ercury 
arc lam p), actinom etry, and preparations o f degassed 
samples for irradiation have been previously described .7 

M onochrom atic light, 366 nm, was used. Cylindrical spec
trophotom eter cells matle of either Pyrex or quartz were 
attached to degassing tubes and were used as reactors. 
The irradiated samples were analyzed by glc using Vs in. 
by 8 ft colum ns packed with 1 0 % silicone gum rubber 
(UC98) supported on silanized diatom aceous earth. A 
thermal conductivity detector and temperature program 
ming up to a m axim um  temperature o f  300° were used for 
quantitative determination or product yields. The minor 
products were identified by glc-m ass spectrometric 
(LKB-9000) analysis using a glass colum n (Vs in. by 8  ft) 
packed with 2% Dexil supported on Chromosorb W (A W - 
D M C S).

The major com ponents were isolated by tic using 
Chrom -AR sheets (M allinckrodt) and a solvent containing 
80% cyclohexane and 20% benzene. The com pounds were 
identified on the basis o f  mass spectrometry and proton 
and fluorine nmr analysis. The spectroscopic data includ
ed in the Appendix will appear in the microfilm  edition of

the journal. 8 The uv absorption spectrum was obtained 
using a Cary M odel 14 recording spectrophotom eter. 
Phosphorescence measurements were made using a setup 
consisting of 1000-W xenon arc lamp, two Bausch & Lom b 
monochromators, a light beam chopper, and a photom ul
tiplier connected to an x -y  recorder. The phosphorescence 
quantum yield was determined using a degassed 0 .0 2  M  
solution of decafluorobenzophenone in perfluorodim ethyl- 
cyclobutane.

The intersystem crossing efficiency was determined by 
the m ethod o f Lam ola and H am m ond9 using trans-stil- 
bene isomerization. The yield of cis-stilbene was deter
mined in several experiments using a 1 ,2 -dichloroethane 
solution containing 0.02 M  concentration o f decafluoro
benzophenone and trans-stilbene concentration in the 
range from 0.005 to 0.3 M . Similar experiments were per
formed for comparison with benzophenone. The conver
sion o f trans-stilbene was <5% .

Results and Discussion
1. Intersystem  Crossing E fficiency. Decafluorobenzo

phenone exhibited only phosphorescence and no detecta
ble fluorescence. The phosphorescence spectrum 5 indi
cates that the lowest energy triplet state is the reactive 
3 (n ,7r*) state. The triplet energy measured in both polar 
and nonpolar solvents is presented in Table I and is ap
proxim ately the same as that o f benzophenone. The ab
sorption spectrum, shown in Figure 1, indicates that the 
forbidden n —*• t * band is in the 325-390-nm region. A l
though this band does not show a m axim um , it overlaps 
the corresponding band o f the benzophenone n —* tv* ab
sorption. Since the lowest triplet energy o f both ketones is 
essentially the same, as shown in Table I, it is apparent 
that the energy difference between 1 (n,ir*) and 3 (n,7r*) 
states should be approxim ately the same as in benzophe
none and thus a high value o f intersystem crossing effi
ciency can be predicted. This was confirm ed experim en
tally by the m ethod of Lam ola and H am m ond9 using 
trans-stilbene isomerization. It was found from a direct 
comparison presented in Figure 2 that the maximum yield 
o f cis-stilbene was the same as that obtained with benzo
phenone. Thus, the intersystem crossing efficiency of 
these two com pounds is the same and is equal to 1 .0 0  ±  
0.03.

It should be mentioned that the yield of cis-stilbene, 
shown in Figure 2, decreases with increasing irans-stil- 
bene concentration in the range from 0.04 to 0.3 M  when 
using decafluorobenzophenone. This is unusual ir„ view of 
the study by H am m ond, DeM eyer, and W illiam s10  who 
found that trans-stilbene concentration had no effect on

(2) A. Singh, M. G. Jonasson, F. C. Sopchyshyn, and F. P. Sargent, 
XXXIIIrd International Congress of Pure and Applied Chemistry, 
Boston, Mass., July 25-30, 1971.

(3) N. Filipescu, J. P. Pinion, and F. L. Minn, C h em . C om m u n ., 1413 
(1970).

(4) F. P. Sargent and M. G. Bailey, Can. J. C h em .. 49, 2350 (1971).
(5) J. Simpson and J. Often, J. C h em . P h ys.. 55, 4832 (1971).
(6) C. A. Parker and T. A. Joyce, C h em . C om m u n .. 749 (1968».
(7) J. Dedinas, J. Phys. C h em .. 75, 181 (1971).
(8) The spectroscopic data included in the Appendix will appear fo l

lowing these pages in the microfilm edition of this volume of the 
journal. Single copies may be obtained from the Business Opera
tions Office, Books and Journals Division, American Chemical Soci
ety, 1155 Sixteenth St., N.W., Washington, D. C. 20036. Remit 
check or money order for $4.00 for photocopy or $2.00 for m icro
fiche, referring to code number JPC-72-0000.

(9) A. A. Lamola and G. S. Hammond, J. C h em . P h ys., 43, 2129 
(1965).

(10) H. A. Hammond, D. E. DeMeyer, and J. L. R. Williams, J. A m er. 
C hem . S o c .. 91, 5180 (1969).
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TABLE 1: Com parison of Triplet Decafluorobenzophenone and Benzophenone

Solvent (C6F5)2CO Ref (C6H5)2CO Ref

^ t r i p l e t . N onpo la r 68.4 ±  0.1 a 68.1 ±  0.1 a
k c a l/m o l N onpo la r 68.4 4 68.4 5

Polar, EPA 70.0 4 69.3 5

P hosp hore scence Polar, EPA 3.8 5.2
life tim e  at 
77°K , m sec

Polar, EPA 4.0 4 5.8 5

^  p h o s p h o r e s c e n c e 0.21 b 0.74 d
77°K

^ i s c 1.00 ±  0 .03 c 1.0 8
T rip le t life tim e 0.020 2 0.71 6

a t 23°, m sec

° This work, solvent 20% isopentane, 80% methylcyclohexane. Etripiet determined from phosphorescence spectrum obtained at —196°.6 This work, 
results obtained in collaboration with L. F. Costa. c This work, results obtained by comparison with benzophenone.11 W. D. K. Clark, A. D. Litt, and C. 
Steel, J. A m er . C h em . S o c ., 91, 5413 (1969).

Figure 1. Uv ab so rp tio n  sp e c tru m  in cyc lo h e xa n e  of (A ) de ca- 
fluo ro b e n zo p h e n o n e  and (B ) benzophenone.

the quantum yield o f isomerization for several substituted 
benzophenones. Their results were confirm ed in this study 
with benzophenone. This anomaly is apparently due to 
singlet quenching by trans-stilbene. However, it should be 
pointed out that the determination o f the intersystem 
crossing efficiency is not affected by this anomaly since it 
was determined at a trans-stilbene concentration o f 0 .0 1  

M , whereas the anomaly is observed at concentrations 
>0.04 M.

2. Photochem istry in Cyclohexane, (a) Products and 
Yields. Three major products are obtained in the photo
chem ical reaction o f decafluorobenzophenone in degassed 
cyclohexane solution when 366-nm irradiation is used. 
They are cyclohexyldi(pentafluoro)phenylcarbinol (1) and 
o- and p-cyclohexylnonafluorobenzophenone (2 and 3).

Figure 2. D e te rm in a tio n  of in te rsys tem  c ro ss in g  e ff ic ie n c y  by 
sens itized  fra n s -s tilb e n e  isom e riza tio n  in degassed so lu tion  o f 
1 ,2 -d ich lo ro e th a n e : □ ,  0 .02 M  benzophenone; O , 0 .02  M  d e 
ca flu o rob enzo phe none .

The overall reaction for the form ation o f these products is 
shown in eq 1-3. The yield o f HF has not been deter
mined. The quantum yields o f products 1, 2, and 3 de
pend on the reaction conditions and are presented in 
Table II for the cases where high light intensity (extrapo
lated to infinity) and two concentrations of decafluoroben
zophenone, 0.01 and 0.05 M , were used. Additional yield 
data related to the intensity o f absorbed light ( /a) and 
concentrations are presented in Figures 3-5 . Light intensi
ty affects the values 4>(2) and 4>(3) and has no effect on 
the value o f 4>(1).

OH

(C6F5),C— C6H„ (1)
1

The effect o f concentration was investigated at / a =  2.2
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TABLE II: Quantum  Yields of Products Obtained in 
Cyclohexane at High Light Intensity (Extrapolated to co)

Concn of
decaf luorobenzophenone

Compd 0.01 M 0.05 M

1 0.10 0.07
2 0.09 0.09
3 0.22 0.22
4 < 0 .0 0 5 0.005
5 < 0 .0 0 5 0.005
6 0.01 0.01
7 < 0 .0 01 <0 .0 01
8 a a

a Product not detected.

X  1017  quanta m in ' 1 m l '1. In these experiments (Figure 
5) the incident light intensity (/¡) was varied in inverse 
proportion to concentration, so as to maintain 7a approxi
mately constant. The effect is greatest on 4>(3), which in
creases with concentration; 4>(1) and I>(2 ) are only slightly 
affected by concentration. These data were obtained pri
marily to elucidate the reaction mechanism ; a further dis
cussion o f interpretation is presented in the following sec
tion. T he minor products were m -cyclohexylnonafluoro- 
benzophenone (4), dicyclohexyloctafluorobenzophenones
(5), decafluorobenzhydrol ( 6 ), and bicyclohexyl (7). It is 
interesting that there was no eicosafluorobenzopinacol (8 ) 
formed in this reaction and that the quantum yield of 
bicyclohexyl was very low, <0.001. The quantum yields of 
the minor products are also reported in Table II.

(b ) M echanism . Spectroscopic results obtained by flash 
photolysis2 indicate that in a hydrogen-donating solvent 
such as 2 -propanol, decafluorobenzophenone ketyl radical 
is formed from triplet decafluorobenzophenone. These re
sults, in conjunction with uv absorption and phosphores
cence5 spectra, indicate that the initial photochem ical 
processes, light absorption, intersystem crossing, and 
quenching o f the triplet state by hydrogen abstraction 
should occur by the same mechanism as in the photo
chem istry o f benzophenone.

K„ K1* K3* (4)

K3* Ko (5)

K3* + RH KH- + R- (6)

k\, Kc + RH (7a)
KH- + R-

products (7b)
Ko, K 1*, and K 3* represent ketone in the ground, sin
glet excited, and triplet state, respectively; K H - is a ketyl 
radical, RH  is a hydrogen donor, and R- is a radical.

Com bination o f the ketyl and the cyclohexyl radicals is 
apparently the mechanism o f the form ation o f product 1 , 
e . g .

(C6F5)2COH + C6Hu- (C6F5)2C(OH)C6H„ (8)

This mechanism is derived from the observation that <I>(1 ) 
is independent of Ia and is only slightly dependent on con
centration.

The quantum yields o f products 2 and 3 increase linear
ly with increase o f concentration (Figure 5) and in the re
gion of high light intensity they also increase linearly as a

Figure 3. E ffe c t o f ligh t in te n s ity  a t d e ca fluo robe nzop heno ne  
co n ce n tra tio n  o f 0 .05 M  in cyc lo h e xa n e : □ ,  $ ( 1 ) ;  A ,  <f>(2); O , 
$ ( 3 ) .

T ( 3 ) .

Figure 5. E ffe c t of d e ca flu o ro b e n zo p h e n o n e  co n ce n tra tio n  in 
‘ cyc lohe xane : □ , ‘'$ (1 ) ;  A ,  $ (2 ) ;  O, 4>(3). /a =  2.2 X 1017 quanta  

m i n '1 m l“

function o f l/Ia (Figures 3 and 4). Thus, in the regions 
where linear relationship holds, the following equation d e 
scribes the effects of concentration (C ) and o f absorbed 
light intensity (/ a)

$  =  A +  BC/Ia (9)
where <i> is the quantum yield of ketone disappearance 
and A  and B  are constants. It is interesting that the inter
cepts in Figures 3 -5  for com pound 3 are essentially the 
same. They are also the same for com pound 2; however, 
this is not very surprising since 4>(2) is much less affected 
by the operating variables than 4>(3). On the basis of
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these relationships two mechanisms must be involved in 
the form ation o f products 2 and 3. At the conditions 
where B C //a «  0  ( /a =  °° or C =  0 ), solely radical-radi
cal reactions should be important, while at the other con
ditions, BC/Ia >  0, both radical-radical and ground-state 
decafluorobenzophenone-radical reactions may be pres
ent. The reactions involving ground-state decafluoroben- 
zophenone are indicated by the results in Figure 5, where 
the concentration effect shows a significant increase of 
<f>(3) with increasing concentration. This effect is much 
smaller on <J>(2 ), but nevertheless is unequivocally evi
dent.

Thus, two mechanisms of aromatic substitution are pro
posed for the formation o f products 2 and 3, (1) reaction 
between cyclohexyl and decafluorobenzophenone ketyl 
radicals and (2 ) reaction between cyclohexyl radical and 
decafluorobenzophenone in the ground state. The cyclo- 
hexyl-ketyl radical aromatic substitution (m echanism  I) 
is indicated by reaction 10. The product should be rela
tively unstable, as it can undergo enolization by reaction 
1 1 , and a unim olecular decom position leading to the for
mation o f p-cyclohexylnonafluorobenzophenone, as shown 
by reaction 12. Analogous reactions to 10-12 can be writ
ten for the form ation of o-cyclohexylnonafluorobenzophe- 
none. Reaction 10 is similar to that proposed by Schenck 
and coworkers1 1  to explain the formation of isopinacol in 
the photochem ical reaction o f benzophenone and 2 -propa- 
nol. Reaction 12 is feasible on the basis that HF elim ina
tion should be highly exotherm ic and that the final prod
uct is m uch more stable than the precursor. Although 
reaction 12 shows HF elim ination from the enol form, it 
should be mentioned that the keto form (reaction 1 1 ) or 
both forms may be involved in the aromatization step. 
Because of the inductive effect o f the perfluorophenyl 
group, the hydroxylic proton should be highly acidic; and 
thus HF elim ination by reaction 12 is facilitated by that 
effect.

Mechanism I

O F ^ F

CeF5— C— \ — C6Hn + HF (12)

F F

In mechanism II aromatic substitution o f decafluoro-
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benzophenone by cyclohexyl radical is shown by means of 
reactions 13-15. Cyclohexyl radical addition to benzene is 
well known7. The rate o f addition increases with halide 
substitution ;12  thus it is not unusual that cyclohexyl radi
cal addition to decafluorobenzophenone com petes with 
radical-radical reactions. The im portance of reaction 13 
depends on the decafluorobenzophenone concentration 
and also on the concentration o f the cyclohexyl radical. 
Similar reactions to 13 and 14 are envisioned for the for
mation o f o- and m -cyclohexylnonafluorobenzophenone.

Mechanism II

F F

O F, ,F
II

C6F5— C- C6H„ + F (14)

F F
C6H12 + F — *- -C6Hn + HF (15)

This mechanism differs from aromatic substitution by 
mechanism I in two respects. First, it is a chain propaga
tion reaction. Second, the radical formed by reaction 13 
can undergo consecutive radical com bination and dispro
portionation reactions, for example, as in reaction 16.

Reaction 16 and analogous reactions account for the for
mation o f dicyclohexyl-substituted com pounds found to 
be present in small yields ( ~ 1 %) even at very low conver
sions when consecutive reactions of the m onosubstituted 
products are unlikely.

The para/ortho isomer ratio in products resulting from 
mechanism I is 2.44 as measured by the ratio o f 4>(3)/$(2) 
at Ia =  The para/ortho isomer ratio in the products 
obtained by mechanism II is estimated as approxim ately
6 . The yield o f the meta isomer is low (< 5 % ) in both 
cases; however, mechanism II favors a higher yield of 
meta substitution than does mechanism I.

It should be mentioned that decafluorobenzophenone 
ketyl and cyclohexyl radicals, with the exception of reac
tion 8 , do not undergo the usual radical com bination and 
disproportionation reactions, as observed in the photo
chem istry of benzophenone. Thus, the yield of b icyclohex
yl is very low, < 1 % of the total product. This indicates

(11) (a) G. O. Schenck and G. Matthias, T etrahed ron  L ett.. 699 (1967); 
(b) G. O. Schenck, M. Cziesla, K. Eppinger, G. Matthias, and M. 
Pape, ibid., 193 (1967).

(12) D. H. Hey and G. H. Williams, J. C hem . P h ys ., 23, 757 (1955).
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Figure 6. $  vs. re c ip ro c a l cyc lo h e xa n e  c o n ce n tra tio n  In per- 
f lu o ro d im e th y lcyc lo b u ta n e . D eca flu o ro b e n zo p h e n o n e  c o n 
ce n tra tio n  =  0.01 M ; Ij =  3 .96 X 1 0 18 qu an ta  m in -1  c m - 2 ; 
ligh t a b so rp tio n  =  46 .2% .

that the rates o f reactions 8 and 1 0  are higher by at least 
an order o f magnitude than reaction 17a. The yield of de-

fi IT a  ̂ c 12h22 (17a)

Jfc.Tb QH,„ + C(iH12 (17b)
cafluorobenzhydrol is also very low, 2.5%, and there was 
no eicosafluorobenzopinacol detected in the reaction prod
ucts. The low yield of these com pounds indicates that the 
rates of reactions 8  and 1 0  are also m uch higher than the 
com peting reactions 18a and 18b. The ratio of the rate

2(C6F5)2ÇOH
(C6F5)2COHCOH(C6F5)2 

(C6F5)2CO + (C6F5),HCOH

(18a)

(18b)
constants is k n b/ k n a =  1.313  and the com bined rate con
stant , 14 I?i7a +  /ti7b = 3.4 X 109 M - 1  sec - 1 . From this, it 
follows that fei7a =  1.5 X  IO9 M - 1  sec - 1 . Assuming that 
feisa is approxim ately the same as the rate constant15  for 
the formation ot benzopinacol, e.g., kyga «  3.1 X  IO7 M - 1  

sec-1 , the com bined rate o f the cyclohexyl and the deca
fluorobenzophenone ketyl radical leading to products 1 , 2 , 
and 3 (reactions 8  and 10) can be estimated to be o f  the 
order of 1 X 1010  M - 1  sec - 1 , which is essentially equal to 
a diffusion-controlled rate. This rate constant is approxi
mately two orders o f magnitude greater than the corre
sponding rate constant o f the reaction between the cyclo 
hexyl and the benzophenone ketyl radicals. However, it 
should be pointed out that the assumption that feiga «
3.1 X IO7 M -1  sec - 1  may be invalid, and thus a definite 
conclusion cannot be drawn about the reactivity o f the 
decafluorobenzophenone ketyl radical with the cyclohexyl 
radical. It is clear, however, that the unusual reactivity of 
the two primary radicals generated in this system can be 
caused either by a very high rate constant for the reaction 
between the decafluorobenzophenone ketyl and the cyclo 
hexyl radicals, or alternatively, by a very low value for the 
rate constant /eigb, which should be at least two orders of 
magnitude lower than the corresponding rate constant for 
the reaction o f benzophenone ketyl radicals. The im por
tance o f these two factors is being investigated, and the 
results will be reported elsewhere.

The slight decrease o f <i>( 1 ) with increasing decafluoro
benzophenone concentration can be explained by radical- 
radical disproportionation reactions. Cyclohexyl radical 
addition to ground-state decafluorobenzophenone, reac
tion 13, is concentration dependent; thus reaction 19 
which involves the radical formed by reaction 13 and the 
ketyl radical should be also concentration dependent. The 
diene formed by reaction 19a should aromatize by elim i

nation o f HF, as shown by reaction 12. The com pound 
(C 6F 5)2 C (O H )F , if form ed, would be very unstable and 
would decom pose rapidly to decafluorobenzophenone and 
HF. Reactions 19a and 19b would decrease the concentra
tion of the ketyl radical and thus the yield of 1 by reaction 
8 would decrease with increasing decafluorobenzophenone 
concentration.

(19a)

i _ h _
(C6F5)2COH + C6F —  C— G tt, 

F F

(19b)

Finally, it should be m entioned that the quantum yield 
o f decafluorobenzophenone at high light intensity being 
less than unity (4> = 0.41 at C = 0.01 M )  may be entirely 
due to back reaction 7a which converts the primary radi
cal intermediates to the starting reactants. This is expect
ed, since it was shown in the flash photolysis o f  benzophe
none16  that the yield o f benzophenone ketyl radical was 
the same in several hydrogen-donating solvents, although 
the quantum yield o f the final products varied by as much 
as fourfold.

(c ) Rate of H ydrogen Abstraction. The triplet half-life- 
time o f decafluorobenzophenone in inert solvents (perfluo- 
rom ethylcyclohexane, Freon E4, and CCI4) at room tem 
perature has been reported to be 14 ¿¿sec on the basis of 
flash photolysis investigation .2 Thus, the decay constant, 
kd = 0.693/14 x  10 -  6 = 4.95 x  104 sec- 1 . The rate o f hy
drogen abstraction, k T, (reaction 6 ) can be related to $  
and cyclohexane concentration based on reactions 4-7b.

(  K  \ r kr(K s*){ RH)
\ k v + k b j U ,.(tf3*)(RH )+ kd K 3*)] (20)

where $  and <t>isc are the quantum yields of the disappear
ance of decafluorobenzophenone and o f intersystem cross
ing efficiency, respectively.

( k v +  k b \  r tu  1 
V K  > L MRH)J (21)

L+ *" 1 
L + jmrhiJ (22)

where a =  [(/?p +  /eb)/fcp](l/< i>isc)- A  linear plot o f  l/4> us. 
1 /(R H ) is shown in Figure 6  for the disappearance of 
decafluorobenzophenone dissolved in perfluorodim ethylcy- 
clobutane. The ratio o f k d / k { is 0.00657 (determ ined from

(13) J. Y. Yang, F. M. Servedlo, and R. A. Holroyd, J. C h em . P hys., 48, 
1331 (1968).

(14) (a) W. G. Burns and C. R. V. Reed, Trans. F araday S o c .. 66, 2159
(1970); (b) W G. Burns, M. J. Hopper, and C. R. V. Reed, ibid.. 
66, 2183 (1970).

(15) (a) C. C. W anser, G. S. Hammond, C. T. Chang, and C. Baylor, 
Jr., J. A m er . C h em . S o c .. 92, 6362 (1970); (b) A. Beckett and G. 
Porter, Trans. F araday S o c ., 59, 2038 (1963).
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TABLE 111: Comparison of Rate Constants of Decafluorobenzophenone and Benzophenone

Reaction (CgFs^CO Ref (CgHs^CO Ref

K3* Ko 4.95 X 104 sec- 1
K3* + C6Hi2 —̂  KH- + -QjH,, 7.5 X 106/W-1 sec
K3* +  C6H6 Ko +  C6H6 1 .6  X 1 0 8 M~' sec

“  This work.

the slope/intercept ratio). Thus, k r = 7.5 X 106 M - 1  sec-1 .
Porter and T opp 16 reported a decay constant for benzo

phenone triplet in cyclohexane of 3.3 x  106 sec- 1 . Assum
ing that the triplet is quenched essentially by hydrogen 
abstraction (reaction 6 ), the second-order rate constant is 
(3.3 x  106)/9 .27 = 3.6 x  105 M - 1  sec - 1  (concentration of 
cyclohexane is 9.27 M ). Thus, the rate of hydrogen ab
straction by decafluorobenzophenone is 2 2  times as great 
as that by benzophenone. The higher rate o f hydrogen ab
straction provides an explanation why the photochem ical 
reaction in this case is not nearly so much affected by 
oxygen as in the case of benzophenone. For example, a 
long irradiation o f a nondegassed solution of benzophe
none in cyclohexane does not result in any appreciable 
conversion; on the other hand, decafluorobenzophenone 
under similar conditions is converted at a moderate rate, 
which is approximately xk  as fast as that obtained under 
irradiation conditions using degassed solutions.

3. Quenching by Benzene. Ham mond, Baker, and 
M oore17  showed that benzene and toluene quench the 
triplet state o f benzophenone and calculated the approxi
mate rate constants of the quenching reactions. Bell and 
Linschitz18 showed by flash photolysis that the triplet 
lifetime of benzophenone in benzene is relatively short. In 
this laboratory using continuous irradiation7 and flash 
photolysis19 it was shown that photoreduction of benzo
phenone triplet by hydrogen abstraction from benzene 
takes place, but at such a slow rate that the short lifetime 
of the triplet state cannot be explained by the hydrogen 
abstraction reaction, and thus a direct quenching of the 
benzophenone triplet by benzene is indicated. Saltiel, 
Curtis, and Jones20 also determined the quantum yield of 
the photoreduction reaction. It was found by Porter and 
T opp 16 and by Schuster, et al.,21 that benzophenone trip
let is quenched faster by perfluorobenzene than by ben 
zene. Since a direct energy transfer would be endothermic 
by 13 kcal/m ol, it appears that the mechanism o f quench
ing should involve an intermediate derived from benzo
phenone triplet and benzene. The intermediate may be a 
charge-transfer com plex, an exciplex, or a diradical ad
du ct .22

In view of these findings, it was of interest to study the 
photochem ical reactions o f decafluorobenzophenone in 
benzene. The results showed no conversion of decafluoro
benzophenone after a long period of irradiation and there 
was no indication of any products formed on the basis of 
tic, glc, and uv absorption analysis. These results indicat
ed a rapid quenching of the triplet state by benzene. 
Therefore, a study was carried out using decafluorobenzo
phenone dissolved in perfluorodim ethylcyclobutane (0 .0 1  

M ) containing 0.04 M  cyclohexane and varying amounts 
of benzene. A Stern-Volm er plot based on eq 23 is pre
sented in Figure 7, which shows a linear relationship for 
the disappearance of decafluorobenzophenone.

4>o/<i> = 1 +  [*q [Q ]/(*d +  M R H ))] (23)

In this equation, kq is the rate constant for quenching by

2 1.41 X 103 se c-1 6

a 3.6 X 105 M- 1  sec- 1 16

a 0.8 ±  0.1 X 10 5 M ~ '  se c - 1 19

benzene and [Q] is benzene concentration. The slope of 
the plot = 470; thus kQ = 1.6 x  108 M - 1  sec- 1 . This rate 
constant is three orders of magnitude greater than that of 
benzophenone quenching by benzene, as can be seen from 
the comparison of the rate constants for decafluorobenzo
phenone and benzophenone presented in Table III.

In general, both the rate o f hydrogen abstraction from 
cyclohexane and the rate of quenching of the 3 (n,ir*) state 
by benzene are greater in the case of decafluorobenzo
phenone than in benzophenone. Since the 3 (n ,7r*) energy 
of these two com pounds is essentially the same, the only 
explanation that is consistent with the experimental re
sults is that both the difference in the rate of hydrogen 
abstraction and the rate of quenching by benzene must be 
dependent on the degree of charge polarization of the 
3(n ,7r*) state. The decafluorobenzophenone because of the 
inductive effect of fluorine substitution should have a 
much higher degree of charge polarization in the 3(n,7r*) 
state than benzophenone and thus, a higher rate of hydro
gen abstraction. This is in agreement with the experimen
tal results. A higher degree of charge polarization should 
also facilitate the rate of formation of a charge-transfer 
complex or an exciplex between ketone in the 3 (n,7r*) 
state and benzene. Since the quenching rate o f the deca
fluorobenzophenone triplet by benzene is 1 0 3 times greater 
than that of benzophenone triplet, these results indicate 
that the intermediate in the energy transfer mechanism 
must be a charge-transfer complex, or an exciplex, formed 
between the ketone in the 3(n,7r*) state and benzene.

(16) G. Porter and M. R. Topp P roc. R oy. S o c .. Ser. A. 315, 163 
(1970).

(17) G. S. Hammond, W. P. Baker, and W. M. Moore, J. A m er . C hem . 
S o c .. 83, 2795 (1961).

(18) J. A. Bell and H. Linschitz, J. A m er. C h em . S o c . 85, 528 '1963).
(19) A. V. Buettner and J. Dedinas, J. Phys. C h em .. 75, 187 (1971).
(20) J. Saltiel, H. C. Curtis, and B. Jones, Mol. P h o to ch em .. 2, 331

(1970) .
(21) D. I. Schuster, T. M. Well, and M. R. Topp, C h em . C om m u n .. 1212

(1971) .
(22) Schuster, e t  a l..2' claim evidence for a dlradlcal Intermediate on 

the basis that the benzophenone triplet Is quenched by perfluo
robenzene at a faster rate than by benzene. This observation can
not constitute a proof for the existence of a dlradlcal intermediate 
and is essentially a reiteration of the earlier hypothesis of Saltiel, e t  
a/ . ,23 and of Schuster, ef a/ . 24

Some of the statements pertaining to experimental procedures 
may be misleading. The selective photochlorlnation procedure, an 
unpublished technique of Saltiel and Metts, Is claimed to produce 
benzene of higher purity21 than that obtained by alternative proce
dures. The test for maximum purity was the finding of the lowest ob
served rate of benzophenone triplet decay (/,g), the value of which 
reported by Schuster, e t  a l.,2' is 1.0 ±  0.1 X 105 sec-1 . Buettner 
and Dedinas, 19 using zone-refined benzene (99.997%) and zone- 
refined benzophenone (99.9%), determined kq to be 0.3 ±  0.1 X 
105 sec-1 . Since these values are the same within experimental 
error, they cannot be used as a test for determining which tech
nique for purifying benzene Is superior.

Schuster, e t  a t..2' Imply that more accurate results were obtained 
using a laser flash than the microsecond flash employed In the pre
vious Investigations. 18- 19 This is hardly the case because the re
sults within experimental error were the same using both tech
niques. 19 -21
J. Saltiel, H. C. Curtis, L. Metts, J. W. Mlley, J. Wlnterle, and M. 
Wrlghton, J. A m er. C h em . S o c .. 92, 410 (1970).
D. I. Schuster and D. F. Brlzzolara, J. A m er. C h em . S o c .. 92, 4357 
(1970).
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TABLE IV: Photolysis“ of Decafluorobenzophenone in Toluene 
and p-Xylene

Solvent Toluene p-Xylene

$  (ketone disappearance) 
Product6 yields, %

OH

(C6H5),C— ch — R

F F

CH —  CH, 

OH
I

(CSFS),C—H

0.055 0.096

68 ±  5 68 ±  5

30 ±  5 30 ±  5

<2 <2

<1 <1
“ Conditions: 0.01 M decafluorobenzophenone concentration, 23°, 

366-nm light, t\ =  5.84 X 1017 quanta m in - 1  cm “ 2. 6 R =  H in toluene, 
R =  CH3 in p-xylene.

4. Photochem istry in Toluene and p -X ylene. In view of 
the rapid rate of decafluorobenzophenone triplet quench
ing by benzene and, via a hydrogen abstraction m echa
nism, by cyclohexane, it was o f interest to investigate the 
photochemistry in toluene. As expected, in this solvent 
the triplet state was quenched by both mechanisms: (a) 
hydrogen abstraction o f the benzylic hydrogen and (b) 
energy transfer by the aromatic ring. This is concluded 
from the very low quantum yield, 0.055 o f decafluoroben
zophenone disappearance and a good agreement between 
this value and an estimated quantum yield (0.045). The 
latter was deduced from an assumption that the rate con
stant of hydrogen abstraction o f the benzylic hydrogen is 
approximately the same as that ot the cyclohexane hydro
gen, and that the rate o f direct triplet quenching by tolu
ene is the same as by benzene, e.g.

êstimated k rJ(kr 4" kq) — 0.045

The reaction mechanism, based on the products identi
fied, is similar but not quite the same as described for the 
photochemistry in cyclohexane. The difference of product 
distribution is attributed to a lower reactivity of the ben
zyl radical in comparison to the cyclohexyl radical. The 
product yields are summarized in Table IV. The principal 
product (6 8 %) is benzyldi(pentafluoro)phenylcarbinol. 
The other major product (30%) is p-benzylnonafluoroben- 
zophenone. These products are analogous to those formed 
by reaction 8  and by mechanism I (reactions 10-12), re
spectively, obtained when using cyclohexane solvent. 
There is only the para-substituted ketone formed and 
there is no ortho product when toluene is used as a sol
vent. The lack o f substitution at the ortho position indi
cates that the decafluorobenzophenone ketyl radical has 
the unpaired electron essentially localized on the carbon 
atom containing the hydroxyl group, and thus the pre
ferred reaction with a benzyl radical is a radical com bina
tion (reaction 8 ) rather than a radical substitution (reac
tion 10). Similarly, it appears that the rate o f benzyl radi
cal addition to the ground-state decafluorobenzophenone 
should be much slower than the rate o f addition o f the 
cyclohexyl radical. From this it follows that the product 
distribution (although not tested experimentally) using 
toluene as a solvent should be much less dependent on

[Benzene], M

Figure 7. Stern-Volmer plot showing the effect of benzene 
quenching. Decafluorobenzophenone and cyclohexane con
centrations are 0.01 and 0.04 M ,  respectively, in perfiuorodi- 
methylcyclobutane.

light intensity and on decafluorobenzophenone concentra
tion than in the case of cyclohexane solutions.

The decafluorobenzophenone disappearance in p-xylene 
was measured under the same conditions as in toluene. 4>
= 0.096, indicating that the rate of hydrogen abstraction, 
as expected, should be greater by a factor of 2  than in tol
uene. The results summarized in Table IV indicate that 
the products were o f the same type and essentially of the 
distribution as obtained in the photochem istry of toluene.

Conclusion

The initial photochem ical steps, including intersystem 
crossing efficiency and the mechanism o f hydrogen ab
straction by the reactive 3 (n ,7r*) state, are the same as in 
the photochem istry of benzophenone. The primary radical 
intermediates undergo a recom bination reaction and a 
radical-radical aromatic substitution reaction. The latter 
reaction, when one o f the radicals is the cyclohexyl radi
cal, leads to the formation of both ortho and para alkyl- 
substituted nonafluorobenzophenone; when it is the ben
zyl radical, only the corresponding para-substituted com 
pound is formed. At high concentrations and at low light 
intensities, an aromatic substitution reaction involving the 
cyclohexyl radical and decafluorobenzophenone in the 
ground state is also significant. A summary o f the rate 
constants presented in Table III indicates that the rate 
constants of hydrogen abstraction from cyclohexane and 
quenching by benzene are much higher than those o b 
tained in the photochem istry of benzophenone. These 
higher rates must be due to the inductive effect o f fluorine 
substitution, which increases the charge polarization o f the 
3 (n ,7r*) state. The quenching mechanism by benzene must 
involve a charge-transfer com plex or an exciplex between 
the 3 (n ,7r*) state and benzene.
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S e n s it iz a t io n  a n d  Q u e n ch in g  o f  th e  C is —* T ra n s  Is o m e r iz a t io n  

o f  B is (g ly c in a t o )p la t in u m (l l )

F a b riz io  B o lle tta , M a rio  G le r ia , and V in c e n z o  B a lz a n i*

Istituto C him ico  “ G. C iam ician " dell' U niversità, L abora torio  di F o toch im ica  è  R adiazioni d'Alta Energia d el CNR, 4 0 1 2 6  B ologn a , Italy 
( R e c e iv e d  J u n e 27, 1972)

The possibility of sensitizing and quenching the cis —► trans intramolecular isomerization o f P t(g ly )2 has 
been investigated using various triplet donors and acceptors. Pyrazine (26.2 kK) and xanthone (26 kK) 
were found to sensitize'the cis —* trans isomerization ($iim ~  0.03 and ~  0.1, respectively), whereas no 
sensitization was found when thioxanthone (22.9 kK), quinoline (22 kK ), naphthalene (21.2 kK ), and b i
acetyl (19.2 kK) were used. N iaq2+ ions (8.9 kK) were found to quench the photoisomerization, whereas 
no quenching effect was obtained with M naq2+ ions (18.9 kK ). The lack of sensitization by the donors in 
the 22.9-19.2 kK range and the lack o f quenching by M naq2+ (18.9 kK) are interpreted on the basis of 
unfavorable Franck-Condon factors due to the distortion of the excited state that is responsible for the 
cis —*• trans isomerization.

Introduction

Sensitization and quenching techniques have profitably 
been used in organic photochem istry to individualize the 
state(s) responsible for the observed photoreactivity . 1

In the last few years, the use of these techniques has 
also becom e popular in the photochem istry of coordina
tion com pounds and some interesting results have already 
been obtained concerning the role played by the various 
excited states in the photoaquation of Cr(III) com plexes2 

and in the redox decom position of Co(III) com plexes . 3 

However, to our knowledge no example o f  sensitized or 
quenched isomerization of coordination com pounds has so 
far been reported. In the field o f organic photochem istry, 
on the contrary, sensitization and quenching of isomeriza
tion reactions have extensively been investigated , 1 -4 and 
the results so obtained have given important information 
on the involvem ent of distorted excited states and have 
also generated stimulating discussions on nonvertical 
energy transfer and related problem s . 1  It seems obvious 
that the extension o f such investigations to the intra
molecular isomerization o f coordination com pounds may 
also offer interesting information as far as the excited state 
distortions and the energy transfer processes are con
cerned.

We wish to report here a study concerning the sensitiza
tion and quenching of the cis —* trans isomerization of 
P t(gly ) 2 (gly = glycinato anion). The choice of this com 
plex was based on the fact that, at present, it is the sole 
coordination com pound which has been shown to undergo 
a geometrical photoisomerization via an intramolecular 
mechanism .5® The participation of distorted excited states 
in such an intramolecular isomerization reaction has al
ready been discussed in some detail.5 -6

Experimental Section

Materials. cis-B is(glycinato)platinum (II), C!s-Pt(gly)2, 
was prepared following the indications given in ref 5a. 
trans-Pt(gly) 2 was obtained by the methods o f Pinkard, et 
al.1 Xanthone (xanthen-9-one), thioxanthone (thioxan- 
then-9-one), biacetyl (2,3-butanedione), and naphthalene 
“ suitable for sensitizer use”  were obtained from the Baker 
Chemical Co. and used without further purifications. R e

agent grade pyrazine was purified by vacuum sublim a
tion. All o f the other chemicals were of reagent grade.

Apparatus. Radiations of 254 nm were obtained as pre
viously described .8 Those of 313, 334, and 365 nm were 
obtained from a Hanau Q 400 mercury vapor lamp by 
using Schott and Genossin interference filters . 9 Radiations 
of 401 nm were obtained as described in ref 10. The inten
sity of the incident light was measured by means o f the 
ferric oxalate actinom eter , 1 1  and was of the order o f 1CK7 

N hv /m in  for all o f the wavelengths used. The fraction of 
the absorbed light was calculated on the basis o f the 
transmittance o f the solutions. Spectrophotom etric m ea
surements were performed with an Optica CF4 NI spec
trophotometer and the emission spectra were recorded 
with a Turner Spectro 210 spectrofluorimeter.

Procedures. The general procedure for the study o f the 
sensitization and quenching of the cis-P t(gly ) 2 isom eriza
tion was as follows. W eighed amounts o f the com plex and 
of the potential sensitizer or quencher were dissolved in 
the selected medium  (water or water-ethanol 50% v /v ) .  A 
sample (3 ml) o f the solution was put into a spectrophoto-

(1) A. A. Lamola, “ Energy Transfer and Organic Photochemistry,'' A. A. 
Lamola and N. J. Turro, Ed., Interscience, New York, N. Y., 1969, 
p 17.

(2) (a) G. B. Porter, S. N. Chen, H. L. Schlafer, and H. Gausmann, 
Theor. Chim. A cta . 20, 81 (1971); (b) C. H. Langford and L. Tip
ping, Can. J. C h em .. 50, 887 (1971); (c) N. Sabbatini and V. Bal
zani, J. A m er . C hem . S o c ., in press.

(3) M. A. Scandola and F. Scandola, J. A m er . C h em . S o c .. 92, 7278 
(1970).

(4) (a) N. J. Turro, P h o to ch em . P h otobiol., 9, 555 (1969); (b) J. Saltiel 
and E. D. Magarlt, J. A m er . C hem . S o c ., 94, 2742 (1972), and ref
erences cited therein.

(5) (a) F. Scandola, O. Traverso, V. Balzani, G. L. Zucchini, and V. 
Carassiti, Inorg. Chim. A cta , 1,  76 (1967); (b) V. Balzani and V. 
Carassitl, J. Phys. C h em .. 72, 383 (1968); (c) F. S. Richardson, D. 
D. Shlllady, and A. Waldrop, Inorg. Chim. A c ta . 5, 279 (1971).

(6) V. Balzani and V. Carassitl, "Photochemistry of Coordination Com
pounds," Academie Press, London, 1970.

(7) F. W. Pinkard, E. Sharrat, and W. Wardlaw, J. C hem . S o c . , 1012 
(1934).

(8) V. Balzani, V. Carassitl, L. Moggi, and F. Scandola, Inorg. C h em .. 
4, 1243 (1965).

(9) V. Balzani, R. Ballardlni, N. Sabbatini, and L. Moggi, Inorg. C h em ., 
7,1398 (1968).

(10) V. Balzani, R. Ballardini, M. T. Gandolfi, and L. Moggi, J. A m er . 
C h em . S o c ., 93, 339 (1971).

(11) C. G. Hatchard and C. A. Parker, P roc . R oyal S o c .. S er. A, 235, 
518 (1956).
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metric cell that was placed in the thermostated (25°) cell 
holder of the irradiation equipment. All of the experi
ments were carried out at a pH of 6-7 since it has been 
shown that in this pH range cts-Pt(gly>2 only undergoes 
intramolecular cis —>- trans photoisomerization.12 After a 
suitable irradiation period, the irradiated solution was 
poured into a chromatographic column in order to sepa
rate the two isomers whose concentration was then deter
mined spectrophotometrically at 230 nm. For more details 
on this procedure see ref 12. Since xanthone, thioxan- 
thone, naphthalene, and biacetyl were found to interfere 
with the chromatographic separation, they were extracted 
with ether or chloroform before pouring the irradiated so
lution into the column. Irradiation of deaerated solutions 
was carried out on a special spectrophotometric cell con
nected to a side-arm bulb where the solution was degassed 
with freeze-pump-thaw cycles. For solutions containing 
biacetyl, this deaeration method could not be used since 
it gave some turbidity. In these cases, deoxygenation was 
performed by bubbling a stream of purified N2. The ob
served ratio of phosphorescent to fluorescent emission was 
about 8:1.

Results
The maximum solubility of cts-Pt(gly)2 in water at 25° 

was about 2 X  10~3 M and the trans isomer was about 
five times less soluble. In all of the other solvents suitable 
for photochemical studies both the complexes were much 
less soluble. For this reason, and because of the small ex
tinction coefficients of eis-Pt(gly)2 above 230 nm, only 
water or water-ethanol 50% v/v mixtures could be used as 
a solvent. This, of course, somewhat limited the possibili
ty of using standard donors since many of them are water 
insoluble organic molecules.1’13’14 Moreover, some of the 
organic donors that were soluble in water or water-ethanol 
mixtures (specifically, diphenylamine, (3-naphthylamine,
3-pentanone, p-toluenesulfonic acid, and naphthalene-1- 
sulfonic acid) were found to undergo photodecomposition 
reactions, and other donors, like acetone and biphenyl, 
were found to give some photoreaction with Ci's-Pt(gly)2. 
All of these compounds had thus to be discarded.

As far as the quenching of the isomerization reaction 
was concerned, the small absorption coefficient and the 
low solubility of «s-Pt(gly)2 did not allow us to use any of 
the standard organic quenchers. However, the hydrated 
ions of some transition metals proved to be suited for 
these experiments, as had already been shown for the 
quenching of Cr(en)33+ ,15

None of the potential donors or acceptors that we sys
tematically investigated (see Table I) gave any disturbing 
thermal or photochemical reactions under our experimen
tal conditions (see below). We would also like to mention 
that, contrary to what was reported in ref 16, we were un
able to obtain any luminescence emission from room tem
perature methanolic solutions of cis- or irons-Pt(gly)2. No 
emission was also found to occur for aqueous or ethanolic 
solutions of the two isomers.

A summary of the results obtained from the sensitiza
tion and quenching experiments is given in Table I.

Sensitization Experiments. Pyrazine. Aqueous solutions 
containing 4 X  1(D3 M pyrazine and 2 X  10_4-1.8 X 1(D3 
M cis-Pt(gly)2 were used. The excitation was carried out 
at 313 nm. Under such conditions, most of the incident 
light was absorbed by pyrazine. Chromatographic separa
tion of the irradiated solutions showed that the light ab-

TABLE I: Sensitization and Quenching of the Cis ^»T rans  
Isom erization of P t(g ly )2

Potential donor E ,a
or acceptor kK Sensitization Quenching

Pyrazine 26.2 Yes
Xanthone 26.0 Yes
Thioxanthone 22.9 No
Quinoline 22.0 No
Naphthalene 21.2 No
Biacetyl 19.2 No6
Mnaq2 + 18.9° No
Niaq2 + 8.5 Yes

“ Energy of the lowest triplet excited state unless otherwise noted. 
b The biacetyl phosphorescence is quenched (see text). c This excited 
state, which is the lowest one for Mnaq2+, is a quartet.

sorbed by pyrazine led to the formation of frans-Pt(gly)2 
and to the concomitant disappearance of cts-Pt(gly)2. 
After correcting for the small contribution of the direct 
photoisomerization, the experimental quantum yield for 
the sensitized isomerization was found to increase with in
creasing complex concentration. The results obtained, 
however, were limited for solubility reasons and were also 
affected by a large experimental error (<30%12) owing to 
the complicated analytical procedure that had to be 
adopted. Therefore, only an approximate value could be 
obtained for the limiting quantum yield (4>iim ~  0.03). No 
quenching of the pyrazine fluorescence was observed.

Xanthone. Deaerated hydroalcoholic solutions contain
ing 2 X  10~4 M xanthone and 6 X  10_4-1 X 10~3 M cis- 
Pt(gly)2 were used. The excitation was carried out with 
334-nm radiations. Under such conditions, most of the in
cident light (>98%) was absorbed by xanthone and a sen
sitized isomerization of the complex was found to occur. 
The experimental quantum yield of the photosensitized 
isomerization increased with increasing complex concen
tration and an approximate-value of ~ 0.1 was obtained 
for the limiting quantum yield.

Other Potential Donors. When thioxanthone, quinoline, 
naphthalene, and biacetyl were used as donors, no photo
sensitization effect was observed on the cis-Pt(gly)2 isom
erization. The experimental conditions used were as fol
lows: thioxanthone 1 X  10~4 M, cts-Pt(gly)2 6 X 10_4-1 X 
10~3 M, Xexc 365 nm, irradiation times up to 8 hr, deaer
ated hydroalcoholic solutions; quinoline 3 x 10-4 M, cis- 
Pt(gly)2 6 x 10_4-1.8 X 10“ 3 M, Xexc 313 nm, irradiation 
times up to 6 hr, deaerated aqueous solutions; naphtha
lene 2 X 1CD4 M. cis-Pt(gly)2 2 X  10“ 4 1 X 10“ 3 M, Xexc 
254 nm, irradiation times up to 8 hr, deaerated hydroal
coholic solutions, no quenching of the naphthalene fluo
rescence was observed; biacetyl 1 X  10_1 M, cis-Pt(gly)2 6 
X  10~4-1.8 X  10~3 M, Xexc 401 nm, irradiation times up 
to 8 hr, deoxygenated aqueous solutions. It is interesting 
to note that, in spite of the lack of any sensitization effect 
of biacetyl on the isomerization reaction, its phosphores
cence was quenched by cis-Pt(gly)2. The Stern-Volmer

(12) F. Bolletta, M. Gleria, and V. Balzani, Mol. P h o to ch em ., 4, 205
(1972).

(13) N. J. Turro, J. C. Dalton, and D. S. Weiss, “ Organic Photochemis
try ,”  Vol. 2, O. L. Chapman, Ed., Marcel Dekker, New York, N. Y., 
1969, p 1.

(14) P. S. Engel and B. M. Monroe, Advan. P h o to ch em ., 8, 245 (1971).
(15) R. Ballardini, G. Varani, L. Moggi, and V. Balzani, to be submitted 

for publication.
(16) Private communication quoted in P. D. Fleischauer and P. Fleis- 

chauer, C h em . R ev ., 70, 199 (1970).

The Journal of Physical Chemistry, Vol. 76. No. 26, 1972



3936 F. Bolletta, M. Gleria, and V. Balzani

Figure 1. Stern-Volmer plots for the quenching of the cis —►  
trans Isomerization of Pt(gly>2 -

quenching constant obtained from a plot of Io/I os. [cts- 
Pt(gly)2] was 6 x 104 M _1. Since prolonged irradiation 
(up to 8 hr) of solutions containing biacetyl and cis- 
Pt(gly)2 did not cause any consumption of ds-Pt(gly)2 
within our experimental errors, it resulted that -no more 
than 1% of the biacetyl triplet excited states generated by 
irradiation were quenched via an irreversible chemical 
mechanism involving the complex. We have also found 
that the biacetyl phosphorescence was not quenched by 8 
x 10-3 M  glycine, both at pH 2 and 6.

Quenching Experiments. When aqueous solutions of cis- 
Pt(gly)2 were irradiated at 254 nm in the presence of vari
ous amounts of MnS04-H20 (up to 2 M), no quenching 
effect was observed on the quantum yield of the photo
isomerization reaction. On the contrary, the presence of 
NiS04-7H20 was found to exhibit a quenching effect. For 
2 F Niaq2+, the quantum yield of the photoisomerization 
was reduced to about 20% of its $0 value. After appropri
ate corrections were made for the fraction of light ab
sorbed by the quencher, a linear Stern-Volmer plot was 
obtained as is shown in Figure 1.

Discussion
The results obtained show that the cis —► trans isomeri

zation of Pt(gly)2 can be sensitized and quenched when 
suitable donors and acceptors are used. Since the pyrazine 
fluorescence was unquenched by cis-Pt(gly)2 and since 
xanthone is known to act as a triplet donor,1 the sensiti
zation process can formally be described as a triplet-trip
let intermolecular energy transfer. However, it must be 
recalled that in platinum complexes, owing to the large 
degree of spin-orbit coupling, it may be meaningless to 
talk about discrete spin states.

Considering that the intersystem crossing efficiency of 
pyrazine is lower than unity ( —0.3 in n-hexane at 25°17) 
and assuming that the intersystem crossing effficiency of 
xanthone is near unity, the approximate values obtained 
for the limiting quantum yield (~0.03 and ~0.1, respec
tively) seem to indicate that the quantum yield is roughly 
the same for the sensitized and the direct53 photoisomeri
zation.

The results obtained with the donors and acceptors 
used (see Table I) show that the states responsible for the 
isomerization of ds-Pt(gly)2 must be located between 8.5 
and 26 kK. At first sight, it may seem surprising that

there is lack o f sensitization by donors in the 22.9-19.2 kK 
range and a lack o f quenching by M naq2+ (18.9 kK ). As a 
matter of fact, such a result is exactly that expected for 
sensitization and quenching of intramolecular isomeriza
tion which involve distorted excited states . 1 W e would 
like to discuss briefly this feature as well as som e other 
interesting ones of our system.

Generally speaking, the lack o f energy transfer between 
a donor and an acceptor may be due to (i) a low concen
tration of the acceptor, (ii) a short lifetime of the donor 
excited state, r, and (iii) a low value o f the energy trans
fer rate constant, ket. The minim um  value for the quan
tum yield o f the sensitized isomerization detectable with 
our analytical procedure was ~ 1 0 -3 . Since the maximum 
value for the acceptor concentration was ~ 1 0 _s M , it can 
be shown that, in order to observe some sensitized isom er
ization, the product rket had to be of the order of 1 0  M _1. 
Since all o f the triplet states of the donors used are ex 
pected to have r >  1 0 ~ 7 sec , 18  we can conclude that the 
lack of sensitization when thioxanthone, quinoline, naph
thalene, and biacetyl were used must be due to the fact 
that the rate constant for energy transfer from the donor 

'triplets to any excited state of cis-Pt(gly)2, which can be a 
precursor to the isomerization, is m uch lower than the 
diffusion controlled rate constant.2 3 ’24 Such a lew value of 
the energy transfer rate constant may be due to two main 
reasons: (i) the energy transfer is endotherm ic; (ii) there 
are unfavorable Franck-Condon factors. However, the 
lack o f quenching by M naq2+ shows that the Franck-C on
don factors certainly play an important role (Figure 2, see 
below).

From the results concerning the quenching of the ph o
toisomerization by N iaq2+ (Figure 1 ), we can obtain a 
value o f about 2 M  ~1 for the product kqT (kQ = quenching 
constant, t = lifetime of the excited state that is responsi
ble for the cis —► trans isomerization). Since the quench
ing constants for transition metal ions are known to be 
~ 1 0 7 M ' 1 sec - 1  in the case of aromatic triplets26 and even 
lower ( — 1 0 5 M ' 1  s e c '1) for m etal-centered excited states , 15  

the lifetime of the excited state responsible for the cis —► 
trans isomerization must be > 1 0 ' 7 sec .27

Finally, we would like to point out that the lack of

(17) B. J. Cohen and L. Goodman, J. C hem . P hys., 46, 713 (1967).
(18) This Is a conservative estimate. The values reported in the literature 

are as follows: 7.7 X 1 0 '5 sec for thioxanthone In benzene:19 
~ 1 0 '4 sec for quinoline In 20% ethanol-w ater;20 3.6 X 1 0 '3 sec 
for naphthalene in ethanol;21 ~ 1 0 '4 sec for blacetyl In water.22

(19) W. G. Herkstroeter and G. S. Hammond, J. A m er . C h em . S o c ., 88, 
4769 (1966).

(20) H. D. Gafney and A. W. Adamson, J. Phys. C h em ., 76, 1105 
(1972).

(21) C. A. Parker, "Photolumlnescence of Solutions," Elsevier, New 
York, N. Y., 1968, p 315.

(22) M. Almgren, P h o to ch em . P h o to b io i . 6, 829 (1967).
(23) J. C. Calvert and N. J. P tts, Jr., "Photochem istry," Wiley, New 

York, N. Y „ 1966, p 627.
(24) The lack of any sensitized Isomerization using biacetyl and the con

comitant quenching of the biacetyl phosphorescence by c/s-Pt(gly) 2 
can be attributed either (i) to an intramolecular deactivation of 
the blacetyl triplets catalyzed by the com plex,3 or (II) to an energy 
transfer process from the blacetyl triplets to c i s -Pt(gly)2 excited 
state that cannot be a precursor to the Isomerization. A chemical 
mechanism for the quenching of the blacetyl phospho-escence by 
c/s-Pt (gly) 2 can most probably be excluded for the reasons ex
posed under Results. Of course, a chemical quenching mechanism 
involving rev ers ib le  hydrogen or electron abstraction25 cannot be 
ruled out. In the case of hydrogen abstraction, however, free gly
cine would also be expected to quench the biacetyl phosphores
cence, but this did not happen (see Results). As far as the revers
ible electron abstraction is concerned, there does not seem to be 
any obvious reason for the involvement of c/s-Pt (gly) 2 in such a 
mechanism.

(25) N. J. Turro and R. Engel, Mol. P h o to ch em .. 1, 143 (19691 .
(26) G. Porter and M. R. Wright, D iscu ss . F araday S o c . , 27, 18 (1959).
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D is to rtio n

F igu re  2. Schematic representation of the importance of excited 
state distortion in the sensitization and quenching of c/s-Pt(gly)2 
isomerization. Our results suggest that AB is between ~ 2 3  and 
~ 2 6  kK, and CD between ~ 9  and ~ 1 9  kK.

sensitization by the donors in the 22.9-19.2 kK range and 
the lack of quenching by Mnaq2+ (18.9 kK) indicate that, 
as happens for the organic molecules which are capable of 
undergoing cis —► trans intramolecular isomerization,1 the 
energy of the state responsible for the isomerization can
not be “ localized’’ by sensitization and quenching experi
ments, owing to the distortion of this state with respect to 
the ground state. Our data (see Table I) only indicate 
that, as far as the excited state responsible for the cis- 
Pt(gly)2 isomerization is concerned, the vertical excitation 
energy (AB in Figure 2) is between ~23 and ~26 kK, and 
the vertical deactivation energy (CD in Figure 2) is be
tween ~9and ~19kK.

Note also that this quenchable excited state must be a 
“ cisoid” excited state as, for example, that shown in Fig
ure 5 of ref 5c; it cannot be the “ transoid” excited state 
proposed in ref 5a, 5b, and 6, although it could be a cisoid 
precursor of that state.
(27) Since the quenching constant is much lower than the diffusion con

stant, static quenching cannot be important even if very high 
quencher concentrations were used.28 This is also confirmed by the 
linearity of the Stern-Volmer plot (Figure 1).

(28) P. J. Wagner, “ Creation and Detection of the Excited State," Vol. 
1A, A. A. Lamola, Ed., Marcel Dekker, New York, N. Y.. 1971, p 
201.
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The extinction coefficient for triplet-triplet absorption and the value of the intersystem crossing quan
tum yield, <£[30, were measured for phthalazine in a rigid glass at the temperature of boiling nitrogen. 
The value of the extinction coefficient was found to be c m ax 4.45(±0.2) X  103 M -1 cm-1 measured at
420.5 nm. The value of the oscillator strength for this transition was determined to be /  = 0.11. The in
tersystem crossing quantum yield was measured using excitation radiation corresponding to both 7r —► 7r* 
excitation (240-300 nm) and n -*  t * excitation (310-350 nm). The value of the intersystem crossing 
quantum yield, <J>isc = 0.99 ± 0.07, was found to be independent of the excitation region within the ex
periment uncertainty. The lifetime of the phosphorescent state was also measured and was found to be 
independent of the excitation region. The phosphorescent lifetime was measured to be rp = 0.42 ±  0.04 
sec.

Introduction
Phthalazine (2,3-diazanaphthalene) has recently been 

the subject of much study1-4 because of the possibility of 
strong interaction between the nonbonding electron pairs. 
It is now generally accepted that the lowest excited sin
glet3 is of type 1A2(n,7r*) which in the pure crystal is lo
cated 23,577 cm-1 above the ground state. The next high
er excited singlet is of type 1Ai(7r,7r*), 32,250 cm-1 above 
the ground state. The lowest triplet state1'2 is of type 3B2 
(7r,7r*), with energy 22,780 cm-1 above the ground state. 
Little information is available concerning the dependence 
(if any) of the luminescent and radiationless processes

such as fluorescence, phosphorescence, and intersystem 
crossing on the wavelength of absorption. Li and Lim4 re
port that the phosphorescence quantum yield of phthal
azine changes by a factor of 3 upon change in excitation 
wavelength. They reported that the phosphorescent quan
tum yield for excitation wavelengths less than 310 nm was 
three times greater than the quantum yield for excitation

(1) E. C. Lim and J. Stanislaus, J. C hem . P hys., 53, 2096 (1970).
(2) H. Baba, I. Yamazaki, and T. Takemura, S p ec tro ch im . A c ta , Part 

A, 27, 1271 (1971).
(3) R. M. Hochstrasser and D. A. Wiersma, J. C h em . P hys.. 56, 528 

(1972).
(4) Y. H. Li and E. C. Lim, J. C h em . P hys., 56, 1004 (1972).
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F igu re  1. Absorption spectrum (— —) of a 3.19 X 10 -5  M  solution of phthalazine at the temperature of boiling nitrogen. Absorption
spectrum (--------) of a 2.97 X 10 -3  M  solution of phthalazine at the lemperature of boiling nitrogen. Transmltance I-------- ) of the filter
used to Isolate the excitation radiation in the 7r — i r *  absorption region of phthalazine. Transmltance (----------) of the filter combina
tion used to isolate the excitation radiation In the n —►  i r *  absorption region of phthalazine.

wavelengths greater than 310 nm. They suggested that 
this behavior was due to a fast intersystem crossing rate 
from higher excited singlet levels, compared with the rate 
of internal conversion to the lowest (n,7r*) singlet.

In this paper we report measurement of the value of the 
extinction coefficient for triplet-triplet absorption. We 
have used this value to determine the intersystem crossing 
quantum yield for excitation in both the ir —► ir* and the n 
—*■ 7r* excitation regions. We also report the triplet-triplet 
absorption spectrum and the oscillator strength. These re
sults are of interest when compared with other diaza- 
naphthalenes.

Experimental Section
I. T. T Absorption Extinction Coefficients. Phthal

azine was purchased from Aldrich Chemical Co. and was 
used after recrystallization from ethanol followed by vacu
um sublimation. Phenanthrene, which was used as a 
check on our experimental procedure, was obtained as 
99.999% pure from James Hinton, and was used as re
ceived. The concentrations were adjusted so that the opti
cal density was between 0.5 and 0.7 in the region where 
the singlet •«— singlet depletion was measured. Typical 
phthalazine concentrations were on the order of 10~3- 10“ 4 
M. The solvents used consisted of 30% n-butyl alcohol and 
70% isopentane by volume. Both solvents were spectro- 
quality and purchased from Matheson Coleman and Bell. 
These solvents formed a clear rigid glass when cooled to 
the temperature of boiling nitrogen.

The apparatus and experimental techniques were very 
similar to those described by Hadley5 and by Hadley and 
Keller.6 The sample was contained in a metal dewar, 
which has been previously described. Singlet *— singlet 
absorption spectra were measured with a Cary 14 spectro
photometer. The triplet -<— triplet absorption spectrum 
was determined point by point using a flash lamp which 
dissipated 18,000 J, generating a 100-/isec pulse of light. 
The absorption of the metastable triplet was measured 
using an interrogating light beam dispersed by a JACO 
0.5-m monochromator with a 1P28A photomultiplier. The

signals were displayed on a Tektronix 544 oscilloscope 
using a type W preamplifier.

The procedure used to calculate the extinction coeffi
cient for triplet <— triplet absorption was very similar to 
that described by Hadley and Keller.6 Values for the opti
cal density of the T T absorption at its maximum and 
the optical density at three points in the singlet-singlet 
region were obtained immediately following the discharg
ing of the lamp, and then (following the method outlined 
in ref 6) the initial concentration of triplets, Ct°, was cal
culated. The extinction coefficient for T T absorption 
was calculated from Beer’s law using this value of Ct°- 
Phenanthrene was used as a check on our experimental 
procedure. In all cases, the values of ex obtained for phen
anthrene agreed with reported values.6’7

II. Quantum Yields. For the quantum yield measure
ment, it was necessary to increase the concentration of 
phthalazine to about 10 ~2 M. This was done to ensure 
that all of the light passing through the sample was ab
sorbed by the solute. Samples with an OD > 2 in the sin
glet singlet region (as measured on the Cary 14 spectro
photometer) were considered to fulfill this requirement.

The apparatus used was very similar to that discussed 
in the previous section, and to that described by Hadley.7 
Since we specifically wanted to measure the quantum 
yields for intersystem crossing resulting from excitation in 
two distinct wavelength regions, two different filter sys
tems were used. The 7r —1► ir* bands, originating at about 
310 nm, have an emax of about 102 greater than the n,7r* 
bands which originate at about 380 nm. To study the in- 
tersystem crossing originating from the 1 ( - i r , 7 r * )  state we 
used an interference filter whose transmittance is shown 
in Figure 1. In order to study the intersystem crossing 
originating from the n —1► ir* absorption system it was nec
essary to isolate the 310-350-nm spectral region. We used 
a 310-nm interference filter combined with a naphthalene 
filter (10 g/200 ml ethanol) and the Corning 7-54 filter to

(5) S. G. Hadley, J. Phys. Chem ., 74, 3551 (1970).
(6) S. G. Hadley and R. A. Keller, J. Phys. Chem .. 73, 4351 (1969).
(7) D. Lavalette, e t  al., Chem . Phys. Lett., 10, 331 (1971).
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isolate this region. The transmittance of this filter is 
shown relative to the absorption of phthalazine in Figure 1.

The experimental procedure followed, essentially that of 
Hadley,* 8 consisted of measuring the optical density at the 
maximum of the T ■*— T absorption, followed by actinome- 
tric measurement of the intensity of the flash lamp. For 
flash excitation, the intersystem crossing quantum yield 
was then calculated from the equation

“Fisc = OD/fTio
The procedure for the actinometry has been described by 
Hatchard and Parker.9 We followed this procedure, except 
that bathophenanthroline was used in the determination 
of iron(II). Typical values of ¿0 determined in this manner 
were ¿0  = 2 X 10“ 9einstein cm“ 2 flash“ 1.

Care was taken to ensure that the actinometry was per
formed under conditions identical with those used in the 
optical density determinations. In the ir —*■ 7r* absorption 
region, only 10 flashes of the lamp were required to deter
mine accurately the value of ¿0, while 15 flashes were re
quired in the n —*• ir* absorption region. This was due to 
the difference in transmittance of the two filters.

The light from the flash lamp was generally defocused 
to ensure that the same amount of light was incident on 
both the sample and the actinometer cell. For measure
ment in the n —► 7T* absorption region, however, it was 
necessary to focus the light into a circle about 2 cm in di
ameter at the front of the sample to ensure sufficient in
tensity for accurate measurement of the T <— T absorp
tion.

A separate determination of Tisc for phenanthrene was 
performed for each set of experimental conditions. In all 
cases, the values for the extinction coefficients, quantum 
yields, and phosphorescence lifetimes were consistent with 
reported values.6-7’8’10

Results
The values of the triplet •*— triplet absorption extinction 

coefficient and the oscillator strength are presented in 
Table I. The intersystem crossing quantum yields for both 
excitation regions and the phosphorescence lifetime for 
excitation in both regions are presented in Table II. All 
values are for rigid glass solutions of 30% n-butyl alcohol- 
70% isopent ane at the temperature of boiling nitrogen.

The triplet ■*— triplet absorption spectrum of phthal
azine is shown in Figure 2. The value of the oscillator 
strength was computed from the equation

f  =  4.32 X 10“9 J  tch< 

and was found to be /  = 0.11.

Discussion
The triplet triplet absorption spectrum of phthal

azine is characteristic of aza-substituted naphthalenes. It is 
broad and shows little structure in rigid glass solutions at 
the temperature of boiling nitrogen.5 The absorption max
imum in the visible region occurs at 420.5 nm, which is 
the same spectral region as other aza-substituted naph
thalenes. The maximum extinction coefficient, tmax (4.45 
± 0.2) X  103 M “ 1 cm“ 1, is smaller than the other aza- 
substituted naphthalenes thus far studied. The oscillator 
strength, f = 0.11, is typical of values previously deter
mined for naphthalene and its aza-substituted derivatives. 
Thus, this transition is probably the same as has been as
signed as 3Ka 3La in naphthalene.11

Figure 2. Triplet — triplet absorption spectrum of phthalazine at 
the temperature of boiling nitrogen.

TABLE I: Value of T-*—T Extinction Coefficient and f  Number 
for Phthalazine

6T x  1 0 “ 3,
Molecule A4~1 c m " 1 Q fT b X, nmc

Phthalazine 4.45 ( ±  0.02) 0 .11 420.5

“ E s t i m a t e d  e r ro r .  ‘ C o m p u t e d  f r o m  f  =  4.32 X  10-9  | eck 

' W a v e l e n g t h  o f  m a x i m u m  t r i p l e t  t r i p l e t  a b s o r p t i o n .

TABLE II: Values of the Intersystem Crossing Quantum Y eld 
and the Phosphorescent Lifetime for Phthalazine in Two 
Different Excitation Regions Measured at the Temperature of 
Boiling Nitrogen

Excitation region 4>isca r pa

n —  ir* 0.95 ±  0.09 0.41 ±  0.03
7r * ir* 1.04 ±  0.06 0.42 ±  0.04

a Estimated error.

The intersystem crossing quantum yield of 0.99 ± 0.07 
demonstrates that the internal conversion. Si '"-»-So, is an 
unimportant relaxation path in phthalazine. No fluores
cence has been reported for phthalazine. The intersystem 
crossing quantum yield of phthalazine has been reported 
by Baba, Yamazaki, and Takemura2 as being as great as 
0.7, which is in fair agreement with the value we report.

Recently Takemura, Yamamoto, Yamazaki, and Baba12 
have reported a value of the intersystem crossing quantum 
yield of phthalazine dissolved in EPA at 77°K of 0.45 ± 
0.05. This value was determined using a T T energy
transfer technique. It required independently determined 
values of the phosphorescence quantum yield of phthal
azine (0.04), phosphorescence quantum yield of naphtha- 
lene(0.03), and the intersystem crossing quantum yield of 
naphthalene (0.25). The overall uncertainty in each of 
these values could be as great as 25%. Thus we believe 
that the values reported in the present work are more reli-

(8) S. G. Hadley, J. Phys. C h em ., 75, 2083 (1971).
(9) C. G. Hatchard and C. A. Parker, P roc . R oy. S o c . ,  S e c . A , 220, 104 

(1953); 235, 518 (1956).
(10) S. G. Hadley and R. A. Keller, J. Phys. C h em .. 73, 4356 (1969).
(11) M. A. El-Sayed and T. Pavlopoulos, J. C h em . P h ys.. 39, 834 

(1963).
(12) T. Takemura, K. Yamamoto, I. Yamazaki, and H. Baba, Bull. 

C h em . S o c . Jap . 45, 1639 (1972).
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able because they rely only upon a value o f the extinction 
coefficient o f the triplet triplet absorption and the 
quantum  yield o f a well-characterized chem ical actinom e- 
ter.

Our results show that the intersystem crossing quantum 
yield does not depend upon whether phthalazine is excit
ed in the n - *  w* or 7r —* tt* absorption regions. Because 
the quantum yield is unity, within our experim ental error, 
we are unable to decide whether the intersystem crossing 
occurs from upper vibronic levels o f the 1 (n,7r*) and 
1 (7r,7r*) states or whether the path to the triplet relies upon 
internal conversion in the singlet m anifold, followed by 
intersystem crossing from the 1 (n ,7r*) state. From our 
work the wavelength dependence of the phosphorescence 
quantum yield reported by Li and L im 4 cannot be as
cribed to a wavelength dependence o f the intersystem 
crossing quantum yield. The discrepancy may arise from 
the erroneous value of the n — 7r* extinction coefficient 
reported by Li and Lim . The lifetime o f the em itting trip
let state, tp = 0.42 ±  0.4 sec, was found to be indepen

dent o f the singlet excitation region, indicating that the 
em itting state is probably independent o f excitation re
gion.

Conclusions

Until values o f the lifetimes o f the excited singlet states 
o f phthalazine and other aza arom atic heterocycles such 
as quinoxaline, quinoline, and isoquinoline are known, a 
direct comparison o f their radiative and radiationless pro
cesses is difficult. However, it appears that there are no 
simple generalizations that can explain the radiative and 
radiationless properties o f these arom atic heterocycles. 
The triplet ■*— triplet absorption spectrum o f phthalazine 
is quite similar to those reported5 for other aza-substitut- 
ed naphthalenes.
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Propylene has been shown to exchange with the hydrogen of a Br0 nsted acid catalyst (N aY  zeolite con 
taining traces o f C a2+ and H +) at 400°. Significant exchange was found on the C2 carbon in addition to 
the expected exchange at C l and C3. The relative rates of exchange and o f isomerization to cyclopropane 
rule out the possibility o f any appreciable participation o f protonated cyclopropane in the reaction under 
these conditions.

Introduction

The structures and relative stabilities o f the various 
possible propyl and protonated cyclopropane cations are 
still a subject o f considerable interest as indicated by re
cent theoretical studies from the laboratories o f Pople2 

and of Dewar . 3 Bodor and Dewar3 concluded that edge- 
protonated cyclopropane cation should be the most stable 
form in the gas phase, even slightly more stable than 2 - 
P r+ . On the other hand, Radom , et a l.,2 decided that cor- 
ner-protonated cyclopropane and 1-Pr+ are about equal in 
stability and at a level 17-20 kcal above that of 2-Pr+. In 
the course of our studies o f the catalytic isomerization of 
cyclopropane to propylene over various X - and Y-zeolite 
protonic acid catalysts we have obtained measurements of 
H -D  exchange between the catalyst and propylene that 
have some bearing on this general question. O f course the 
geometries and energies o f species adsorbed on a catalyst 
surface are expected to differ from those of the same 
species in the gas phase but the results given below tend

to confirm 2-Pr+ as being the most stable ion with 1-Pr+ 
possibly being sufficiently stable to make a significant 
contribution to the exchange.

Experimental Section

Materials. The catalyst was a N aY  synthetic zeolite 
(Linde SK40, lot 51-31, com position corresponding to 
0.93Na, 0.04Ca, 1.00A1, 2.33Si) that had previously been 
shown to have significant Brdnsted acidity toward cyclo 
propane and propylene . 4-6 It was used as received after

(1 ) Contribution No. 584 from the Research Council of Alberta.
(2) L. Radom, J. A. Pople, V. Buss, and P. v. R. Schleyer, J. A m er . 

C h em . S o c ., 93, 1813 (1971); 94, 311 (1972).
(3) N. Bodor and M. J. S. Dewar, J. A m er . C h em . S o c . , 93, 6685 

(1971).
(4) B. H. Bartley, H. W. Habgood, and Z. M. George, J. Phys. C h em  

72,1689(1968).
(5) H. W. Habgood and Z. M. George, C onf. S o c . C h em . Ind. (L on d on ), 

130 (1968).
(6) Z. M. George and H. W. Habgood, J. Phys. C h em ., 74, 1502 

(1970).
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being pelletized, crushed, and sieved to 20-40 mesh gran
ules.

Propylene-do was Phillips Research Grade with reported 
purity of 99.9 mol % ; propylene-d6 was from M erck Sharp 
and Dohme o f Canada, Ltd., and had a reported purity of 
98% d. Low-voltage mass spectrometry showed a dsh con 
tent o f 1.2%; cyclopropane-do was from M atheson of Can
ada and had a reported purity of 99%.

Procedures. The m icrocatalytic reactor assembly with 
provision for equilibrating the catalyst with a low partial 
pressure of H 20  or D 20  was the same as described pre
viously . 4 ’ 5 A 2-g sample o f catalyst was used and activa
tion was normally at 500° in flowing helium as previously 
described . 6

Gas chromatographic separations were carried out e i
ther on a 20 ft by 0.25 in. colum n packed with 20% squa- 
lane on Chromosorb P and using a thermal conductivity 
detector or on a 12 ft by 0.25 in. colum n packed with 20% 
diisooctyl phthalate on Chromosorb P and using a flame 
ionization detector equipped with a Varian 747 electronic 
digital integrator. The ratio o f sensitivities of cyclopro
pane and propylene using the thermal conductivity detec
tor was determined as 0.98, and using the flame ionization 
detector as 1.08. No corrections were made for the effect 
of deuteration on sensitivity.

Mass spectra were determined on a Veeco GR 4 spec
trometer using 14-V ionizing electrons for propylene after 
purification by gas chromatography (particularly to re
move traces o f carbon dioxide). There was no detectable 
fragmentation and correction was made for the small de
crease in intensity caused by deuterium substitution . 6

The nmr spectra were determined at 100 M H z using a 
Varian HA 100 spectrometer equipped with a 15-in. m ag
net. About 0.1 mmol o f propylene was mixed with half its 
volume o f cyclopropane-do to act as an internal standard 
and the exact com position of the mixture was obtained by 
gas chromatographing the entire mixture. The sample was 
then dissolved in chloroform (80% deuterated to provide a 
“ locking”  signal without interfering with the CH hydro
gens in propylene) and measurements were made at -5 5 °. 
The integrated peak areas were determined as the average 
o f five scans on the sample and in one experiment in 
which propylene-d6 was the starting material the low con
centration of H on the C2 carbon was measured by aver
aging 25 scans using a Varian C-1024 C A T  apparatus.

Results

The catalyst was converted to the deuterium form by 
prolonged treatment with a low partial pressure of D 20  at 
500°.6 Twenty successive slugs of propylene-d0 (10 ml, 10 
Torr) were passed over the catalyst in the presence of 
D 20 , purified by gas chromatography and analyzed by 
mass and nmr spectrometry as described earlier. On the 
basis of experiments with N a X 5 the concentration o f ad
sorbed water was estimated to be about 0 . 1  molecules per 
cavity and the maximum concentration of propylene to be 
about 0.04 m olecu les/cavity  at 400°. The average con
centration o f adsorbed propylene is probably one quarter 
o f this value so that there is a tenfold excess of adsorbed 
water. The catalyst was then converted to the hydrogen 
form by heating in oxygen at 500° followed by equilibra
tion with H20  at this temperature. The exchange experi
ment was then repeated using propylene-c^ in the pres
ence of H 20 .

In the experiment in which propylene-do was exchanged

7 6 5 4 3 2 1 0PPM
Figure 1. The 100-M H z nm r sp e c tra  o f p ropy lenes at —55° in 
ch lo ro fo rm  (80%  d )  w ith  cyc lo p ro p a n e  as an in te rna l s tandard : 
(A ) p ropylene-do ; (B) exchanged  p ro p y le n e -d 0; (C) exchanged 
p ro p y le n e -d 6; (D ) 25 X CH po rtion  o f exchanged  p ro p y le n e -d 6.

with the deuterated catalyst the extent of exchange of 
each of the hydrogen positions was determined from the 
decrease in the intensity of the integrated nmr peak area 
(relative to the measured fraction o f cyclopropane present 
in the mixture). The uncertainties in position were esti
mated from the 2 <r deviations observed among nine re
peated scans of a sample of unexchanged propylene treat
ed and measured by the same procedure to give the num 
ber o f hydrogens per 100 molecules as 198 ±  2, 97 ±  3, 
and 298 ±  2 in the C l, C2 , and C3 positions. The uncer
tainty in determining the ratio of propylene to cyclopro
pane in the sample for nmr analysis was assumed to be 1 %. 
In the case o f propylene-d6 exchanged with the H catalyst, 
the extent of exchange in each position was determined 
directly from the proton peaks observed in the nmr spec
trum. The greater uncertainty associated with experi
ments using propylene-dg is probably due to the difficulty 
o f integrating weak signals especially in the CH region. 
The relevant nmr spectra are shown in Figure 1 . The 
over-all extent o f exchange was also calculated from the 
mass spectra.

The data are summarized in Table I. The total degree 
o f exchange determined by the two methods agrees well 
and the exchange in each of the two systems is identical 
within experimental error. The data o f Table I also show 
that exchange is primarily in the C l and C3 positions as 
expected for a 2 -propyl cation intermediate and in the ex
pected 2:3 ratio. In addition, however, a significant de
gree o f exchange also occurs in the C2 position. A com 
pletely random distribution of exchanged atoms among all 
positions would give 17% exchange on C2; the observed 
exchange is about one third of that.

Our previous studies had shown that this same catalyst 
was active for the isomerization of cyclopropane to propyl
ene. Equilibration between propylene and cyclopropane 
over the catalyst could provide a mechanism for the H -D  
mixing that would explain the exchange on C2. The rate 
o f the propylene — cyclopropane reaction can be estima-
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TABLE I: Exchange of Propylene with Br^nsted Acid Sites“

Product composition D or H introduced % distribution
(mass spectrometer) per/100 molecules % exchange of D (or H)

System do ¿ 1 62 do ¿4 d 5 do C1 C2 C3 Ms Nmr C1 C2 C3

c 3h 6
D ca ta lys t

9 . 5 24.6 30.0 2 2 . 1 8.6 5 . 2 0 92 ±  3 14 ±  3 135 ±  4 36 40 38 6 56

C 3 D 6 

H ca ta lys t
0 3.2 40 .0 3 4 . 5 34.2 18.0 5 . 7 84 ±  3 11 ±  5 130 ±  3 36 37 37 5 58

“ The weight of catalyst was 2.01 g; the flow rate was 0.75 m l/sec; the contact time (equal to retention time of propylene pulse) was 4.1 sec; the 
temperature was 400 ±  1°; and the partial pressures of D2O (H20 ) over the catalyst were about 4 Torr.

ted from the rate o f the cyclopropane —  propylene reaction 
previously measured and the equilibrium constant. By 
way of confirmation of this predicted value an attem pt was 
made to measure the degree to which equilibrium was 
achieved over the catalyst under the approxim ate condi
tions of the exchange experiment.

The catalyst was in the hydrogen form and experiments 
were carried out in the presence of H20  vapor. Samples of 
100 )j1 o f cyclopropane or 300 ¡A o f propylene at 20 Torr 
were injected, the products were collected in a liquid ni
trogen trap and chromatographed using a flame ionization 
detector. The relative sensitivities of the detector to cy 
clopropane and propylene were assumed to remain con
stant over the 1 0 4 range in concentration of the two sub
stances. Cyclopropane was observed as a small peak on 
the tail o f the propylene peak and the detection lim it was 
estimated to be 25 ppm . Interestingly, the propylene used 
in this work was found to be free o f cyclopropane within 
this limit.

The material balance in these experiments was poor. 
The recovery of propylene plus cyclopropane ranged from 
93 to about 50% of the injected reactant for contact times 
between 2 and 30 sec. Previous work had suggested exten
sive retention of propylene on the catalyst although in the 
present experiments trace amounts (25 ppm  or less) of 
other C 2 to C4 hydrocarbons were observed. It was as
sumed that the cyclopropane peak gave a true measure of 
the amount o f cyclopropane and the propylene was esti
mated by difference based on the amount o f sample in
jected. A separate experiment in which the catalyst was 
replaced by a 130-ml dispersion volume yielded direct 
measurements o f the propylene and cyclopropane injected 
and showed the reproducibility of injection to be 2 %.

The data thus obtained are summarized in Table II. 
The experiments with long contact times indicate that the 
equilibrium concentration o f cyclopropane is about 10 0  

ppm . At a contact tim e of 4.4 sec (which is similar to that 
used in the exchange experiments) the approach to equi
librium is about 99% on the basis of the experiment in 
which cyclopropane was the reactant.

Discussion

It has been generally assumed that 2-Pr+ is the most 
stable o f the C 3H 7+ions and hence it is the most likely 
species to be found when propylene reacts with a Br0nsted 
catalyst. Consequently H -D  exchange between propylene 
and a deuterated catalyst would be expected to be con
fined to the C l and C3 carbons. The experiments showed 
that a major proportion of the exchange did occur at car
bons 1 and 3 but, in addition, there was exchange on car
bon 2 to an extent o f about 30% of what would be expect
ed for a fully random exchange at all hydrogen positions.

TABLE II: Equilibration of Cyclopropane and Propylene over a 
W et“ NaY Zeolite Catalyst at 384°

Fraction ot cyclopropane in 
product, ppm

Contact
time,
sec Reactant

Sample vol, 
fi\ at 20 Torr

Cutting and 
weighing Triangulation

1 . 8 P ropylene 300 1 2 0

1 . 8 P ropylene 300 1 0 0 150
4 .4 * P ropylene 300 1 0 0 120
4 . 4 C yc lop ropa ne 100 1 2 , 0 0 0 10,000

29.8 P ropylene 300 1 0 0 120
27,4 C yc lop ropa ne 100 1 0 0 100

“  Partial pressure H20  was 4.6 Torr.

The following possibilities may be considered to explain 
the observed deuteration at C2: (a) propylene-cyclopro
pane equilibration by way of a protonated cyclopropane 
intermediate which would lead to com pletely random ex
change at all positions; (b) the direct formation o f some 
1-Pr+ by reaction of propylene with the deuterated cata
lyst (The reversal of this reaction would lead to 50% prob
ability of exchange of the C-2 hydrogen as com pared with 
the 83% probability of an exchange in one of the five C l or 
C3 hydrogens to be expected from the propylene <=> 2 Pr+ 
reaction.); (c ) the 2-Pr+ formed directly from propylene 
may undergo a shuffling of all o f its hydrogens among the 
positions on the three carbons [This would be by some un
defined process occurring in the adsorbed state which did 
not yield a clearly differentiated 1-Pr+ cation (in such 
case the process would, effectively, be indistinguishable 
from b ).]

In view of the demonstrated Br0nsted acidity o f our cat
alyst and of the relatively high partial pressure o f water 
during the reaction, we consider highly unlikely the par
ticipation of either a dissociative mechanism involving a 7r 
com plex as suggested by Hightower and H all7 ’ 8 for the 
H -D  exchange of vinyl hydrogens of olefins over strongly 
dehydrated alumina or the radical mechanism proposed 
with metal catalysts to explain such diverse exchange pat
terns (including the C2 hydrogen) as those found by Hiro- 
ta and Hironaka9for propylene on Ni and Pd.

Our results provide com pelling evidence that propylene- 
cyclopropane isomerization is much too slow to make any 
significant contribution to H -D  exchange in propylene. In 
the  ̂presence o f a sufficient excess o f water to provide an 
essentially constant H or D com position in the Br^nsted

(7) J. W. Hightower and W. K. Hall, J. Catal.. 13, 161 (1969).
(8) J. W. Hightower and W. K. Hall, Trans. F araday S o c . . 66, 477 

(1970).
(9) K. Hirota and Y. Hironaka, T etrahed ron  L ett., No. 25, 1645 (1964).
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acid sites, the exchange reaction can be considered as a 
succession of steps first order in propylene. It is also rea
sonable to assume that the isomerization of propylene to 
cyclopropane over the catalyst is first order (the reverse 
reaction has been dem onstrated to be first order10). It was 
not possible to measure in the same experiment the rela
tive rates o f exchange and isomerization but we can o b 
tain approximate estimates as follows. Treating the ex
change as a simple first-order reaction and assuming all 
six hydrogens equivalent gives, for 40% exchange in 4.1 
sec at 400°, a rate constant o f 0.12 se c -1 . The isomeriza
tion equilibrium, approached from the cyclopropane side 
was 99% com plete in 4.4 sec. This corresponds to a rate 
constant for cyclopropane-propylene isomerization o f 1.05 
se c -1 , a value close to that expected from direct kinetic 
measurements. 5 The observed equilibrium fraction of pro
pylene of about 1 0 0  ppm  is in reasonable agreement with 
the equilibrium constant calculated from the therm ody
namic data of Stull, Westrum, and Sinke1 1  as 92 x  10 - 6  

at 400° and 63 X 10 - 6 at 384°. Consequently the rate con
stant for the isomerization o f propylene to cyclopropane is 
about 1 0 - 4  s e c -1 , smaller than the rate constant for ex
change by a factor o f 103. The use o f the cyclopropane- 
propylene isomerization data is justified only if these rates 
are not lim ited by mass transfer resistances. Previous 
work in cyclopropane-zeolite systems had never given any 
indication of diffusional lim itations; the Arrhenius plots 
are always linear over a wide range o f temperatures (up to 
450° (k  ~  1 s e c -1 ) for dry N a X 5 and up to 320° ( k = 0.06 
se c -1 ) for wet N aY 4) and the chromatographic peak of 
unreacted cyclopropane from the reactor is always rela
tively sharp 10 as would be expected for the case of low

mass transfer resistance.
Further evidence that propylene isomerization is slow 

relative to propylene exchange is provided from the results 
o f Bartley, et al, , 4 using a sample of the same SK40 cata
lyst but which had been washed with NaCl solution to re
duce the Ca2+ level and which, therefore, probably was 
somewhat less active. Their results extrapolated to 400° 
gave 0.32 se c - 1  for the cyclopropane isomerization rate 
constant corresponding to a propylene isomerization rate 
constant of 3 X 10- s . The propylene exchange rate con 
stant extrapolated to 400° was 1.0 se c -1 , 3 x  1 0 4 greater 
than the rate o f isomerization.

Thus we are able to eliminate the participation o f pro- 
tonated cyclopropane as a significant mechanism in the 
exchange reaction. Our results do not permit us to differ
entiate between possibilities b and c, the participation of 
significant amounts of 1-Pr+ cation or the presence of 
some hydrogen-mixing process in the 2-Pr+ cation. One 
might hope for guidance from theoretical calculations al
though it must be remembered that there may be signifi
cant differences in energy level differences between ad
sorbed and gaseous species.
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The esr spectra o f a series o f cation radicals derived from l,4-dialkoxy-2,5- or 2,3-dialkylbenzenes in alu
minum chloride-nitrom ethane are reported and com pared in several cases with previously reported spec
tra in concentrated sulfuric acid. The l,4-dialkoxy-2,5-di-ferf-butylbenzenes are anomalous giving differ
ent spectra in the two systems. Reasons for the discrepancy are suggested and the nature of the radical 
species observed in sulfuric acid is discussed.

Introduction

Tw o recent papers have described the esr spectra of a 
series o f l,4-dialkoxy-2,5-dialkylbenzenes dissolved in con
centrated HzSCU .1 -2 In particular it was reported that the 
esr spectrum o f a concentrated solution ( > 1 0 - 2  M ) of
l,4-dim ethoxy-2,5-di-fert-butylbenzene (I) in sulfuric acid 
consisted o f nine equidistant lines o f separation 2.87 G.

This was interpreted as an accidental equivalence o f the 
m ethoxyl and ring proton splitting constants, thereby giv
ing a group of eight equivalent protons. This large value of

(1) A. Nishinaqa, P. Ziemek, and T. Matsuura, T etrahed ron  L ett.. 4905
(1969) .

(2) A. Nishinaga, P. Ziemek, and T. Matsuura, J. C h em . S o c . C. 2613
(1970) .
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the ring proton splitting constant is, however, not ob 
served in the other l,4-dim ethoxy-2,5-dialkylbenzenes 
which were investigated. In each case the ring proton 
splitting constant from these com pounds was less than 1  G.

As part o f  our general interest in cation radicals we 
have observed the esr spectra o f a num ber o f the 1,4-dial- 
koxy-2,5-dialkylbenzene cation radicals generated in the 
AICI3-C H 3N O 2 system ,3 -4 and in this paper we wish to 
report a num ber o f inconsistencies with the previous re
ports .1 ’2

Results and Discussion

Our analysis of the cation radical from I in AICI3-C H 3 - 
N O 2 differs appreciably (see Table I) from the analysis 
proposed for I in H 2 SO 4 . Substantial agreement between 
the two systems is obtained for com pounds II and IV but 
not for VI. It is noted that the spectrum of I in AICI3-  
CH 3N O 2 is analogous to the other l,4-dialkoxy-2,5-dial - 
kylbenzenes, particularly with regard to the magnitude of 
the ring proton splitting constant. A lso the spectrum ac
counts for all the protons in the molecule including the 
ter t-butyl protons. Because o f these two factors it is pro
posed that the genuine cation radical is only formed in the 
AICI3-C H 3N O 2 solution and not in the concentrated 
H 2 SO 4 system as previously reported. The question then 
arises as to the identity of the radical observed in sulfuric 
acid. In order to attack this problem , the work of Nishina- 
ga was repeated with essentially the same results as was 
initially reported. It was observed, however, that the spec
trum o f I in H 2 SO 4 which consisted o f nine lines did show 
some evidence for some further hyperfine structure in 
each of the lines .5 In order to obtain a better resolved 
spectrum a solution o f I in H 2 SO 4 was made in an evacu
ated system and an equal quantity o f nitromethane was 
added to the solution .6 Under these conditions somewhat 
better resolution was obtained and splittings of the nine 
major com ponents were indeed observed. This spectrum 
was analyzed in terms o f six protons with splitting 3.03 G, 
two protons with splitting 2.79 G, and two protons with 
splitting 0.27 G. A computer simulation indicated that 
this analysis was correct. The g  factor o f the radical was 
2.00371 ±  0.00001. The identity o f the radical species giv
ing this signal is not known with certainty. However, by 
analogy with some of the results shown in Table I it is 
proposed that the species is a cation radical of a 2,3-dial- 
kyl-l,4-dim ethoxybenzene. This hypothesis is made due to 
the similarity between the splittings o f the unknown radi
cal species and those o f the cation radicals derived from
2,3-dim ethyl-l,4-dialkoxybenzenes (VIII and IX  in Table 
I), e.g., a (O C H 3)H = 3.070, a(C H )H  = 2.896 G for 2,3- 
dim ethyl-l,4-dim ethoxybenzene. The nature o f the alkyl 
substituents in the unknown species can only be hypothe
sized. Since a splitting o f 0.27 G is observed from two 
equivalent protons it would seem unlikely that ferf-butyl 
groups are involved. The results would be consistent with 
either 2,3-isopropyl or 2,3-sec-butyl substituents, each of 
which would have two methine protons . 7 The preferred 
conform ation o f these groups might be one in which the 
methine protons were close to the plane o f the benzene 
ring in which case their splittings would be small. A con
sideration o f g  factors adds considerable weight to this hy
pothesis. It is indicated from the proposed theories of 
isotropic g  factors8 that in a group o f similar molecules 
the g  factor can be expressed as the sum o f various contri-

TABLE I: Hyperfine Splitting Constants for the Cation Radicals of
1 ,4 -D ia lko xy-2 ,5 - or 2 ,3-D ialkylbenzenes

Alkoxy
group

Alkyl
group

Hyperfine splittings,“ G

Compd Alkoxy 
no. protons

Ring
protons

Alkyl
protons Other

2,5-Dialkyl Derivatives

OH Me II 3.012 0.915 3.718"
OMe Me III 3 .153 0.572 4.210*
OEt Me IV 3.582" 0.581 4.158 0 .136e
OH f-Bu V 3.069 1.432 0 .11 2 c
OMe f-Bu I 3.242 1.025 0.103e
OEt f-Bu VI 4.050 1.057 0.099e 0.155e
0 -/-P r f-Bu VII 1.795 1.065 0 .135 e 0.045°

2,3-Dlalkyl Derivatives

OMe Me V III 3.070 2.896 1.480"
OH Me IX 3.138 2.583 1.828"

a Measured at --2 5 ° in AICI3-C H 3NO2 . b Methyl protons. c tert-Butyl
protons. “ Methyl protons of isopropoxy group. e ^-M ethyl protons of
ethoxy group.

TABLE II: g Factors of the Cation Radicals of Some
1 ,4-D ialkoxy-2,5 - and 2,3-D ialkylbenzenes

Alkoxy substituent

Alkyl substituent OH OMe OEt 0-/-Pr

(i) 2,5-Substituents

None 2.00350*’ 2.00368*’ 2.00371" 2.00369“
Me 2.00340e 2.00356e 2.00363°
f-Bu 2.00345e 2.00359° 2.00366° 2.00369°
i-  Pr 2.0 0 351° 2.00367°

(ii) 2,3 Substituents

Me 2.00343“ 2.00362°
/-Pr 2.00372°

0 Error ±0.00001. " Error ±0.00002. c Error ±0.00003. °  Estimated.

butions. This means that, for example, the effect of two 
methyl groups should be a constant contribution to the g  
shift. This is seen to be approximately the case from the 
results in Table II, where on going from 1,4-dialkoxyben- 
zenes to 2,5-dimethyl-l,4-dialkoxybenzenes the g  factor 
decreases by approximately 10 x 10-5. The change in g  
between the dihydroxy and dimethoxy derivatives is 16 ± 
2 x 10_5, which leads us to estimate that the g  factor of
2,5-diisopropyl-l,4-dimethoxybenzene should be 2.00367 ± 
0.00002. The available data also suggest that the differ
ence in g  factors between 2,3 and 2,5 isomers is 3-6 X 
10 '5 which leads us to estimate that the g  factor of 2,3- 
diisopropyl-l,4-dimethoxybenzene should be 2.00372 ±  
0.00002. This is to be compared to the value of 2.00371 ± 
0.00001 found for the radical derived from I in sulfuric 
acid.

(3) P. D. Sullivan and J. R. Bolton, J. A m er . C h em . S o c . 90, 5366 
(1968).

(4) W. F. Forbes and P. D. Sullivan, J. C h em . P hys., 48, 1411 (1968).
(5) This splitting Is hinted at In the published spectrum of ref 2.
(6) It is important that all the neutral compound is dissolved in the sul

furic acid before the addition of nitromethane, otherwise an esr 
spectrum of the genuine cation radical of I can be obtained.

(7) Unfortunately neither of these compounds Is readily available to us 
otherwise our hypothesis could be easily tested.

(8) A. J. Stone, Mol. P hys.. 6, 509 (1963).
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The formation of 2,3-diisopropyl or 2,3-di-sec-butyl-
1,4-dimethoxybenzene in concentrated solutions of I in 
concentrated sulfuric acid does not seem that unlikely 
when one considers the facile inter- and intramolecular 
alkyl group shifts and isomerizations which have been 
documented in acid solutions.9-10

It was also noted that the spectrum of VI is different in 
AICI3-CH3NO2 from that in sulfuric acid. A similar ex
planation may also be advanced (i.e., the formation of a

2,3-dialkyl-l,4-diethoxybenzene cation radical) for this 
compound.

Acknowledgment. Acknowledgment is made to the do
nors of the Petroleum Research Fund administrated by 
the American Chemical Society for support of this research.

(9) D. A. McCauley, “ Frledel-Crafts and Related Reactions,” Vol. II, 
Part 2, G. A. Olah, Ed., Interscience, New York, N. Y., 1964, 
Chapter XXIV, p 1049.

(10) G. A. Olah, R. H. Schlosberg, R. D. Porter, Y. K. Mo, D P. Kelly, 
and G. D. Mateescu, J. A m er . C hem . S o c .. 94, 2034 (1972).
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Use of the in situ radiolysis-esr method has shown that the reactions of H and OH with HCN in acid so
lutions yield the radicals H2C=N (aH = 87.2, aN = 10.2 G, g = 2.0028) and HC(OH)=N (aH = 54.40, 
q o h h  = 0.89, aN = 10.14 G, g  = 2.00322), respectively. The pK  for the dissociation of the OH proton in 
the latter radical is estimated to be ~5. Scavenging of eaq-  with HCN also yields H2C=N. The reaction 
of OH and O* with CN* in alkaline solutions was found to produce the radical -CONH2 as observed ei
ther directly at pH ~10 or by radical trapping with CH2= N 0 2* at higher pH. Exactly parallel behavior 
was found for CN- and HCONH2 in basic solutions. However, HCONH2 yielded only -CONH2 in acid 
and neutral solutions and no rearrangement of this radical to HC(OH)=N was found. The adduct to 
CH2= N 0 2* found in CN solutions and previously identified as NCCH2N 02* must now be assigned 
the structure H2NC0CH2N02*.

Introduction

Ogura2 has studied the products found in the radiolysis 
of aqueous solutions of HCN and has proposed that the 
intermediates HCN- , H2CN, and H(OH)CN are formed 
from the three primary radicals (eaq*, H, and OH). Exis
tence of such intermediates is supported by the formation 
from nitriles of radicals of the type RCH=N by both eaq* 
and H as observed by esr.3 Similar intermediates of the 
form XOH* are proposed in irradiated solutions of 
SCN* 4-5 and Br* 6-7 to be in equilibrium with the more 
familiar X2*. By analogy the species (CN)2* might be ex
pected in cyanide solutions. Because the intermediates 
proposed for cyanide solutions should have characteristic 
esr spectra it is likely that the in situ radiolysis-esr meth
od8 can be used to advantage in demonstrating the forma
tion of these species. Two previous papers by us reported 
esr investigations of the reactions in irradiated aqueous 
solutions of inorganic ions. The first of these,9 dealing 
with direct observations of the intermediates, omitted the 
cyanide system while the second10 discussed an interme
diate in CN- solutions as studied by radical trapping with 
CH2= N 0 2*. Under conditions of O* attack on CN* it 
was found that this intermediate added to CH2= N 0 2* to

give an adduct tentatively identified as NCCH2N 02*. 
The work described here shows that esr spectra of inter
mediates in cyanide solutions can be observed directly 
and that the identification of the above-mentioned adduct 
to CH2= N 0 2* must be revised.

Results and Discussion

Esr experiments with in situ radiolysis of the flowing 
sample solution by a 2.8-MeV electron beam were carried 
out as previously described.8-10 Analytical grade KCN was 
used to make solutions of both CN* and HCN. When 
HCN was desired the water was deoxygenated by bub
bling with either N20 or N2 before addition of the KCN. 
After addition of the cyanide and the desired amount of

(1) Supported In part by the U. S. Atomic Energy Commission.
(2) H. Ogura, Bull C h em . S o c . Jap., 41, 2871 (1968).
(3) P. Neta and R. W. Fessenden, J. Phys. C h em ., 74, 3362 (1970).
(4) D. Behar, P. L. T. Bevan, and G. Scholes, J. C h em . S o c . D. C h em . 

C om m u m ., 1486 (1971).
(5) D. Behar, P. L. T. Bevan, and G. Scholes, J. Phys. C h em .. 76, 1537 

(1972).
(6) D. Zehavl and J. Rabani, J. Phys. C h em ., 76, 312 (1972).
(7) D. Behar, J. Phys. C h em ., 76, 2517 (1972).
(8) K. Elben and R. W. Fessenden, J. Phys. C h em ., 75, 1186 (1971).
(9) D. Behar and R. W. Fessenden, J. Phys. C h em ., 76,1706 11972).

(10) D. Behar and R. W. Fessenden, J. Phys. C h em ., 76,1710 (1972).

The Journal of Physical Chemistry. Vol. 76, No. 26, 1972



3946 D. Behar and R. W. Fessenden

TABLE i: Esr Parameters of Intermediates in the Radiolysis of Aqueous Solutions of HCN, CN , and HCONH2°

Source pH Radical aN a» a H' g

CN - 10.4 • C ( = 0 ) - N H 2 21.62 30.49 1.34 2 .00150
h c o n h 2 10.2 • C ( = 0 ) - N H 2 21 .63 30.46 1.32 2 .00148
h c o n h 26 N eutra l • C ( = 0 ) - N H 2 21.62 30.47 1.31 2 .00154
HCN 6.3 H C (0 “ ) = N 10.76 54.45 2.00335
HCN 2 .8 -4 H C (O H )= N 10.14 54.40 0.89 2 .00322
HCN 2.5 H C (H )= N 10 .2e 8 7 .2e 2 .0 028e

a Hyperfine constants in gauss, accurate to ±0 .05  G; g  factors accurate to ±0.00003. Second-order corrections have been made. 6 Results ot 
Livingston and Zeldes.11 c Because of the broad lines and weak signals the accuracy here is only ±0 .1  G and ±0.0001 for the g-factor.

Figure 1. Second-derivative esr spectra obtained during radioly
sis of N20  saturated solutions of 0.01 M  KCN at pH 10.4 (upper 
spectrum) and 13.5 (lower spectrum). The central portion is re
corded at reduced gain and contains the signal from the silica 
cell. Magnetic field increases to the right. Note the expanded 
scale on the lower trace. The upper spectrum of 12  lines is the 
same as that obtained under conditions of OH attack on 
HCONH2 and matches that attributed to -CO N H 2. 11 The radical 
responsible for the lower spectrum is a secondary reaction 
product and has not been identified.

HCIO4 the rate of gas flow was restricted to prevent re
moval of the HCN.

Reactions of OH. The reactions of OH were studied in 
N2O saturated solution to increase the yield and to pre
vent possible, complicating reactions of eaq- . In consid
ering the results to follow and their relationship to possi
ble pulse radiolysis experiments several points must be 
kept in mind. Most important is the fact that the steady- 
state esr experiments pertain to radicals with an average 
lifetime of ~500 /¿sec. Because of this fact, the radicals 
observed by esr do not necessarily represent those which 
would be found on the shorter time scale of pulse experi
ments. This situation is modified in the radical trapping 
experiments because rapid reaction of radicals with 
CH2= N 0 2- at a rate constant of ~ 108 M -1 sec-1 is like
ly. Thus the half-life for pseudo-first-order reaction with 5 
X  10-3 M  CH2= N 0 2-  is <2 jusec and the time scale is 
similar to that of pulse experiments.

Radiolysis of a 0.01 M solution of KCN at pH 10.4 pro
duced a weak 12-line spectrum with a greater line width 
(0.5 G) than is usual for most organic radicals. The spec
trum (shown in Figure 1) is described by the parameters 
aN = 21.62, aH = 30.49, aH' = 1.34 G, and g = 2.00150. 
Such a low value of the g factor is unusual and is often 
characteristic of a a electron radical. In fact, this radical 
has already been identified as 0=CN H 2 by Livingston

and Zeldes11 who produced it photolytically in formamide 
solutions. (Further discussion of the identification and a 
reaction mechanism for forming this radical is given in a 
later section.) As further confirmation of this intermediate 
in the radiolytic studies an experiment was carried out 
with formamide (pH 10.2) and the same spectrum ob
tained. The intensity of the lines was the same with either 
source of the radical so that production of this radical 
must be a major reaction in the case of CN- . The spectral 
parameters are given in Table I.

Because optical pulse radiolysis experiments12 suggest a 
change in the nature of the species produced in CN-  solu
tions at pH ~  12 an esr experiment was also carried out at 
pH —13.5. Under those conditions two sets of weak lines 
were found: one set consists of several broad lines which 
cannot be characterized further; the other set of narrower 
lines is best described as a 1:2:3:2:1 quintet with the 
parameters aN = 2.42 G for two equivalent 14N nuclei and 
g = 2.00362. The radical responsible for the latter set of 
lines appears to be the result of secondary reactions be
cause the intensity of its lines decreases with increased 
flow rate of the solution. The same set of narrow lines 
was obtained in experiments starting with formamide. 
No specific radical is proposed to account for this spec
trum.

As mentioned in the Introduction, the esr spectrum of 
an adduct, RCH2N 02- , was observed in experiments with 
nitromethane trapping agent10 at pH 13. The spectrum 
was characterized by a 0.5-G hyperfine splitting for an 
14N nucleus in the group R. In the previous work10 this 
adduct was identified as NCCH2N02-  with the possibili
ty acknowledged that the group R was more complex than 
just CN. A repetition here of the previous experiment 
gave the same spectrum. In addition, however, an identi
cal spectrum (see Table II) was found when formamide 
was the solute at pH 13. The conclusion seems clear that 
the reaction of O" with both CN- and HCONH2 yields 
the same radical in strongly basic solution. The spectrum 
obtained with formamide and nitromethane in strongly 
basic solution contains, in addition to the above-men
tioned radical, the lines of the adduct of C0 2- ( - 0 2 
CCH2N02- ). The intensity of these lines was found to in
crease with aging of the formamide solution and must re
sult from OH attack on HC02~ formed by the hydrolysis 
of the formamide.

The parallel between the products formed from CN- 
and HCONH2 is also evident in CH2= N 0 2- trapping ex
periments at lower pH. Under these conditions (pH 10.4) 
a different adduct spectrum is observed (the same for 
both solutes) which displays both a proton and a nitrogen

(11) R. Livingston and H. Zeldes, J. C h em . P h ys., 47, 4173 (1967).
(12) D. Behar, to be submitted for publication.
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TABLE II: Esr Parameters of Adducts to C H 2 = N 0 2  in Irradiated Solutions of CN and HCONH2a

Source pH Radical aN02N 3CH2H 3 n HN s n h h 9

C N - 13 h 2n c o c h 2n o 2 - 25.27 8.04 0.51 2.00505
H C O N H 2 13 h 2n c o c h 2n o 2- 25.26 8.07 0.50 2.00505
C N - 10.4 h 2n c o c h 2n o 2- 25.24 8.06 0.50 0.35 2.00504
h c o n h 2 10.4 h 2n c o c h 2n o 2 - 25.25 8.03 0.50 0.36 2.00506

a Hyperfine constants in gauss accurate to ±0 .05  G; g  factors accurate to ±0.00003. Second-order corrections have been made.

a" = 0.50 G N-— H 
aH=0.35 G M

Figure 2. S tru c tu re  of the  low es t fie ld  ‘ ‘ l in e ”  of the  ad duc t to 
C H 2= N 0 2 -  found in irra d ia te d  so lu tions of N 20  sa tu ra te d  2 X 
1 0 -2  M  C N ~  co n ta in ing  5 X 1 0 -3  M  n ltro m e th a n e  at pH 13 
(upper) and 10.4 ( lo w e r). Th is a d duc t is iden tified  as H2- 
N C 0 C H 2N 0 2 - . The line on the r igh t o f tne  low e r sp e c tru m  Is 
one of those  o f the  e le c tro n  a d duc t to C H 2= N 0 2 - . The s tic k  
spe c trum  at the  bo ttom  show s the d e co m p o s itio n  to nH and 14N 
hyp erfine  sp littin g s  and the  co n n e c tin g  lines  in the  ce n te r show 
the  co llap se  of the p ro ton  sp litting  by exch ange  under the  h igh ly  
basic  con d itions .

splitting by nuclei in the group R. The structure of a line 
group for both pH conditions is shown in Figure 2; the 
corresponding parameters are given in Table II. From this 
table it is evident that the spectrum observed in strongly 
basic solution is the same as that at lower pH but with 
the absence of the 0.35-G proton splitting. Although it is 
possible that dissociation of a proton in the group R  has 
occurred and that the parameters for both dissociated and 
undissociated forms happen to be the same, a much more 
probable explanation is that a base-catalyzed proton ex
change occurs which averages the one proton splitting to 
zero .13

The reaction of OH with H CN  (pK  = 9.3) was studied 
at pH values o f 6.3, 4.0, and 2.8. All solutions were 2.5 X 
10_ 3 M  in H CN and were saturated with N 20  and those 
at pH 4.0 and 6.3 were buffered with phosphate. Under 
these pH conditions some contribution to the spectrum 
from the radical -C O N H 2 was evident but in addition 
new lines appeared. At pH 4.0 and 2.8 the spectrum of 
Figure 3 was found. These lines are described by the pa-

J 1______ II
0.89G* — IO.I4 G

■* - 5440G-iJ--1----H
Figure 3. O uter po rtions  o f the  esr sp e c tru m  ob ta ined  cu rin g  ra 
d io lys is  o f an N20  sa tu ra ted  2.5 X  1 0 -3  M  so lu tio n  o f HCN at 
PH 2.8 . The pos itions o f the  12 lines ass igned to H C (O H )= N  
are Ind ica ted  by the  s tic k  spe c trum  a t the  bo ttom . The lines 
m a rked  by the num ber 2 a re  those  of -C O N H 2.

rameters a 11 = 54.41, aH' = 0.89, aN = 10.14 G, and g  = 
2.00322. (These lines are ~ 0 .5  G wide as was found with 
•CONH2.) From the large proton hyperfine constant it is 
evident that the radical must be H C (O H )= N  with the 
CH proton producing the large splitting. The radicals 
R C H = N  derived from nitriles3 have aH ~  80 G and 
H 2 C = N  in the solid phase14 has been found to have aH ~  90 
G. The value of aH and the g factor are consistent with 
those of the radicals from the nitriles. The reduction in au 
from 90 G for H 2C = N  to 54 G for H C (O H )= N  is believed 
to be a specific effect o f OH substitution as occurs for the 
methylene proton in cyclohexadienyl radical where a drop 
from 48 to 34 G is observed upon OH substitution .8 The 
results o f  INDO calculations shown in T able III support 
this idea, especially for the first o f the two structures for 
H C (O H )= N . A radical which appears in retrospect to 
have been H C (O H )= N  (or the dissociated form 
H C (0 - ) = N ,  see below) was observed by Root, et a l.,15 in 
irradiated crystals o f alkali halides doped with C N - . 
Their assignment of the spectrum was, however, to 
H O N +.

At pH ~ 6  a spectrum similar to that attributed to 
H C(OH )==N was found which did not show an OH proton 
splitting. Lines of -C O N H 2 were also evident under these 
conditions. The parameters for the new radical are shown 
in Table I and it is clear that the values o f aN and the g

(13) The mechanism of this base-catalyzed exchange Is presumed to In
volve the rap d dissoclation-protonation reactions, ’r'o H +  OH 
«=R O -  +  HOH, but with an equilibrium point such that the concen
tration of RO- is very small. This type of behavior has been ob
served In these laboratories for several radicals the most notable of 
which Is hydroxycyclohexadienyl. In this case the OH splitting of 
0.42 G Is observed only In neutral solution and Is averaged to zero 
In both acid and basic solution. The other hyperfine constants are 
the same under all conditions (ref 8 and R. W. Fessenden, J. 
C hem . Phys., submitted for publication.)

(14) F. J. Adrian, E. L. Cochran, and V. A. Bowers, J. C h em . P h ys ., 36, 
1938 (1962); J. A. Brlvatl, K. D. J. Root, M. C. R. Symons, and J. 
A. Tlnllng, J. C h em . S o c . A. 1942 (1969).

(15) K. D. J. Root, M. C. R. Symons, and B. C. Weatherley, Mol. Phys.. 
11, 161 (1966).
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TABLE II I:  Results of INDO Calculations on Im ino Radicals“

Structure aCHH a« ac 3ohh

H.
V = n ‘

t r
82.7 8.4 - 2 8 .7

(E xpe rim en ta l va lues) 87.2 10.2 c

/ H
° \  ■ 

)C = N
JT

63.9 8.7 - 2 4 .4 - 4 .6

y O
H V = N

FT
75.7 8.7 - 2 5 .8 - 3 . 2

(E xpe rim en ta l va lues) 54.40 10.14 c 0.89

0 After Pople, Beveridge, and Dobosh.17 Hyperfine constants in gauss. 
The bond lengths were rcN =  1.25, rc h =  1.10, rc o  =  1.36, and 
roh =  0.96 (all in A). The angles were ZHCN =  125°, ZOCH = 125°, 
and ZHOC = 105° 56'. The structure for H2C = N  is that which Chiu, 
e l  a l . . 's found gave the minimum energy. b These values are essentially 
identical with those given by Chiu, e ta /.19 c Not determined.

factor are significantly different than those of the form 
found in more acid solutions. This spectrum is assigned, 
therefore, to the dissociated form HC(0- )=N . At pH ~6 
another set of three lines is observed. These lines are not 
equally spaced and it is very likely that a fourth line in 
this spectrum is masked by the signal from the silica cell. 
Under this assumption the spectral parameters are aH = 
27.44, aH' = 19.78 G, and g = 2.00426. The intensity of 
these lines is not dependent upon sample flow rate so the 
associated radical does not seem to be a secondary reac
tion product. No identification of this species which lacks 
a 14N hyperfine splitting can be suggested.

To clarify the origin of the -CONH2 observed in acid 
solutions a study of the signal heights as a function of flow 
rate was carried out. It was found that at pH 2.8 the sig
nals of this radical as observed in Figure 3 were visible 
only at low flow rates. At higher pH the signals were also 
inversely dependent upon flow rate but were considerably 
stronger and could not be completely eliminated at the 
highest flow rate used. It is likely that some of this radical 
is produced in secondary reactions, particularly at low 
pH. An experiment was also carried out with formamide 
at pH 2.8 and 6.0 to determine if the radical HC(OH)=N 
could be formed from this source. Only the spectrum of 
•CONH2 was observed.

Reactions of H and eaq- . The reaction of H atoms with 
HCN was studied at pH 2.5 with a 2.5 X 10-3 M solution. 
Because Ogura2 has shown the rate constant for eaq- + 
HCN to be only moderately fast (2 X 10s M -1 sec-1) 
HCN cannot compete with H+ for eaq- and reaction of 
only H with HCN is assured. By analogy with the nitriles3 
the reaction should be

H

H +  HCN — *• H— C = N  (1 )
A search for the lines of H2C=N was carried out under 

modulation conditions appropriate for broad lines and 
lines attributable to this species were found; the two outer 
line groups are illustrated in Figure 4. The lines of this 
radical are nearly 1 G wide and, because of the large mod
ulation amplitudes required, the central set of six lines 
could not be observed because of interference from the 
wings of the line from the silica cell. The parameters for 
N2C=N found here are aH = 87.2, aN = 10.2 G, and g = 
2.0028 and are in good agreement with those found in the

if—

2V"2(872IG o" *102 G

Figure 4. O uter po rtions  o f the esr spe c trum  a ttribu te d  to  H2- 
C = N  as observed in 2.5 X 1 0 -3  M  HCN at pH 2.5 du ring  ir ra 
d ia tion . S how n are the th ree -lin e  pa tte rns  re p rese n ting  the  s p lit
ting  by 14N (10 .2  G) o f the ou te r lines of the tr ip le t p roduce d  by 
the tw o equ iva len t protons.

solid phase.14 We attribute the atypical line width for this 
species (as well as that for the others studied here which 
show this effect) to spin-rotation interactions as a result 
of the low moments of inertia.16

The observation3 of radicals of the type RCH=N pro
duced by eaq- + RC=N suggested that H2C=N could re
sult also from

eaq- + HC=N — [HCN]- (2)

[HCN]- + H20 -* H2C=N + OH- (3)
Experiments with 0.1 M HCN at several pH values be
tween 7.0 and 11.1 showed the formation of this radical. 
The signal intensity at pH 11.1 was, however, reduced by 
about one-half. At pH 11.8 and above no signals were de
tectable. This result suggests that eaq- reacts with HCN 
but not with CN- and that because of the high cyanide 
concentration sufficient HCN remained at pH 11.1 to par
tially react with eaq- . A search for the lines of HCN - 15 at 
these various pH values was unsuccessful. Apparently, as 
found for RCH=N up to pH 13, the protonation step 
(reaction 3) is rapid and the radical exists in the undisso
ciated form. (It is also possible that the lines of HCN- 
were too broad to detect.)

Structure of the Radical -CONHi- The very large dif
ference in the two proton hyperfine constants of the radi
cal designated as -CONH2 (30.5 and 1.3 G) is peculiar, as 
has been noted before,11 and other structures for the radi
cal must be considered. The experiments with HCOND2 
reported by Livingston and Zeldes11 clearly show that the 
aldehyde hydrogen is abstracted so that without a com
plex rearrangement the radical cannot be HCONH. Those 
authors also argued against the enol form HOC=NH be
cause no proton exchange was evident in 1 M acid. (The 
OH protons of more conventional radicals are found to ex
change under these conditions.) In all esr experiments a 
rearrangement from keto to enol form, if occurring, would 
have to be complete within the radical lifetime of ~500 
iisec. Because this rate might be strongly influenced by 
water an experiment with pure formamide was undertak
en. In fact, the spectrum and its intensity were very simi
lar to that found in aqueous solution.

As an alternative approach it was hoped that molecular 
orbital calculations would allow the rejection of one of the 
two structures for the above radical. The results of 
INDO17 calculations for two geometries of •C0NH2 and 
one of HOC=NH are presented in Table IV. The results

(16) For some comments on this effect for hydrocarbon radicals see H.
G. Benson, A. J. Bowles, A. Hudson, and R. A. Jackson, Mol.
P h ys., 20, 713 (1971).

(17) J. P. Pople, D. L. Beveridge, and P. A. Dobosh, J. A m er . C h em .
S o c .. 90, 4201 (1968).
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TABLE IV: Results of INDO Calculations on CONH2a

Structure aN a« aH'

, ° v 15.1 35.9 - 3 . 2

(planar) 18.1 39.8 - 3 . 4

. < \  / H  
2.6 C—  N \  

\ H' 26.7 69.1 1.39

( nonplanar)

4. (E xpe rim en ta l va lues) 21 .6  30.5 1.3

“  After Pople, Beveridge, and Dobosh.17 Hyperfine constants in gauss. 
b In structures 1 and 2 the geometry is derived from that of HCONH2 
[C. C. Costain and J. M. Dowling, J. C h em . P hys., 32, 158 (I960)]. The 
parameters for structure 1 are Tcn — 1.376, rco =  1.193, rNH =  1014, 
rNH' =  1.002 (all in A) and ZOCN = 123° 48 ', ZCNH = ZC N H ' =  
120°. For structure 2 the parameters are the same except that H' is 
moved out of the plane of the other atoms by an amount corresponding 
to an azimuthal angle of 60°. c AM atoms are in one plane with the 
parameters ron ' =  0.96, roc =  1.36, rcN =  1.28, r NH = 1.00 and 
ZH 'O C  = 105° 56', ZOCN =  120°, ZC N H  = 128° 5 '. Standard 
values17 are used except for tcn [E. G. Cox and G. A. Jeffrey, P roc. Roy. 
S o c ., Ser. A, 207, 110 (1951)], ZH 'O C[m ethanol value, E. V. Ivash and
D. M. Dennison, J. C h em . P h ys., 21, 1804 (1953)], and Z C N H  [as for 
OCNH, L. H. Jones, J. N. Schoolery, R. G. Shulman, and D. M. Yost, 
ibid.. 18, 990 (1950)].

for all structures are of the correct magnitudes18 and in 
particular a large difference between the two values of the 
hyperfine constants for the NH2 protons of the keto form 
is found.19 Further refinement of the calculations is possi
ble but it seems unlikely that it will be possible to reject 
either structure. On the basis mainly of the chemical 
arguments the structure -CONH2 seems most appropri
ate although the other cannot completely be excluded.

With the assignment of this radical as -CONH2 it is 
evident that, barring a rearrangement following addition, 
the adduct to nitromethane must be assigned the struc
ture H2NC(=0)CH2N02-. The 0.50-G 14N hyperfine 
constant is not unreasonable for nitrogen in this position. 
To explain only one proton splitting from the NH2 protons 
one must argue that the NH2 group is not free to rotate so 
that the protons are inequivalent and that one splitting is 
too small to resolve. This behavior is similar to that of the 
radical -C0NH2 itself which has two very different pro
ton splittings and so is not unexpected. The absence of 
the N-H proton splitting of the adduct under strongly 
basic conditions is most likely the result of an exchange 
with water by means of the dissociation
OH- + H2NC0CH2N02- =>

H20 + -HNCOCH2N02- (4)
as is observed8 for radicals such as (CH3)2COH. (It is most 
likely that this equilibrium lies to the left under the con
ditions used, however.)

Reaction Mechanism
From the results above it is clear that the reactions of H 

and eaq_ with HCN are quite simple and yield H2C=N. 
The reaction of OH with HCN also seems to be a simple 
addition

OH
I .

OH +  HCN — > H— C = N  (5)

and in acid solutions splittings by all of the nuclei of this

radical are observed. At pH 6 the splitting of the OH pro
ton is absent and small changes in some of the other spec
tral parameters have occurred. It is clear that under these 
conditions the radical exists as the anion

OH Q-
I • I .

H— C=N ±=5, H— C = N  +  H+ (6)

The pK for this reaction is estimated to be ~  5.
The reaction of OH with CN" is much more complex. 

The exact parallel in behavior of CN- and HCONH2 has 
been noted and the resultant radical identified as 
•CONH2. A reasonable sequence of reactions for forming 
this species is

OH
I

OH +  CN" — ► -C = N  (7)

OH OH
I I

■C=N~ +  H,0 — ► -C=NH +  OH (8)

OH 0
I II

•C=NH — -C— NH2 (9)

The protonation step 8 can be very rapid as can reaction 9 
which probably proceeds by dissociation of the OH fol
lowed by a protonation on the nitrogen. If the identifica
tion of the final radical is incorrect and it exists as the 
enol form then reaction 9 is not needed for cyanide solu
tions but with HCONH2 reaction 9 would then have to be 
reversed.

It is important to note that the reactions of OH with 
HCN and CN” lead to different radicals on the time scale 
of the esr experiments. Off hand, the rearrangement of 
HC(OH)=N to -CONH2 by a sequence of reactions simi
lar to 7-9 does not seem unlikely. The esr results which 
show -CONH2 to be only a secondary product in the 
reaction of OH with HCN in the acid region indicate, that 
this rearrangement does not readily occur. The situation 
with HC(0” )=N  is less clear as in neutral solutions a 
larger yield of -CONH2 is observed which cannot defi
nitely be called a secondary product. It is possible there
fore that this form can convert to -CONH2. The experi
ments with formamide at pH 2.8 and 6.0 which found only 
•CONH2 shows clearly that this radical does not rear
range to the form HC(OH)=N or HC(0” )=N . The factor 
determining the form of the radical seems most probably 
to be whether a hydrogen is bonded to the carbon. Once 
such a hydrogen is in place it apparently cannot be re
moved by ionization. The lack of ionization of the compa
rable radicals RCH=N has been noted. Related to this 
point is the representation of the structure of the first in
termediate in reactions 7 and 8 by •C(OH)=N” . If a large 
fraction of charge were on the carbon so the structure 
should be more correctly represented by ” C(OH)=N then 
protonation should occur on the carbon leading to the rad
ical HC(OH)=N contrary to the observations.

The reaction of O” with CN” in strong base can be 
identified from the result of the nitromethane trapping

(18) Better agreement with observed hyperfine parameters for the enol 
form would probably be obtained with a longer CN bond. The three 
other structures for this form with H and H' transposed cis to trans 
(with respect to the unpaired electron) or wee versa  give much 
poorer agreement with experiment. In each case the trans proton 
has the larger hyperfine constant.

(19) Recent calculations by M. F. Chiu, B. C. Gilbert, and B. T. Sutcliffe, 
J. Phys. C h em  . 76, 553 (1972), also show this difference and are 
otherwise in reasonable agreement with the observations.
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experiment and the parallel between CN“ and HCONH2. 
Because the same adduct is formed as in less alkaline so
lutions where the intermediate is known to be -CONH2 it 
is clear that the reaction sequence starting with 0 “ is es
sentially the same as that with OH. The fact that the esr 
spectrum of -CONH2 itself is not observable in strong 
base means that some transformation is occurring. By far 
the most likely is an exchange of protons by the dissocia
tion

€ — NH, + OH -C— NH_ + HX) (10)

which broadens the lines. Because a change in initial opti
cal density of pulse irradiated CN“ solutions is evident12 
at about pH 12, a shift of this equilibrium toward the 
right probably also occurs. An experiment at 2 M  KOH 
and 10“ 2 M CN“ was conducted in order to determine if 
the ionized keto radical, •C(=0)NH- can rearrange to 
the enol form HC(0“ )=N ; the absence of the lines of this 
species showed that the rearrangement does not occur.

The observation of only one adduct to CH2= N 0 2“ in 
basic solutions of CN~ tells several things. On the most 
trivial level the absence of the C02“ adduct shows that 
cyanide in these solutions does not hydrolyze significantly 
to HCONH2 (it has been found that formamide solutions 
do give some of the C02 adduct). The -CONH2 found in 
CN“ solutions cannot, therefore, come from HCONH2 
produced by such hydrolysis. Furthermore, production of 
CN in addition to -CONH2 radical can probably be ruled 
out because only the one adduct to CH2= N 0 2~ is found. 
Reaction of -SO-r with CN", on the other hand, leads to 
both the •CONH2 adduct and what is probably the CN 
adduct.20

The behavior of CN-  is, from this work, clearly differ
ent than that of the halides and pseudohalides such as

SCN~. The adduct of OH + CN- is stable toward disso
ciation and does not undergo equilibria leading to (CN)2“ . 
The factor which probably controls these reaction pathways 
is the stability of the X -0  bond in XOH“ . In the case of 
CN“ there is a strong C-0 bond in contrast to the rather 
weaker bond in the case of the halides.

Reexamination of Other Systems. The previous mis- 
assignment10 of the CH2= N 0 2“ adduct obtained with 
CN~ solutions, as detailed above, suggests that with some 
of the other systems studied previously10 the radicals R in 
RCH2N02 may also have been incorrectly identified. The 
most likely cases are that of SCN“ and perhaps N3“ and 
SH~. The latter was studied at a number of pH values 
and results consistent with adducts of S“ and SH found. 
In the present work the SCN“ system was investigated at 
low pH where the CN- system gave the new spectrum re
ported above. No change in the spectrum was found at pH
9.8 so no new structure for the adduct to CH2= N 0 2~ 
seems necessary. The N3“ system was not reexamined.

Conclusions
•

The primary radicals H and OH from the radiolysis of 
water clearly add to HCN to form H2C=N and 
HC(OH)=N, respectively. The other intermediate, eaq“ , 
also leads to H2C=N by addition followed by protonation. 
No product resulting from the possible reaction of eaq“ 
with CN“ was found but reaction of OH (or 0 “ ) with 
CN- yields a radical which is most probably -CONH2 (or 
CONH~). This radical is the same as that obtained from 
reaction of OH with formamide. It is not clear whether 
the intermediate HC(OH)=N can rearrange to -CONH2 
but the reverse reaction is not found. Thus in experiments 
with HCONH2 the radical -CONH2 is found under condi
tions where HCN yields HC(OH)=N.
(20) O. P. Chawla and R. W. Fessenden, to be submitted tor publication.
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Electron paramagnetic resonance line widths were measured at 24 on 2:1 ligand-metal vanadyl(IV). a- 
hydroxycarboxylate chelates of varying molecular size with the ligands benzilic, mandelic, a-hydroxyiso- 
butyric, lactic, and glycolic acids in aqueous solution at pH 8.5. Measurements on vanadyl sulfate in 3 N 
HC1 and vanadyl bis(a-hydroxyisobutyrate) in 9 mol % ethanol-water were also made. In general the 
theory of Kivelson and Wilson satisfactorily explains the observed line widths although the values of the 
rotational correlation time derived from different parameters in the theory are not exactly equal. A near
ly linear relationship exists between the rotational correlation time, rR, and the molecular weights of the 
hydroxycarboxylates. The residual line widths are readily accounted for by a spin-rotational interaction. 
Hydrated vanadyl ion appears to be an exception to these results in two ways. First, the residual line 
width (2.80 G) is much larger than expected from the spin-rotation interaction and is most likely due to 
the isotropic coupling of the unpaired electron with the protons of the coordinated water molecules. Sec
ond, the tr values, and hence all of the line 
ylates. This lengthening of rR appears to be 
coordination sphere of hydrated vanadyl ion.

Introduction
One of the most striking features of the epr spectrum of 

vanadyl ion, V02+, in liquids is the variation of the line 
width with nuclear hyperfine component (Figure 1). This 
dependence of electron relaxation on nuclear orientation 
was first explained semiquantitatively by McConnell in 
terms of motional modulation of anisotropic g and nuclear 
hyperfine tensors.23 A more detailed line width theory, 
which also included spin-rotational interactions, was later 
developed by Wilson, Atkins, and Kivelson2b-4 and suc
cessfully applied to the temperature dependence study of 
the epr line widths of vanadyl bis(acetylacetonate) in tol
uene solution.3-4 Subsequent investigations on two other 
vanadyl chelates5-6 have raised a question about the theo
ry, in that the rotational correlation time, rR, derived 
from different parameters in the theory is not exactly the 
same.

This study was undertaken to further examine the line 
width theory as applied to several other vanadyl chelates 
and to determine the sensitivity of rotational correlation 
times to differences in molecular structure and to metal 
ion-solvent interactions. Accordingly we have made care
ful line width measurements on aqueous solutions of 
vanadyl sulfate (VOSO4) and of a series of a-hydroxycar- 
boxylate chelates, I, with similar anisotropic magnetic

widths, are anomalously large relative to the hydroxvcarbox- 
due to the presence of bound water molecules in the second

properties but of varying molecular size, viz, where Ri, R2 
is H, H (glycolate); H, CH3 (lactate); CH3, CH3 (hydroxy- 
isobutyrate); H. CeH5 (d(-mandelate); and C6H5, CeH5 
(benzilate). A few measurements in ethanol-water 
mixtures were also made. The results are compared with 
previous epr line width studies of vanadyl chelates in 
water,5 dimethylformamide,6 methanol,7 and toluene.3

Experimental Section
Preparation of Compounds. The aqueous solutions of 

the hydroxycarboxylate chelates were prepared as de
scribed elsewhere8-11 and titrated to pH 8.5 with ammo
nia carried over in a stream of nitrogen gas bubbling 
through the sample solution. The hydroxyisobutyrate che
late in 8.86 mol % ethanol-water was titrated with NaOH. 
The solutions were nominally 2 X  10 ~*3 M V02+ and 4 X  

10-2 M ligand, a tenfold excess of ligand being used to es
tablish equilibrium favorable to the parent species.9-11 
Identical line widths were obtained for solutions having a 
two- or tenfold excess of ligand, or for solutions titrated 
with NH3 or NaOH. All solution transfers were made with 
a system of syringes and serum stoppers to avoid contact 
of the solutions with atmospheric oxygen.

(1) Supported by National Science Foundation Grants No GP 11387 
and GP 28215 and a National Institutes of Health Postdoctoral 
Fellowship awarded to N. D. C., 1969-1970.

(2) (a) H. M. McConnell, J. C h em . P hys., 25, 709 (1956); (b) D. Kivel
son, ibid.. 33, 1094 (1960).

(3) R. Wilson and D. Kivelson, J. C hem . P hys.. 44, 154 (1966).
(4) P. W. Atkins and D. Kivelson, J. C h em . P hys.. 44, 169 (1956).
(5) D. C. McCain and R. J. Myers, J. P hys. C h em .. 71, 192 (1967).
(6) R. B. Jordan and N. S. Angerman, J. C hem . P h ys ., 48, 3983 

(1967).
(7) N. S. Angerman and R. B. Jordan, Inorg. C h em .. 8, 1824 (1969).
(8) R. E. Tapscott and R. L. Belford, Inorg. C h em .. 6, 735 (1967).
(9) R. L. Belford, N. D. Chasteen, H. So, and R. E. Tapscctt, J. A m er. 

C hem . S o c .. 91, 4675 (1969).
(10) N. D. Chasteen, R. L. Belford, and I. C. Paul, Inorg. C h em .. 8, 408 

(1969).
(11) R. R. Reeder and P. H. Rieger, Inorg. C h em .. 10, 1258 (1971).
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Figure 1. First-derivative X-band epr spectrum of ammonium 
vanadyl glycolate plus excess ligand, 2 X 10 -3  M  V 0 2 + in HoO, 
pH 8.5, at 297°K.

Figure 2. First-derivative X-band epr spectrum of ammonium 
vanadyl benzilate plus excess ligand, 2 X  10 -3  M  V 0 2+ in H2O, 
pH 8.5, at297°K.

Epr Spectra. All spectra were measured with a Varian 
V-4502 spectrometer, operating at X-band ( — 9.535 GHz) 
with 100 kHz field modulation. Generally, the field was 
measured with a proton probe and a Hewlett-Packard 
5245M frequency counter. The g values were determined 
both directly by measuring the klystron frequency with a 
Micro-Now Model 101 frequency multiplier and the fre
quency counter or indirectly by comparison with the reso
nance of a speck of powdered DPPH (g = 2.0036). The 
spectra were recorded on a Honeywell x-t strip chart re
corder equipped with a field marker.

Effects of overmodulation and saturation on the line 
widths were avoided. The temperature was maintained at 
24.0 ±  0.3° as measured by a copper-constantan thermo
couple taped to the aqueous solution flat cell.

Viscosity Measurements. The solution viscosities rela
tive to that of water were determined with an Ostwald

Figure 3. First derivative X-band epr spectrum of ammonium 
vanadyl glycolate plus excess ligand, 2 X  10 ~ 3 M  V 0 2+ in H20, 
pH 8.5, at 77°K.

viscometer12 immersed in a constant temperature bath at 
24°.

Results and Discussion
Determination of g and Hyperfine Splitting Parameters. 

Knowledge of the anisotropic epr parameters is needed for 
later treatment of the line width theory. Typical room 
temperature solution spectra of the vanadyl chelates are 
shown in Figures 1 and 2. These spectra are governed by 
the isotropic spin Hamiltonian

3C =  gofiaH ■ S +  aS ■ I (1)

with the transition energies, correct to second-order per
turbation theory, given by

a u . , ,  _,1 [III + D -M -1wo = go8 0 H IH  +  aM +  7) a- # ¡ft------ J <-)

where S and /  jire the electron and nuclear spin operators 
respectively, H is the applied magnetic field (G), o>0 is the 
microwave frequency (rads/sec), /  = and M = ±

± 1/2-
Anisotropy in the epr parameters is seen in the spectra 

of frozen solution samples (Figure 3) where the averaging 
effect of molecular rotation is absent. These spectra are 
governed by the anisotropic spin Hamiltonian
3C = do (gzHZS + gXHXSX + gyHySy) +

A-X îlx + AySyly A A ¿S JZ (3)
where x, y, and z refer to the molecular fixed axis system 
with principal axes of the g and A tensors assumed to be 
coincident. The z axis presumably corresponds to the 
vanadyl, VO, bond direction. Unfortunately, we were un
able to assign the x and y components of these spectra 
(Figure 3) because of the width of the lines encountered in 
the frozen solutions. Therefore, we assumed an axially 
symmetric system with g z = g , ,  g x = g y  = g ± !  A z = A „, 
and A x = A y = A x. We derived g and A  from the frozen 
solution spectrum according to the equation13

u>„ =  gßoH /ti +  AM  +  ~ ' III + 1) -  AU~ 
_gß„H/-h (4)

for the transition energies. Values for g and A were then

(12) F. Daniels, J. W. Williams, P. Bender, R. A. Alberty, and C. D. 
Cornwall, “ Experimental Physical Chemistry," 6th ed, McGraw-Hill, 
New York, N. Y., 1962, p 147.

(13) B. Bleaney, Phil. M ag., 42, 441 (1951).
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TABLE I: Epr Parameters Of Vanadyl Complexes

Complex go ( ± 0 .0 0 1 ) g M (±0.002) 9 ±  (±0.003) a (± 0 .00 6 )" A m (± 0 .02 0 )" A x  (±0.030)

G lyco la te 1.972 1.950 1.983 1.583 3.084 0.833
Lac ta te 1.973 1.956 1.982 1.561 2.928 C.877
H yd ro xy isobu ty ra te 1.973 1.954 1.983 1.530 2.917 C.836
c//-M andela te 1.974 1.954 1.984 1.553 2.925 C.867
B enzila te 1.974 1.955 1.984 1.466 2.856 0.772
V 0 2+ in 3 N  HCIa 1.965 1.932 1.981 2.004 3.440 1.353

± 0 .0 0 2 ± 0 .0 0 2 ± 0 .0 0 2 ± 0 .0 1 0 ± 0 .0 1 0 ± 0 .0 1 0

° Reference 14. 6 Units of 109 rads sec - 1.

determined from the relations
1 9

go =  gg„+  g gx  (5)
and

a = 3 Ai + g J- (6)
a and g0 being available from the room temperature solu
tion spectrum and eq 2. More details concerning the ap
plication of eq 2 and 4 are given in ref 3. The resultant 
parameters are given in Table I.

Within experimental error, the parameters for the 
hydroxycarboxylates are in agreement with those reported 
earlier.9'11 The parameters for VOSO4 in 3 N HC1 were 
taken from the literature;14 however, we did measure g0 = 
1.966 ±  0.001 and a = 2.008 ±  0.006 x 109 rads/sec- 1 in 
good agreement with the literature values14 of 1.965 and
2.004 x 109 rads/sec-1, respectively. The isotropic g and a 
values were the same for the hydroxyisobutyrate in both 
water and ethanol-water mixtures.

Measurement of Line Widths. The variation in the line 
width AHm with nuclear spin state can be fitted to an 
equation of the form

A Hm = a' ±  a" + (SM + 7 M2 + 8M3 (7)
where a = a' ± a", fi, 7, and 5 are constants.2b-3 

The width of each line can be measured directly or al
ternately, indirectly from the relative peak-to-peak 
heights, h, and the relationship

( h \ 1/2

T f)  <8)
where AH_1/2 is the width of the sharpest line in the 
spectrum of the hydroxycarboxylates. The indirect meth
od assumes that hAH2 is the same for all hyperfine lines, 
i.e., all lines have the same line shape, and has worked 
well for other vanadyl complexes.3.5.15

To test the indirect method on the compounds reported 
here, the relative values of hAH2 for the lactate were mea
sured and found to be 0.87, 0.92, 1.07, 1.00, 1.03, 1.02, 
1.06, and 0.95 (M = - 7/2 to ± 7/2). The deviation of the two 
lowest field lines from the expected value of unity proba
bly arises from the presence of more than one species in 
solution.9-11 Earlier workers have noted9 substantial 
amounts of other species present in the glycolate solution, 
and this phenomenon is also evident in the weak extra 
lines and in the pronounced asymmetry of the low-field 
lines of our glycolate spectrum (Figure 1). Under high res
olution, the M = % and M = -%  lines consist of two
overlapping lines with similar widths. Some asymmetry, 
but less than that in the glycolate, was also observed in 
the low-field lines of the lactate. Further evidence for this 
interpretation of the breakdown of the indirect method for 
the low-field lines in the glycolate and lactate solutions is

provided by the recent pH and temperature dependence 
epr study of vanadyl lactate and glycolate solutions by 
Reeder and Rieger. Their results suggest that the M = 
- 1k line consists of two overlapping lines due to a mixture 
of cis and trans isomers in the ratio 0.23/1.0 at 25°.11 We 
think that the predominant species has a trans configura
tion about the vanadyl group since the visible spectra of 
both the vanadyl glycolate and lactate solutions exhibit 
four bands characteristic of frans-vanadyl a-hydroxycar- 
boxylate chelates.10 Furthermore, the low-field lines of the 
larger molecules (hydroxyisobutyrate, mandelate, and 
benzilate) show little asymmetry or evidence of more than 
one predominant species. This can be explained by a re
duction in the fraction of cis molecules due to a steric in
teraction between the large R groups of these ligands.

The lactate line widths measured indirectly give a far 
better least-squares fit to eq 7 than those measured di
rectly (Table II). The indirectly measured values give an 
rms deviation from the regression line of ±0.04 G com
pared to ±0.27 G for the directly measured values. Omis
sion of the — 7/2 and —% lines from the least-squares calcu
lation of the directly measured values considerably im
proves the fit, with a reduction in the rms deviation from 
±0.27 to ±0.12 G. This is consistent with the observed 
asymmetry of these two lines. Because the line width 
measurements are hampered to some degree by overlap
ping spectra of more than one species, there is no reason 
to assume that the direct or indirect method gives a bet
ter measure of the “ true” line width. We chose to measure 
the line widths of the remaining compounds by the indi
rect method, since the method is faster and somewhat 
more precise, and gives a better least-squares fit to eq 7 
than the direct method. We wish to emphasize that the 
difference in line widths obtained from these two methods 
is too small to invalidate any conclusions drawn later.

To test if overlap of adjacent lines seriously affects the 
line width measurements, the room-temperature spectrum 
of the lactate was computer simulated by summing eight 
first-derivative Lorentzian lines with the line widths listed 
in Table II. The experimental (and calculated) relative 
heights, h, of the eight lines were as follows: 0.404 (0.404), 
0.646 (0.644), 0.903 (0.902), 1.00 (1.00), 0.831 (0.831), 
0.543 (0.540), 0.328 (0.327), and 0.194 (0.194). Clearly 
overlap of lines is insignificant. This is true for all the com
pounds except the benzilate (Figure 2). To correct for over
lap in this case, the benzilate spectrum was computer 
analyzed into eight first-derivative Lorentzian lines. The 
rms deviation of AH from eq 7 was increased after overlap 
correction, ±0.24 G without overlap correction vs. ±0.52 
G with overlap correction. The very broad M = y2 line en-
(14) H. Kon and N. E. Sharpless, J. Phys. C h em ., 70, 105 (1966).
(15) R. N. Rogers and G. E. Pake, J. C h em . P hys.. 33, 1107 (1960).
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Epr of Vanadyl(IV) «-Hydroxycarboxylates 3955

Figure 4. Dependence of the epr line widths on M  for the vari
ous complexes.

countered with the benzilate was very difficult to measure 
precisely and is responsible for the poor fit to eq 7. Omis
sion of this line from the least-squares fit to the line 
widths corrected for overlap significantly reduced the rms 
deviation from ±0.52 to ±0.07 G. Accordingly, the least- 
squares parameters a, /3, 7, and 5 obtained from only 
seven lines were used in all the calculations for the benzil
ate.

At the concentrations employed in these experiments, 
we found that oxygen and intermolecular spin-spin ex
change had no effect on the line widths in agreement with 
earlier results.5 As oxygen tends to oxidize vanadyl ion in 
alkaline solution, it was excluded from the hydroxycar- 
boxylate solutions, however.

Sulfate ion has been found to broaden the epr lines of 
vanadyl5 and manganous16 ion in aqueous solutions. This 
effect is likely absent in our solution since at concentra
tions below 0.01 M VOSO4 in 3 N HC1, no further narrow
ing of the resonance lines is observed. We estimate from 
the stability constant17 of 2.5 M -1, that only about 0.5% 
of SO42- is directly bound to V02+ at the concentration 
employed here. Furthermore, our results for VOSO4 in 3 
N HC1 are in accord with those for VO(C104)2 in 
HCIO4.5'18 It is noteworthy that in a recent crystal structure 
determination of VOSO4.5H2O, the SO42- ion is coordinat
ed to the V0 2+ ion in an equatorial position.19

The line widths presented in Table II generally are the 
average of ten or more spectral scans on two or more sam
ple preparations. The line widths as a function of M  for 
the various complexes are shown in Figure 4. The M = 
—% line is the sharpest of the VO(H20)„2+ complex 
whereas the M = — % line is the sharpest of the hydroxy- 
carboxylates. This is due to differences in the anisotropic 
epr parameters.

The sensitivity of the line widths of the hydroxycarbox- 
ylates to changes in molecular size is readily seen in Fig
ure 5 in which the line widths are plotted against molecu
lar weight. The width of the broadest line, M -  in
creases the most with increasing molecular weight; the 
width of the narrowest line, M  = — increases the least.

MOLECULAR WEIGHT (g/mol)

Figure 5. Dependence of the epr line widths on the molecular 
weights of the hydroxycarboxylates. The widths of only five of 
the eight lines are shown. One water coordinated in the sixth 
position was assumed in calculating the molecular weights for 
all the hydroxycarboxylates except the benzilate.

Figure 6. Dependence of the least-squares parameters a ,  /3, 
and 7  on the molecular weight of the hydroxycarboxy ates. One 
water coordinated in the sixth position was assumed in calculat
ing the molecular weights for all the hydroxycarboxylates except 
the benzilate.

For example, the addition of one methyl group to the li
gand in going from the glycolate to the lactate increases 
the width of the M = 7/2 line by 2.66 G compared to only 
0.67 G for the M = — % line. In Figure 6 the least-squares 
parameters a, ¡3, and 7 are plotted against molecular 
weight. In general the results for the largest complex, the 
benzilate, are anomalous with respect to the other hydroxy
carboxylates. The reason for this is not clear.

Viscosities. The viscosities, tj, of all the hydroxycarbox
ylates in water were not very different from one another, 
falling in the range 0.935-0.941 ± 0.005 cP at 24°. The vis
cosity of the hydroxyisobutyrate in ethanol-water was

(16) R. G. Hayes and R. J. Myers, J. C hem . P h ys., 40, 877 (1964).
(17) H. Strehlow and H. Wendt, Inorg. C h em ., 2, 6 (1963).
(18) J. C. Evans, Inorg. C h em ., 2, 372 (1963).
(19) C. D. Balhausen, B. F. Djurinski, and K. J. Watson, J. A m er . 

C h em . S o c ., 90, 3305 (1968).
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found to be 1.83 ± 0.02 cP, compared to an interpolated 
literature value of 1.87 cP for a pure ethanol-water mix
ture.20 We used rj = 1.19 cP21 for calculations involving 3 
WHC1.

Calculations. The line widths of vanadyl complexes 
largely originate in motional modulation of anisotropic g 
and nuclear hyperfine tensors. For a Lorentzian line, the 
total line width parameter, T2 (sec/rad), is related to the 
derivative peak-to-peak separation, AH, by the equation

AH 2 1X 
\iiT-igoßo (9)

Both spin-lattice relaxation, Tlt and transverse relaxa
tion, T'2, contribute significantly to the total line width 
1/T 22. Spin-lattice relaxation primarily arises from a cou
pling of the electron spin with molecular rotation through 
modulation of anisotropic g and hyperfine tensors. On the 
other hand, transverse relaxation arises from rotational 
modulation of spin energy levels; in effect, the rotational 
averaging of the anisotropic spectrum encountered in fro
zen solutions. The effect of molecular motion on line 
width can be readily seen by comparing Figures 1, 2, and 3.

The constant a' of eq 7 arises from modulation of both 
anisotropic g and hyperfine tensors, p from a cross corre
lation between these two, 7 from modulation of anisotrop
ic hyperfine tensor alone, and b from electron-nuclear an
isotropic dipolar and g tensor relaxation.215'3 a"  is attrib
uted to all other unspecified mechanisms but primarily 
arises from the interaction of the electron spin magnetic 
moment with the magnetic moment generated by the ro
tating molecule (i.e., spin-rotational interactions).4

If a single rR is assumed, the theory26“4 relates the ex
perimental values of a, (3, 7, and b to tr and the experi
mental g and hyperfine parameters. The expressions are 
reproduced (eq 10-14) in a form more useful for obtaining 
tr than those given in the original papers.3 5

2 Citk i h „-
1̂ 3 goßo 1 43 [Ay2 (4 + 3m) + ôy-(4 + 9 m)1 +

7(7+1) [?(3 +  Iß — 5ßfa / ü>o) +

f  (6 + U ß ) -  A-yH0~ ( l +  ß)O UJ() ]}
2 -H

9 /S  g 0ß 0 Tr
(Ag,2 + 2Ag12)

(10)

(spin-rotation contributions only)4 (11)

s - p â { & [ll2 + 9rt“ 1' - <8+6" +
6gf)A y2H 0a/u> +  (48 +  36M)c<5y] — 7 7 : — [27 ( 7 + 1 ) ( 1  +4U CO

7 =

ß + Tpf) + 2ß + 3] j

2 Tîtr r b'2 10 .. AybHoa
)/3 Hoßo 1-8" — (7 + 5M + ¥2.gf) oTT: +

(12)

30o>0 

£1
40 r 15 'lofa /  üj0 — 1 ) (10  — 2 m) J (13)

+ gy)t2, 8g = (gx -  g y) /2, g L = (gx + g y ) /2, Ay = /30Ag/h, 
by = Pobg/h, Agn = g\\ -  2.0023, and Ag = g ± -  2.0023. 
The quantities a , (3, 7, and b are nearly directly propor
tional to tr .

The value of rR can be obtained most reliably by vary
ing rR in eq 12 and 1$ to match calculated with experi
mental values of ¡3 and 7 . We find that rR values derived 
from matching p are not the same as those derived from 
matching 7. The two values of rR along with computed 
averages of a’ , a " , and 5 based on these two values are 
summarized in Table III.

Comparison of Theory and Experiment. The line widths 
of the lactate, hydroxyisobutyrate, d/-mandelate, and 
VOSO4 are the most reliable for purposes of comparing 
theory and experiment (see Line Width Measurements).

For all the complexes, except the benzilate corrected for 
overlap of lines, rR derived from (3 is less than the value 
from 7. Similar results have been found for VCHClCLh in 
water5 and N.TV-dimethylformamide6 and vanadyl 
bis(acetylacetonate) in toluene.3'22 The difference is con
siderably less for the acetvlacetonate than for the others. 
Jordan and Angerman have suggested that this discrepan
cy lies in the experimental error of the line widths and epr 
parameters which enter into the calculations.6 Because 
this phenomenon now has been observed for a rather large 
number of compounds, we feel that it likely indicates a 
weakness in the theory, although not a serious one. More
over, McCain and Myers have determined relative values 
of 7i for each of the eight hyperfine lines of V0 (H20)52+ 
by means ot dynamic nuclear polarization spectroscopy.5 
Their experimental contributions to a, 7 , and 5 agree 
well with the values calculated from the theory3 for a 
given rR. But the calculated contribution to ft is too high; 
this is consistent with the discrepancy in the epr results 
{i.e., a lower value of rR is required for p than for 7 to 
match experimental and theoretical contributions to these 
terms). Inclusion of reasonable values for the anisotropy 
in the x andy directions23 has a negligible effect on tr .

Experimental b values for all the compounds, except 
glycolate, is negative as predicted by the theory (Table 
III). The agreement between b and 5caiCd is quite satisfac
tory in view of the large experimental uncertainty in b 
(nearly 100%) and the incompleteness of the theory for 
this term.3

Likewise, the magnitude of residual line width a" (= a 
-  a'caicd) for the hydroxycarboxylates is well accounted 
for by a spin-rotation interaction through eq 11. However, 
a "  for VOSO4 is about a factor of 3 larger than predicted 
by eq 11. Furthermore, McCain and Myers find almost no 
temperature dependence in a" for VOSO4 in aqueous so
lution, which indicates little spin-rotation interaction.5 
Our value for a" is in good agreement with theirs, 2.85 vs. 
2.80 G.

The source of the residual line width in V0 (H20 )52+ 
thus remains open to question. We expect electron-nuclear 
dipolar broadening involving the ten water protons in the 
first coordination sphere to be of the order TR(l0pi.H/d3)2 
where mh is the proton magnetic moment and d is the 
metal-proton distance. For d = 3.0 A, we estimate a 
broadening of only 0.1 G which is too small to account for

b
10 y~3 gijßiiCCii

(1 + ßU> 0 + ßf) (14)

where H0 = hu0/goßo, ß  = [1 +  “ o2tr2] 1, f  = a)02 tr2 m, b 
=  2k[Az -  % (A X +  A y )}, c = { Ax -  A y)/4, Ag = gz -  (gx

(20) “ International Critical Tables,” Vol. V, McGraw-Hill, New York, N. 
Y., 1929, p 22.

(21) Reference 20, p 12.
(22) R. Wilson and D. Kivelson, J. C hem . P hys.. 44, 4440 (1966).
(23) M. A. Hitchman, B. W. Moores, and R. L. Belford, Inorg  C h em .. 8, 

1817 (1969).
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TABLE III: Experimental and Calculated0 Line Width Parameters

Tr , X 1011 Sec <5calcd, X 10 3
Complex rads-16 r. Á c «'caled, Gd «"caled, Ge «' 'expti,  G; Gs 6exptl. X 10-3 G*1

Glycolate in H20 1.07, 2.44 2.59 6.59 ± 1.58 1.74 ± 0.68 0.79 ± 1.63 - 5 . 7 ± 1.7 3.6 ± 4.0
Lactate in H20 2.54, 3.64 3.17 7.14 ± 0.60 0.72 ± 0.13 0.96 ± 0.63 - 7 .0 ± 0.7 - 1.0 ± 2.3
Hydroxyisobutyrate in 

H20
cW-Mandelate in H20

3.05, 4.20 3.35 8.01 ± 0.66 0.88 ± 0.14 0.90 ± 0.70 -7 .8 ± 0.8 -6 .5 ± 3.0

5.14, 6.29 3.90 10.40 ± 0.75 0.54 ± 0.05 0.83 ± 0.78 -1 0 .6 ± 0.8 - 7 . 1 ± 25
Benzilate in H20 12.7 , 12.8 5.11 20.80 ± 1.17 0.17 ± 0.01 -0 .2 9 ± 1.21 -2 0 .7 ± 1.0 -3 3 .3 ± 19.7
VOSO4 in 3 N  HCI 4.37, 4.96 3.39 9.86 ± 0.40 0.95 ± 0.06 2.80 ± 0.44 - 1 2 . 5 ± 0.8 - 1 6 . 2 ± 3.1
Hydroxyisobutyrate in 6.40, 7.50 3.33 12.28 ± 0.78 0.45 ± 0.04 0.83 ± 0.85 - 1 2 . 6 ± 0.8 - 1 7 . 5 ± 5.1

8 .8 6  mol %  
ethanol-water

a Average of two values calculated from the two values for t r . b Obtained from eq 12 and 13, respectively. Errors are nominally ± 1 5  and ±5 %  of the 
two values of tr , respectively. c Equation 15. d Equation 10. e Equation 11. f  a " expti — a  — a'calcd- e  Equation 14. h Table II.

the observed 2.80 G residual line width. Recently Reuben 
and Fiat determined the isotropic proton hyperfine coup
line constant of aquated vanadyl ion from deuterium nmr 
chemical shift measurements.24 Their value of 1.1 G is 
more than enough to account for the residual epr line 
width. If the origin of the residual line width is due to an 
isotropic electron-proton coupling, this would explain the 
near lack of temperature dependence observed by McCain 
and Myers.5 Lewis and Morgan have made a similar argu
ment to explain the residual line width by considering the
2.6-G proton hyperfine splitting of V0 (H20 )52+ units in 
vanadyl-doped zinc Tutton salt.25

Another interesting feature of these spectra is the rather 
large line widths of VOSO4 relative to the hydroxycarbox- 
ylates (Figure 4). One possible explanation is a larger mo
lecular size than is suggested by the formula V0 (H20)52+. 
Assuming that the average rR is a measure of molecular 
weight, through Figure 7 we estimated the molecular 
weight of VOSO4 in 3 N HC1 to be 292. This corresponds 
to the formula V0 (Fl20)i2.52+, which suggests seven to 
eight water molecules in the outer coordination sphere, a 
reasonable result. Following the same procedure for 
V0 (C104)2 in the coordinating solvents dimethylformam- 
ide (DMF),6 methanol,7 and water,5 and for vanadyl 
bis(acetylacetonate) in the noncoordinating solvent tolu
ene,3 we obtain the formulas VO(DMF)io2+, VCKCHs- 
OH)i32+, V0(H20 )h 2+, and VO(acac)2. These formulas are 
reasonable in view of the uncertainty in our procedure and 
perhaps indicate the sensitivity of line widths to the pres
ence of second coordination sphere molecules. The formu
la VO(DMF)io2+ was obtained by extrapolating the 
dashed curve in Figure 7 to a molecular weight of ~800 
g/ mol.

For a sphere of radius r, rotating in a fluid medium of 
viscosity r), rR is given by the Debye relationship26

rR = iirr3T]/3kT (15)
To test if molecular motion in our solutions is gov

erned by the macroscopic viscosity according to eq 15, we 
measured tr for the hydroxyisobutyrate in ~9 mol % eth
anol-water mixture. Ethanol-water has several anomalous 
properties at this composition27-28 and it was hoped that 
any effects due to a microviscosity would show up in tr . 
In fact, tr obeyed the Debye relationship reasonably well, 
with a measured tr of 6.9 X  10-11 compared to 7.2 X 

10“ 11 sec/rad predicted from the relative macroscopic 
viscosities of pure water and the ethanol-water mixture. A 
rough check of the line widths in a 50 mol % mixture indi-

Figure 7. Dependence of the rotation correlation time t, derived 
from the d and 7  terms, on the molecular weight of the hydroxy- 
carboxylates. One water coordinated in the sixth position was 
assumed in calculating the molecular weights of all the hydroxy- 
carboxylates except the benzilate. The dashed curve was used 
for the determination of the molecular formulas of the other 
complexes in different solvents (see text).

cated that tr was following the viscosity-composition 
curve.

The hydrodynamic radius r from eq 15 increases with 
molecular weight of the hydroxycarboxylates (Table III). 
The value of r which is a measure of the effective molecu
lar size in solution can be compared with the crystal radi
us, R, calculated from a hexagonal closest packed or cubic 
closest packed model, viz.

where W is the molecular weight, N is Avogadro’s num
ber, and p is the density of the crystal. The factor 0.74 ac
counts for the 26% void volume. If we choose a common 
value of p for all the hydroxycarboxylates of 1.24 g/cc 
from the X-ray structure determination of the benzilate,10 
the values of R and r respectively are as follows: benzilate
(24) J. Reuben and D. Fiat, Inorg. C h em ., 8, 1821 (1969).
(25) W. B. Lewis and L. 0 . Morgan, “ Transition Metal Chemistry,” Vol. 

4, R. L. Carlin, Ed., Marcel Dekker, New York, N. Y., 1968, p 33.
(26) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. R ev ., 73, 

679 (1948).
(27) R. L. Kay, G. P. Cunningham, and D. Fennell, “ Hydrogen Bonded 

Solvent Systems," A. K. Covington and P. Jones, Ed., Taylor and 
Francis, London, 1968, p 255.

(28) F. Franks, “ Physico-Chemical Processes In Mixed Aqueous Sol
vents,” American Elsevier, New York, N. Y., 1962, p 51.
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(5.0, 5.1 A), mandelate (4.5, 3.9 A), hydroxyisobutyrate 
(4.1, 3.4 A), lactate (4.0, 3.2 A), and glycolate (3.8, 2.6 A). 
A similar calculation for vanadyl bis(acetylacetonate) 
with p = 1.49 g/cc from the reported crystal structure29 
yields R = 3.7 A compared to r = 3.3 A for toluene solu
tions. Except for the benzilate, in general, the closest 
packing crystal radii are larger than hydrodynamic radii. 
We discover an exception to this “ general rule” with 
vanadyl sulfate, V0 S04-5H20 , with R = 2.9 A compared 
to r = 3.4 A (R was calculated with p = 2.00 g/cc from 
the crystal structure19 and W corresponding to VO(H2- 
0 )52 + ). Such a large value of r relative to A is a further indi
cation that the vanadyl species in aqueous solution is 
larger than V0 (H20 )52+ as discussed earlier. For vanadyl 
bis(acetylactonate) in seven different solvents Wilson and 
Kivelson have found variations in r from 3.01 to 3.56 A 
which can be explained in terms of differences in solvent 
coordinating ability.22

Conclusion
Due to the similarities in g  and hyperfine anisotropies 

for all the hydroxycarboxylate chelates, we expected vari
ations in their line widths to primarily reflect differences 
in the viscosity of the medium and molecular size. Indeed, 
tr , which is a measure of molecular tumbling rates in so
lution, correlates quite well with the molecular weights. In 
general, the theory satisfactorily explains the principal 
features of the spectra although the same rR is still not 
obtained from different parameters. The rotational corre
lation time and residual line width for vanadyl sulfate in 
aqueous solution appear to be anomalous with respect to 
the hydroxycarboxylates, perhaps because of strong metal 
ion-solvent interactions in the former.

(29) R. P. Dodge, D. H. Templeton, and A. Zalkin, J. C h em . P h ys., 35, 
55(1961).
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The electron spin resonance spectrum of the radical anion of 9-phenylacridine (9PAC) was obtained and 
the coupling constants were assigned. Correlation of the coupling constants with Hiickel molecular orbi
tal calculations indicated that the phenyl ring was twisted approximately 65° out of the plane of the acri
dine nucleus. The effect of the value of the Coulomb integral on the twist angle determination is dis
cussed.

In a previous paper1 we discussed the relative importance 
of resonance energy and steric interactions in determining 
the molecular geometry of a group of highly hindered mol
ecules (the aryl-substituted polynuclear aromatic hydro
carbons) and concluded that the overriding influence was 
steric. The steric strain was assumed to be relieved by 
twisting of the aryl substituent out of the plane of the 
other ring system, the degree of twisting being related to 
the type and number of steric interactions present in the 
molecule. Molecules with steric repulsions like those in
9-phenylanthracene have been found to exhibit a twist 
angle lying between 60 and 72°;2“8 to test further the di
rect relation of twist angle to steric strain, we have inves
tigated the geometry of 9PAC, the A-heterocyclic analog 
of 9-phenylanthracene. The instability of the cation radi-

13

cal precluded its study; however, we have prepared the 
anion radical and have determined its twist angle to be 
approximately 65°.

Experimental Section
The 9PAC was prepared according to Albert.9 Hexa- 

methylphosphoramide (HMPA) was triply distilled under 
vacuum from a solution of 9PAC and sodium; N,N-di- 
methylformamide (DMF) was dried over Linde 4A molec
ular sieves and vacuum distilled under nitrogen from a 
suspension of anhydrous copper sulfate; 1,2-dimethoxy- 
ethane (DME) was dried and distilled over lithium alumi-

(1) L. S. Marcoux, A. Lomax, and A. J. Bard, J. A m er . C h em . S o c ., 92, 
243 (1970).

(2) B. Tinland, Theor. Chim. A cta . 11, 385 (1968),
(3) L. O. Wheeler, K. S. V. Santhanam, and A. J. Bard, J. Phys. 

C h em .. 71, 2223 (1967).
(4) L. O. Wheeler, K. S. V. Santhanam, and A, J. Bard, J. Phys. 

C h em .. 70, 404 (1966).
(5) L. O. Wheeler, Ph.D. Dissertation, The University of Texas, 1967.
(6) M. D. Sevilla and G. Vlncow, J. Phys. C h em ., 72, 3641 (1968).
(7) K. Maruyama, M. Yoshlda, and K. Murakami, Bull. C h em . S o c .  

Jap., 43, 152 (1970).
(8) L. Lunazzi, A. Mangini, G. Placuccl, C. Vincenzi, and I. Degam, 

Mol. Phys.. 19, 543 (1970).
(9) A. Albert, "The Acridines,” 2nd ed, St. Martin’s Press, New York, N. 

Y., 1966, p 100.
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Figure 1. Poorly resolved esr spectrum of the 9PAC anion radi-
cal.
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Figure 2. Esr spectrum (top) of the 9PAC anion radical and its
computer simulation using the coupling constants of Table I, a 
0.06-G line width, and a completely Lorentzian line shape.

TABLE I: Coupling Constants for the 9PAC Anion Radical

Position Type No. of nuclei a. G

1 H 2 2.936
2 H 2 1.094
3 H 2 1.964
4 H 2 1.822

11 H 2 0.385
13 H 1 0.526
10 N 1 3.665

num hydride and stored under vacuum over pieces of so
dium. Tetra-n-butylammonium perchlorate (TBAP) was 
obtained from Southwestern Analytical Chemical Co. 
(Austin, Tex.) and dried in a vacuum oven before use. 
The esr spectrometer used was a Varian V-4502 with stan
dard accessories; both the spectrometer and the spectral 
simulation program have been previously described.3-4

Results and Discussion

The radical anion of 9PAC was prepared by alkali metal 
reduction of the parent in DME and by electrochemical 
reduction in DMF; in both cases the poorly resolved spec
trum shown in Figure 1 was obtained. Alkali metal reduc
tion in HMPA, however, yielded a highly resolved spec
trum; this spectrum and its computer simulation, using 
the coupling constants in Table I, a 0.060-G line width, 
and a completely Lorentzian line shape, are shown in Fig
ure 2. Though the noise level obscures the outer lines, the 
sensitivity of the central portion of the spectrum to small 
changes in the coupling constants allows a high degree of 
confidence in positing that the coupling constants of 
Table I are those giving rise to the experimental spec
trum.

The assignment of the coupling constants to positions in 
the molecule was based on Hückel calculations. Assign
ment on this basis was straightforward with the exception 
of positions 3 and 4; for these positions the relative mag
nitude of the calculated spin densities was a function of 
the value chosen for the Coulomb integral of the nitrogen

Figure 3. Ued's of the 9PAC anion radical as a function of the 
twist angle (9. The ued’s were calculated using hN = 0.7. kCN = 
1.0; similar curves were obtained using other values of h N.

atom. Szwarc, et a l.,10 used nmr line broadening results 
to assign these positions in the acridine anion radical; we 
have assumed that the ordering would be unchanged by 
the presence of the phenyl substitutent and have followed 
their assignment.

A certain ambiguity also exists in the assignment of the 
splittings on the phenyl ring. The simulation in Figure 2 
is based on a 0.526-G splitting from the single para proton 
and a 0.385-G splitting from the two equivalent ortho pro
tons. A simulation based on a 0.526-G splitting from three 
equivalent protons (ortho and para) and a 0.385-G split
ting from two equivalent protons (meta) is indistinguisha
ble at the intensity of the experimental spectrum from 
that shown in Figure 2. On the basis of the Hiickel calcu
lations we decided that the meta proton splittings would 
be too small to be detected and thus made the assignment 
given in Table I.

The method and assumptions involved in determining 
the twist angle, 6, have been previously discussed.1 The 
unpaired electron density (ued) at each atom was calcu
lated using Hiickel molecular orbital theory and is shown 
as a function of twist angle, 6, in Figure 3. To ensure that 
the value of 09PAC determined does in fact reflect the mo
lecular geometry and not simply a particular HMO con-
110) J. Chaudhuri, S. Kume, J. Jagur-Grodzinski, and M. Szwarc, J.

A m er . C h em . S o c ., 90, 6421 (1968).
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TA B LE  II: Tw ist A ng les  D e te rm ine d  from  the  R atios of the  U ed ’s °

1/11 2/11 3/11 4/11 Av

Case 1 67 70 65 68 67
Case 2 66 68 65 66 66
Case 3 66 66 6 5 b 6 4 ft 65

“ All values are in degrees. 6 These values were obtained by inverting 
the assignment of the two positions.

struct, we used three sets of values for the parameters and 
determined $9pac f°r each set. From among the values 
cited in calculations on heteromolecules,11 we chose three 
sets which would span the commonly used range of 
values: case l ,12 h N = 0.84, feCN = 1.0; case 2,13-14 hN = 
0.7, kCN = 1.0; case 3,10-15 hN = 0.5, kCN = 1.0.

The effect of the value of h N on the twist angle is small; 
the average 09PAc value varies by only 2C (Table II). With 
h N = 0.5 the order of the ued’s at positions 3 and 4 is in
verted; however, if we also invert the assignment of the

coupling constants at these positions, the value of 6gPAC is 
in good agreement with that derived from the other sets of 
parameters. A similar inversion was noted by Pedersen 
and Muus14 for the quinoxaline anion radical upon chang
ing the value of hN from 0.7 to 0.4.
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(11) For example, C. L. Talcott and R. J. Myers, Mol. P hys., 12, 549 
(1967); A. R. Buick, T. J. Kemp, G. T. Neal, and T. J. Stone, J. 
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A number of previously unknown esr and uv spectra have been observed for aryl- and diarylethylene 
anion .radicals generated by IG (internal generation) and EG (external generation) electrolytical reduc
tions in dimethyl sulfoxide and acetonitrile, respectively. Semiempirical self-consistent field calculations 
combined with limited configuration interaction (LCI-SCF), according to Longuet-Higgins and Pople 
and Roothaan methods, allow a satisfactory interpretation of the electronic spectra of the anion radicals. 
Also uv spectra of parent neutral molecules have been taken into consideration and discussed. Spin den
sities, obtained by the aforementioned and McLachlan’s methods, have been translated into coupling 
constants through McConnell’s relationship and compared with experimental data. These three methods 
allow an unequivocal assignment of proton hyperfine splitting (hfs) constants for all considered anion 
radicals.

Introduction
While the esr spectra of ion radicals have been the 

subject of extensive experimental and theoretical investi
gations1 only scanty information about the ultraviolet 
spectra of the same compounds has been collected. Recent 
literature references in the field can be found in papers by 
Zahradnik and Carsky2 and by Shida and Iwata.3 In the 
present work we present the uv and esr spectra of a series 
of anion radicals as well as the uv spectra of the parent 
neutral molecules. An attempt is made to interpret all the 
experimental data by means of a single MO calculation. 
The latter has been performed according to different

methods in order to confront the merits of the different 
semiempirical MO theories in predicting both energy and 
electron distribution in radical anions. The skeleton of p- 
nitrophenylethylene was present in all compounds under 
examination. The formulas together with twist angles are 
shown in Figure 1, where the twist angles are taken coun
terclockwise looking from the ethylenic carbon.

(1) See, for example, (a) E. T. Kaiser and L. Kevan, Ed., “ Radical 
Ions," Interscience, New York, N. Y., 1968; (b) F. Gerson, "High 
Resolution E.S.R. Spectroscopy," Wiley, New York, N. Y., 1970.

(2) R. Zahradnik and P. Carsky, J. Phys. C h em .. 74. (a) 1235, (b) 
1240, (c) 1249 (1970).

(3) T. Shida and S. Iwata, J. Phys. C h em .. 75, 2591 (1971).
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Figure 1. N um bering  o f m o le cu les .

Br

Experimental Section
Materials. 1 -p-nitrophenyl-l-phenylethylene, trans- and 

cts-2-bromo-l-p-nitrophenyl-l-phenylethylenes, trans- and 
cis-2-chloro-l-p-nitrophenyl-l-phenylethylenes, and trans- 
and cis-/3-bromo-p-nitrostyrenes have been kindly sup
plied by P. L. Beltrame. For the synthesis of the com
pounds see ref 4 and 5. The high degree of purity did not 
require further purification. Acetonitrile (ACN) was 
Merck UVASOL 16/66. It was further purified following 
the method given in ref 6. Dimethyl sulfoxide (DMS) was 
Carlo Erba RS, further purified following the method 
given in ref 7-9. Isooctane (ISO) was a Rudipont product 
for spectrophotometry. Tetraethylammonium perchlorate 
(TEAP) was a Carlo Erba product for polarography.

Preparation of Anion Radicals and M easurem ents. 
Anion radicals of the considered molecules have been 
electrolytically generated. Two techniques have been 
used. The IG (internal generation)6-10 technique places 
the mercury pool cathode within the microwave cavity. 
This technique has the advantage of simplicity and is par
ticularly suitable for short lifetime radicals. The EG (ex
ternal generation) technique11-13 places the cell outside 
the microwave cavity. The arrangement necessitates 
transfer of the solution prior' the esr observation, but al
lows rapid quantitative reduction of material because it 
permits the use of large' electrode area. Complete reduc
tion is desirable because many of the radicals undergo 
rapid electron exchange reaction with their precursor, 
with line broadening in the spectrum. Moreover, the last 
technique presents the advantage of measuring in paral
lel esr and uv spectra of radicals, which gives more confi
dence in the assignment of the observed electronic spectra 
to the respective anion radicals.

Dimethyl sulfoxide and acetonitrile have been used as 
solvents in EG and IG techniques, respectively. In both 
processes electrolytic reductions have been made in vacu
um cells14 at controlled potentials by using a multipur
poses AMEL Model 436 polarogTaph. Reduction potentials 
for each compound have been evaluated from polaro- 
graphic curves recorded at room temperature. A saturated 
calomel electrode (see) was the external reference. About 
0.1 M  solution of tetra-n-ethylamnionium perchlorate 
(TEAP) was used as supporting electrolyte, and the solu-

TABLE I: Polarographie Data“

Solvent

DMS ACN

Anion
radical E 1 / 2  vs. see E1/4 E-i / 2 —E u 2 vs. s e e E1 / 4 - E 1 / 2

1 1.00 0.058 1.13 0.060
2 0.96 0.058 1.13 0.063
3 0.97 0 .066 1.06 0.062
4 1.28 0 .062 1.05 0.065
5 1.05 0.070 1.12 0.060
6 0.95 0.061 1.07 0.058
7 0.96 0.061 1.07 0.065

0 It appears from Tomes' relation, E-\, 4 - E , / 2 =  0.056/n (n is the elec-
trons number), that the first wave is reversible and monoelectronic (J.
Tomes, C ollect. C zech . C h em . C om m un . . 9, 12, 81, 150 (1937))

tion was ca. 10~3 M. Dissolved oxygen was removed by 
bubbling purified nitrogen gas through the sample solu
tion. Polarographic data measured in DMS and ACN are 
collected in Table I.

Electron spin resonance spectra were obtained with a 
Varian 4500-10 A X-band spectrometer with a 100-kHz 
magnetic field modulation. Electronic absorption spectra 
were taken with a Beckman DK-2A spectrophotometer.

Esr E xperim ental Data. 1 -p-N itrophenyl-l-phenylethyl- 
ene. The electrolytic reduction at proper potential for the 
first reversible polarographic wave produces a blue-green

(4) P. Beltrame and P. L. Beltrame, Gazz. Chim . l ia i . 98, 367 (1968).
(5) P. Beltrame, P. L. Beltrame, and L. Bellotti, J. C h em . S o c . B. 932 

(1969).
(6) D. H. Geske and A. H. Maki, J. A m er . C h em . S o c . . 82 2671 

(1960); 83, 1852 (1961).
(7) E. R. Talaty and G. A. Russel, J. A m er . C h em . S o c .. 87, 4867 

(1965).
(8) S. F. Nelson, B. M. Trost, and D. H. Evans, J. A m er . C h em . S o c .,  

89, 3034 (1967).
(9) I. Bernai and G. K. Fraenkel, J. A m er . C h em . S o c . 86, 1671

(1964) .
(10) A. H. Maki and D. H. Geske, J. C h em . P h ys .. 30, 1356 (1959); 33 

825 (1960).
(11) P. H. Rieger, I. Bernal, W. H. Reinmuth, and G. K. Fraenkel, J. 

A m er . C h em . S o c .. 85, 683 (1963).
(12) C. S. Johnson, Jr., and R. Chang, J. C h em . P h ys., 43, 3183

(1965) .
(13) J. R. Bolton and G. K. Fraenkel, J. C h em . P h ys., 40, 3307 (1964).
(14) (a) C. Oliva, Thesis, University of Milano, 1969; (b) R. Mariano, 

Thesis, University of Milano, 1970.
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1-P-NIYROPHENYL-I-PHENTLEYHYLENE

F igu re  2. (a) Esr sp e c tru m  in ACN of 1 -p -n itrcp h e n y l-1 -p h e n y l-
e thy lene . (b) S im u la te d  s p e c tru m .15

TA B LE  II: Spin D ens ities  fo r 1 -p -N itro p h e n y l-1 -p h e n y le th y le n e

0,

P ia

A B C

1 0.00221 -0 .0 0 5 0 9 -0 .0 2 1 2 6
2 0.09348 0.13169 0.10093
3 0.17580 0.17356 0.15515
4 -0 .0 2 1 1 1 -0 .0 1 4 0 9 -0 .0 3 7 4 0
5 -0 .0 2 1 0 9 -0 .0 1 4 5 3 -0 .0 3 7 4 0
6 0.14528 0.14188 0.12316
7 0.13599 0.13342 0.12316
8 0.09638 0.10878 0.01767
N 0.22173 0.17648 0.21151

0 , 0 .08613 0.08455 0.18302
0 2 0.08598 0.08431 0.18302
3 ' 0 .00727 0.00832 0.00113
4 ' -0 .0 0 2 3 6 -0 .0 0 3 0 3 -0 .0 0 0 8 0
5 ' -0 .0 0 1 8 1 -0 .0 0 2 1 5 -0 .0 0 0 8 0
6 ' 0 .00164 0.00150 -0 .0 0 0 4 6
7' 0 .00138 0.00117 -0 .0 0 0 4 6
8 ' -0 .0 0 6 9 1 -0 .0 0 6 7 9 -0 .0 0 0 1 3

represents spin densities calculated according LCI-SCF (Roothaan
method,1715 B spin densities calculated according LCi-SCF (Longuet- 
Higgins and Pople) method,1711 and C spin densities calculated accord
ing McLachlan method.18

solution in ACN and a grey-green solution in DMS, re
spectively. Well-resolved esr spectra of 53 lines in ACN 
and 64 lines in DMS have been recorded and interpreted 
on the basis of four triplets. On the basis of the spin den
sities obtained by MO calculations (see Table II), the four 
triplets were assigned to the nitrogen and three groups of 
two protons of equal coupling constants in ortho and meta

TABLE I I I :  C a lcu la ted  and E xpe rim en ta l P ro ton  H ype rfine  
S p littings

Theoretical“  Experimental“

Anion H
radical position^7 A B • C DMS ACN

1 Hortho 3.100 2.922 3 .135 3.200 3.220

Hmeta - 0 .8 3 7 - 0 .6 3 7 - 1 .0 0 8 - 1 .1 5 0 - 1 .0 5 8

Ha 2 .740 2.758 2.009 1.800 1.618

2 Hortho 3 .184 3.163 3.091 3.180
H meta - 0 .9 9 0 - 0 .8 1 6 - 0 .9 7 9 - 1 .0 7 0

Ha 1.890 1.814 2.196 2.124

3 Hortho 3.371 3.438 3 .443 3.320 3.15

H meta -1 .1 3 1 -0 .6 2 1 - 1 .2 0 2 - 1 .0 0 0 - 1 .1 0

H a 0.532 0.484 0.533 1.020 0.95

4 Hortho 3 .166 3.109 3 .092 3.051 3.23

H meta - 0 .9 1 8 - 0 .7 4 9 - 0 .9 7 9 - 1 .0 7 4 - 1 .0 5

H/J 2.069 2.053 2.195 2.141 2.16

5 H ortho 3 .352 3.404 3.444 3.248 3 .220

H meta - 1 .0 7 4 - 0 .5 5 5 - 1 .2 0 3 - 1 .0 5 2 - 1 .0 7 3

h3 0.616 0.584 0.531 1.089 0.945

6 H ortho 3.089 3.137 3.139 3.220 3.119

Hmeta -1 .1 5 1 - 1 .4 4 4 — 1.017 - 1 .0 8 0 - 1 .0 5 8
Ha - 0 .2 9 7 - 0 .2 9 6 - 0 .5 4 4 - 1 .5 2 0 - 1 .4 9 6

Ha 2.156 1.869 2.061 2.360 2.543

7 H ortho 3.193 3.253 3.091 3.250 3.12

H meta - 1 .2 1 9 - 1 .5 2 9 -0 .9 9 9 - 1 .0 3 0 - 1 .0 4
H „ - 0 .2 1 7 -0 .2 0 9 - 0 .3 9 8 0 0

Ha 1.383 1.869 2.006 2.100 2.20

° A represents spin densities calculated according LCI-SCF (Roothaan) 
method,1715 B spin densities calculated according LCI-SCF (Longuet- 
Higgins and Pople) method,173 and C spin densities calculated according 
McLachlan method.18 6 Ortho and meta position to the nltro group. “  Hfs 
constants were optimized by least-squares fitting .16

TABLE IV : C a lcu la te d 0 and E xperim en ta l N itrog en  
H yperfine  S p littings

Experiment

Anion radical Theory0 DMS ACN

1 7.835 8.80 8.77
2 7.671 8.06
3 8.927 8.75 9.50
4 7.671 7.90 8.96
5 8.928 8.55 8.95
6 7.854 8.06 7.97
7 7.695 7.85 8.13

a aN = (SN 4- Qn cN +  2Qnon ) p n 17 +  Qc n n p c ' +  2Qo n n po ' ( S n +
Qncn +  2Qnon ) = ± (99 .0  ±  10.2) G: Qnon = “F (35.8 ±  5.9) G, QCn n
= 0.19 0 Nitrogen spi n density evaluated by McLachlan method.18

positions to the nitro group and in the 2 position.
The protons of the unsubstituted ring do not contribute 

to the hyperfine pattern. The spectra recorded in ACN 
and simulated with optimized hfs constants15 are shown 
in Figure 2. Optimized hfs constants are shown in Tables 
III and IV.

trans- and cis-2 -B rom o-l-p-n itrophenyl-l-phenylethyl- 
ene. Electrolytical reduction in DMS produces a light- 
green solution in the case of trans isomer and a dark-green 
solution in the case of cis isomer. Both spectra are well
(15) J. Heinzer, “ Least-Squares Fitting of Isotropic Multiline Esr Spec

tra ,”  Program 197, Quantum Chemistry Program Exchange (QCPE), 
Indiana University.
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TABLE V: Energy and Geom etry Param eters Used Throughout the Calculations

Bond distances (A)
and bond angles (degrees)

Twist angles 
(degrees)

C -N  =  1.47; N -0  =  1.22; -N 0 2 group in the plane of phenyl
C —Cphenyi =  1 -397; C = C ethyiene =  1 -334; C -C  =  1 .49 for small twist angles (8 <  35); 
C -C  =  1.5 1 for large twist angles (8  =  65)
C -C I =  1 .7 2 ;“ C -B r  =  1.87b 
All bond angles =  120°

8: =  0 2 =  35° for molecule 1 (see Figure 1)
6 =  25° for frans-phenyl (respect to halogen) for molecul 2 -5  
8 =  65° for c/s-phenyl
8 =  25° for molecule 6 , 8  =  65° for molecule 7

Resonance Integrals (eV) Pc--
&><

= C(phenyl > — d C -N  — 
21 =  -1  -351 ; d c -B r =

0 n - o =  - 2 . 4 0 ; c /?c 
-1 .3 4 ; ^ c - c (FI, 8) =

= C(Ethylene) “  2.665 
- 2 .4 0  S c - c ( R )  /S C- C (1 .397 ) C O S

K Tmk ( l - A  ) K

Ionization potentials (/u), c 1 1 . 1 6d 0 .0 3^ 11.13 1.625
electron affinities (A„), N‘ 2 8 .8 5 5 e 1 2.26e 16.595 3.125
monocentric electron 0 ‘ 1 7 .8 6 0 e 3 .8  l e 13.99 2.275
repulsion integrals (7 ^ ) , Cl 26.38CV 15 .09 / 11.29 2.150
and Slater exponents (5^) Br 21 .430« 11.925/» 2.271

0 L. E. Sutton, C h em . S o c . .  S p e c . Pub!., No. 11 (1958). 0 Reference 21. c Reference 28. a G. Favini, I. Vandoni, and M. Simonetta, There. Chim. A cta ,
3, 45 (1965). *’ G. Pilcher and H. A. Skinner, J. Inorg. Nucl. C h em .. 24, 937 (1962). 1 G. Favini, S. Carra, and M. Simonetta, Gazz. Chim. Ital., 90, 247 
(1960), and references therein. « (Br2+) has been obtained from experimental value of ionization energy of the process Br + (s2p4, 3P) —* Br2+ (s2p3, 4S)
— 19.2 eV (Landolt-Bornstein, “ A to m e  und lon er)," I. Band -  I. Tail, p 212 Springer-Verlag, West Berlin, 1950, and from the energy difference between 
these and valence states Br+ (s2x2yz, V2) and Br2+ (s2x2y2, 7 ,) the energies of which are 0.49 and 2.72 eV, respectively (H. A. Skinner and H. O. 
Pritchard, Trans. F araday S o c . 49, 1254 (1953)). n Evaluated according to the relationship 'yRrhi- — -ycu'i (5hr / 5c 1)- 1 For anion radicals the parameters 
have been corrected according to ref 3.

Figure 3. (a) Esr spectrum in ACN of c/s-2-chloro-1-p-nitro- 
phenyl-1-phenylethylene. (b) Simulated spectrum.

resolved and have been interpreted on the basis of three 
triplets due to nitrogen and protons in ortho and meta po
sitions to the nitro group, and a doublet due to the proton in 
2 position. Optimized hfs constants are shown in Tables 
III and IV. The radicals are moderately stable and after 
about 0.5 hr significant changes appear in the spectrum. 
When ACN is used as the solvent the spectrum changes 
rapidly with different rates for trans and cis isomers. The 
radical for the cis isomer is stable enough to record the esr 
spectrum, which has been completely resolved and inter
preted. The optimized hfs constants are reported in Ta

TRRNS BETH BROMO - P-N!TROSTTRENE

Figure 4. (a) Esr spectrum of frans-d-bromo-p-nltrostyrene in 
ACN. (b) Simulated spectrum.

bles III and IV. In the case of the trans isomer the spectrum 
is rapidly evolving to a final spectrum which is identical 
with that of 1-p-nitrophenyl-l-phenylethylene. The same 
spectrum can be recorded for the cis isomer 1 hr after the 
start of electrolysis. This spectral evidence suggests bro
mine exchange with solvent protons.16 To substantiate

(16) Particular care has been devoted to avoid the presence of traces of 
water in the vacuum electrolytic cell.
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Figure 5. Uv sp e c tra  o f 1 -p -n itro p h e n y l-1 -p h e n y le th y le n e : (1)
ra d ica l an ion  (sca le  on the  righ t, a b so rba nce  vs. w a ve le ng th );
(2) ne u tra l m o le cu le  (sca le  on the  le ft, log r vs. w a ve le ng th );
(3) ra d ica l a fte r a ir exposure .

an ion  (sca le  on the righ t, a b so rba nce  vs. w a ve le n g th ); (2) neu
tra l m o le cu le  (sca le  on the le ft, log t vs. w a ve le n g th ); (3) ra d i
ca l a fte r a ir exposure .

this reaction mechanism and to verify if bromine-proton 
exchange occurs with configuration retention, experiments 
with CD3CN solvent are in progress.

trans- and cis-2 -C hloro-l-p -n itrophenyl-l-phenylethyl- 
ene. In both solvents radical anions undergo a fast decay. 
However, well-resolved spectra have been recorded and 
the hfs constants fitting experimental data are shown in 
Tables III and IV. The magnetic nuclei that contribute to 
hyperfine patterns are the same as for bromo-substituted 
compounds. The spectra of cis isomer recorded in ACN 
and simulated with optimized hfs constants are shown in 
Figure 3.

trans- and cis-fi-Brom o-p-nitrostyrene. Stable radicals 
and well-resolved spectra have been obtained in both sol
vents. In DMS the trans isomer radical anion exhibits a 
mint green solution and a spectrum of 53 lines. In the case 
of the cis isomer a violet solution is observed and the 
spectrum shows 37 lines. In ACN the solution is dark 
green and indigo for the trans and cis anion radicals, re
spectively. The spectra are very similar to those recorded 
in DMS and bromine elimination has not been observed. 
The same spectra have been recorded when CD3CN has 
been used as solvent. The spectrum of the trans isomer 
has been interpreted by means of five hfs constants, that 
is, three triplets due to nitrogen and protons in ortho and

TABLE VI: Energy and Oscillator Strength of D oublet-D oublet 
Absorption Bands for Anion Radicals

Theory Experiment''

A,-al. (l■n Brak•d"

A E. eV f A E, eV f A E, eV

1 1.783 0.124 1.614 0.177 1.878
1.819 0.069 1.805 0.004 2.032
2.957 0.019 2.840 0.000
2.996 0.004 3.116 0.017 3.203
4 .072 0.204 4.161 0.152 3.646
4.411 0.039 4.492 0.077
4 .673 0.055 4.683 0.039

2 1.776 0.005 1.745 0.005 1.922 (1 .8 9 3 )d
2 .138 0.201 2.026 0.151 2.119 (2 .0 2 5 )d
2 .833 0.003 2.696 0.000
2.853 0.014 2.857 0.029
4.312 0.290 4.261 0.290 4 .427
4 .494 0.039 4.744 0.043

3 1.695 0.005 1.603 0.005 (1 .823)
2 .204 0.104 1.932 0.036 2.214
2.935 0.067 2.826 0.000 2.951
3.060 0.003 3.483 0.008

4 1.765 0.004 1.749 0.005 (1 .968)
2.114 0 .200 2.009 0.161 2.101
2.904 0.009 2.780 0.000

3.178
2.913 0.004 2.912 0.022
4 .324 0.257 4.338 0.045 3.646
4 .470 0.042 4.425 0.223

5 1.693 0.005 1.610 0.005 (1 .907)
2.109 0 .100 1.819 0.042 2.097
2.925 0.059 2.736 0.000
2.979 0.018 3.477 0.022 3 .237
4 .332 0.024 4.210 0.012
4 .583 0.034 4.572 0.040
4.635 0 .110 4.748 0.102 3.935

6 1.720 0.004 1.702 0.005 1.812
1.954 0.223 1.899 0.221 1.999
3 .293 0.032 3.269 0.036 2.194
4 .032 0.323 4.132 0.236 4.786
4.321 0.052 4.360 0.142
4.369 0.093 4.484 0.050

7 1.746 0.057 1.718 0.018 1.961
1.882 0.207 1.751 0.183 2 .137
2.977 0.023 2.946 0.035 2 .817
3.819 0.235 4.094 0.253 3 .350
4 .226 0.148 4.243 0.034 4 .132
4 .370 0.028 4.534 0.030
4.523 0.128 4.681 0.201

a Acaicd derived by the LCI-SCF (Roothaan) method175 b Bcaicfi de
rived by the LCI-SCF (Longuet-Higgins and Pople) method. 73 c Solvent
acetonitrile. d Solvent dimethyl sulfoxide.

meta position to the nitro group and two doublets due to 
a and protons, respectively. For the cis isomer the dou
blet of a proton is not observable in the spectrum. Hfs 
constants fitting experimental spectra axe reported in 
Table III and IV. Esr spectra of the trans isomer measured 
in ACN and simulated are shown in Figure 4.

Uu Experim ental Data. Visible and uv spectra for the 
anion radical and the neutral molecule of 1 -p-nitrophenyl-l- 
phenylethylene and ci's-d-bromo-p-nitrostyrene are shown 
in Figures 5 and 6.
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Figure 7. R egression  o f th e o re tic a l e xc ita tio n  e n e rg ie s  o f the  firs t, second, th ird , and fou rth  bands o f ne u tra l m o le cu le s  on observed 
fre q u e n c ie s  (so lid  line: c o rre la tio n  c o e ffic ie n ts  r =  0 .983, n  =  24; 1, O ; 2, • ;  3, □ ; 4, ■ ; 5, A ; 6, ▲; 7, £  (F o r nu m bering  o f m o le cu les  
see F igure 1).

Calculations

Calculations of spin densities and excitation energies 
were carried out by means of semiempirical methods 
based on the a/ir approximation, due to the large dimen
sions of the considered molecules. Namely, restricted LCI- 
SCF methods, in the versions given by Pople and Lon- 
guet-Higgins17a and by Roothaan,17b and the McLachlan 
method,18 have been used.

The starting H MO’s have been evaluated adopting the 
parametrization suggested by Rieger and Fraenkel19 for 
carbon, nitrogen, and oxygen, and the parameters re
ported in ref 20 for bromine and chlorine atoms.

Careful examination of X-ray data for related com
pounds21-24 allowed the assumption of idealized geome
tries for neutral molecules. The geometries for the ions 
were assumed equal to those of parent neutral molecules. 
These geometries are described in Table V. In the same 
table the energy parameters adopted through the calcula
tions and the corresponding references are reported. The 
nonplanarity of the molecules was introduced by reducing 
the appropriate resonance integrals through the relation

Sc-c (R)
idc-c(R,0) = -2.40 ^  r (i397) cos A <eV)

Two-center Coulomb repulsion integrals were estimated 
using the Pariser-Parr approximations.25 At distances 
greater than 2.80 A, two-center integrals were calculated 
theoretically with formulas given by Roothaan.26 In the

case of interatomic distances less than 2.80 A, interpola
tion formulas have been obtained for each pair of atoms 
following the criteria indicated by Hoffman, et al.27

In the Cl calculations we considered the interaction of 
the ground state with the singly excited configurations of 
types A, B, Ca, and Cg according to the definition reported 
in ref 2a. The 41 configurations, namely, four configura
tions of type A, four of type B, sixteen of type C„, and six
teen of type C„, represent all the configurations arising 
from one-electron transitions between the four highest 
doubly occupied MO’s, the singly occupied MO, and the 
four lowest unoccupied MO’s.

Energy and oscillator strength matrix elements for dou
blets based on Longuet-Higgins and Pople SCF-MO’s

(17) (a) H. C. Longuet-Higgins and J. A. Pople, P roc . Phys. S o c . A, 68, 
591 (1955); (b) C. C. J. Roothaan, R ev. M od. Phys. 32, 179 
(1960).

(18) A. D. McLachlan, Mol. P h ys ., 3, 233 (1960).
(19) P. H. Rieger and G. K. Fraenkel, J. C h em . P h ys ., 39, 609 (1963).
(20) A. Streitwieser, Jr., “ Molecular Orbijal Theory for Organic Chem

ists," Wiley, New York, N. Y., 1962, p 135.
(21) G. Casalone, C. Mariani, A. Mugnoli, and M. Simonetta, A c ta  C rys- 

ta llogr., 22, 228 (1967) .
(22) G. Casalone, C. Mariani, A. Mugnoli, and M. Simonetta, Theor. 

Chim. A c ta . 8, 228 (1967).
(23) G. Casalone, A. Gavezzotti, C. Mariani, A. Mugnoli, and M. Simo

netta, A cta  C rysta llogr., S e c t . B, 26, 1 (1970).
(24) G. Casalone and M. Simonetta, J. C h em . S o c . B, 1180 (1971 ).
(25) R, Pariser and R. G. Parr, J. C h em . P hys., 2 1 ,  466, 767 (1953).
(26) C. C .J. Roothaan, J. C h em . P hys., 19, 1445 (1951).
(27) R. Hoffmann, A. Imamura, and G. D. Zeiss, J. A m er . C h em . S o c ., 

89, 5215 (19671.
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Figure 8. Regression of theoretical excitation energies of the first and second bands of radical anions on observed frequencies (solid 
line): correlation coefficient r =  0.885, n =  14.
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Figure 9. Huckel's MO diagram for 1-p-nitrophenyl-1- 
phenylethylene and frans-/3-bromo-p-nitrostyrene. The 
general features of the diagram are common to all studied 
diarylethylenes and styrenes.

were taken from Ishitani and Nagakura.28 Matrix ele
ments in Roothaan’s method have been recently published 
by Zahradriik and Carsky..2 Upon rederivation of formulas 
we found one minor misprint. The correct expression for 
the matrix element (t —*■ fc)|fi|2TC(„, (h —► l)> is
2 (hk\G\li) — (hk\G\il) + &hi(mk\G\lm) + 5kl(mh\G\im)
with k ^  lor i 9̂  h.

Both SCF-CI procedures have been programmed and 
the programs checked against published data for some ar
omatic hydrocarbon ions.2'28-29

Singlet-singlet excitation energies and probabilities for 
neutral molecules have been evaluated according to stan-

Figure 10. (A) Plot (solid line) of the first absorption band of 
radical anions against the energy difference between the sec
ond and first absorption bands of neutral molecules for diar
ylethylenes (left y axis): r  =  0.935, n =  5. (B) Plot (------ ) of
the second absorption band of radical anions against the first 
absorption band of neutral molecules for diarylethylenes (right y 
axis): r =  0.908, n  =  5.

dard PPP method adopting the parametrization used for 
ions (see Table V). Forty-nine singly excited configurations 
have been considered for diarylethylenes and full configu
ration interaction for trans- and cis-nitrostyrenes, respec
tively. Calculated excitation energies together with exper
imental results are collected in Table VI for radical ions 
and in Table VII for neutral molecules. Proton hyperfine 
coupling constants obtained from calculated spin densities 
are shown in Table III together with the values obtained 
by esr data. Calculated spin densities have been trans
lated into coupling constants by means of the usual
(28) A. Ishitani and S. Nagakura, Theor. Chim. Acta.  4, 236 (1966).
(29) Y. A. Kruglyak and E. V. Mozdor, Theor. Chim. Acta. 15, 365 

(1969).
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TABLE V II:  Energy and Oscillator Strength of.S inglet-Singlet Absorption Bands

Theory0 Experiment Theory0

ISO ACN

Molecule AE, eV f A E , eV t A E, eV 1 Molecule AE. eV

Experiment

ISO ACN

AE. eV f AE. eV f

1 4.451
4.456

0.189
0.302

4.174 0.21 4.025 0.25

4.784
4.967

0.004
0.218

4.958 0.18 4.958 0.24

5.553 0.023 5.559 0.27 5.584 0.34
6.020 0.220
6.076
6.240

0.313
0.189

~ 6 .2 6.198 0.62

6.293 0.883

2 3.904 0.675 4.051 0.27 3.937 0.37
4.444 0.030
4.885
4.905

0.017
0.065

4.919 0.34 4.861 0.20

5.316 0.008
5.530 0.032 5.635 0.64 5.509 0.26
5.826 0.074
6.050 0.035
6.106 0.041
6.155
6.321

0.090
0.770

6.276 0.85

6.333 0.631

3 3.791 0 .113 (3.791) ~ 0 .1 0 (3.850)
4.494 0.037 (4.188) ~ 0 .1 8
4.642 0.523 4.842 0.49 4.823 0.76
4.785 0.001
5.032 0.184
5.240 0.022
5.370 0.053
5.871 0.016
6.184 0.052 6.198 0.80
6.301 1.18 2 6.456 1.36

4 4.460 0.040 (3.850)
4.515 0.527 4.105 0.42 3.986 0.42
4.903 0.001 4.927 0.34 (4.79)
5.320 0.019 (4.88)
5.726 0.134 5.401 0.36 5.461 0.76
6.075 0.015
6.225 0.672 6.198
6.334 0.089
6.536 0.890

5 4.509 0.048 4.188 0.16 4.216 0.13
4.800 0 .112
4.805 0.152 4.919 0.35 4.900 0.59
5.031 0.235
5.081 0.007
6.026 0.618
6.148 0.037 6.261 1.26
6.352 1.243

6 3.809 0.792 3.862 i 
4.064 0.33 4.011 0.49

4.413 0.028 4.160 ]
4.933 0.010
5.719
5.849

0.010
0.090

5.712 5.485 0.31

6.133 0.525 6.198 0.40
6.306 0.225
6.396 0.450 6.439 6.473 0.69
6.804 0.042

7 3.849 0.688 3.935 j 
4 .132 > 0.37 4.091 0.35

4.424 0.030 4.245 '
4.880 0.091
5.365 0.596 5.596 0.29
5.832 0.333 5.766
6.044 1.028 6.439 0.50
6.211 0.076
6.600 0.521
6.696 0.621

0 Interaction among 49 singly excited configurations has been considered for 1-5 systems. For smaller systems (6 and 7) full configuration interaction 
has been performed.

McConnel relationship. For each method of calculation 
different Q constants for each proton position have been 
optimized through a least-squares fitting of experimental 
hfs constants vs. the corresponding spin densities. Nitro
gen hyperfine coupling constants have been obtained only 
by means of McLachlan spin densities. The calculated 
values together with the relationship between spin densi
ties and coupling constants, the numerical values of the Q 
constants, and the corresponding experimental values are 
reported in Table IV.

Discussion

Uv Spectra. From Tables VI and VII it is clear which 
assignment of absorption bands to electronic transitions is 
suggested from calculated transition energies and oscilla
tor strengths. If such assignments are accepted experi

mental and theoretical transition energies can be correlat
ed. The results are shown in Figures 7 and 8, from which 
it is evident that the correlation is satisfactory in general. 
A better correlation is shown in the case of neutral mole
cules, where up to four bands are available and the energy 
spread amounts to about 2.6 eV.

In the scope of the Hiickel approximation a relationship 
between the first two bands of each arylethylene or sty
rene molecule and the corresponding anion is present, as 
shown in Figure 9. Such a relationship is not supported by 
experimental findings on an absolute scale, but in the 
case of arylethylenes, where a series of at least five exam
ples is available, a correlation between the pairs of spectra 
does exist (see Figure 10). As usual the Hiickel approxi
mation is meaningful if data concerning a series of similar 
compounds are considered.
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Esr Spectra. Data reported in Tables HI and IV are the 
results of a number of well-resolved esr spectra, which 
have allowed the unequivocal assignment of all the proton 
and nitrogen coupling constants for a series of unknown 
radical anions. The spectra do not show a significant de
pendence on the solvents used.

The three theoretical methods that we have used always 
agree as to relative magnitude and sign of the calculated 
spin densities. On this basis we gave a sign also to experi
mental coupling constants. When the three different 
methods are compared, the McLachlan procedure seems 
to give a general better agreement with experimental 
data. For this reason spin densities obtained by this 
method have been used to derive nitrogen coupling con
stants. From Table IV it appears that the order of magni
tude of such constants is calculated correctly, but the rel
ative order for the seven anions is not reproduced. That is 
due to the extremely small range of experimental and the
oretical values.

Conclusions
From the discussion of uv and esr spectra it appears 

that our approximate wave functions allow reasonable 
predictions of state energies and electron distributions for 
the considered molecules and anions. This fact is particu
larly gratifying since all the compounds are considerably 
distorted from planarity so that the validity of the a-ir 
approximation was not assured in advance. The important 
influence of the absence of planarity is substantiated by 
the fact that in diarylethylenes the spin densities in the 
unsubstituted phenyl ring are practically zero. This also 
agrees with the fact that calculated coupling constants of 
the /? protons in anions 3 and 5, where the twist angle of 
the substituted phenyl was assumed as high as 65°, are 
too low, about 50% of the experimental value.
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In matrices containing S2 -at an M/R  ratio of 100 to 500 at 20°K, uv absorption at 530 nm characteristic 
for S4 appears, and ir bands at 668, 483, 320, and 270 cm - 1  are found. Both the uv and ir spectra gain 
intensity during annealing and irradiation with visible light. Fine structure of the 668-cm_1 absorption, 
in Kr at 688, 681, 668, 66C, 654, 647, 640, and 636 cm-1, is due to different normal vibrations, and to lat
tice sites and to a transient species which absorbs at 647 cm-1. A very weak absorption around 625 nm, 
apparently related to the 647-cm^1 peak, belongs to a transient species, probably S6 chains or S4 rings.

Recently S3 and S4 were produced in low-temperature 
solution,1 and their uv spectrum was determined.2 Fur
thermore, it was discovered that S4 forms when S2 in a 
krypton matrix is illuminated with visible light. This led 
us to restudy the ir absorption around 668 cm -1  which is 
found in matrices containing trapped S2 3'4 and in pure 
trapped sulfur vapor.5

The present study followed earlier experimental meth
ods3-4 except that ir spectra were recorded with a PE 225 
instrument, and samples were trapped on a Csl target in
stead of a sapphire window. We used M/R  ratios between 
100 and 500 and studied samples in various rare gases of 
varying thickness. The sulfur vapor was always at 1000°K 
and 0.1 Torr to optimize S2 and eliminate all other sulfur 
species.6 For each sample, spectra were recorded four 
times: (a) immediately after deposit at 20°K; (b) after 
1 -hr exposure to a tungsten-iodine lamp; (c) after evapo
ration of the matrix, annealing at 76°K, and quenching to 
20°K; and (d) at room temperature. As observed earlier,4 
the spectra always showed the strong uv system of S2 and 
the ir absorption around 668 cm. - 1

In earlier work,3-5 the relation between the uv spectrum 
of S2 and the 668-cm“1 absorption was described. The ir

band was tentatively assigned to matrix-induced absorp
tion of S2. The present work confirmed that the ir band 
increases with S2, but it was noted that the intensity of 
the ir band increases more than linearly with the concen
tration of S2 and that at the onset of diffusion of S2 the 
ir band intensity increases further. In addition, in experi
ments with M/R < 200 the matrix is red and a strong 
visible absorption at 530 nm appears during deposition si
multaneously with the 668-cm_1 bands. This visible ab
sorption is characteristic for S4.2 This suggests that the 
668-cm 1 bands belong to S4, rather than S2-3~5 This in
terpretation is in accord with fluorescence work7 and a re
cent Raman spectrum,8 both of which show a vibrational 
frequency of about 710 cm- 1  for matrix-isolated S2.

In the present work, new ir bands were observed in ad-
(1) B. Meyer, T. V. Oommen, and D. Jensen, J. Phys. C h em .. 75, 912 

(1971).
(2) B. Meyer, T. Stroyer-Hansen, and T. V. Oommen, J. Mol. S p e c -  

tr o s c ., 42, 335 (1972).
(3) B. Meyer, J. C hem . Phys.. 37, 1577 (1962).
(4) L. Brewer, G. D. Brabson, and B. Meyer, J. C h em . P hys.. 42, 1385 

(1965).
(5) B. Meyer, H elv. Chim. A cta . 43, 1333 (1960).
(6) J. Berkowitz and J. R. Marquart, J. C hem . P h ys.. 39, 275 (1963).
(7) L. Brewer and G. D. Brabson, J. C h em . P h ys., 44, 3274 (1966).
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TABLE I: Positions and Vibrational Spacings of the 625-nm 
Band System

Position

No. nm c m '1

0 642.50 15,560
1 631.25 15,835
2 621.00 16,100
3 609.75 16,395
4 599.25 16,685
5 586.00 17,060

Spacing, 
cm - 1

275
265
295
290
275

dition to the very strong bands around 668 cm '1: a strong 
band at 320 cm '1, and medium-strong, broad bands at 
483 and 270 cm '1. They all seem to belong to S4.

As reported earlier,4 the absorption at 668 cm' 1 de
pends on the matrix. In neon and in pure sulfur, a broad 
band is observed at 675 and 668 cm '1, respectively. In 
argon and xenon, the band is split into two components at 
660 and 680 cm '1. The krypton matrix yields sharp and 
complex fine structure, as is shown in Figure la. The 
peaks and their intensities are 688 (m), 681 (s), 668 (m), 
660 (s), 654 (w), 640 (w), and 636 cm - 1  (s). All values are 
believed to be accurate to ±2 c m '1. A further peak at 647 
cm' 1 distinguishes itself in that it gains intensity at a dif
ferent rate than all others. Furthermore, it is accompa
nied by a very weak uv absorption at 625 nm. Six well- 
resolved visible absorption bands could be measured and 
are listed in Table I. Weak absorption has been reported 
in the same region previously2 in sulfur vapor and in ma
trices containing S4 and photolysis products of S4CI2.9 
This absorption was tentatively assigned to S6 or Ss 
chains, on the basis of Wolfsberg-Helmholz-type extended 
Hiickel calculations on various sulfur rings and chains.10 
The 647-cm-1 peak and the 625-nm absorption fade upon 
illumination at 20°K. This suggests that they belong to an 
unstable species, possibly S6 chains, which convert upon 
illumination to S6 rings which absorb in the uv. It is also 
possible that this band belongs to a metastable S4 isomer.

As mentioned before, upon vaporization of the matrix 
and annealing at 76°K, all samples show the spectrum in 
Figure lc. As is seen, a fraction of the intensity at 668 
cm' 1 remains, and the uv absorption at 550 nm weakens. 
This indicates that S4 disappears partly during the matrix 
loss, probably by reaction with residual S2. It was recently 
suggested11 that the recombination might produce a 
branched chain which could yield a similar ir absorption 
and could contribute to the observed spectrum. At -102° 
the 668-cm“1 band decays with a lifetime of 57.7 hr and a 
heat of recombination of about 14.1 kcal/mol.12 It is likely 
that other thermal effects observed during heating of a 
colored sulfur sample13 are at least partly also connected 
with S4. However, the bulk of these pure sulfur samples 
consists certainly of recombination products. Thus, it is to 
be expected that the Raman spectrum of the colored sol
ids is essentially that of room temperature allotropes, as 
has been found,14 and not that of the species responsible 
for the ir absorption in the matrix and £he color in the 
visible.

The question arises what the structure of S4 is. The 
above-mentioned Wolfsberg-Helmholz calculations10 indi
cate that S4 can exist in several almost equally stable iso
mers and conformers. Among them are chains, rings, and 
a branched SC>3-type structure. The most likely form 
seems the chain. It yields six frequencies which fit the ob
served ir spectrum well, and leads to the tentative assign
ment of fundamental vibrations to 681, 660, 636, 483, 320,

Figure 1. Infrared absorption spectra of different sulfur species: 
(a) deep red deposit at 20°K in Kr ( M / R  =  200); (b) orange de
posit at 20°K after annealing at 33°K; (c) yellow deposit at 20°K; 
(d) yellow deposit at room temperature.

and 270 cm-1. One of these observed frequencies could be 
a combination with a low torsion frequency. In pure sul
fur, neon, argon, and xenon, the first three peaks overlap. 
In krypton, where an extremely sharp spectrum is ob
served ir spectrum well and leads to the tentative assign- 
tioned above, the frequency at 647 cm-1, however, exhib
its independent behavior and must be due to a different 
species. Calculations10 indicate that a S03-type S4 struc
ture should be quite stable, but the formation of such a 
molecule would probably consume a substantial activation 
energy. However, it seems to us more likely that S4 rings 
form. A puckered ring would yield two ir active vibra
tions, a planar ring only one. Both types of rings would 
have a degenerate stretching vibration fitting the 647- 
cm - 1  band. Conclusive interpretation of the fine structure 
at 668 cm- 1  must wait for synthesis of S4 and S6 isomers 
and conformers.
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H y p o c h r o m is m  an d  E x c ito n  In te ra c t io n  in H a lo f lu o r e s c e in  D y e s

K. K. R o h a tg i*  an d  A. K. M u k h o p a d h y a y

D ep a r tm en ts  o f  C h em istry  (P h ys ica l) and P h ys ics , Jadavpur U niversity, C a lcu tta -32 , India (R e c e iv e d  June 5, 1972)

The dimer spectra of fluorescein and some of its halogen derivatives in aqueous solution at pH 12 are re
ported. From the splitting observed in the spectra the inclination of the component molecules in a dimer 
has been obtained on application of the theory of exciton interaction. The value of the twist angle 8 has 
been found to decrease in the series FI > FICI2 > FII2 > FlBr4 > F1I4 > FlCl4Br4 > F1C14I4. The inter
action energy i\E is linearly related to the square of the transition moment \M\2 of the series of dyes. 
The distance R between the two component molecules in the dimer has been calculated for various 
geometries. Hypochromism has been observed in each case and it has been found to change systematical
ly with the twist angle. From these studies a possible geometry of the dimer and higher n-mers has been 
suggested.

A systematic study of the aggregation characteristics of 
dyes from spectrophotometric data has become a useful 
field of research because of its possible application in un
derstanding such phenomena as energy transfer in biologi
cal systems,1 metachromasia,2 hypochromism and confor
mation of polypeptides,3 and staining properties of dyes 
for biological specimens,4 etc. The force responsible for 
holding the component molecules in the dimer or a poly
mer is not yet well understood.5-10 Nevertheless, it is clear 
that for ionic dyes aggregation will be possible if there ex
ists some very strong attractive interaction which first of 
all overcomes the coulombic repulsion and then brings the 
component molecules to a reasonable distance to form 
dimers and subsequently higher polymers.

Most of the highly aggregating dyes are planar and cat
ionic in nature and exhibit blue shift on dimerization. 
Red shift has been observed for some cyanine dyes.11 The 
fluorescein dyes are anionic and the dimerization constant 
can be systematically varied from 5 for fluorescein to 250 
for rose bengal on gradual halo substitution. Therefore 
they provide a good system for such studies. The absorp
tion spectra of fluorescein (FI) and some of its halo-substi
tuted derivatives, namely dichlorofluorescein (FICI2), di- 
iodofluorescein (FII2), eosin (FlBr4), erythrosin (F1I4), 
phloxin (FlCl4Br4), and rose bengal (F1C14I4), have been 
studied in the present work and their dimer spectra ob
tained by the method described in a previous communica
tion.12 The study has been confined to the dimer stage 
only.

N ature o f D im er Spectra. The dimer spectra of the se
ries of halofluoresceins investigated are given in Figure 1. 
All the spectra are observed to give two peaks whose 
wavelengths are above and below the monomer peak 
wavelength, that is, the monomer peaks for all the com
pounds are split on dimerization, but the intensities of the 
two peaks show variations. The short-wave peak is nor
mally of higher intensity and the peak intensity of this 
band gradually decreases as the number of halogen substi
tution increases.

In Table I are given the difference in wave number be
tween the monomer M and the high-frequency dimer peak 
D2 (column 4) and the wave number difference between 
the 0 —► 0 and the 0 —>► 1 vibrational bands in the mono
mer (column 5). The former is seen to increase with halo 
substitution whereas the latter decreases. This definitely

establishes that the enhancement of the high-frequency 
shoulder on aggregation is not due to vibronic coupling. 
Other forces are operative in producing the dimer spectra.

There have been different approaches to the prob
lem,1314 the simplest of which is the theory of exciton 
coupling.13 The splitting of the energy levels has been 
nicely explained by the theory of exciton interaction. For 
a perfectly parallel dimer, only the high-frequency or the 
short-wave peak is expected to appear, whereas for the 
head-to-tail dimer only the red-shifted peak is allowed. 
But for any intermediate geometry, both the peaks may 
appear. The ratio of the peak heights may be correlated 
with the angle 8 between the main oscillators of the two 
molecules. The values of 8 calculated with the help of the 
relationship

h / h  = ^n2 (0/2)
where /1 and /2 are the oscillator strengths of the long
wave and the short-wave peaks, respectively, are given in 
Table II, column 5.

The second point of variation between these dyes is the 
difference in the extent of splitting (AE ). The AE  values 
in terms of wave number are given in Table II, column 3.
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Figure 1. A bso rp tion  sp e c tra  o f the d im e rs  o f h a io flu o re sce in s  at 
pH 12: (a) f lu o re sce in , (b) d ic h lo ro flu o re s c e in , (c) d iiod o fluo - 
re sce in , (d) eosin , (e) e ry th ro s in , (f) ph lox in , (g) rose bengal.

TABLE I: Spectral Data for the Dilute and Concentrated Solutions 
of the Halofluorescein Dyesa

Dye
i>(M) , 
c m -1

^(D 2), 
cm 1

v (D 2) — y(M), 
c m -1

i/(Mv) — i>(M), 
c m -1

FI 20 ,370 21 ,370 1000 910
f ic i2 19,880 20 ,920 1040 870
f i i 2 19,610 20 ,660 1050 850
F IB r4 19,310 20 ,410 1100 840
FIU 19,010 20 ,160 1150 830
FICI4B r4 18,730 19,880 1150 810
FICI4I4 18,480 19,650 1170 830

“  »(Mv) is the monomer vibrational shoulder, v(M) is the monomer fre
quency,V(D2) is the enhanced shoulder for concentrated solutions.

TABLE II: Square of the Transition M om ent Integrals | Af |2 of the 
M onom er and the Observed Interaction Energy (A E j, 
Dim erization Constant, (K ), Twist Angle (0 ), and Calculated  
Values of the Interm olecular D istance (/?) for Different 
Assumed Geom etries for the Dim er

R. A
M \2 X 1036. A E, K, B,

Dye esu c m -1 M ' 1 deg a b c

FI 55.6 1610 5 71 - 1 .6 8 7.73 4.81
FICI2 58.9 1650 60 68 2.89 7.76 5.11
f i i 2 60.0 1660 83 67 3.24 7.78 5.21
F IB r4 60.7 1680 110 66 3.25 7.81 5.25
F l l4 68.1 1720 140 63 4.12 7.97 5.65
FICI4B r4 73.0 1800 190 62 4.34 8.04 5.75
FICUU 76.1 1830 250 60 4.70 8.04 5.92

a Brick-work model. 6 In-plane model. c Parallel-plane model.

The extent of splitting will depend on the strength of in
teraction between the two oscillating dipoles in the two 
molecules. The interaction is coulombic in nature and 
from the considerations of dipole-dipole terms only, the 
expectation value of the interaction energy is correlated 
with the square of transition moment integral |M|2 and 
the reciprocal of ft3, where ft is the separation distance 
between the centers of gravity of the two component mol
ecules in the dimer. The relative geometry of the transi-

Figure 2. Plot of A E, the  in te ra c tio n  ene rgy  o f the  d im e r, vs. \M\2, 
the square  of the  tra n s itio n  m o m en t in te g ra l.

tion dipoles is also important, and in general the appro
priate expression for AE  is

AE =  (2\M\2/R3) G
where G is the geometry factor.15 For the simple case of 
one-dimensional transition dipoles, it is possible to as
sume various geometries and to calculate ft from the ex
perimental value of interaction energy AE. In the series of 
halo-substituted fluoresceins, the interaction energy AE is 
found to increase with increased halo substitution or by 
substitution of heavier halogens. The variation follows the 
same sequence as the increase in oscillator strength which 
is proportional to the square of the transition moment in
tegral \M\2. A linear correlation has been established in 
Figure 2 and the data are given in Table II.

Hypochromism. From the law of conservation of oscilla
tor strength it is expected that the oscillator strength of 
the dimer should be twice that of the monomer. The oscil
lator strength /  was calculated from the relationship

f  =  4.39 X 10_9[9«2/ (4/!.- + 2 )2]JepdF

where 9rc2/(4n2 + 2)2 is the Lorentz factor to correct for 
the medium effect. The areas of the monomer and the 
dimer bands were measured by means of a planimeter. If 
a quantity called hypochromicity factor H is defined3’15 
as the ratio /dimer/2/monomer then H  is found to decrease 
in the series as the aggregation constant K  increases on 
halo substitution as shown in Table III.

Discussion

In their studies on halofluorescein dyes, Sheppard and 
Geddes5 had observed a decrease in the aggregation ten
dency in aqueous solutions on halo substitution as judged 
from conformity to Beer’s law. The argument was for
warded that the large sizes of the halogen atoms cause 
steric hindrance to optical coupling of the dye molecules 
due to increase in the distance between the two compo
nent molecules. In the present study the opposite effect 
has been observed. The dimerization constant K  has been

(15) M. Kasha. H. R. Rawls, and M. A. El-bayoumi, Pure Appl. C h em ., 
11, 371 (1965).

(16) W. Rhodes, J. A m er . C h em . S o c .. 83, 3609 (1961).
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TABLE I I I :  Observed and Calculated Values of the 
Hypochromicity Factor, H, for the Halofluoresceins“

H

Dye
Al
nm

A2,
nm Obsd Calcd

FI 491 320 0.85 0.86
FICI2 502 335 0.84 0.83
F ll2 510 330 0.83 0.83
FI Br4 518 340 0.82 0.80
FIG 526 353 0.79 0.74
FICI4Br4 534 355 0.75 0.62
FICI4I4 541 356 0.74 0.61

a X-i are the longest wavelength monomer peaks and X2 that of the 
corresponding neighboring y-polarlzed transition bands.

found to increase systematically on substitution of more 
halogens, as also halogens of higher atomic number. The 
interaction energy AE  increases with concomitant in
creases in the transition moment integrals. Although exci- 
ton theory is an oversimplification for the problem of dye 
aggregation, the interdipole distance R computed there
from appears to be quite reasonable, if proper geometry of 
the aggregate is taken into consideration. In earlier stud
ies17 the high values of R reported for fluorescein and 
rhodamine were due to the fact that the values were not 
multiplied by the geometry factor.

Monahan, Germano, and Blossey18 have shown a defi
nite effect of steric hindrance on the dimerization of aryl- 
azonaphthols. The free energy of dimerization became 
less negative in the order of substitution of CH3 >  C2H5 >  
¿-C3H7 in the chlorosulfonic acid moiety. At the same 
time, the twist angle 8 increased in the same order with 
not much variation in the oscillator strength of the mono
mer. The angle 8 is independent of any model assumed for 
the geometry but the values of R are severely model de
pendent.18 Monahan, et al., have discussed two possible 
models, (i) in-plane oblique angle model and (ii) parallel-

Figure 4. H e lica l a rra n g e m e n t o r “ s ls -k a b a b l”  m odel fo r dye ag 
grega tes.

plane twist angle model. From the trend in R, they ar
rived at certain conclusions regarding the dimer geometry 
for the singly charged and doubly charged dye ions. A 
third type of geometry for dye aggregate has been pro
posed by Czikelley, Forsterling, and Kuhn.14 A brick-work 
structure has been preferred by them.

The relationship between interaction energy, strength of 
transition dipole, and the geometry of the dimer is given 
by the general expression15

AE = [2|M|2/J?3](cos 61 + 3 cos2 0)
where 8 is the angle between the polarization direction of 
the dipoles in the composite molecules and 0 is the angle 
between the polarization direction and the line joining the 
centers of the two component molecules. We can consider 
various geometries and see how they fit our observations.

M odel I (d = 8 and 0 = 90°; Sandwich D im er with a 
Twist A ngle 8)

AE  = [2\M\2/R3] cos 8
The linear relationship between A E  and \M\2 obtained for 
the halofluorescein series (Figure 2) means that the term cos 
8/R3, as given by the slope, is constant. The cosines of the 
twist angle 8 should vary as the inverse cube of the inter
dipole distance. The values of R, calculated from the de
rived values of the twist angle 8, are given in Table II, 
column 8. The phase relationship is such as to give rise 
to a blue-shifted dimer in which in-phase transition di
poles are favored over the out-of-phase transitions. From 
Figure 1, it is observed that the high-frequency in-phase
(17) K. K. Rohatgi, J. Mol. S p e c t r o s c .. 27, 545 (1968).
(18) A. R. Monahan, N. J. Germano, and D. F. Blossey, J. C h em . P h ys.. 

75, 1227 (1971).

The Journal of Physical Chemistry. Vol. 76. No. 26, 1572





3974 K. Rubin and R. Rudman

TABLE I: Crystal Data for Tetracyanom ethane

Name: tetracyanomethane 
Compound: C (C N )4
Formula weight: 116 .34  (based on C -12)
Crystal system: monoclinic 
a =  9.361 (6)° A 
b  =  8.881 (5) A 
c =  6 .2 4 1(8) A 
(3 =  91.30(6)°
Systematic absences: hkl,  h +  k  odd 

hOI, I odd
Space group: C c ( i9) or C 2 /c  (¿15)
Z =  4
Density (experimental) =  1 .4 2 2 g /m l6 

Density (X-ray) =  1.49^

“ The numbers in parentheses are the estimated standard deviations in 
the last figure. 6 By flotation in a solution of CCU and CH3CCI3.

cent electron diffraction investigation4 of tetracyano
methane» C(CN)4, as well as previous studies of the synthe
sis5 and properties6 of this compound have shown that the 
molecule is tetrahedral and that some of its chemical 
properties are similar to those of the carbon tetrahalides. 
As part of our attempts to define the sphericity of the mo
lecular envelope that is required in order for the plastic- 
crystal phase to form, it was decided to test for the pres
ence of any solid-solid phase transitions in tetracyano
methane, over a wide temperature range.

Experimental Section

Synthesis. Tetracyanomethane was prepared according 
to the following scheme.

CH2(CN)2 — KBr-[Br2C(CN)2]47 —
KC(CN)38 — AgC(CN)39 — C(CN)45

The infrared spectra of KC(CN)3 and AgC(CN)3, and 
the physical properties of C(CN)4, agreed with previously 
reported data.5-8

X -R ay Diffraction Study. Powder patterns were ob
tained with a Norelco 114.6-mm diameter Debye-Scherrer 
powder camera; single-crystal data were measured on a 
precession camera at room temperature. Ni-filtered Cu K 
radiation was used throughout. A high-temperature (ISO- 
1550) study of C(CN)4 was carried out using a commer
cially available wound-filament quartz tube gas heater10 
with compressed air.

D ifferential Scanning Calorimetry (D SC ) Study. 
C(CN)4 was studied from -150° to the decomposition 
temperature of approximately +160° on a Perkin-Elmer 
DSC-1B calorimeter, using techniques described else
where.11

Computing. The powder patterns were indexed and the 
unit cell constants refined using a modified version of the 
program PIRUM12 on a CDC 3300 computer.

Results and Discussion

Room-temperature single-crystal data for C(CN)4, 
based on precession photographs and least-squares refine
ment of the powder data, are found in Table I. The pow
der pattern is listed in Table II. The crystal structures of 
KC(CN)3 13 and AgC(CN)3 14 have been reported previous-

TABLE II: Powder Pattern for C (C N )4

1 Ĉ obsdi Â Scaled. Â hkl

s 4.69 4 .6 8 2 0 0

s 4.55 4.52 1 1 1

s 2.95 2.94 310
s 2.88 2.88 221
s 2.64 2.64 311
M 2.341 2 .340 400
M 2.143 2.147 330
M 1.831 1.831 510
VW 1.783 1.782 332
M 1.715 1.716 313

(1 .453 423
VW 1.452

^1.451 243
VW 1.4004 1.4002 532
VW 1.3373 1.3373 062

(1 .2845 404
VW 1.2839 <1.2831 443

(1 .282 5 262

a Based on data in Table I.

ly, but the powder patterns were not listed. Indexed pow
der patterns for these substances have been submitted to 
the Joint Committee on Powder Diffraction Standards.

Several studies of similar compounds have been re
ported in the literature. Evidence for the formation of 
plastic crystals was found for trimethylacetonitrile15 16 
((CN3)3CCN) and dimethylmalononitrile17 ((CH3)2C- 
(CN)2) but not for malononitrile17-18 (H2C(CN)2). In the 
discussion of their results, Ribner and Westrum17 state that 
cyano groups on aliphatic molecules do not form sufficiently 
strong intermolecular bonds to hinder molecular rotation. 
The increasing difficulty in forming a plastic-crystal phase 
as the number of cyano groups increases is explained as 
being due to one of two factors: (a) the formation of a 
weak hydrogen bond (between a methyl hydrogen and the 
nitrogen of the cyano group) resulting from an increase in 
the acid strength of the methyl hydrogen as the number of 
cyano groups increases, or (b) dipole-dipole interaction of 
the cyano groups.

Ribner and Westrum prefer the first explanation and 
present a table showing a correlation between the strength 
of the hydrogen bond and the existence of a rotational 
transition in the solid for several cyano-containing com
pounds. According to this reasoning, tetracyanomethane,

(3) J. Timmermans, J. Phys. C h em . Solids, 18, 1 (1961).
(4) H. Oberhammer, Z. N aturforsch . A, 26, 2043 (1971).
¡5) E. Mayer, M onatsh . C h em ., 100, 462 (1969); 101.846 (1970).
(6) R. E. Hester, K. M. Lee, and E. Mayer, J. P hys. C h em ., 74, 3373

(1970) .
(7) R. A. Carboni, Org. Syn., 39,64 (1960).
(8) S. Trofimenko, E. L. Little, Jr., and H. F. Mower, J. Org. C h em ., 27, 

433(1962).
(9) E. Cox and A. Fontaine, Bull. S o c . Chim. Fr., 948 (1954).

(10) Gas heater, Model SGH 114680, Sylvania Special Products Divi
sion, Exeter, N. H. 03833.

(11) L. Silver and R. Rudman, J. Phys. C h em ., 74, 3134 (1970).
(12) P. Werner, Ark. K em i, 31,513 (1970).
¡13) J. R. Witt and D. Britton,- Acfa C rysta llogr., S ec t . B, 27, 1835

(1971) .
(14) J. Konnert and D. Britton, Inorg. C h em ., 5,1193 (1966).
¡15) E. F. Westrum, Jr., and A. Ribner, J. Phys. C h em ., 71, 1216 

(1967).
(16) Z. M. El Safaar, P. Schultz, and E. F. Meyer, J. C h em . P h ys., 56, 

1477 (1972).
(17) A. Ribner and E. F. Westrum, Jr., J. Phys. C h em ., 71, 1208 

(1967).
(18) J. G. Powles, A. Begum, and M. O. Norris, M ol. P h ys ., 17, 489 

(1969).
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TABLE II I: Fusion and Transition Tem peratures for the 
Methylcyanom ethane Compounds (C H 3) 4_ nC (C N )„

n Mol wt Tf. °K T u . °K Ref

0 72 256.5 140.0 11
1 83 292.13 213 ,232 .74 15
2 94 307.47 302.60 17
3 105 367 ? a
4 116 dec ~ 4 3 3 5

“ M. B. Frankel, A. B. Amster, E. R. Wilson, M. McCormick, and M. 
McEachern, Jr., Advan. Chem. Se'r., No. 54, 108 (1965); J. R. Witt, D. 
Britton, and C. Mahon, A cta  C rysta llogr., Sect. B. 28, 950 (1972).

in which no hydrogen bonds are possible, should undergo 
a phase transition to a plastic crystal. However, in the 
present study, neither the DSC nor the high-temperature 
X-ray diffraction investigations revealed any phase transi
tions in tetracyanomethane from -150° to the decomposi
tion temperature.

It has already been shown,19 in the case of the methyl- 
chloromethane compounds, that methyl groups increase 
the sphericity of tetrahedral molecules to a greater extent 
than do chlorine atoms. This same statement can also be 
made for the methylcyanomethane compounds. The data 
in Table III indicate that for the series of compounds 
(CH3)4^„C(CN)„), where n varies from 0 to 4, the melting 

•point rises with increasing numbers of cyano groups at a 
faster rate than does the transition temperature. If the 
melting point and the transition temperature are each

plotted as a function of the molecular weight, it will be 
seen that the two curves intersect between n =  2 and n =
3. The prediction could be made that no solid-solid phase 
transition would occur for n = 3 or 4. This has now been 
verified for n -  4. Reexamination of Table VIII of Ribner 
and Westrum17 also permits the interpretation that the 
transitions occur at lower temperatures as the spherical 
character of the molecules increases.

Although it might be claimed that tetracyanomethane 
does not form a plastic crystal simply because it is not 
sufficiently spherical, it would still be expected to have a 
low melting point (similar to that of a carbon tetrahalide 
of comparable molecular weight6). Several other cyano- 
containing compounds20 in which significant hydrogen 
bonds would not occur21 are known to have melting points 
higher than expected when the molecular weights alone 
are considered. The physical properties of these com
pounds agree with the results of the present work, as well 
as with dementi’s analysis,22 that dipole-dipole interac
tions are significant in cyano-containing compounds. We 
therefore conclude that dipole-dipole interactions are of 
considerably greater importance in determining the physi
cal properties of the methylcyanomethane compounds 
than are hydrogen bonds. An investigation of 1,1,1-tricya- 
nomethane would be of interest.
(19) R. Rudman and B. Post, Mol. Cryst.. 5, 95 (1968).
(20) E.g., trlcyanocyclopropane (F. Hirshfeld, A cta  C rysta llogr.. 20, 80 

(1966)) and tetracyanocyclobutane (B. Greenberg and B. Post, 
A cta  C rysta llogr. B . 24,918 (1968)).

(21) W. C. Hamilton and J. A. Ibers, “ Hydrogen Bonding In Solids," W. 
A. Benjamin. New York, N. Y., 1968, pp 182-183.

(22) E. Clement! and D. Klint, J. Chem. Phys.. 50, 4899 (1969).
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The molecular bonding environment of P043~ and of the substituted phosphorus oxy anions HPO32 , 
H2PO2—, HPO42-, H2PO4—, and H3PO4 has been investigated by X-ray photon emission spectroscopy. 
The effect upon the electronic structure of introducing a second ligand type into the molecule has been 
evaluated through the interpretation of both the K/3 and L2,3 emission spectra. The spectral assignments 
have been based upon molecular orbital CNDO/2 calculations utilizing a combined intensity parameter- 
energy level model. Through the use of the calculated atomic orbital composition of the molecular orbi
tals, the origins and nature of the K/3 spectral bands have been shown to be due to specific central atom 
orbital-ligand orbital bonding.

Introduction

X-Ray photon emission, resulting from valence electron 
transitions, has been investigated experimentally for over 
50 years.23 The possibility of probing electronic structure

by this technique has received particular impetus with the 
development of high-resolution double-crystal spectrome-

(1) Hawaii Institute of Geophysics Contribution No. 485.
(2) (a) A. H. Compton and S. K. Allison, “ X-Rays in Theory and Experi

ment,” 2nd ed, Van Nostrand, New York, N. Y., 1935; (b) R. D. 
Deslattes, Phys. Rev. A, 133, 390 (1964).
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Figure 1. Intensity contour correction for K/3 spectrum of C aH P 0 3.

ters.2b~6 However, rigorous theoretical interpretation of 
chemical interest is more recent. The application of mo
lecular orbital concepts to high-resolution X-ray photon 
emission spectra has provided interpretation for the 
bonding in various ionic crystals5-10 for which other 
theories proved inadequate. Particular interest has cen
tered upon compounds of the second periodic row ele
ments. These studies have dealt only with the relatively 
simple bonding of one type of ligand, under various sym
metries, to a central atom. It has been our intention to 
evaluate multiple-type ligand effects upon the electronic 
structure by studying a series of phosphorus salts with 
oxygen, hydroxy, and hydrogen ligands.9-11 While Fichter12 
has investigated the K/3 spectrum of a large series of 
phosphorus oxy anions, Fichter’s spectra are not well re
solved and the interpretation is not on a molecular model.

The evaluation, to be discussed below, deals with the 
interpretation of K/3 and L.2,3 spectral series in terms of 
molecular orbital CNDO/2 calculations. In particular, the 
possibility of assigning certain spectral transitions to spe
cific central atom orbital-ligand orbital bonding is pro
posed.

Experimental Section
The phosphorus K/3 spectra were obtained in this labo

ratory on a high-resolution double-crystal spectrometer10 
modified for phosphorus analysis into a novel “ hybrid 
spectrometer.”11 This hybrid arrangement employed a sta
tionary PET (002) crystal in the first position and a rotat
ing calcite crystal (100) in the second position. While a 
satisfactory resolving power of about 1400 for phosphorus 
K/3 radiation was obtained, the scan was limited to a 6.5- 
eV range for proper intensity contour at any one PET po
sition. To cover the full range of the 20-eV K/3 spectrum 
for each compound, therefore, three separate scans at 
three different settings of the PET crystal had to be ob-| 
tained, normalized, and joined together. A rigorous evalu
ation of the intensity contour and energy scale fidelity 
with this approach is currently under study in this labora
tory. Preliminary results are shown in Figure 1. As shown, 
the spectrum obtained at a PET setting of 83.40° 28 con
stitutes a good approximation to the “ true” intensity con
tour. Therefore, the spectra presented here are the uncor
rected spectra obtained with the PET crystal set at 83.40°

28. Although some distortion of the intensity distribution 
exists, the spectra are still useful for the assignment of 
valence electron transitions.

The salts studied were all reagent grade chemicals and 
no further purification was made. All samples were 
ground manually to a powder from which a briquette of 
“ infinite thickness” was prepared.

All of the compounds were investigated for effects of 
decomposition. The calcium salts were used due to the 
rapid decomposition of the sodium salts. In order to eval
uate decomposition each sample was irradiated for a total 
of 3 hr, spectral data being recorded each hour. Decompo
sition of all the calcium salts appeared negligible. Spectra 
were run in a helium atmosphere at 45 kV and 60 mA 
with a 3-kW chromium X-ray tube; a gas flow proportional 
counter served as a detector. The use of a pulse height an
alyzer increased the peak-to-background ratio by a factor 
of 2. One hundred second counts were taken for each 
point, each spectrum requiring about 85 points. A Fe(III) 
Kai,2 standard was run after each phosphorus compound 
as a constant check on wavelength stability, and to pro
vide a reference for energy and intensity calibration. The 
reproducibility of spectral positions was determined to be 
within 0.06 eV.

The original copies of the published13 L,2.3 spectra were 
furnished by Henke. The PO43- L2,3 spectrum was fur
nished by Wiech.14

Theoretical
The molecular orbital approach to the interpretation of 

X-ray photon emission spectra has been discussed in vari
ous articles.15-16 For molecules of second periodic row ele
ments two spectral series are of interest: K/3 and L,2,3- 

In evaluating molecular bonding the following aspects 
will be considered: (1) the relative intensity of a formally 
allowed transition, (2) the correlation, wherever possible, 
of the K/3 spectra with the L2.3 spectra, and (3) correla
tion of all experimental energy levels with theoretically 
calculated levels. These factors will be briefly presented 
to provide an understanding of the framework of interpre
tation.

The activity of a molecular orbital in a spectral series 
may be determined from the usual electric dipole selec
tion rules. According to Manne,17 the intensity, I, of a 
transition depends upon the contribution of a specific cen
tral atom orbital to the ith molecular orbital; i.e.

I, ~2C „2 (1)
where Cy, is the central atom’s 3p coefficient for a K/3 
transition, or the 3s or 3d coefficient in a L,2,3 transition. 
Few molecular orbitals are active in both K/3 and L2,3 for

(3) Y. Gohshi, unpublished results.
(4) L. V. Azaroff, Advan. X-Ray Anal., 9, 242 (1966).
(5) P. E. Best, J. Chem. Phys.. 44, 3248 (1966); 49, 2797 (1968).
¡6) G. Karlsson and R. Manne, Preliminary Research Report No. 257, 

Quantum Chemistry Group, Uppsala, Sweden (1970); Phys. Scr., 4, 
119 (1971).

(7) V. I. Nefedov, J. Struct. Chem ., 8, 612 (1967); 8, 919 (1967).
(8) D. W. Fischer, Advan. X-Ray Anal.. 13, 159 (1970).
(9) K. Myers and G. Andermann. J. Chem . S oc., Chem . Commun., in 

press.
(1.0) H. C. Whitehead, J. D. Layfield, and G. Andermann, Rev. Sci. In

strum., 43, 50 (1972).
(11) K. Myers, M.S. Thesis, University of Hawaii, 1972.
(12) M. Fichter, Ph.D. Dissertation, University of Munich, 1966.
(13) B. L. Henke and E. N. Smith, J. Appl. Phys., 37, 922 (1966).
(14) G. Wiech, Z. Phys.. 216, 472 (1968).
(15) D. S. Urch, Quart. R ev.. Chem. S oc.. 25, 343 (1971).
(16) D. S. Urch, Advan. X-Ray Anal., 14, 250 (1971).
(17) R. Manne, J. Chem . Phys., 52, 5733 (1970).
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F igu re  2. P K/3 em ission spectra of (a) Ca3 (P0 4 )2l (b) C aH P 03, 
and (c) C a(H 2P 02) 2.

molecules of high symmetry. But as the symmetry is re
duced, the resultant greater orbital mixing may allow mu
tual activity. We can define an experimentally deter
mined valence energy level, as

Ei = hvif — Vf (2)

where, with f = K or L, hvi{ is the transition energy for 
K/3 and L2,3 transitions, respectively, and Vf is the Is or 
2p core binding energies usually obtained from photoelec
tron (ESCA) measurements. If both f£,(K) and E t(L) are 
allowed under dipole selection rules18

I-eili (3)

E,{ K) = £,( L) (4)

Equation 4 provides a useful method for the assignment of 
bands. Equation 2 provides a method for calculating, to a 
good approximation, the energy levels of the occupied mo
lecular orbitals producing these bands. Simultaneous 
evaluation of the K/3 and L2,3 spectra also provides a com
prehensive construct of the total electronic structure.

The interpretation of observed bands in this study is 
based upon a combined intensity-energy level evaluation 
model. Selection rules and Manne’s intensity arguments 
have been used to determine the activity of a particular 
molecular orbital and then the experimental jE,(K), E,(L) 
values correlate the K/3 and L2,3 spectra with one another 
and with the theoretically calculated energy level struc
ture.11

For molecules with multiple-type ligand bonding the 
above approach was considered to be especially pertinent.

3977

F igu re  3. P K/3 emission spectra of (a) CaHPCU, (b) C a ;H 2PC>4)2, 
and (c) H 3P0 4 .

The introduction of a second type of ligand necessarily re
duces the overall molecular symmetry, and we hoped to 
observe the resultant alteration of the electronic distribu
tion. To determine if a particular photon emission line 
corresponds to simple lowering of symmetry or to a specif
ic ligand effect, an eigenvector analysis was performed. 
We made use of the fact that the eigenvectors represent 
the contribution of individual atomic orbitals to the total 
molecular orbital and that they further indicate whether 
the contribution is bonding or antibonding.19

It should be noted that the CNDO/2 calculations per
formed were based on the use of significant 3d orbital par
ticipation from the central atom. This is in contrast with 
Manne’s work which does not include 3d orbitals. Inter
pretation of the L.2,3 spectra, on the basis of Manne’s in
tensity arguments (eq 1 ), however, would be quite diffi
cult without 3d occupation.20 Recent theoretical and ex
perimental evidence seems to support the need for invok
ing 3d orbital participation.20'21

Results and Discussion
Starting with the highly symmetrical phosphate ion, 

P043~(7Y), we have investigated the electronic environ
ment resulting from the substitution of oxygen ligands by 
hydrogen atoms to give the phosphite and hypophosphite

(18) G. Andermann and H. C. Whitehead, A d van . X -R a y  A nal.. 14, 453 
(1971).

(19) J. A. Pople and D. Beveridge, "Approximate Molecular Orbital 
Theory,”  McGraw-Hill, New York, N. Y., 1970.

(20) J. A. Connor, I. H. Hillier, V. Saunders, and M. Barker, M ol. P hys.. 
23, 81 (1972).

(21) A. Meisel, R. Szargan, G. Leonhardt, and H. J. Kohler, J. Phys. 
(P a ris). C olloq. C -4 . 32, 301 (1971).
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Hlllier (%)

TABLE I: Transition Energies and Experimental Energy Levels

Line hit, eV — E (K ), eV Compound Line hit, eV — £(L), eV

K/3 2137.70 8.50 po43“ La 126.4 5.7
K/3' 2124 .50 21.70 L b 119.6 12.5

Lc 107.8 24 .3
K/3 2138.23 8.56 hpo42- La

K/3X 2134.86 11.93 L b

K/3' 2124.21 22.58 Lc
K/3 2138.50 9.46 H2P 0 4 - La 125.5 8.4
K/3X 2135.78 12.18 Lb 121.2 12.7
K/3' 2124.60 23 .36 Lc 108 26
K/3 2138.54 H 3 P0 4 La

K/3X 2135.93 L b

K/3' 2123.30 Lc
K/3 2137.70 9.20 hpo32- La 125.0 7.9
K/3x 2133.30 13.60 L b 121.0 11.9
K/3' 2124.20 22 .70 Lc 108 25
K/3 2137.75 8.49 H2P 0 2 - La 126.0 6.4
K/3X 2133.03 13.21 Lb 119.4 13.0
K/3' 2124.20 22.04 Lc 108 24

ions and by the less distinct hydroxy ligands to give phos
phoric acid and its mono- and dibasic salts. These two se
ries are shown below.

P043“
(Tj)

H,POr HPO;f“ HP042~ H.,P04~ H3P04
(C2l) (C3,0 (C3„) (C2li) (C3„)

The full K/3 spectrum for each of these ions is given in 
Figures 2 and 3. Transition energies for each spectral 
band and its corresponding valence energy levels, £,(K) 
and £,(L) values, are compiled in Table I. The binding 
energies, Vf , necessary to calculate Et are from the ESCA 
data furnished by Jolly, et al.22

A graphical correlation of the K/3 and L.2,3 spectra is 
demonstrated in Figures 4-8. In these diagrams the two 
spectral series are correlated with one another via their E t 
values and with the CNDO/2 calculated levels, tj, through 
the s, p, and d intensity parameters. These parameters

E i ( K ) CN DO E,(L)

were obtained according to eq 1. The activity of a formally 
allowed transition is deduced on the basis of these param
eters.

The K/3 spectral feature most significantly distin
guishing the substituted oxy anions from PO43- is the 
third band, K/3X; the origin of the band concerns us here. 
Two possibilities exist; the transition may reflect a sym
metry reduction effect, or, as we propose here, it may be 
attributable to transitions from molecular orbitals defin
ing specific central atom orbital-ligand orbital (CAO-LO) 
interactions.

The Lî2,3 spectra, however, do not appear to correlate 
well with such specific ligand bonding.

Each of the molecules is discussed individually, below.
Ligand Characterization. P O i 3~(T d). Since the Is level 

has ai symmetry, K/3 transitions are allowed under elec
tric dipole selection rules only from states of t2 symmetry. 
The two observed lines are, therefore, assigned as

K/3 2t, Is 
K/3' lt2 — * Is

The electronic structure calculated by CNDO/2, as shown 
in Figure 4, predicts a third transition from 3t2 on the 
high-energy side of K/3. However, such a line is not ob
served here or for other similar oxy anions of Td symme
try.6'20 Moreover, this is in agreement with ab initio cal
culations which give a zero 3p coefficient for 3t2.20

An analysis of the atomic orbital eigenvector contribu
tion to the valence molecular orbitals has helped to estab
lish the assignment of the experimentally observed bands.11 
The 2t2 molecular orbital appears to consist primarily of 
phosphorus 3p and oxygen 2p atomic coefficients with a 
very small contribution from phosphorus 3d and oxygen 
2s. The atomic components of the D2 level are almost ex
clusively of phosphorus 3p and oxygen 2s character. Each 
K/3 band thus appears to be associated, with a specific li
gand orbital. We, therefore, designate the K/3 and K/3' 
bands as resulting from P3p- 02p and P3P- 0 2s bonding, re
spectively.

A more complex spectrum than K/3 may be anticipated 
for L2.3, since transitions are formally allowed from va-
(22) M. Pelavin, D. N. Hendrickson, J. M. Hollander, and W. L. Jolly J 

Phys. C h em .. 74, 1164 (1970).
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E,(K) CNDO Eid)

TABLE II: Comparison of Calculated Eigenvalues (e,-) 
with Experim ental Energy Levels (£ ,)  for P 0 43 -

A Et, eV A ti (Hillier), eV A«; (CNDO), eV

K/8- Lb 3.6 2.9 1.40
La  - Lb 6 .8 6 .6 3.17 (4 .96)
La  - K ß 3.2 3.7 1.77 (3 .56)
La  - Lc 18.6 24.3 20.89 (22 .68 )
KjS- K ß ' 13.20 17.9 16.99

lence orbitals of ai, e, t2, and ti symmetry, with the major 
component of the transition moment involving both the 3s 
and 3d atomic orbitals. As seen in Table I and Figure 4, 
E (K p) occurs between £(LA) and E (LB) indicating dis
tinct orbital origins for these three bands. Assuming that 
the band LA includes orbitals lying above 2t2, then LB 
must originate in orbitals lying below 2t2. The occurrence 
of £(LC) about 2 eV below E(Kl3') suggests the activity of 
the lower la, orbital (3s2, 0.25) with lt2 (2 3d2, 0.16).

A reasonable assignment of the L2.3 spectrum for PO43- 
is, thus, the following

La le + 3t, — ►2p
Lb 2ai -  2p
Lc lai + Ita --- * 2p

The lti orbital has not been included, since it does not 
have any central atom contribution and would, therefore, 
be extremely weak.

The K(3 and L2,3 assignments are further supported by 
a comparison of the experimentally and theoretically cal
culated energy levels. Since the latter values are consis
tently higher than the former, there is no direct, absolute 
correlation possible. However, the experimental and theo
retical values may be correlated on a relative basis. For 
example, although E,(K) ^ t, and Ej(L ) ^ tj, £,(K) -  
E j(L) may be compared with tt — tj for two bands in dif

Ej (K) CNDO E,(L)

CNDO(HP04) ,  CNDO (H,PO. )
s p d

Figure 8. C o rre la tio n  d iag ram  fo r HPO 42 and P^PCU-

ferent, or in the same, spectra. Such a correlation for 
P043~ is shown in Table II. Also shown is the same com
parison for an ab initio calculated structure by Hillier, et 
al.20 Although our assignment is the same as Hillier’s, the 
agreement between experimental and theoretical values is 
considerably better for the ab initio calculation. In paren
theses under the CNDO/2 column is also given the corre
lation when only the 3t2 level is used to calculate t, for 
La, as the le level has been misordered in this calcula
tion. The agreement with Hillier’s calculations and with
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experiment improves greatly. Apparently, the le level is 
most significantly affected by the approximations made in 
the CNDO/2 method, or in the initial choice of parame
ters.

Eigenvector analysis shows band LA to represent P3d-  
0 2p bonding as the 3t2 and le levels are compared pre
dominantly of phosphorus 3d and oxygen 2p atomic coeffi
cients. Band LB, however, contains significant bonding 
contributions from both the oxygen 2s and 2p atomic orbi
tals with phosphorus 3s. Similarly, Lc mixes phosphorus 
3s and 3d in the bonding with oxygen 2s orbitals. These 
two bands, and thus the L2,3 spectrum, cannot be associ
ated with central atom orbital-ligand orbital (CAO-LO) 
bonding.

Although no significant mutual activity is noted for the 
two spectra, simultaneous evaluation of 1.2,3 with K/3 did 
allow a more complete description of the valence electron
ic structure.

O xygen A tom  Ligand R eplacem ent by H ydrogen A tom  
Ligand. H P 0 3 2 ~(C 3v). Under C3v symmetry electric di
pole selection rules allow K/3 emission transitions from ai 
and e molecular orbitals.

The main K/3 band is assignable to the close lying 3ai 
and 2e levels. Also included is the 3e orbital due to its 

'large phosphorus 3p coefficient (Figure 5). Similarly, K/3' 
originates from the le molecular orbital.

Unlike for other C 3 V molecules of second periodic row 
atoms,5-6 no high-energy K/3" band is discernible for 
HPO32". Rather a lower energy K/3X transition is noted. 
The assignment of K/3X follows immediately as only one 
orbital, 2ai, falls between those assigned to K/3 and K/3'.

Analysis of the 3ai, 2e, and 3e molecular orbital levels 
shows the phosphorus 3p atomic orbital to be bonding al
most exclusively with the oxygen 2p orbitals. The main 
K/3 band may, then, still be described as representing P3P-  
02p bonding. Analogously, K/3' is again associated with 
P3p—C>2s bonding. In the 2ai molecular orbital, however, 
the ligand contributions are most significantly from the 
single hydrogen Is orbital and to a lesser extent from the 
three oxygen 2s orbitals. This is the only level containing 
significant hydrogen bonding. We, therefore, denote the 
K/3X band as reflecting primarily P3P-H is bonding.

Thus, as shown in Figure 5, the K/3 spectral assignment 
is

K/3 3a, +  2e + 3e — ► Is P3P Oj,,
K/3* 2a, — ► Is P3P-H1.
K/3' le -—► Is p w- o .

L2,3 transitions under C3„ symmetry are allowed from 
ai, a2, and e levels with significant phosphorus 3s or 3d 
orbital coefficients. As seen in Table I and Figure 5, none 
of the E (L) values coincide exactly with any E (K), 
suggesting the possibility of distinct bonding features for 
each spectral band. A reasonable L2,3 assignment11 is

La 3b2 + 3a, +  4ai
Lb 2a, +  lb. —  2p
L(. lai + lb. —  2p

Eigenvector analysis indicates no basis for designating 
these L bands to specific CAO-LO bonding.11 Evaluation 
of the L2,3 spectrum has, however, provided for observa
tion of transitions from the 4ai, 4e, and lai orbitals and 
further justifies the assumption of significant 3d orbital 
participation in bonding.11

The relative internal consistency of our assignments is 
given in Table III. The good correlation between the ex
perimental and theoretical energy levels lends further 
support to our assignments.
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TABLE III: Comparison of Calculated Eigenvalues (£¡1 
with Experimental Energy Levels (£/) for H PO32 ”

AEi, eV Ae, (CNDO), eV

K/3 -  K/3X 4.40 4.89
K/3 — l b 2.30 2.25
La ~  Lb 4.0 5.3
La -  K/3 1.7 3.1
K/3 -  K/3' 13.50 17.78

H 2P O 2 ~( C2 v)‘ Under C2p symmetry transitions from a*, 
bi, and b2 molecular orbitals to the Is level are formally 
allowed.

The K/3 spectrum’s similarity to that observed for HP- 
032" substantiates the spectral distinction between P -0  and 
P-H bonding. The interpretation is basically the same as 
for HPO32“ but with greater complexity due to the fur
ther lowering of symmetry.

The CNDO/2 calculated electronic structure of H2P02” 
is indicated in Figure 6. The K/3 assignment, as shown 
graphically in Figure 6, is

K/3 2 b, +  3b, +  3ai — >- Is P3p—0,p
K/3* 2a, +  2b, +  lbi —* Is P3p-fU
K/3' la, +  lb, —*■ Is P3P-0_,S

The L2,3 spectrum resembles those for PO43” and HPO32 
and the assignment follows analogously. As shown in 
Table I and Figure 6, E(LB) approximately equals E(K/3X) 
indicating mutual spectral origins. Only the 2bi orbital 
will not contribute to LB. The LA band includes most of 
the orbitals active in K/3 and several higher lying levels, 
E(La) > £(K/3). The transition Lc results from lai and 
lb2 activity as does K/3'.

The L2<3 assignment then is
LA 4a, +  4e — ► 2p 
Lb 2a, +  2e +  3e — *- 2p 
L, la, +  le — * 2p

Again there is no CAO-LO bonding designation possible 
for L2,3. Note that the decreased C2u symmetry results in 
greater activity in both spectra. Whereas the K/3 and L2,3 
spectra represent almost mutually exclusive levels for 
PO43” (Td), the K/3 and L2i3 transitions contain most of the 
same orbital activity for H2P02 “ .

Table IV, comparing the experimentally and theoreti
cally determined electronic structures, lends further sup
port to the assignments made for H2P02” .

O xygen A tom  Ligand R eplacem ent by H ydroxy Ligand. 
In the phosphite and hypophosphite ions there appears to 
be experimental and theoretical basis for associating the 
various K/3 bands with specific bonding within the mole
cule. For the hydroxy compounds the bonding structure 
may be considerably more complex. There is a larger basis 
set to consider producing a larger series of molecular lev
els. Furthermore, the oxygen and hydroxy ligands are sim
ilar, thus yielding similar eigenvalues. Despite these com
plications, the K/3 spectra do appear to distinguish be
tween the two bonding ligands. As hydroxy ligands are 
substituted for oxygen, the K/3X band increases in intensi
ty (Figure 3) at the expense of K/3. Theoretical justifica
tion for such an assignment is, however, desirable.

H 2 P O 4” (C2iJ. The calculated electronic structure of 
H2PO4” (Figure 7) does not constitute two distinct sets of 
levels assignable to K/3 and K/3X. Rather, there results a 
successive group of molecular orbitals with varying ligand 
orbital components. The atomic coefficients are larger for
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TABLE IV: Comparison of Calculated Eigenvalues (e,) 
with Experim ental Energy Levels (E ;) for H 2PC>2~

k E i, eV d i i  (CNDO), eV

K/3 -  K/3X 4.72 4.42

K/3 -  L b 4.13 5.11

La  -  L b 6.6 5.7

La  -  K/3 2.47 0.62

K/3 -  K ß ' 13.53 20.94

the hydroxy-oxygen 2p orbitals in the lower lying levels 
but become progressively less hydroxy and more oxygen in 
character in the higher levels. A complete assignment is 
not immediately evident, however.

The two active 3ai and 2b2 molecular orbitals are 
strongly bonding with the hydroxy-oxygen 2p orbitals, but 
only weakly bonding with the oxygen atom 2p orbitals. 
These levels are assignable to K/3X. For the higher lying 
levels, 4ai, 4b2, 4bi, and 5b2, the converse bonding 
scheme holds. We attribute these orbitals to be responsi
ble for the K/3 band. However, between these two defini
tive groups of orbitals lie the 2bi and 3bi molecular orbi
tals, also active in K/3. The hydroxy-oxygen 2p coeffi
cients are large in these molecular orbitals, but are anti
bonding. The pure oxygen atom 2p orbitals, conversely, 
are bonding but small. Association with neither K/3 not 
K/3X is obvious. We have arbitrarily assigned the 2bi and 
3bi levels to be contributing to the K/3X band.

K/3' is again accredited to participation by the molecu
lar orbitals with large oxygen 2s components. However, 
the lb2 orbital’s oxygen 2s coefficient is from the hydroxy- 
oxygen ligand. K/3' then represents P3P-O2S and P3P-  
ChsHis bonding which is not resolved here.

K/3 4a! +  4b, +  5b, +  4bi — v Is P3p- 0 ,p
K/3* 3a! T 2b2 T 2b, -L 3b 1 Is P3P—0,pHis
K/3' lb, +  2a, +  Ibi —»- Is P3p—0,sHls and P3P- 0 , S

The L2,3 spectrum resembles that for the other oxy an
ions. The interpretation basically follows the discussion 
given for H2P0 2_, also of C2p symmetry. Specifically note 
that the E{ K/3X) and E {LB) levels are approximately the 
same suggesting extensive mutual spectral activity, as for
h 2p o 2-.

La 4a, +  4b, +  5ai + 5b, +  4bi +  6b2 +  6a, — ► 2p 
Lb 3a, +  2b, +  3b2 + 3bi —*■ 2p 
Lc la, 4- lb, 4- 2ai -I- Ibi —* 2p 

Here again, the low symmetry allows for many common 
features in K/3 and L2,3 transitions. Table V compares the 
experimental and theoretical electronic structures for in
ternal consistency.

H P O i2~ and H 3PO ±(C 3 V). No L2,3 spectra are available 
for these two molecules, but this does not appear to hin
der the K/3 spectral interpretation.

The K/3 spectra for both molecules show the two high- 
energy bands now recognized as characteristic of two dif
ferent bonding interactions. The calculated electronic 
structures, Figure 8, confirm this. Two groups of molecu
lar orbitals, one with large phosphorus 3p-oxygen 2p 
bonding coefficients and the other with phosphorus 3p 
and hydroxy-oxygen 2p coefficients, are formed which are 
associated with the K/3 and K/3X bands, respectively.

Considerably more mixing of ligand orbitals is observed 
for HPOé2- and H3PO4 than for the simpler HPCH2  ̂ mol
ecule, also of C3 V symmetry. But the mixing is not as ex
tensive as for the H2P04 (C2l;) hydroxy compound. The
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TABLE V: Comparison of Calculated Eigenvalues (e,) 
with Experim ental Energy Levels (£ /)  for H 2P 0 4 ~

i^Ei, eV (CNDO), eV

K/3 -  K/3X 2.72 4.94
K/3 -  L b 2.86 4.31
La  — L b 4.3 5.1
La  -  K/3 1.44 0.80
K/3 -  K/3' 13.86 20.90

TABLE V I: Half-W idths for K/3 Spectral Bands

Spectrum Line Half-Width, eV
No. of 

transitions

PO43 - k /3 2.15 ( 1 )
K/3' 4 .09 i n

h p o 42 ' K/3 2.76 (4)
K/3X 3.98 (2)
K/3' 4.24 (3)

H 2 PO4 - K/3 2.92 (4)
K/3X 3.21 (4)
K/3' 4 .24 (3)

h 3p o 4 K/3 3.07 (3)
K/3X 3.36 (1)
K/3' 4.54 (2)

h p o 32- K/3 2.91 (3)
K/3X 3.05 (1)
K/3' 4.39 (1)

H2P 0 2 - K/3 2.91 (3)
K/3X 2.29 (3)
K/3' 4.39 (2)

assignments here appear to be more obvious. As for H2- 
PO4 , however, K/3' represents the unresolved P3P- 0 2s 
and P3P-C>2sH1s bonding.

The K/3 assignments then are

h po 42-

K/3 4a, + 3e +  5a, +  4e ■ Is P.,p 0,p
K/3* 3a, + 2e — »■ Is P3p 0 ,pH,s
K/3' la. +  2a, -f le — * Is P;JP- 0 ,S and P ;- 0  ,H

h 3po4
K/3 4a, -I- 5a, +  4e — *• Is P 3P 0,p
K/3* 2e -—*■ Is P3p-0 ,„H .s
K/3' 2ai + le — *■ Is P3p- 0 2s and P3p- 0 2bH1s

Evaluation of H alf-W idths. The effects of electronic 
structural modification by ligand substitution are clearly 
manifested in the K/3 spectrum. The L2.3 spectrum, proba
bly because of the poor resolution, is less descriptive in 
this respect. While the K/3 bands are associated with spe
cific CAO-LO bonding, further information may be ob
tainable from the half-widths of these bands. Table VI 
lists the full-widths-at-half maximum for each band in 
each K/3 spectrum.

Two pertinent factors may affect the widths of spectral 
bands; unresolved transitions and solid state broadening. 
Both factors have special significance in bonding studies. 
Of possible interest is the broadening due to unresolved 
transitions. The K/3 band depicts an increase in band
width with an increase in the number of transitions as
signed to this band. In the series PO43“ —*• HP032- —* 
H2P02_ the K/3 bandwidth has increased by 50% for 
HP032“ (C3i,) and H2P02“ (C2i,.) correlating nicely with 
the two additional transitions assigned to these latter two
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ions’ K/3 band. Furthermore, note that the half-width 
values are the same (2.9 eV) for HPC>32~ and H2PO2-  in 
agreement with the same number of assigned transitions. 
A similar trend for K/3 may be seen in comparing PO43-- 
{Ta) with HPO42~(C3C) and H2PO4HC2C). Both of these 
latter two ions have four transitions assigned to their K/3 
bands, and the half-widths are considerably greater than 
that for PO43 . K/3 half-width for H2PO4" is somewhat 
greater than for HP042~, although both are associated 
with the same number of transitions. Only for H3PO4, the 
K/3 half-width does not appear to fit this trend, the half
width being considerably larger than those for HPO42“ 
and H2PO4" with fewer transitions assigned to the band. 
However, H3PO4 was a “ syrupy liquid,” not a solid like 
the salts. Different states of matter may exhibit different 
broadening effects so that a correlation for H3PO4 with 
the other compounds is not pertinent.

The K/3' band exhibits a similar trend becoming broad
er with a reduction of symmetry and the subsequent 
greater number of active transitions. Comparison of the 
K/3X bands is more difficult as no K/3X band is observed for 
PO43~. There does, then, appear to be a definite correla
tion between spectral bandwidths and molecular symme
try. Thus, while the spectral bands have been designated 
as reflecting specific ligand bonding, the bandwidths may 
be associated with symmetry effects. The CNDO/2 calcu
lations indicate that some of these transitions are over 1 
eV apart and thus should be resolvable with higher quali
ty instrumentation.

Som e General Comments. Evaluation of the hydroxy 
compounds indicates the ability of X-ray photon emission 
spectroscopy to distinguish even among similar ligands. In 
addition, the spectral positions of these distinct bands ap
pear significant. The occurrence of the transitions due to 
hydroxy-oxygen ligand bonding at lower energies than 
those arising from oxygen bonding indicates the capability 
to detect the environment generated by nonadjacent 
atoms. Thus, not only different ligand atoms, but even 
the same ligand atoms in modified environments may be 
distinguished. In the case of the hydroxy ligand, bond for
mation between the oxygen and hydrogen atoms results in 
an initially higher ionization potential for the hydroxy li
gand with respect to the oxygen ligand. Thus, the K/3 
band corresponding to P3P- 02PHis bonding occurs at 
lower energy than that describing P3P-C>2P bonding.

Another interesting trend may be noted for the phos
phite and hypophosphite ions. The K/3X band defining P3,,- 
His bonding lies at considerably higher energy than the 
K/3' band describing P3P-C>2a bonding. Such an order may 
be anticipated from perturbation effects alone, the more 
electronegative ligand producing a lower molecular energy 
state. A correlation between electronegativity and spectral 
position necessarily suggests practical applications for li

gand characterization.
A comprehensive comparison of our interpretations with 

previous work is not possible as only unsubstituted oxy 
anions have been studied to any appreciable degree. As 
mentioned previously, Fichter has investigated the K/3 
spectrum for the same phosphorus oxy anions that we 
studied here, but his spectra do not resolve the K/3 and 
K/3X bands as well.12 Furthermore, Fichter’s interpreta
tion is not on a molecular model. The L2,3 spectrum of 
H2PO4- has been discussed by several people.716 20 How
ever, all assumed a Td symmetry for the ion, whereas we 
have found it necessary to consider C2 V symmetry. Never
theless, one appropriate point of comparison is their as
signment of the La band to transitions from molecular or
bitals with significant 3d orbital occupation, in agreement 
with our assignment. Hillier further supplements a similar 
assignment20 with photoelectron data and ab initio calcu
lations.

Only one example of nonidentical ligand bonding evalu
ation is available for discussion. Karlsson and Manne6 has 
studied the SO3F ion predicting three additional molec
ular orbital levels at lower energies to those calculated for 
SO32-. This is analogous to the structures we observed 
here for the substituted phosphorus oxy anions. However, 
the experimental spectrum as reported does not split out 
these additional levels for SO3F- and Karlsson and 
Manne attach no particular significance to them.

Conclusions
Investigation of these simple phosphorus oxy anions has 

provided considerable insight into bonding processes vis a 
vis ligand effects. Several general conclusions may be ap
propriate.

First, and most importantly, X-ray photon emission 
spectroscopy appears to provide direct spectroscopic capa
bility as a central atom probe within a molecule.

Second, the capability to act as a central atom probe 
allows differentiation between nonidentical ligands. This 
spectral distinction between ligands offers X-ray photon 
emission spectroscopy as a pratical tool for ligand charac
terization.

Third, while with lower molecular symmetry the K/3 
and L2.3 spectra may represent much of the same infor
mation, a comprehensive construct of the electronic struc
ture appears to necessitate evaluation of both of these 
spectral series. This is especially important for molecules 
of high symmetry for which the spectral series may be 
mutually exclusive.
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Intramolecular reasons were sought for the deviation of absorption and emission spectra of polyphenyls 
from the mirror image relation. As a working hypothesis it was supposed that the differences between 
absorption and fluorescence spectra originate in the excitation of the twisting mode of interannular 
bonds. Curves of the potential energy as a function of the dihedral angle between phenyl rings were ob
tained for the ground state and the lowest singlet excited states by using semiempirical calculation pro
cedures. A polynomial approximation was adopted for the potential functions so that vibrational energies 
and wave functions could be calculated simply by expanding the wave functions in a harmonic oscillator 
basis set. By this technique, Franck-Condon distributions were obtained for both absorption and emis
sion. The contours of the distributions enabled us to explain both the fine structure of fluorescence spec
tra and the structureless long-wavelength uv bands in polyphenyls.

I. Introduction

The comparison between absorption and fluorescence 
spectra and their departure from the mirror image rela
tion provides important information about the relative 
locations of the lowest excited states of a molecule and 
the shape of the potential energy surfaces, thus helping 
the theoretician to elucidate the energy decay mecha
nisms.

If aromatic molecules are considered1 it is found that 
the mirror image relation between absorption and emis
sion curves is better retained by single aromatic systems 
(e.g., benzene, anthracene, naphthacene, etc.), while mol
ecules where a few aromatic systems are connected to one 
another essentially by single bonds generally show fluores
cence spectra which are quite different from absorption 
spectra. Polyphenyls are typical examples of the latter 
type of molecule. In Figure 1 we have reported absorption 
and fluorescence spectra of the first two terms of the poly
phenyl series, i.e., biphenyl and p-terphenyl, together 
with those of 4-vinylbiphenyl. The most evident difference 
between absorption and emission spectra is that the for
mer appear to be completely diffuse, while the latter show 
a well-resolved vibrational structure.

In the present work we attempt a theoretical interpreta
tion of this experimental fact. The paper consists of two 
parts. In the first part, the correlation between the lowest 
singlet excited states of the molecules in Figure 1 is stated 
so as to single out the electronic state from which the 
emission originates and the vibrational mode to which the 
spacing of the fine structure has to be assigned in each 
case. In the second part, energy potential curves corre
sponding to a low-frequency vibrational mode, namely, 
the twisting of the interannular bonds, are obtained for 
the ground state and the lowest excited states, and finally 
distributions of transition probability are calculated for 
both emission and absorption. It is on this basis that the 
difference between the shape of the absorption bands and 
that of fluorescence bands in polyphenyls will be dis
cussed.

II. Origin of the Emission
As the first step in explaining the spectra reported in

Figure 1, we must state, in each case, whether the emis
sion originates from the same singlet excited state that is 
chiefly responsible for the absorption intensity or not. To 
this end we carried out a correlation between the lowest 
singlet excited states of the molecules in question using a 
PPP calculation procedure for the treatment of tr elec
trons. Alternant hydrocarbon simplifications2 were adopt
ed, and the configuration mixing was extended to include 
all the singly excited configurations. Two-electron repul
sion integrals ( y pq) were calculated according to Pariser- 
Parr procedure,3 and molecular geometries were chosen as 
follows: Rcc  = 1.397 A in the rings, R cc = 1.507 A be
tween the rings,4'5 and R cc = 1-46 and 1.34 A for the es
sential single and essential double bond, respectively, in 
the vinyl group. The corresponding elements of the core 
matrix hold -2.30, -1.44, -1.76, and -2.95 eV, the first 
being arbitrarily fixed and the others derived according to 
the relationship Hpqc = K Rpq~6, previously used by one 
of us.6 Bond angles were assumed equal to 120= and, in 
this model calculation, the dihedral angle between the 
planes of the phenyl rings was equal to zero.

The results are reported in Figure 2 where the excited 
states are labeled according to their symmetry properties 
(D 2h point group). Figure 2 suggests that in biphenyl the 
emission originates from the XB3U state, while in p-ter- 
phenyl the fluorescence (F) is due to the 1B2U —*■ 1Ag tran
sition. On the other hand, the 1B3U ••— 1Ag transitions 
(short-axis polarized) are very weak and they are hidden 
by the 1B2u ■*— 4Ag transitions (long-axis polarized), which 
provide almost all the intensity of the absorption band in 
both biphenyl and p-terphenyl. In 4-vinylbiphenyl, where 
the excited states can be easily correlated with those of 
the other molecules by analyzing the Cl coefficients,6'7 
the situation is similar to that of p-terphenyl, except for 
the energy difference between the two lowest excited 
states, which is very small. In conclusion, a direct com-

(1) I. B. Berlman, Handbook of Fluorescence Spectra of Aromatic 
Molecules," Academic Press, New York, N. Y., 1965.

(2) R. Pariser, J. C hem . Phys.. 24, 250 (1956).
(3) R. Pariser and R. G. Parr, J. C h em . Phys., 21, 767 (1953).
(4) J. Trotter, A cta  Crystallogr., 14, 1135 (1961).
(5) A. Hargreaves and S. H. Rlzvl, A cta  Crystallogr.. 15, 365 (1962).
(6) F. Momicchioli and A. Rastelll, J. Mol. S p e c tr o s c ., 23, 310 (1967).
(7) F. Momicchioli and A. Rastelll, J. C hem . S o c . B, 1353 (1970).
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w a v e n u m b e r  ( c m  * )

Figure 1. S olu tion  uv and flu o re sce n ce  sp e c tra  o f b ipheny l, 4- 
v iny lb ip heny l, and p -te rp heny l (from  the top  d o w n w ard ) reported  
fro m  re f 1. C yc lohexane  w as the so lven t and the  sp e c tra  w ere 
re co rde d  at room  te m p e ra tu re . The w ave num bers  of the  exc iting  
ra d ia tio n s  fo r the em iss ion  sp e c tra  w ere  ~  39 ,410  c m * 1 fo r b i
phenyl and 33 ,000 c m * 1 fo r 4 -v in y lb iphe ny l and p -te rp h e n y l.

parison between the absorption and emission curves re
ported in Figure 1 can only be made for p-terphenyl and
4-vinylbiphenyl, while in biphenyl the two transitions in
volve different excited states. This interpretation is sup
ported by some experimental facts. First of all, we refer to 
the comparison1 ’8 between the natural fluorescence life
time (toc) derived from the integrated intensity of the ab
sorption band (e.g., by using Forster’s formula9) and that 
obtained by the relationship r om = r / Q ,  where r  is the 
measured decay time and Q is the quantum yield. In 
Table I, where the values of rom and roc are reported from 
ref 1 and 8, it is evident that a good agreement between 
measured and “ calculated” natural lifetime is found only 
for p-terphenyl. The strong discordance between rom and 
roc in biphenyl clearly indicates that the emission does 
not originate from the same excited level that is responsi
ble for the absorption band.8 In the case of 4-vinylbiphen- 
yl the fairly short decay time agrees with our prediction 
(Figure 2) concerning the level responsible for emission, 
and the relatively low quantum yield might be due to in
ternal quenching caused by the closely lying excited level. 
Further evidence for the results of Figure 2 is forthcoming 
from the spacings of the vibrational peaks in the emission 
spectra. These spacings are ~1000 cm*1 in biphenyl and 
~1300 cm*1 in 4-vinylbiphenyl and p-terphenyl, and they

Figure 2. C orre la tio n  am ong the  low es t s ing le t exc ite d  sta tes  o f 
b iphenyl, 4 -v in y lb iphe ny l, and p -te rp h e n y l In th e ir p lan a r c o n fig 
u ra tions. E nerg ies  are given re la tive  to  the  g round  s ta te . The e x 
c ited  s ta tes  invo lved in the em iss ion  (F) are in d ica ted  and they 
can  be d ire c tly  co rre la te d  w ith  those  co rre sp o n d in g  to  the  sho rt- 
ax is  ( _L) and long -ax is  ( II) po la rized  uv tra n s itio n s .

most likely correspond to the ring breathing vibration and 
to the central bond stretching vibration,10-12 respectively. 
As a consequence, if our predictions are right. (Figure 2), 
the 1B3u —► aAg transition must be coupled with the ring 
breathing vibration and the 1B2U —*■ 1Ag transition with 
the central bond stretching vibration. This condition can 
be qualitatively checked within our calculation scheme; if 
a 7r bond order-bond length relationship13 is used to esti
mate the length of the interannular bond in 1AS, 
and 1B2u states of biphenyl it is found (see Table II14) 
that in 1B3u state the bond in question is nearly un
changed with respect to 1Ag state, while in 1B2u state it is 
much shorter (a similar trend also occurs in 4-vinylbi
phenyl and p-terphenyl). Thus, in 1Ag and 1B2u states, 
the minima of the potential energy curves corresponding 
to the stretching mode of the interannular bond are far 
apart, and hence the vertical transition 1B2U **” JAg, 
which originates from the zero point of the upper state, 
involves excitation of the stretching mode, which explains 
the observed progressions in the emission spectra of 4- 
vinylbiphenyl and p-terphenyl.

III. Shape of the Emission and Absorption Bands

Since the electronic states responsible for the emission 
and absorption bands of Figure 1 have been identified, it 
remains to be seen why the 1B2U •*** 1Ag transitions lead to 
completely diffuse uv bands in contrast with the corre
sponding fluorescence bands (1B2u —*■ aAg), which exhibit 
a marked progression in the inter-rings bond stretching 
mode. Here we will attempt a completely intramolecular 
interpretation. The working hypothesis is that the differ
ence between the distribution of transition probability of 
absorption (1B2u 1Ag) and that of emission (1B2U —*• 
1Ag) can be caused by the excitation of a low-frequency
(8) I. B. Berlman and O. J. Steingraber, J. C h em . P h ys., 43, 2140 

(1965).
(9) Th. Forster, "Fluoreszenz Organischer Verbindungen," Vanden- 

hoeck und Ruprecht, Gottingen, 1951, p 158.
(10) D. Steele and E. R. Lippincott, J. Mol. S p e c t r o s c .. 6, 238 (1961).
(11) G. Zerbl and S. Sandroni, S p ec tro ch im . A c ta . 24, 483 (1968).
(12) A. L. Len and C. H. Ting, J. Chin. C h em . S o c . (T a ipei). 17, 14 

(1970).
(13) K. Nishlmoto and L. S. Forster, Theor. Chim. A cta . 4,155 (1966).
(14) E. F. McCoy and I. G. Ross’, A ust. J. C h em .. 15, 573 (1962).
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0
Figure 3. Potential energy curves for the twisting mode of the interannular bonds of biphenyl, 4-vinylbiphenyl, and p-terphenyl. In the 
latter molecule only the symmetrical rotation of the outside phenyls is considered. The ground state (S0) and the two lowest singlet 
excited states (Si and S 2) are analyzed. The energy zero is arbitrarily assigned to the minimum of the ground state curve.

TABLE I: Measured (T0m) and "C alcu lated” ( ro c) 
Fluorescence Natural Lifetim es Reported in Ref 1 and 8

Molecules t , nseca Q » rom, nsec0 r o c ,  nsecd

Biphenyl 16.0 0.18 88.9 2.87
4-Vinylbiphenyl 2.6 0.61 4.3 1.51
p-Terphenyl 0.95 0.93 1.02 1.43

“ Decay time. “ Quantum yield. c rom = r /Q . “ Computed from the 
integrated intensity of the absorption band by using Forster’s formula.9

TABLE II: t  Bond Orders and Length Changes of the 
Interannular Bond of Biphenyl in the Lowest Electronic States

Elect-on ic state 7t bond order0 Afl, A“

’ Ag 0.1921
1b 3u 0.2445 -0 .00 9
1b 2u 0.3775 -0 .0 3 3

“ Corrections on bond orders due to configuration interaction have 
been included (see Appendix 111 of ref 14). 0 Bond lengths are calculated 
by the relationship R PQ =  1.517—0.18/p<j 13 (where lPQ is the rr bond order) 
and AR values are referred to the ground state 1 Ag.

vibrational mode, namely, the twisting of the interannular 
bonds. To test this hypothesis, curves of the potential 
energy as a function of the dihedral angle (<p) between the 
planes of the phenyl rings will be obtained first. Then the 
potential curves of both the ground and the excited states 
will be used to calculate Franck-Condon factors for emis
sion and absorption, and, on this basis, an interpretation 
of the difference between near-uv and fluorescence spectra 
will be proposed.

Potential Energy Diagrams for the Twisting M ode of 
Interannular Bonds. The calculation procedure used here 
was first proposed by Fischer-Hjalmars15 and recently

adopted by us to study the internal rotations of n,o>-di- 
phenylpolyenes.16 Briefly, the potential energy is evalu
ated, for each value of the angle of twist, as a sum of three 
terms, the ir electron energy (Ew), the core repulsion ener
gy (E cc), and the nonbonded interaction energy (E v). The 
calculation procedure of the first term (E„) is that out
lined in the previous section (for the core integrals of the 
interannular bonds a cosine dependence on the angle of 
twist was assumed, i.e., H<j>c = Hoc cos <j>). The (E cc) term 
was calculated according to a formula proposed by Dewar 
and Klopman17 in the PNDO procedure. The theoretical 
reasons, as well as the practical convenience for the use of 
this recipe in tt calculations,18 have been discussed else
where.16*19 All the interactions between nonbonded atoms 
(HH, FIC, and CC) were included in the steric interaction 
energy (E v) and were evaluated using both the formula 
and the parameters suggested by Allinger, et al.20

The potential energy diagrams thus obtained are re
ported in Figure 3. In p-terphenyl we limited ourselves to 
analyzing a vibrational mode where the outside phenyls

(15) I. Fischer-Hjalmars, T etrahed ron , 19, 1805 (1963).
(16) F. Momicchioli, I. Baraldi, and M. C. Bruni (part 1); I. Baraldi, F. 

Momicchioli and M. C. Bruni (part 2), J. C h em . S o c . ,  F araday  
Trans. 2, 68, 1556, 1571 (1972).

(17) M. J. S. Dewar and G. Klopman, J. A m er . C h em . S o c .. 89, 3089 
(1967).

(18) Let it be remembered that the quoted formula used for the core re
pulsion energy is

•Ec =  \ I m V ,  { t„  + [ ¿ ;  "  7 « ]  e~K̂ }

where the symbols have the usual meaning and for the parameter 
Kpq the value 0.4A-  1 has been chosen.16

(19) G. Del Re, F. Momicchioli, and A. Rastelli, Theor. Chim . A c ta . 23, 
316 (1972).

(20) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison, “ Con
formational Analysis,” Wiley, New York, N. Y., 1965, pp 451 and 
452.
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Figure 4. P olynom ia l app rox im a tion s  fo r the  po ten tia l energy cu rves  co rre sp o n d in g  to  So and S2 e le c tro n ic  s ta tes  (see F ig u re  3 ). Po
ten tia l cu rves  fo r b iphenyl and 4 -v in y lb iphe ny l a re  assum ed to be id e n tica l. In the upper pa rt o f the fig u re  are re p o rte d  the  best 
va lues fo r the  co e ffic ie n ts  ( v t ) o f the pow er se ries  V (x )  =  l i v i x 1. V and  x are g iven in k c a l/m o l and rad ians, re sp e c tive ly .

TABLE III:  Energies of the Twisting Vibration (in 1A, and 'B 3 States of Biphenyl) and Franck-CondOn Factors Corresponding
to the Principal Progressions in 1B3 —► 'A i and 1B3•*— 1 A , Transitions

v(2) "
£ r ,2 ," ,

kca l/m o l“

Emission ( ' B3 — ’ A ,)6

v(2 )'
Evi 2)'. 

kca l/m o la

Absorption ( ‘'B 3 ■*— 1 A i)*

90'r<2)" 91 'IM2>" 9 f  ( 2 > ' 0 " Qv 12 ' 1 "

0 0.1015 0.5310 0 .0 0 0 0 0 0.0745 0.5310 0 .0 0 0 0

1 0.1015 0.0000 0 . 5 5 7 5 1 0.0764 0.0000 0 . 5 5 7 5

2 0.2976 0.3391 0 .0 0 0 0 2 0.1905 0.2259 0 .0 0 0 0

3 0.2976 0.0000 0.3382 3 0.2238 0.0000 0.3018

4 0.4752 0.1123 0.0000 4 0.3048 0.1783 0 .0 000

5 0.4777 0.0000 0.0936 5 0.3851 0 .0000 0.1151
6 0.6150 0.0176 0.0000 6 0.4773 0.0561 0 .0000
7 0.6433 0.0000 0.0104 7 0.5762 0.0000 0.0231

“ Twofold degeneracy of the lowest levels is due to the presence of two equivalent minima in the potential curve (see Figure 3); in the excited state 
( 1 B3) this degeneracy is almost completely removed because of the decrease of the central barrier. “ Selection rules Av(2) =  0, ± 2 , ± 4 , . . . hold ac
cording to the fact that vibrational wave functions are alternately symmetric and antisymmetric with respect to 0  =  0 .

rotate symmetrically with respect to the central phenyl, 
and so the electronic states of both biphenyl and p-ter- 
phenyl can be assigned according to the irreducible repre
sentations of the D 2 point group. Regarding the ground- 
state potential curves, our calculations suggest that a very 
low barrier hinders the planarity of the molecules in ques
tion, and the most probable configurations fall at 0 ^  25°. 
The potential energy curves of the Si excited states (!B3 
in biphenyl and p-terphenyl) are similar to those of the 
ground states, while the curves of the S2 states (1B2 in bi
phenyl and p-terphenyl) are very different. In fact, on ac
count of a marked increase in the double-bond character 
of the interannular links the conjugation energy markedly 
increases on passing from S0 to S2 states, and, conse
quently, the molecules appear to be quasiplanar in S2 
states (similar conclusions hold for the corresponding trip
let states; for the sake of brevity their potential curves are 
not reported here).

The reliability of these predictions cannot be easily 
checked because the experimental reports, all devoted to 
biphenyl, are scanty and often interpreted in a contradic
tory fashion. For example, Kurland and Wise,21 assuming 
for biphenyl a potential curve of the form V(0) = T0 + 
(V2/ 2MI + cos 20) + (V4/2)( 1 + cos 40), and by fitting 
the parameters V2 and V4 to the observed temperature 
variation of the chemical shift between ortho and meta 
protons, found a small barrier (0.44-1.10 kcal/mol) at 0 = 
0° and the energy minimum at 0 = 90°. The latter result 
conflicts with those of electron diffraction on biphenyl in 
the vapor phase22 and of electron spin resonance on the 
biphenyl radical anion in solution,23 which indicate 45 ± 
10 and 38 ±  2°, respectively, as the preferred value of the

(21) R. J. Kurland and W. B. Wise, J. A m er . C h em . S o c . . 86, 1877 
(1964).

(22) 0 . Bastlansen, A cta  C h em . S ca n d ., 3, 408 (1949).
(23) K. Moebius, Z. N a tu rforsch . A. 20,1117 (1965).
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dihedral angle r/>. On the other hand, the various theoreti
cal approaches based on w electron24’253 as well as on all
valence-electron calculations (EHT, CNDO/2)26-28 also 
gave different answers to the puzzle of the internal rota
tion of biphenyl. In particular, the latter types of calcula
tion place the most probable configuration of biphenyl at 
very high values of the dihedral angle (~70° for EHT27 
and 90° for CNDO/226’28), while the planar configurations 
are hindered by rather high barriers (~12 kcal/mol for 
EHT27 and ~5 kcal/mol for CNDO/226-28). These results 
are unrealistic, and they demonstrate the inefficiency of 
the current all-valence-electron approximations in confor
mational problems of conjugated molecules,28 for the 
orthogonality of the aromatic rings in biphenyl not only 
disagrees with electron diffraction and epr data,22’23 but 
also leaves unexplained the differences between the uv 
spectrum of biphenyl and that of benzene, especially re
garding the “ conjugation” band (p band).29’30 In ir calcu
lations, where realistic results concerning the preferred 
value of the dihedral angle of biphenyl in the ground state 
are generally obtained,15’24’25 the use of different formu
las for the nonbonded interactions and for “ core repul
sions,” as well as the adoption of different sets of parame
ters for the evaluation of electronic energy, can cause the 
barrier at tp =  0°25a or that at tp =  90°24 to assume the 
greater importance. In this respect, our calculations agree 
with those of Imamura and Hoffmann on biphenyl,24’31 
and suggest that the barrier at <p = 0° is lower than that 
at ip = 90°. This result, on which the conclusions reached 
in the next section strictly depend, seems to be most rea
sonable in that it is the only one that is coherent with the 
asserted “ planarity” of the lowest triplet state (3B2).32

In conclusion, considering the general outline of the 
previous experimental and theoretical reports on confor
mation and internal rotation of biphenyl, the potential 
curves reported in Figure 3 probably represent a good 
compromise and add weight to all the previsions of the 
previous section. In particular, Figure 3 clearly shows that 
in 4-vinylbiphenyl the Si state can cause a deactivation of 
the S2 state, via an internal conversion process, and this 
explains the different value of rom with respect to p-ter- 
phenyl (see Table I).

F ranck-C ondon Distributions. In this section the tor
sional potential curves corresponding to the electronic 
states involved in the emission and absorption processes 
(Figure 3) are used to set up distributions of transition 
probability. To this end vibrational energies and wave 
functions must be first obtained, and then overlap inte
grals between vibrational wave functions of the initial and 
final states must be calculated. The method of calculation 
adopted here is the same as recently used by us to study 
the shape of the “ conjugation” band of the a , co-diphenyl- 
polyenes16 (see also ref 33). The basic approximation of 
this method is that it expresses the potential function as a 
power series (i . e V ( x )  = S/Upt7). The matrix elements of 
this type of potential for a harmonic oscillator basis set 
are known (up to / < 816-34), and hence the vibrational 
wave functions were expressed as linear combinations of 
eigenfunctions of an arbitrary HO. The problem thus con
sists in the setting up and the diagonalization of a Hamil
tonian matrix whose elements are

H n m  =  H n m K  +  H nmv

where

and H„„,v = 2,u,<<NU'\<t>J
are the matrix elements of the kinetic energy34 and of the 
potential energy, respectively, in units of e = hv0 = 
(kh2/I)1/2 (the energy of the arbitrary chosen HO, where k 
is the force constant and /  is the reduced moment of iner
tia of the internal rotor35). In these formulas 0„(£) and 

are the HO eigenfunctions corresponding to n apd 
m quantum numbers, | = x a 1/2, with a -  (Ik/h2 )1/2, and 
a/' = vi/{ta1/2). If the vibrational wave functions of both 
the initial and the final electronic states are expanded in 
the same HO basis set the Franck-Condon factors are 
very simply expressed as follows

<w = E  c „ ,c w.I1«-0
where v "  and 1/  are the quantum numbers of the vibra
tional mode in the ground and the excited states, respec
tively, C„" and CR' are the corresponding mixing coeffi
cients of the HO eigenfunctions, and N  +  1 is the chosen 
number of basis functions (in this work JV + 1 = 80 was 
fixed; with this basis set a very good convergence was ob
tained for the first 30 or 40 levels in all cases treated
here). With this procedure we calculated the distributions 
of transition probability corresponding to excitation of the 
twisting mode of the interannular bonds in S2 So and 
S2 —*■ So transitions (Figure 3). The “ best” values of the 
parameters Vi for the potential functions were obtained by 
means of a least-squares procedure. The results are re
ported in Figure 4. The same potential functions were
adopted for both biphenyl and 4-vinylbiphenyl on account 
of the great similarity between the corresponding potential 
curves (see Figure 3) and according to the qualitative 
character of our calculation. The comparison of the curves 
in Figure 4 with the corresponding curves in Figure 3 
shows that the polynomial approximations fit the bottom 
and the walls of the potential functions fairly well, espe
cially as regards the So states (in the S2 state of biphenyl 
and 4-vinylbiphenyl the very low barrier at <p = 0° is not 
reproduced, and hence this excited state is considered to 
be planar in our calculation). The use of the polynomial 
approximation is certainly convenient in that it makes 
easy the calculation of Franck-Condon factors, but there 
is the objection that it may affect the results unless the 
potential well is very deep. This objection seems to apply 
particularly in the case of the ground state curves of bi
phenyl and 4-vinylbiphenyl, where the barrier at <p = 90° 
is rather low (4.2 kcal/mol). On the other hand, the fre-

(24) A. Imamura and R. Hoffmann, J. A m er . C h em . S o c . . 90, 5379 
(1968).

(25) (a) M. J. S. Dewar and A. J. Harget, P roc . R oy. S o c ., Ser. A. 315, 
443 (1970); (b) present work.

(26) B. Tlnland, Theor. Chirr. A cta . 1 1 ,452 (1968).
(27) B. Tlnland, J. Mol. S truct., 3, 161 (1969).
(28) O. Gropen and H. M. Seip, C h em . P hys. Lett, 11,445 (1971).
(29) A. Rastelli and F. Momlcchloll, Boll. S ci. F ac. Chim. Ind. B ologna , 

24, 189 (1966’ .
(30) R. Grinter, Mol. P hys., 11,7 (1966).
(31) In the quoted paper the relative positions of 1B2 and 1B3 states are 

Inverted with respect to those found by us (see Figure 3 of ref 24 
and Figure .3 of the present work). This is probably due to the use 
of a shorter Inter-rlngs-bond distance (1.48 A  instead of 1.51 A) 
that enhances the conjugation between the benzene rings and 
causes a decrease of the 1B2 ■*— 1Ai transition energy. Such a re
sult does not explain the value of T0m In biphenyl (see Table I ) , and 
It should be rejected accordingly.

(32) P. J. Wagner, J. A m er . C h em . S o c .. 89, 2820 (1967).
(33) L. L. Lohr, Jr., J. A m er . C h em . S o c ., 92, 2210 (1970).
(34) E. Hellbronner, Hs. H. Gunthard, and R. Gerdll, H elv. Chim. A cta , 

39, 1171 (1956).
(35) The values of the reduced moments of inertia are 0.075 X 10 37 

and 0.200 X 10~37 g cm 2 for the twisting mode of biphenyl (and 
4-vinylbiphenyl) and of p-terphenyl, respectively.
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Figure 5. Franck-C ondon distributions for the absorption (S2 ■*— S0) and the emission (S2 —* S0) in 4-vlnylbiphenyl. Two vibrational 
modes, namely, the stretching and the tw isting of the interannular bond, are considered to be excited. v (1 ) "  and v (1 ) ' are the quan
tum numbers of the stretching mode in the ground and the excited state, respectively. On each vertical line we have reported the
quantum numbers relative to the transition in the tw isting mode.

quency of the twisting mode in biphenyl is extremely low 
(the value reported in the literature for the crystalline 
state is 70 cm "1,36 but it is probably lower for the vapor 
phase37), and hence the first 15 or 20 levels, as many as 
are important in our problem, should be well accounted 
for within the approximation adopted here.

The Franck-Condon distributions thus obtained were 
further elaborated in order to emphasize the effect

(36) K. Krebs, S. Sandronl, and G. Zerbl, J. C hem . P hys.. 40, 3502 
(1964).

(37) T. Sekiya, K. Sakamoto, and Y. Watari, N ippon G en sh iryoku  K en k- 
yu sh o K en kyu  H okoku , JAERI. No. 1181, 75 (1969).

The Journal of Physical Chemistry, Vol. 76. No. 26, 1972



Fluorescence and Absorption Spectra of Polyphenyls 3989

w a v e n u m b e r  ( c m '1)

Figure 6. Franck-Condon distributions for the absorption (1B2 * -  1A-|) and the emission (1B2 — 'A,) in p-terphenyl. For further de
tails see the caption of Figure 5.

brought about by excitation of the twisting mode on each 
member of the principal progression in the stretching 
mode of the interannular bonds (to which the fine struc
ture observed in fluorescence spectra of 4-vinylbiphenyl 
and p-terphenyl has to be assigned). Briefly, we calculat
ed distributions of transition probability, the individual 
terms of which are

Qv v " a = Qv w o "Q v(2 )'v(2 )"  absorption 
q v ' v E = <7o'w(i)"<7u<2)'u<2)" emission 

where qua>’0"  and qo-va)"  are probabilities of individual 
transitions due to excitation of the stretching mode in ab

sorption and emission, respectively, and where q v m 'u w  
are Franck-Condon factors corresponding to excitation of 
the twisting mode. The latter were calculated as described 
above, while the former were derived from the emission 
spectra (Figure 1). The frequency of the stretching mode 
was assumed equal to 1275 cm^1 in both the ground (So) 
and the excited (S2) states. The resulting distributions of 
transition probability for absorption and emission of 4- 
vinylbiphenyl and p-terphenyl are reported in Figures 5 
and 6, where the probability of each thermally-induced 
transition has been multiplied by the Boltzmann factor 
calculated at room temperature. In Figures 5 and 6 only
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the two principal members of the stretching progression 
are considered, and for each of them some progressions in 
the twisting mode are reported.

From Figures 5 and 6 it is clear that the contours of 
Franck-Condon distributions corresponding to emission 
are very different from those corresponding to absorption. 
More precisely, the distributions appear to be quite 
smooth in absorption, while sharp peaks are found in 
emission. In particular, it can be observed that the maxi
mum transition probability value in emission is almost 
twice that calculated for absorption. The distributions of 
transition probability therefore qualitatively justify the 
different shape of the absorption and fluorescence bands 
in 4-vinylbiphenyl and p-terphenyl, and they suggest that 
this difference originates in the excitation of the twisting 
mode of the interannular bonds. This result depends part
ly on the general features of the potential curves, but 
above all on the molecules being twisted in the ground 
state while being quasiplanar in the excited state.

The Franck-Condon distribution reported in the bottom 
half of Figure 5 can also be used to explain the blurring of 
the' vibrational structure in the absorption spectrum of bi
phenyl (Figure 1), which is due to the 1B2 ■*— 1Ai transi
tion. On the other hand, in biphenyl the emission origi
nates from 1B3 state, and hence the properties of the fluo
rescence spectrum are related to the shape of the corre
sponding potential curve (Figure 3). In view of the great 
similarity between JAi and 1B3 curves, the twisting vibra
tion should be weakly coupled with aB3 «— xAi and —»
JAi transitions, and, in consequence, it should not cause 
any appreciable blurring of the vibrational structure nei-. 
ther in the absorption nor in the fluorescence spectrum. In 
order to carry out a quantitative check of this prediction, 
we extended the calculation of Franck-Condon factors to 
the 1B3 ■*- aAi and ^ 3  —*■ JAi transitions of biphenyl. For 
the sake of brevity we limit ourselves to reporting in 
Table III the values of the transition probabilities corre
sponding to the principal progressions in the twisting 
mode both in absorption and in emission (in Table III the 
calculated energies for the twisting vibration in the xAi 
and states are also reported). The probability appears 
to be greatly concentrated on the O' ■*-*■ 0" and T ■*-»• 1"  
transitions (which are almost degenerate!, and hence the 
twisting vibration of the interannular bond should not af
fect the vibrational structure due to excitation of the ring
breathing mode in !B3 — 1Ai and 1B3 — aAi transitions 
of biphenyl. These conclusions provide an explanation for 
the shape of the fluorescence spectrum of biphenyl (Fig
ure 1 ), while, regarding the corresponding absorption 
band which is hidden by the much more intense 1B2 — 
1Ai transition, they cannot be directly checked.

IV. Conclusions
In the present work we looked for a simple theoretical 

scheme to explain why the near-uv spectrum of polyphen
yls is completely diffuse in contrast with the fluorescence 
spectrum where a sharp fine structure is observed (Figure 
1 ). First of all, our SCF-CI calculation, in accordance 
with the experimental values of the fluorescence natural 
lifetimes and with the spacings of vibrational peaks in the 
emission spectra, shows that in the first, biphenyl, term of 
the polyphenyl series near-uv and fluorescence spectra 
cannot be directly compared because absorption and 
emission involve different excited states, the long-wave
length uv band being chiefly due to the long-axis polar
ized transition (1B2 ■*— 1Ai), while the fluorescence band 
is ascribable to the short-axis polarized transition (: B3 —* 
1Ai) (section II). In p-terphenyl, as in the 4-vinyl deriva
tive of biphenyl, both absorption and emission are related 
to the long-axis polarized transition. In these cases we 
supposed that the peculiar differences between absorption 
and fluorescence spectra originate in the excitation of the 
twisting mode of the interannular bonds. This hypothesis 
was “ quantitatively” checked by setting up diagrams of 
the potential energy as a function of the dihedral angle 
between phenyl rings and by calculating distributions of 
transition probability for both absorption and emission. 
Regarding the potential curves our calculation suggests 
that in the ground state the molecules in question are 
twisted (</> s  25°), while in the lowest singlet excited state 
they are quasiplanar. The order of magnitude of the bar
rier that hinders planarity in the ground state is of 1 kcal/  
mol (quite low with respect to the barrier found at 0 = 
90°). Using these potential curves, Franck-Condon distri
butions were calculated that show sharp peaks in emission 
while exhibiting smooth contours in absorption. These re
sults support our working hypothesis, for they show that 
the well-resolved vibrational structure observed in the flu
orescence spectrum of 4-vinylbiphenyl and p-terphenyl, 
whose spacing (~1300-cm-1) is ascribable to the interan
nular bond stretching mode, may be blurred in the ab
sorption spectrum by excitation of the twisting vibration 
of the interannular bonds. This interpretation also holds 
for the near-uv spectrum of biphenyl. On the other hand, 
on account of the great similarity between the potential 
curves of xAi and 1B;i states, the twisting vibration is not 
appreciably coupled with 1B3 — JAi transition, and this 
explains why the vibrational structure, ascribable to exci
tation of the ring-breathing mode (v s* 1000 cm -1), is re
tained in the fluorescence spectrum of biphenyl..
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An extension of M ulliken ’s charge-transfer theory leads to a relation between the enhancem ent of dipole 
mom ent and the ionization potential o f donors o f structurally similar hydrogen-bonded com plexes. E x
perimental data o f hydrogen-bonded systems .form ed between 3,5-dinitrophenol and amines are in agree
ment with theoretical prediction. It is shown that the observed polarity o f the hydrogen bond in the sys
tems studied is connected with the electron delocalization effect.

One o f the more im portant experimental properties of 
hydrogen-bonded com plexes is the electric dipole m o
ment. This quantity can give valuable information on the 
bonding character of the com plex. However, so far the ori
gin of the observed enhancement of dipole mom ent o f hy
drogen-bonded com plexes has not been com pletely eluci
dated; whether it is connected with the existence of 
tautomeric equilibrium between molecular and ion-pair 
species as a consequence o f the proton-transfer effect,2 or 
with the electron delocalization (charge-transfer) effect is 
still a matter o f m uch debate.2’3

The purpose o f the present work is to give some strong 
support in favor of charge-transfer theory o f the hydrogen 
bond.2-5 This aim will be pursued by the discussion, 
using M ulliken ’s charge transfer theory,6 o f correlation 
found between the enhancement o f dipole mom ent and 
ionization potential o f the donor for some hydrogen-bond
ed complexes formed between 3,5-dinitrophenol and sev
eral am ines.7-10

The analysis developed here leads to the evaluation o f 
some important structural parameters (do = Hoi -  SWo; 
Ea " +  C) o f  hydrogen-bonded com plexes and throws new 
light on the nature o f this type interaction.

T h eoretica l C onsideration

According to charge-transfer theory in its simplest form, 
the ground state o f the hydrogen bond, X -H ---Y , can be 
described by the following wave function

T N = a'k0 + è'ki (1)

where To and are the wave functions for nonbond ( X -  
H ’ "Y ) and dative (X -H ~ -" Y + )  states, respectively.

The dipole m om ent o f the hydrogen bond,1 X -H ---Y , is

MN =  ( T n |A|Tn > (2)

The change o f dipole mom ent when the com plex is formed 
is given by the equation

Aju = ficomplex -E /¿component (3)

It is to be expected that the observed enhancement o f  the 
dipole moment of hydrogen bonded com plexes might be 
due to two contributions; one com ing from the induced 
dipole m om ent and one due to the presence o f charge- 
transfer (electron delocalization) in the ground state.

Therefore, we can write

AjU =  A/Uind +  A mct (4)

According to M ulliken ’s charge-transfer- theory6 for 
weak complexes, AÿïcT is given approxim ately by

A fiCT — jCqttr -I- abS) =  b2fil (5)

where m  =  <'P11 yû| 'P i) is the dipole m om ent o f the dative 
structure.

Applying the variation method to eq 1 one can get the 
following relation

a Wo +  bH0i = Wn (<3 +  bS) (6)

where W0 = (T o|H|T0), H 0i =  (T o IH lT 1), S = <T0|Ti>, 
and VTn = ( T n | / ? | T n )  =  —A H  if  T N is a norm alized 
function and the reference energy o f two separated solvat
ed molecules is equal to zero.3-4 

For weak complexes, a s  1, bS -C a. Therefore, eq 6 re
duces to

Wo +  bp or = - A  H  (7)

where H0i is replaced by doi- 
Thus com bining eq 5 and 7, one finds that

- A H  =  W 0 +  (8)

This relation has recently been discussed by Ratajczak 
and Orville-Thom as with the connection with the hydro- 
gen-bonded3 and charge-transfer com plexes.11

From the other side, by applying second-order perturba
tion theory to eq 1 one can get the following relation

W N =  W„ -  ~  o)2 (9)Wx ~ Wo

(1) Part I. H. Ratajczak, J. Phys. C h em .. 76, 3000 (1972).
(2) H. Ratajczak ard  L. Sobczyk, J. C h em . P hys., 50, 556 (1969).
(3) H. Ratajczak and W. J. Orville-Thomas, J. C h em . P h ys.. in press.
(4) S. Bratoz, Advan. Q uantum  C h em .. 3, 209 (1967).
(5) R. S. Mulliken and W. B. Person, “ Molecular Complexes,” Wiley- 

Interscience, New York, N. Y., 1969.
(6) R. S. Mulliken, J. A m er . C h em . S o c .. 74, 811 (1952).
(7) H. Ratajczak and L. Sobczyk, Zh. Strukt. Khim .. 6, 262 (1965).
(8) H. Ratajczak, unpublished data.
(9) L. Sobczyk, A. Koll, and H. Ratajczak, Bull. A ca d . Pol. S ci., S er . 

S ci. Chim .. 11, 85 (1963).
(10) H. Ratajczak and L. Sobczyk, Bull. A ca d . Pol. S ci.. S er. S ci. Chim .. 

18, 93 (1970).
(11) H. Ratajczak and W. J. Orville-Thomas, J. Mol. S truct., in press.
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TABLE I. Dipole M om ent D ata for Som e A m ine-3,5-D in itrophenol Com plexes in Benzene at 25°

No.

Complex of 
3,5-dinitrophenol 

with
/¿amine,

0
/¿complex.

D A m, D
(A mct) 1/2,

D - 1/2
/d l
eV

1 P yrid ine 2.20 6 .9 7 ° 0.96 1.150 10.54

2 n-B u ty l am ine 1.42 7 .1 8 " 1.98 0.752 8.72

3 P iperid ine 1.13 7 .5 6 e 2.72 0.633 ~ 8 .0

4 D i-n -b u ty la m in e 1.03 7 .9 3 * 3.23 0.575 7.69

5 T rie thy lam ine 0.83 7 .8 6 * 3.35 0.565 7.50

“  Reference 7 b Reference 8. c Reference 9. d Reference 10. 

and further

where do = H oi ~  SWo, W i = and / q " and
JSA1' are the vertical ionization potential o f the electron 
donor and vertical electron affinity of the acceptor, re
spectively. C is the difference in stabilization energies be
tween the excited state and the ground state (further ap
proxim ated by the Coulom b energy term o f the ion pair).

Thus com bining eq 8 and 9, one finds that

I d* " -  ( A ^ ) ~ 1/j + ( e a +  c )  (10)

This equation predicts that a linear relation exists be
tween Idv and (A/Tct) - 1 2 if Ho2v p i/H o i and (E.\v +  C) 
are constants.

In order to use eq 10, it is necessary to obtain a value 
for A/Tct- This can be obtained from eq 4, provided that 
A/Uind can be calculated. A ¿find has been evaluated accord
ing to Frank’s method which gives the value of the order 
o f 0.20 D .12

A n alysis o f  E xperim ental D ata

The experimental data for some hydrogen-bonded 
com plexes are given in Table I and presented in Figure 
1 as a relation between Id" and (ATTct)_1/2. A s predicted 
by eq 10 a straight line relation is found; the slope of this 
line is do2v'Tudoi ~1 = 5.10 eV D 1 2 and the intercept is 
(E av +  C) = 5.3 eV. Assuming the reasonable value of 
—0.43 eV D 1/2 for H oi/vT u , one can estimate Ho =  1.5 eV. 
This value is in excellent agreement with that obtained 
recently by Ratajczak and O rville-Thom as3 from an anal
ysis of the relation between the enthalpy and the en
hancement o f dipole mom ent of the hydrogen-bonded sys
tems. On the other hand, good agreement has been 
reached as far as the (E AV +  C) value is concerned with

Figure 1. R ela tion  be tw een the  ion iza tion  po ten tia l of do n o r / 
vs. ( A ^ c t ) " 1/z.

that obtained by Szczepaniak,13 et al., on the basis ot 
spectroscopic consideration.

Obtained agreement lends further support to the assign
ment of the lowest ionization potential value o f pyridine 
due to ionization from the ir orbital.14'15 Naturally this 
argument im plies that Ho and C have the same values as 
those found for the 3,5-dinitrophenol aliphatic amine com 
plexes.
(12) F. C. Frank, Proc. Roy. S oc., Ser. A. 152, 171 (1936).
(13) K. Szczepanijak, M. Golinska, and J. Mikotajczyk, Acta Phys. Pol., 

24, 421 (1968).
(14) D. W. Turner, Advan. Phys. Org. Chem ., 4, 31 (1966).
(15) J. D. Bene and H. H. Jaffe, J. Chem. Phys., 50, 563 (1969).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 76 , N o . 2 6 , 1 9 7 2



First-Order Perturbation Theory 3993
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T h e  C a s e  o f  an  I o n ic  C ry sta l in a M a g n e t ic  F ie ld 1
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P ublication  c o s t s  a s s is te d  b y  P icatinny A rsen a l

The Lowdin theory of ionic crystals is extended to include the effects of a small, one-electron perturba
tion. First Lpwdin’s approach is discussed in terms of the Roothaan expansion technique. Then the ef
fects of the perturbation are taken into account by considering the polarization of the basis functions and 
the change in the expansion coefficients. The method is shown to be equivalent to a minimum basis set, 
self-consistent perturbation theory but no two-electron integrals have to be evaluated. The case of a ho
mogeneous magnetic field is considered in detail.

In troduction

Quantum mechanics, in conjunction with approximate 
methods2® and high-speed electronic computers, has made 
it possible to perform ab initio calculations on atoms and 
small molecules. Some progress21*'3 has also been made on 
the difficult problem of calculating the so-called second- 
order physical properties such as nmr chemical shifts, 
electric polarizabilities, and magnetic susceptibilities. In 
principle these techniques are also applicable to ionic 
crystals but practical applications of these methods are 
somewhat inhibited by the large size of the crystal. 
Lowdin4 proposed that a good approximation to the crys
tal orbitals could be obtained by symmetrically orthogon- 
alizing the free ion orbitals. This contribution is particu
larly valuable since calculations using this simple ap
proach are surprisingly accurate. It would therefore be in
teresting to calculate second-order properties using this' 
model. For example, some attempts have been reported 
for chemical shifts. However, Kondo and Yamashita5 were 
forced to use the “ average energy” approximation to ob
tain a formula in closed form. Since there is no rigorous 
method by which the average energy can be estimated, 
this is an unsatisfactory aspect of their theory. The pur
pose of this paper is to remedy the situation by generaliz
ing Lowdin’s formulation4 to include the effects of a small 
perturbation. First the method will be discussed in the 
context of the Roothaan expansion technique,2® then the 
effects of the perturbation will be included somewhat 
along the lines recently proposed3 for self-consistent field 
(SCF) perturbation theory.

Low din  P rocedu re

The electronic Hamiltonian for a crystal, with 2n elec
trons using the Born-Oppenheimer approximation, is (in 
atomic units)

3C = — -  Z z N/ r N, +  E i M ,  (1)

where Zjv is the charge of the IVth nucleus, rNi is the dis
tance between particles N  and i, the sum on N is over all 
the nuclei, and the sums on i and j  are over the 2n elec
trons. Since the eigen problem for 3Cc is too difficult to 
solve, Lowdin made several approximations. First the

electrons were restricted to move in one-electron orbitals 
and the wave function was assumed to take the form of a 
Slater determinant

T = |iMl)a(l)fc(2)0(2) ■ ■■M2n)/3(2n) | (2)
in order to satisfy the Pauli exclusion principle. Minimiz
ing the total energy of 3Cc with respect to T resulted in 
the familiar Hartree-Fock equations for the desired \Lm’s

- i v 2(l) -  'El/rm + £ (2 Jh -  Kk)Wm(l) = f i , ( l )  (3)
V k  I

with Jk and Kk being the usual Coulomb and exchange 
operators, respectively.6 The large size of the ionic crystal 
inhibits the solution of eq 3 so that a further approxima
tion has to be introduced.

A popular approach2® is to expand ipm using a suitable 
set of basis functions. The free ion orbitals, <pi, constitute 
a reasonable choice for this basis set. We seek a solution 
of eq 3 of the form

'Pm =  Y , a lm<Pl, <4)
I

It has been pointed out by Fock7 that the wave function 
as expressed in eq 2 is invariant with respect to unitary 
transformations among the i/'m’s. It is completely deter
mined by the finite-dimensional function space spanned 
by these orbitals and does not depend on the basis chosen 
within this space. In eq 4 we construct n doubly occupied 
l/'m’s using n doubly occupied <j>i s. Thus a transformation 
such as eq 4 does not affect the value of T and the free 
ion orbitals are completely equivalent to the l/'m’s. Since 
the (pi’s and the l/'m’s both span the same space, they form 
an equivalent basis for expanding i/; however, the former

(1) Part ot the work on this paper was performed at the State Universi
ty of New York at Stony Brook with support from the National 
Science Foundation, Grant No. GP-5780.

(2) (a) C. C. J. Roothaan, R ev. M od. P h ys ., 23, 69 (1951); (b) R. 
McWeeny, Phys. R ev ., 126, 1028 (1962); R. M. Stevens, R. M. Pit- 
zer, and W. N. Lipscomb, J. C h em . P hys., 38, 550 (1963); A. T. 
Amos and G. G. Hall, Theor. Chim. A c ta , 5, 148 (1966).

(3) T. V ladimiroff, J. Phys. C h em ., 74, 2415 (1970).
(4) P. 0. Lowdin, Thesis, Uppsala University, Sweden, 1948; Advan. 

P hys., 5, 1 (1956).
(5) J. Kondo and J. Yamashita, J. P hys. C h em . Solids. 10, 245 (1959).
(6) R. Daudel, R. Lefebver, and C. Moser, “ Quantum Chemistry Meth

ods and Applications,”  Interscience, New York, N. Y., 1959, p 462.
(7) V. Fock, Z. P hys., 61, 126 (1930).
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is not an orthogonal basis. Lowdin4 found this inconven
ient and proposed to orthogonalize them in a symmetrical 
way. This can be accomplished by the transformation

i f  =  S - % < p  (5)

where if is a column matrix of orthogonal free ion orbitals 
ipi and S is the overlap matrix with Ski = J'$**</>/dT.

At first glance it might appear that since the Roothaan 
expansion23 using a minimum basis set yields no improve
ment, such a basis set entails a total loss of flexibility and 
is therefore inadequate for an ionic crystal. On the other 
hand, it must be remembered that in an ionic crystal the 
binding is mostly electrostatic and is not due to the dis
tortion of the atomic orbitals as in a covalent bond. Thus 
the flexibility to produce such distortions may not be nec
essary. Extensive Hartree-Fock (HF) calculations on ionic 
crystals are presently out of the question; however, inter
actions of closed-shell systems have been studied in He2, 
Ne2, and Ar2 by Gilbert and Wahl.8 Kestner9 performed 
extended basis set calculations on He2. Interpretation10 of 
these data reveals that the contribution of distortion is 
small for small overlaps. The results of Lowdin’s own 
crystal calculations4 also agree well with experiment. 
Thus the wave function proposed by Lowdin is attractive 
because it is a good first approximation and can be ob
tained with a minimum amount of labor.

These considerations are not particularly significant if it 
is desirable to evaluate the total energy of the crystal, 
since all the multicenter, two-electron integrals would still 
have to be computed to determine this expectation value. 
A saving is realized if one-electron properties are required 
since only one-electron, two-center integrals will occur. 
The second-order properties are of this type except that 
they are more difficult to evaluate because it is necessary 
to obtain the first-order distortion the crystal wave func
tion undergoes in an external field. This problem has been 
most successfully handled by the perturbed SCF meth
ods. 2b’3 The ease with which the minimum basis set HF 
solution is obtained for the crystal using the Lowdin tech
nique4 suggests that it should be possible to perform 
something similar for the perturbed problem.

The conventional method2b is not applicable because 
the same basis set is used to expand both the zero-order 
and the first-order orbitals. For the ionic crystal all the 
zero-order orbitals are occupied so that none are available 
for expanding the first-order crystal orbitals. The addition 
of supplementary, one-center orbitals to the minimum 
basis set would require the zero-order HF problem to be 
resolved which is exactly what we are trying to avoid. A 
possible way out of this dilemma has recently been sug
gested by Vladimiroff.3 In this approach, expansion orbi
tals are utilized which are already eigenfunctions of a 
local Hamiltonian3 which includes the perturbation.

P ertu rbed  L ow d in  P rocedu re

Let us add to the Hamiltonian of eq 1 a one-electron 
perturbation, \h(i) so that

3Cc(X) = - l ^ v 2( i ) - Z # ^  +  Z l / r ,,+ \ Y .h (i )  (6)
i NJ N‘ i < j

Since a one-electron perturbation introduces no new cor
relation effects let us again seek a solution in the form of 
a Slater determinant in order to satisfy the Pauli exclu
sion principle

'k(A) = |i/'iA( l)a ( l )V 'iA(2)/?(2) -  ^ A(2rc)/3(2n)| (7)

where the \pm A satisfy the equation

!-y2v 2(l) -  21 / r N1 + 2(2J k -  K k) +
X b(l)l^ m V l) = C m M tm H l) (8)

T o  solve eq 8 we resort to the expansion technique.23 It 
has recently been suggested3 that a reasonable1 basis set 
for this task is to employ one-center orbitals <H\ which are 
already eigenfunctions o f a local H am iltonian3 H q1 includ
ing the perturbation

(H o1 +  X(i)y>/A = Eiqi;A

Ho1 can always be constructed11 using the known function 
<tn, Ho1 = T  +  Ei -  Tct>i/4>i, where T  is the one-electron 
kinetic energy operator. We again seek a solution of the 
expansion type

^mA = 2 a ;m(X)(/)/A (9)

Since T(X) must satisfy the Pauli exclusion principle a 
transformation of the type 9 is again of no consequence 
and the set \pmx is equivalent to the set $ ;A. Thus it is not 
necessary to solve a perturbed HF problem  to obtain 
aim(X). Since it is convenient to work with a set of 
orthogonal orbitals, we use the symm etric orthogonaliza- 
tion procedure suggested by Low din4 to calculate these 
coefficients

If* = S (10)

where S( A) is a matrix with Ski(X) = J <t>k** <t>i*dr.
In this paper we are only concerned with the first-order 

distortions the wave functions undergo in the presence of 
the perturbation, so that both aim(X) and 4nmx can be ex
panded to yield

aim(X) = aim0 +  \airn1 +  • • • (11)

<t>i* = 0,° +  Xrt»1 +  •••

where cpi1 is the first-order correction to 4>i° due to the 
perturbation Xh. Formally 4n1 can be obtained by solving 
eq 5a or 5b of ref 3. Som etim es these functions can be de
duced by other methods. For the case o f a magnetic field, 
the property o f gauge invariance can be used12 as will be 
indicated later in this paper. Substituting eq 11 into 9, we 
obtain

^m(X) ~ 'haim°<t)i0 T A 2 (a ;m10 ;0 +  U/m°0/1) T . . .  (12)

In other words, we expand the first-order distortion that 
i/'m(A) undergoes using the set <tn0 and the set (fn1. As has 
already been indicated, the Lowdin procedure is equiva
lent to the determination of the aim1 using the SCF per
turbation theory so that for the case of closed shells, it is 
only necessary to obtain aim1 by finding S ~ 1/2(A) to first 
order in X.

Case of a Magnetic Field
If the perturbation is a magnetic field, H, finding 4nH 

correct to first order in H  can easily be done since the ions 
are spherically symm etric. Following Aleksandrov12 we 
take the origin at the center o f the ion in question and the

(8) T. L. Gilbert and A. C. Wahl, J. C h em  P hys.. 47, 3425 (1967).
(9) N. R. Kestner, J. C h em . P h ys.. 48, 252 (1968).

(10) D. Butler and N. R. Kestner, J. C hem . P h ys.. 53, 1704 (1970).
(11) R. M. Sternheimer, Phys. R ev .. 96, 951 (1954).
(12) I. V. Aleksandrov, S ov. P h ys .-D ok t.. 3, 325, 799 (1958).
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magnetic field in the 2  direction, the first-order perturba
tion due to the magnetic field becom es e/(2m c)H L z( l )  
where Lz{ 1) is the 2 com ponent of angular m om entum  
operator acting on electron 1. If 4>i° is taken to be a prod
uct of a radial part and a spherical harmonic then 4n° is 
already an eigenfunction o f L z, i.e., it is already correct to 
first order in the magnetic field. Other ions will not be at 
the center o f the coordinate system. However, this prob 
lem can be resolved by observing that once a solution  is 
obtained in a one-coordinate system the solution  in any 
other coordinate system can be obtained by gauge trans
form ation. Thus, the solution can be found in a coordinate 
system centered on the nucleus o f an individual ion and 
then expressed in terms of a coordinate system centered 
on some other ion. This can be achieved as follows. By a 
well-known theorem, if the vector potential A  is replaced 
by A ' = A  +  /, the new solution \p' is related to the old
solution \p by the transformation \f/' = \p exp ( — ife/hc) 
where f  is an arbitrary scalar function o f position. The vec
tor potential with the Ith orbital at position R; becom es

V2H x  (r ,( l )  +  R ,) = % H  x  r , ( l )  +  % H  x  R, (13)

where r z( 1) is the position o f electron 1 relative to the 
coordinate system centered at R(. The first term on the 
right-hand side of eq 13 is the vector potential for which 
0 i° (l)  is already a solution. Since gradient H -(r ^ l )  x  R () 
= —H X R ;, the second term can be identified as the gra
dient o f a scalar function. The general solution for <tnH(l )  
is therefore

<PiH( 1) = <t>i°{ 1) ex p jie H -(rd l) X R,)/2ftc|

Only the linear term in H  is required so that the expo
nential can be expanded to yield

<¿>¡«(1) = <Pi°( 1)(1 +  ¿eH -(r ,(l) x  Ri)/2hc +  • • • )

These new orbitals, which are correct to first-order in the 
magnetic field, must now be orthogonalized.

The Lowdin theory requires that the matrix S ' 1/2 be 
evaluated. This can easily be done if  S is first diagonal
ized, i.e., we find the transformation U  such that S = 
U D U + . U is a matrix whose colum ns are eigenvectors 
of S and D  is a diagonal matrix which contains the eigen
values di o f S on the diagonal. It can then be shown that 
S ~ 1/2 = U D _1/2U +. In the case o f a magnetic field we 
have S = S0 +  H Si where the elements o f Sx are given by

S u 1 = ie/2hc(S<t>k*<PiH • («T x  R ,)d r  -
S <t>k*<k(H- ■ (r* X R * )d r ) (14)

T o  obtain (So +  H S y )  1/2 we em ploy the same technique, 
being careful to keep terms first order in H

(So +  H S j ) - 1/2 =  (U 0 +  H U i +  •••) X
(D o +  H D i +  - H 1/2(U 0 +  HLT +  •••) +

= S0- 1 /2+  H P +  ■

U 0 and D 0 are eigenvector and eigenvalue matrices of So, 
respectively. U i is the matrix which must be added to U 0 
so that S0 +  H Si can be diagonalized to first order in H .  

Since U i contains the first-order corrections to the eigen
vectors o f S0 due to the addition o f the perturbation m a
trix S i it can be found by matrix perturbation theory. The 
matrix D i is diagonal and is com posed of the first-order 
corrections d ,1 to the eigenvalues d;° o f S0. The P  matrix 
contains the desired first-order coefficients and is given by 
U 0D 0~1/2U 1+ +  U 1D 0- 1/2U 0+ -  U0DUo+. D  is a diago
nal matrix with di1 /2{di°)3n  along the diagonal. The only 
other com plication in evaluating the wave function correct 
to first order in H  for a crystal is that the two-center, one- 
electron integrals o f the form of eq 14 must be com puted.

Although this approach does not seem to have been ap
plied to ionic crystals, a chem ical shift calculation12 has 
been reported for the mathem atically similar H eitler- 
L ondon13 treatment of the hydrogen molecule. (Although 
this case does not involve the interactions of closed shells, 
the molecular orbitals are determined by symm etry.) On 
the basis of this model the paramagnetic contribution to 
the shift is -0 .4 3  X 10 5 if 2 = 1.0 and -0 .5 4  X 1 0 '5 if 
the more appropriate W ang14 value of 2  = 1.166 is used. 
Both calculations are reported for the internuclear dis
tance of 1.4 au. These values are in good agreement with 
experimental result of -0 .5 6  X 10“ 5 determined by Ram 
sey.15 The W ang14 value of 2  represents a certain shrink
age of the atom ic orbitals. It is reasonable to suspect that 
this effect will not be as im portant for ionic systems as it 
is for covalent hydrogen.
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The steady-state transport characteristics of a fam ily of ion exchange membranes com posed of contigu
ous layers o f anion and cation exchange materials are described in terms o f a simple physical model. 
M em branes consisting of up to four layers are considered. Explicit analytic expressions are derived which 
relate the current-voltage characteristics and transport numbers to the membrane structure and to the 
concentrations o f the bounding solutions. The current-voltage characteristics are shown to be anisotropic 
with respect to current direction, showing current saturation in one or both directions, depending on 
membrane structure. The results are com pared with available data on bipolar mem branes. An analysis is 
also given for the general perform ance characteristics, including the effects of concentration polarization 
in the bounding solutions, o f a three-layered membrane consisting of a thick central ion exchange layer 
sandwiched between two extremely thin ion exchange layers o f opposite sign. This com bination may 
serve as a model for the effects of certain types o f membrane fouling in practical applications such as 
electrodialysis. It is shown that even very thin surface layers can reduce the lim iting current to a value 
significantly below the diffusion-controlled one which is expected in the absence o f the surface films.

1. In troduction

This paper is concerned with ionic transport in 
membranes com posed o f contiguous layers of anion ex
change and cation exchange materials. Such laminar 
membranes have attracted interest for several reasons. 
M any biological membranes are thought to  be com posed 
of, or at least contain, one or more layers o f ion exchange 
type materials, and explanations for several aspects of 
their behavior have been proposed in terms of models 
based on such a structure.1-0 Synthetic layered m em 
branes have been prepared in the laboratory,7-11 and have 
been found to have peculiar perform ance characteristics 
with possible industrial applications.8 There is also reason 
to believe that in many applications where supposedly h o
mogeneous membranes are used, the mem branes have in 
fact thin surface layers, caused by fouling, which give the 
membrane as a whole a laminar character. The occurrence 
of such fouling layers has been found, for example, in 
electrodialysis systems, where the presence o f minute 
quantities o f certain impurities in the feed water can 
build up a thin ion exchange surface layer with fixed 
charge o f opposite sign to that o f the membrane itself.12-14 
Even extremely thin film s o f this nature can cause a seri
ous degradation in the perform ance of electrodialysis sys
tems.

An interesting property o f laminar ion exchange m em 
branes is that, depending on their structure, their steady- 
state current-voltage characteristics can be anisotropic 
with respect to current direction and can show current 
saturation in one or both directions, even when only one 
ionic species is involved and when there is no polarization 
in the solution outside the membrane. These features 
were demonstrated experimentally by Frilette7 and Ishib- 
ashi and Hirano8-10 with bipolar mem branes consisting of 
an anion and a cation exchange layer joined together. 
They showed that the current rose linearly with voltage 
when the current vector entered the membrane on the 
side o f the anion layer, while in the other direction it

tended to level off at a saturation value which was, how
ever, exceeded at sufficiently high voltages where the dis
sociation of the water began to play a dominant role. The 
bipolar ion exchange membrane was proposed by Mauro4 
as a model for the biological cell membrane. Mauro noted 
the anisotropic nature of the current-voltage characteris
tic, but was more directly concerned with the high capaci
tance that such a membrane would exhibit. Using a 
quasi-equilibrium analysis, he derived an expression for 
the capacitance of a bipolar membrane for small dep
artures from the resting state of zero current. Following 
Mauro, the bipolar membrane was taken up by Coster5-6 
who suggested it as a model for the membranes of Chara 
australis. Coster carried out an approximate analysis of 
the steady-state response of the membrane, and showed 
that when the membrane is not too thick compared with 
the Debye length, there is a punch-through effect where 
the current suddenly increases over its saturation value as 
the voltage is increased, much as had been observed for 
the biological membrane. This punch-through results from 
a breakdown of charge neutrality and is not to be con
fused with the similar effect which occurs even with thick 
synthetic membranes as a result of water dissociation, as
(1) T. Teorell, Progr. B iophys. B iophys. C h em ., 3, 305 (1953)
(2) G. Eisenman and F. Conti, J. G en . P hysiol., 48, 65 (1965).
(3) K. S. Cole, “ Membranes, Ions and Impulses,” University of California 

Press, Berkeley, Calif., 1968.
(4) A. Mauro, B iophys. J., 2, 179 (1962).
(5) H. G. L. Coster, B iophys. J., 5, 669 (1965).
(6) H. G. L. Coster, Aust. J. Biol. S ci.. 22, 365 (1969).
(7) V. Frilette, J. Phys. C h em ., 60, 435 (1956).
(8) N. Ishlbashl and K. Hirano. J. E le c tr o ch em . S o c . Jap.. 26, E 8

(1958) .
(9) N. Ishlbashi, J. E lec tro ch em . S o c . Jap., 26, E 58 (1958).

(10) N. Ishlbashl and K. Hirano, J. E le c tr o ch em . S o c . Jap ., 27, E 193
(1959) .

(11) N. Lakshmlnarayanaiah, “ Transport Phenomena in Membranes,” 
Academic Press, New York, N. Y., 1969, pp 42-47.

(12) T. R. E. Kressman and F. L. Tye, J. E le c tr o ch em . S o c . E lec tro 
ch em . S ci., 116, 25 (1969).

(13) E. Korngold, F. deKorosy, R. Rahav, and M. F. Taboch, D esa lin a 
tion, 8, 195 (1970).

(14) G. Grossman and A. A. Sonin. D esa lina tion , 10, 157 (1972).
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mentioned above. Som e exact numerical calculations for 
bipolar membranes of biological dim ensions have also 
been given by George and Sim ons,15 and the results have 
been com pared with Coster’s approxim ate analysis.16

A different analysis of com posite laminar membranes 
has been presented by K edem  and K atchalsky.17 Their 
analysis is a phenom enological one based on nonequili
brium therm odynam ics, and assumes that fluxes can be 
related linearly to the differences in driving potential 
across each homogeneous layer within the membrane. 
Such an analysis, although quite general within its in
tended scope, is not well suited for describing saturation 
effects where large changes in concentrations occur within 
and across each homogeneous phase. Also of interest, al
though not central to our present purpose, is the theory of 
Conti and Eisenman18 for the perform ance of an ion ex
change membrane with an arbitrary distribution o f fixed 
charge o f the same sign. This theory assumes a negligible 
coion concentration and cannot be applied to cases where 
the fixed charge changes sign within the membrane, as in 
bipolar or more com plex laminar membranes.

The present paper gives a theoretical analysis for the 
ionic transport characteristics o f laminar membranes con
sisting o f alternating layers of cation and anion exchange 
materials. The perform ance characteristics are linked d i
rectly to the membrane structure and the solution proper
ties (section 3). Various com binations o f up to four layers 
are considered. In order to keep the analysis simple and 
physically transparent, yet m athem atically rigorous, it is 
based on certain sim plifying assumptions (section 2), the 
main ones being that the only mobile species is a dilute, 
fully dissociated salt with positive and negative ions 
which have equal diffusion coefficients and charge num 
bers in each homogeneous phase, and that the fixed ion 
concentrations in the ion exchange layers are large (but 
not infinite) com pared with the concentration of the salt 
outside the membrane. The membrane layers are further
more assumed to be very thick com pared with the Debye 
length, a restriction which must be kept in mind when 
biological applications are contem plated. The analysis is 
extended in section 4 to illustrate how the influence of 
concentration polarization in the exterior solutions on the 
current-voltage characteristics can be taken into account 
as well. A separate paper describes an application of the 
theory to m odel the effects of certain types of membrane 
fouling in electrodialysis system s.19

2. M odel and B asic  E quations

We consider the isothermal, steady-state ion transport 
in a membrane consisting o f a series of plane, paraded ion 
exchange layers o f homogeneous com position, one next to 
the other, as shown in Figure 1. The only m obile species 
are assumed to be the ions o f a single, fully dissociated 
salt. Thus, ions resulting from the possible dissociation of 
the solvent (for exam ple, water) are not accounted for. 
The positive and negative ionic species are taken to have 
equal charge numbers o f m agnitude Z  and equal diffusion 
coefficients D, the latter having a given constant value in 
each phase. The motion o f the ions is assumed to be gov
erned by the well-known transport laws for dilute solu
tions. Each membrane phase is modelled as being either 
neutral or having a uniform distribution of fixed charge of 
concentration cm and charge number Z m per mole, where 
cm is assumed to be large com pared with the salt concen
tration outside the membrane and hence, large compared 
with the coion concentration in the membrane. Each layer

A

Figure 1. F o ur-laye red  m em brane .

is thick com pared with the Debye length, so that P ois
son’s equation for the electric field is replaced by the sim 
ple requirement of local charge neutrality. The boundaries 
between salt solution and membrane, or between adjacent 
layers of the membrane, are assumed to be sharp and to 
offer no interfacial resistance to diffusion, so that the 
ionic species are in Donnan equilibrium across them.

The motion o f the ions within a given phase is given by 
the flux equations

r± = _ D. | i TDc±g  (ia,b)

where T+ and T_ represent the (constant) molar flux densi
ties of the positive and negative ions, c +  and c_  their 
molar concentrations, and

\[/ =  ZF<j>/RT (2)

is a dimensionless potential, <p being the actual potential, F  
the Faraday constant, R the universal gas constant, and T  
the temperature. In addition, we have the quasi-neutrality 
condition which couples the concentrations of the positive 
and negative ions

Here, c m is the molar concentration o f the fixed charges in 
the membrane and Z m their charge num ber per molecule.

Solutions are given below for the ion concentration and 
potential distributions in anion and cation exchange 
layers as well as in neutral layers. In the ion exchange 
layers, the solutions are obtained by expanding the equa
tions in terms of the ratio o f the coion concentration to 
the fixed ion concentration, and keeping only terms of 
lowest order, consistent with the assumption that the 
coion concentration is small com pared with the fixed ion 
concentration in the membrane.

It is convenient to express the solution in terms o f d i
mensionless ion fluxes, for which we choose the transport 
numbers

t± = ± T ± (ZF/j) (4a,b)

(15) E. P. George and R. Simons, Aust. J. Biol. S ci., 19, 459 (1956).
(16) H. G. L. Coster, E. P. George, and R. Simons, B ioph ys. J.. 9, 666 

(1969).
(17) 0. Kedem and A. Katchalsky, Trans. F araday S o c ., 59, 1941 

(1963).
(18) F. Conti and G. Eisenman, B iophys. J.. 5 ,  511 (1965).
(19) G. Grossman and A. A. Sonin, Fluid Mechanics Laboratory Report 

No. 72-6, Department of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass., 1972. Also submitted 
for publication in D esalination .
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where

j  = ZF(T+  -  r _ )  (5)

is the (constant) current density. From eq 4 and 5, we 
have as usual t+ +  t_ = 1. Note that these transport 
numbers are defined for the general case where the ion 
fluxes are caused by diffusion in concentration gradients 
as well as by migration in an electric field. They are de
pendent variables whose values are governed by boundary 
and operating conditions (see section 3).

Cation Exchange Layer. Within the cation exchange 
layer, we set

- Z mcm/Z =  cc (6)

where cc »  c _ . From eq 1, 3, and 4, we obtain to lowest 
order in c _ / c c

c+ = cc (7)

c -  = (c_ )o  +  t-{jx/ Z F D c ) (8)

\p =  'Po ~  jx/Z F D ccc (9)

vhere ( c - ) o  and \po are the salt anion concentration and 
electric potential, respectively, at x = 0, and D c is the ion 
diffusion coefficient in the cation exchange layer. Equa
tion 7 is obtained simply from eq 3, neglecting c _ /e c com 
pared with unity. Equation 8 is obtained from eq 1 by 
first substituting eq 3 to eliminate c + , then eliminating 
d\p/dx, and integrating the resulting equation for d c_ /d x . 
The equation is then linearized to the form given in eq 8 
by assuming that \jt+x\/ZFDccc is small com pared with 
unity (see the discussion in section 3.2), and keeping only 
terms to lowest order in c _ / c c . Equation 9 can then be 
obtained from either o f eq 1, again to lowest order in c _ /
cc-

Anion Exchange Layer. W ithin the anion exchange 
layer we set

Z mcm/Z =  ca (10)

where ca »  c+ . Proceeding as for the cation exchange 
layer, but now expanding in terms o f c + /c a and keeping 
only terms o f lowest order, we get

c+ = (c+)o -  t+ {jx/Z F D a) (11)

c_ = ca (12)

i  = i o -  jx/ZFD aca (13)

where (c + )o and \po are the cation concentration and the 
potential at x = 0, and D a is the ion diffusion coefficient in 
the anion exchange layer. In deriving eq 11 we assume 
that \jt-x\/ZFDaca is small com pared with unity.

Neutral Layer. In a phase without fixed charge, cm = 0, 
and we have from eq 3

c+ = c_ =  c (14)

Eliminating di^/dx between eq 1 and integrating, we ob 
tain the well-known result

c = c° ~ ( i+ -  2)z/z>„ 05)

where co is the salt concentration at x = 0 and D n is the 
ion diffusion coefficient in the neutral layer. Using this in 
either of eq 1, we obtain

Again, i/'o is the potential at x = 0.
Condition Across Phase Boundaries. If a sharp phase 

transition occurs between point 1 and point 2 which are 
infinitely close together, and if the interface offers no bar
rier to diffusion, then, regardless o f the m agnitude of the 
ion fluxes across the boundary, the positive and negative 
ion species must be in Boltzm ann equilibrium  across the 
transition. That is

i i  ~  f c  = -  In [(c+ ) i / ( c + ) 2] (17a)

= ln [(c_ )i/(c_ )2] (17b)
From these equations it follows that

(c + )2( c _ )2 = ( c + )1(c _ ) i  (18)

Equation 17 is the familiar Donnan boundary condition. It 
follows directly from eq 1 once one makes use o f the fact 
that because o f the sharp transition region, each of the 
two gradient terms on the right is very large in magnitude 
compared with the flux term on the left.

3. P erform an ce  C h aracteristics o f  L ayered  Ion  
E xch ange M em branes

We are concerned with membranes consisting o f two or 
three layers of ion exchange material, with anion and cat
ion exchange materials alternating in order. The various 
possible two or three membrane com binations can all be 
viewed as subcases of a four-layer membrane, shown in 
Figure 1, which consists of two anion and two cation ex
change membranes in alternating order. Once the perfor
mance o f the four-layer system is described in analytic 
form, the characteristics of membranes consisting of all 
the various com binations of one to three layers can be de
rived by letting one or more of the four membrane th ick 
nesses go to zero.

The four-layer membrane shown in Figure 1 is in con 
tact on its left side with a salt solution whose concentra
tion and potential at the membrane surface are ci and i/q, 
respectively, and on its right side with a solution whose 
concentration and potential at the surface are c r and \pT. 
The layers have different thicknesses, but for sim plicity 
the two anion exchange layers are assumed to have the 
same fixed ion concentration ca and ion diffusion coeffi
cient D a, and the two cation exchange layers are also as
sumed to have the same properties. Points 1 to 10 repre
sent stations at the interfaces between the phases.

The performance of the com posite membrane is de
scribed by expressing the transport numbers t + and t_ 
and the total dimensionless potential drop across the 
membrane

'i' = t p i  ~ 'Pio — 'P\~ 'Pt (19)

as a function o f the current density, the exterior salt con 
centrations, and the properties o f the membrane. The p o 
tential drop is given by

T  = In — +
Ca

yAal _  , (c+)3 y’Aci 
Z F D .cn  Cc ^  Z F D ccc

1 Cc I
' ln  7— r  +(c+)e

yAat _  l n (c+)7 
ZFD.Ca Cc

+ yAer 
Z  FDcCc

(20)

Here, the first term on the right represents the potential 
drop across the interface 1-2 (eq 17b, with ( c _ ) i  = Cj and 
( c _ ) 2 = ca), the second the ohm ic potential drop across 
the interior o f the left-hand anion exchange mem brane 
(eq 13), the third the drop across the interface 3 -4  (eq 17a,
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with (c + ) 4  = cc), the fourth the ohm ic drop across the in
terior o f the left-hand cation exchange mem brane (eq 9), 
and so on. Equation 20 can be more succinctly written as

= Y ï [ Ê k + Êk\ +ln[
(c+jeCpC]

(c+)3(c+)'- 1yCaJ (21)

where

A a —  A a l d" A a r (22)

A c —  A C1 "h A c r

represent the total thicknesses of the anion and cation ex
change layers in the system, respectively.

The concentrations which appear in eq 21 can readily 
be obtained from the equations derived in section 2. 
Carrying the solution from point 1 to point 10 in Figure 1, 
we obtain

(c+ )j =  ( c - ) i  =  c, 

(C -)2 =  (c_)3 =  Ca

(c+)2

(c+)3 =

=  C,Vca 
Cl2 t+j Aal 
Ca ZFD,

(23)

(24)

(25)

(26)

(c _ )5

(c+)4

( c - )4

=  ( c + )5 =  Cc

= El _  yAal Câ 
Cc + Z F D , Cc

Cjf 7 AalCa y'AcI
Cc ZFDaCe ZFD,

(C -)6 =  (C -)7 =  Ca

C|2 t+j Aal t-yAdCc
Ca ZFDa +  ZFDcCa

(c+)7 f  + ;(A a l +  Aar) Î-7'A-iCc
ZFD  Z F D ( .

(c+)g (c+)e Cc

(C-)s / + /’ (Aal +  Aar)Cn . t - j  A,,\
Z F D ,cc ZFDc

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(c_)9
Cf t+y(Aal +  Aar)Ca t-j{Ac\ +  Acr) 
Cc ~ Z F D c, +  ”  ZFD (35)

Cr2/  Cc =  (C_)9 (36)

Here, eq 24 follows from eq 12, eq 25 is obtained by apply
ing eq 18 to the transition 1-2, eq 26 then follows from eq 
11, and so on. The results are obtained in a straightfor
ward manner, using eq 18 for the transitions across phase 
boundaries, eq 7 -8  for the concentration distributions 
within the cation exchange membranes, and eq 11-12 for 
the distributions within the anion exchange membranes.

The requirement expressed by eq 36 determines the 
transport numbers. Solving eq 36 and 35 with f + +  t_ = 
1, we get

Ace,
D, (cr - cr2)

A ,c, . AcCc J /  AaCa , AccA=2-*- +  
D, Dc ZF V Di, +  ~ D, )

Aa Ci
Da (cr - Cf2)

AaCa , Arc, j /AaCa AccA
fii + Dc ZF I  Da +  Di )

W e note that although the transport numbers are usually 
positive and less than unity (as they invariably are when 
the only transport mechanism is migration in an electric 
field), they may in the general case have magnitudes larg

er than unity, in which case one o f them is negative. This 
happens for exam ple in the lim it j  —*■ 0, where (except 
when-ci = c r) one transport num ber tends to +«> and the 
other to -<*>. A transport num ber larger than unity simply 
means that the flux o f the ion species involved is larger 
than the current density divided by ZF  [see eq 4], and a 
negative transport num ber signifies that due to diffusion 
in a concentration gradient, the net ion flux is opposite to 
the expected direction of migration in the applied electric 
field. The infinite transport num bers in the lim it j  —* 0 
result simply because in that lim it, the fluxes T + and r _  
remain finite (and equal, so that j  = 0), and therefore the 
ratios of the fluxes to the current density go to infinity. 
The finite ion fluxes at j  =  0 im ply that even if no current 
passes across the membrane, there will be net transport of 
salt from one side to the other unless Ci = c r.

The solution for the current-voltage characteristic can 
now be obtained by substituting eq 26, 31, and 32 into eq 
21, with t+ and t_ taken from eq 37 and 38. The result 
can be expressed most succinctly in terms o f a reduced 
current density which has the dim ensions o f concentration 
squared

Z _  j  ( AaCa , Ac cA
1 ~  Z F \  D, +  Dc )  (39)

and dimensionless parameters characterizing the relative 
effective thicknesses of the various mem brane layers

d.,i =

AalCa
Da

AaCa AcCc
D, +  D,

AdCc
P,

Alfa AcCc
Da +  D,

(3cr =

AjrCn
Da

AaCa AcCc
Da + Dc

Ace,.
D

AaCa AcCc 
Dc +  D.

(40)

/la ~ /J»l +  dar. da =  d>l +  d "

In terms o f these quantities one obtains, for the current- 
voltage relation

T == (M 1 +  In

ClCr[Cr2(dal + dal) + C\\@ar + flcr) + (d«du ~ dedald] 
[c,-2dal +  C|2( l  -  dal) ~  f3c0al jU tf/Sç, +  Cr2( l  ~  dcr) ~  dadcr j ]

Again, the first term represents the ohm ic potential drop 
across the interiors of the membrane layers, and the sec
ond term the net contribution from the potential drops 
across the interfaces. This result will be discussed below 
in connection with specific membrane com binations.

3.1 A nion -C ation -A nion  M em brane. Consider a cation 
exchange membrane sandwiched between two anion ex
change membranes with different thicknesses (Figure 2). 
The current-voltage characteristic o f this com bination can 
be obtained from eq 41 by setting dcr =  0 (that is, Acr = 
0) and del = dc

+ C|[c,2(l -  day) + crd-i- + drd'p]
Cr[C]2(l -  dal) + Cr2d-il ~ dedal?]

(42)

Here, the first term is the ohm ic drop and the second 
term arises from the interfacial potentials. In the absence 
o f the anion exchange layers (dar =  dal = 0), the second 
term yields the usual Donnan potential across the cation 
membrane, In (c r/c i) .

The second term in eq 42 shows that when the anion 
layers exist, the current reaches finite lim iting values at
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Figure 2. Current-voltage characteristic of anion-cation-anion 
composite membrane (sketch).

both high positive and high negative potential drops, as 
illustrated in Figure 2. In terms of the reduced current de
fined in eq 39

O Cr'2/3al +  C|2(l — |8al)
(Sc(5a\

Cl2/?ar +  C,'2(l -

for T + co

@ A l)
|dc/3ai

for T —► —

(43)

(44)

The positive lim iting current is controlled primarily by 
the left-hand anion exchange layer, and the negative lim 
iting current by the right-hand anion exchange layer. In 
other words, the anion exchange layer on the side where 
the current enters controls the lim iting current.

The saturation of the current occurs because the Don- 
nan potential drop across the interface between the anion 
and cation layers, on the side where the current enters, 
becom es infinite at a finite value of current density. The 
reason for this is illustrated in Figure 3. Figure 3a is a 
sketch o f the ion concentration distributions within the 
membrane for a positive current density (see eq 23-32, 
with eq 37 and 38). In this as in the similar sketches 
which follow, the coion concentrations are exaggerated for 
purposes o f illustration. W ithin a phase the distributions 
are linear, as shown in section 2. The concentrations ( c + ) 2 

and (c + )7  just inside the anion exchange layers are deter
mined by ca and the exterior salt concentrations, and are 
independent of current density. However, as j  is in
creased, ( c + ) 3  decreases in proportion (eq 26), and the po 
tential drop across the 3 -4  interface (Figure 3b) which is 
proportional to the log of ( c + >3 increases. At some finite 
value of j, the concentration (c+H  and at the same time 
( c _ )4 go to zero, and the potential drop across 3 -4  goes to 
infinity. In other words, the current saturates. For nega
tive currents, the slopes o f the concentration distributions 
are reversed, and the critical point becom es the 5-6 inter
face.

It is to be noted from eq 42 that the resting potential, or 
the potential across the membrane at zero current, de
pends on the membrane structure as well as on c\ and c r. 
Depending on dai, dar, and dc, it varies from the lim it In 
(c r/c i)  when the anion layers are absent, to the lim it — In 
(c r/ c  1) when the central cation layer is absent and we 
have a simple anion exchange membrane o f thickness A a 
= Aai +  Aar (see also eq 40 and 22). These limits repre
sent of course the Donnan potentials for a simple cation 
and anion exchange membrane, respectively.

3.2 Cation M em brane with Thin Anion Exchange Sur
face Films. A particularly interesting special case of the

ANION
EX.
c<L _

CATION
EX.
Cc

ANION
EX.

_ £°__

ci  —

1 2 3 4 5 6 7 MO

(a)

(b)

Figure 3. (a) Sketch of concentration distributions of positive 
mobile ions (solid line) and negative mobile ions (broken line) 
within anion-cation-anion membrane, for j  >  0. (b) Potential 
distribution corresponding to (a).

anion-cation -anion  membrane com bination is the one 
where the anion exchange layers are extremely thin com 
pared with the cation exchange layer in the center (but 
still thick com pared with the Debye length). Such a case 
might occur, for example, when the surfaces of a cation 
exchange membrane are fouled by deposits of colloidal 
anion-exchange type material from the exterior solutions.

For very thin anion exchange films on a cation exchange 
membrane, one considers the asym ptotic lim it where (3ar. 
dai —* 0. In this lim it eq 42 yields

___ _j_  A»rcA
ZFF =  __ 7 Ac 
RT

+  In — +  In
ZFDeCc c.

(l + —rCnA\ ZFDacFJ
( 1 ----AaicA
V ZF  ZTciy

(45 1

ZF  Dal
where <i> = 0i -  <j>r is the actual potential drop across the 
membrane. Here, the first term represents the ohm ic drop 
(to which the anion exchange films contribute negligibly), 
the second term is the Donnan potential which would 
arise for the cation membrane alone, and the third term 
arises from the interfacial potentials associated with the 
anion exchange films. The latter give rise to the satura
tion of the current at both positive and negative poten
tials

Z F D 1 C 1 2 

1 A0|Ca

ZFDaCr2 

J  ̂ AarCa
The positive lim iting current is controlled by the left- 
hand anion exchange film and by the salt concentration in 
the left-hand com partm ent, and the negative lim iting cur
rent is controlled by the right-hand anion exchange film 
and the salt concentration in the right-hand com part
ment. If either film  is absent, the current will not saturate 
in the corresponding direction.

In summary, then, the current saturates if the cation 
membrane has an anion exchange film  on the side where 
the current vector enters the membrane (this is also the

for T —► + co (46)

for T —► -  c° (47)
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side where concentration polarization would tend to occur 
in the solution, if allowed). Current saturation occurs be
cause the coion (cation) concentration in the anion film 
goes to zero at the film -m em brane interface, giving rise to 
an infinite junction potential at a finite current. The 
point to note is that when the fixed ion concentration in 
the anion exchange films is large com pared with the salt 
concentrations outside the mem brane, a very thin anion 
exchange film  can have a dom inant effect on the current- 
voltage characteristic o f the mem brane as a whole. C on
sider, for example, a very conservative situation where the 
applied potentials are onlv of the order of the thermal 
energy, i.e., T  ~  1. W ithout anion film s, the current 
through the cation membrane would then be o f order 
ZFDccc/Ac. However, if c r and ci are o f order 10~2ca, say, 
then an anion exchange film  with a thickness o f only ICC4 
times that of the cation exchange mem brane would cause 
a saturation o f the current at a value less than the expect
ed ohm ic value (assqm ing ca ~  c(. and D a ~  D c for pur
poses of illustration).

The current-voltage characteristic o f a cation exchange 
membrane with thin films of anion exchange material is 
similar to the one sketched in Figure 2, except that the 
com plete curve is given by eq 45 and the positive and neg
ative saturation currents are given by eq 46 and 47, re
spectively. We are assuming, o f  course, that the exterior 
salt concentrations c r and C\ at the membrane surfaces are 
independent of current density, that is, the left- and 
right-hand com partm ents are infinitely well stirred.

The transport numbers for this case are given by eq 37 
and 38 with Aaca/.Da <S Accc/D c. It is easy to show that 
except for very small potentials (where T  |ci2 -  c r21 /  
cc2), we have t+ =* 1 and i_  <S 1. In other words, the cen
tral cation membrane controls the transport numbers, 
with very little influence from the thin anion surface 
films.

Finally, a com m ent is required on one o f our sim plify
ing assumptions. As discussed in section 2, the linear ex
pressions for the coion concentration in a cation and an 
anion exchange layer are based on the assumptions

J/fjjAc
ZFDcCc <S 1 (48)

and

[/t-K
ZFDzCa

«  1 (49)

respectively. If we substitute for the current density and 
the transport numbers from the expressions derived pre
viously, we find that as long as the total thicknesses of the 
cation and anion exchange layers o f the membrane are not 
too different (more precisely, as long as neither /)a nor dc 
is very sm all), both of the above assumptions are always 
satisfied if the fixed charge concentrations within the 
layers are large com pared with the exterior salt concentra
tions. However, as the total thickness of one kind of layer 
is made smaller and smaller, the assumption for the 
other, thicker layer eventually breaks down. For example, 
in our present case of a cation exchange layer bounded by 
two very thin anion exchange films, we substitute for j, 
t+ , and t- and find that eq 49 always holds, but that eq 
48 will eventually break down as the anion film  thickness 
is made smaller and smaller. In other words, our model 
always correctly describes the coion concentration in the 
thin anion exchange surface films, but for sufficiently 
small Aa it may be in error regarding the coion concentra

tion within the central cation exchange layer. W e wish to 
emphasize, however, that eq 46 and 47 for the saturation 
currents will always remain correct, since for the case of 
thin anion exchange surface layers (where t+ ~  1) these 
expressions can be derived without considering the central 
cation exchange layer. The positive saturation current, for 
example, is reached when the coion concentration ap
proaches zero at station 3 in Figure 3, and an expression 
for it can be obtained simply by applying the equilibrium 
condition (eq 18) across the 1-2 interface in Figure 3 and 
using eq 11 for the coion concentration in the anion ex
change film. The latter remains valid no matter how 
small the film  thickness. The only restriction on eq 46 and 
47, therefore, is our basic premise that the film thickness
es must be large com pared with the Debye length.

3.3 C ation-A nion-C ation  M em brane. The solution for 
an anion exchange membrane sandwiched between two 
cation exchange membranes is obtained from that for the 
four-layer membrane by setting dai = 0 and dar = da (Fig
ure 1). For the current-voltage characteristic one obtains 
from eq 41 a result which has the same form as eq 42, ex
cept that the roles o f subscripts “ a”  and “ c ,”  as well as 
“ r”  and “ 1,”  are interchanged. The system thus exhibits 
limiting currents which have the same form  as eq 43 and 
44, but with the above interchange of subscripts.

The behavior of this membrane com bination is thus 
analogous to that o f the an ion -cation -an ion  com bination 
discussed above. One must simply read “ anion”  for “ ca t
ion ,”  and “ right”  for “ left.”  The critical point in polariza
tion is now the anion-cation  layer interface on the side 
where the current vector exits from the mem brane sys
tem. At this interface (c _ )  goes to zero within the cation 
exchange layer and (c + ) goes to zero within the anion ex
change layer at a certain finite value o f j. As a result '[' —►

, and current saturation occurs.
3.4 Anion M em brane with Thin Cation Exchange Sur

face Films. This case is obtained from the solution for the 
four-layer membrane in Figure 1 by setting dai =  0 (A ai = 
0) and dar = da(Aar = Aa), and considering the asym ptot
ic lim it del, dcr —»■ 0. Again, the results are similar to 
those for a cation mem brane with anion films, except that 
the roles o f the subscripts “ c ”  and “ a ,”  as well as “ r”  and 
“ 1,”  are interchanged. For the current-voltage characteris
tic one obtains

ZF<t>
RT

j  Aa
ZFDaC;t In +  In

( i -|—Î— ^clCĉ  
y1 ^ ZF DcCiJ

( l -  A r-ZF Dccr2/

(50)

where $  is the potential drop across the membrane sys
tem. The first term on the right is the ohm ic drop in the 
central anion exchange membrane, the second is the Don- 
nan potential which would exist for the anion exchange 
membrane alone, and the third represents the influence of 
the thin cation exchange surface film s. The system has 
lim iting currents

J
ZFDcCr-

AcrCc for $ - + 00 (51)

ZFDcCi2 , k9n
7 —► --------- t---------  f o r  $  —► — a  (5 2 )J AC|Cc

Thus, the positive lim iting current is controlled by the 
right-hand cation exchange film  and the right-hand salt 
concentration, and the negative lim iting current is con 
trolled by the left-hand film  and left-hand salt concentra
tion. In other words, the saturation current is controlled 
by the cation film  and the salt concentration on the side
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Aa Ac

Figure 4. C u rre n t-v o lta g e  c h a ra c te r is tic  o f b ipo la r m em brane .

where the current vector exits from the system. Again, 
this is the same side where concentration polarization 
would tend to occur in the solution, if allowed.

3.5 Bipolar M em brane. The bipolar membrane is an 
anion exchange layer and a cation exchange layer joined 
together. Suppose the anion exchange layer has a th ick
ness Aa and is on the left o f the cation exchange layer, 
which has a thickness Ac (Figure 4). The current voltage 
characteristic o f such a membrane is obtained from eq 41 
if we let dar = dcr = 0(A ar = ACr = 0) and dal = da, del = 
dc

*  = ©  + i ) J + ln[c,%  + C M -  d ed j] (53)

where

da =
Aaca
J 2»_

AaCa » AcCc
a  d c

(5 4 )

de — 1 da (55)

The current-voltage characteristic given by eq 53 is shown 
in Figure 4. For sufficiently high negative potentials, the 
predom inant behavior is ohm ic (the first term on the 
right), whereas at high positive potentials the current 
tends to saturate at a level indicated by the second term

^  = O ^ j ]  for * + 03 (56a)
where we have used eq 55. As discussed earlier, this satu
ration occurs because as the positive current is increased, 
the coion concentrations within both layers decrease, and 
eventually go to zero, at the interface where the two layers 
are joined (see Figure 2). Equation 56a can be rewritten in 
terms of the actual current density j  as

7lim ZF clD*
,Ca Aa + Ce Ac / (56b)

The transport numbers o f the positive and negative ions 
are given by eq 37 and 38. Note that the denom inator of 
the second terms on the right-hand sides of these equa
tions represents the reduced current j.

The dimensionless potential across the membrane at 
zero current (the resting potential) is obtained from eq 53 
as

T 0 =  - I n  [ £ ( ! - & )  + ^ d a ] (57)

'ko is the potential o f the solution on the anion exchange

( t )

Figure 5. C o nce n tra tion  d is tr ib u tio n s  in bound ing  so u tions a c 
co rd ing  to  N ers t laye r m odel, fo r j  >  0. (a) C ation  exchange 
m e m bra ne  w ith  th in  an ion exchange  su rfa ce  film s , (b) an ion 
exch ange  m e m bra ne  w ith  th in  ca tio n  exch ange  su rfa ce  film s .

layer side relative to that on the cation exchange layer 
side. Its value depends on the membrane properties 
through da, and on the ratio of the salt concentrations in 
the bounding solutions, c i / c r. When j  = 0, the potential is 
constant within each ion exchange layer, and the m em 
brane potential is simply the algebraic sum o f the poten 
tials across the phase boundaries. The potential across the 
interface between the two layers depends on the local 
coion concentration, which in turn is a function o f m em 
brane properties and solution concentrations (see eq 8 and 
11 together with eq 37 and 38). Hence the appearance of 
da in eq 57.

Equation 53 and 57 are discussed further in section 5, 
and compared with some available experimental data as 
well as with the earlier theory of Coster.

4. E ffect o f  C on centration  P ola rization  in the Solution  
O utside the M em brane

In the general case concentration polarization occurs in 
the solutions outside the membrane whenever current is 
passed, and the salt concentrations C\ and cr just outside 
the membrane then depend on current density and cannot 
be arbitrarily specified. The performance characteristics 
of the com posite membrane are therefore linked with the 
diffusion-convection processes in the exterior solutions. In 
this section we describe how a layered membrane per
forms when concentration polarization occurs in the solu
tions outside it.

For illustration we deal only with the case of a cation 
exchange membrane with a thin anion exchange layer on 
each side (Figure 5a). Results are also given for an anion 
exchange membrane with cation surface films (Figure 5b). 
The analysis can readily be extended to other specific 
membrane com binations, like the ones discussed in sec
tion 3. The present com bination was chosen mainly with a 
view of applying the results to analyze how certain types
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of membrane fouling affect the lim iting current in electro
dialysis systems. This is done in a separate paper.19

Diffusion polarization in the solutions on each side of 
the membrane will be characterized in terms o f the fam il
iar Nernst model, where ions are assumed to arrive at the 
membrane boundary by diffusion across a hypothetical 
stagnant film o f thickness 8, outside which the ion con 
centrations are taken to be uniform. An analysis in terms 
o f a Nernst layer is quite general, since one can insert into 
it whatever value of 8 is appropriate for the particular 
convective process and geometry at hand. Expressions for 
8 can be obtained for various types o f free and forced con 
vection from several empirical as well as theoretical stud
ies of related mass transfer processes.20-21 One must keep 
in mind, however, that in general 8 varies with distance 
along the membrane, and an analysis for a given 8 there
fore applies locally.

Figure 5a shows the effects o f concentration polarization 
in the Nernst layers outside a cation exchange membrane 
with thin anion exchange surface film. For this com bina
tion we have t+ =; 1 and f_  - «  1. (See section 3.2. W e are 
concerned here with currents o f  the order o f the limiting 
values, where the second terms in eq 37 and 38 can be 
shown to be small.) The salt concentration profile in the 
Nernst layers is linear, as given by eq 15. W ith t+ = 1, eq 
15 yields

c, =  C„| •

C, =  Co, 77

1 j8 
' 2 ZFD
1 JS

(58)

(59)2 ZFD
where c0] and cor are salt concentrations in the undis
turbed solutions on the left- and right-hand sides, and D 
is the salt diffusion coefficient in the solution.

Let us consider first how saturation occurs at positive 
currents. It was shown in section 3 that a cation m em 
brane with thin anion surface films has a positive limiting 
current given by

ZFDacj
7lim AalCa (60)

This limiting current is the result o f  polarization within 
the layered membrane. Substituting for C\ from eq 58, eq 
60 yields the following equation for ju m

Here

7]im _  / _̂ Aim
7a! V 7o ! ,

2ZFDc0\

(61)

(62)

is the diffusion-controlled lim iting current which one 
would obtain in the absence o f an anion film  on the m em 
brane, and

s  Z F D ,c0r
AalCa (63)

is the m em brane-controlled lim iting current one would 
have with infinitely effective stirring o f the left-hand solu
tion (C] = c0i in eq 60).

From eq 61 we obtain the positive lim iting current den
sity as

Aim = j 0] [l +  |  -  a1/2(l +  (64)

where

joI _  2AalCa D 
jo] Da 8 Col

(65)

Figure 6. L im itin g  c u rre n t de n s ity  as a fu n c tio n  o f the  su rface  
f ilm  p a ram e te r a , fo r a ca tio n  exch ange  m e m b ra n e  w ith  th in 
an ion exchange  su rfa ce  film s .

is the ratio o f the diffusion-controlled and the m em brane- 
controlled values o f the lim iting current.

Equation 64 establishes that the ratio of the lim iting 
current to the value it would have if the anion exchange 
surface layers were absent is a function o f the single pa 
rameter a. It is clear that the magnitude o f the actual 
limiting current is controlled by the sm aller  o f the quan
tities j 01 and 7aj. If one expands eq 64 for sm all and large 
a, keeping only terms to first order, one obtains

«  <  l:in m  = 7 o i(l -  <*1/2) (65a)

a » l :  Aim = 7a i(l -  2 /a )  (65b)

Thus, when a1/2 is small, the lim iting current is con 
trolled by concentration polarization in the diffusion 
layer, and is som ewhat less than j 0\. W hen a  is large, on 
the other hand, the anion film  controls the lim iting cur
rent, and polarization outside the m em brane is negligible. 
The lim iting current is then som ewhat smaller than j ai.

Figure 6 shows the ratio of the positive lim iting current 
to the diffusion-controlled value it would have in the ab
sence of the anion surface films, as a function o f the “ sur
face film  parameter”  a  defined in eq 65. T he transition 
from the diffusion-controlled lim it (at a  <C 1) to the film - 
controlled lim it (at a  »  1) is actually quite gradual.

The above discussion applies to the positive lim iting 
current. The negative lim iting current follows in a similar 
fashion. The com plete current-voltage characteristic for 
the system shotvn in Figure 5a can be obtained from the 
equations derived in section 3.2. Let be the dim en
sionless potential drop from the outer edge o f the left- 
hand diffusion layer to the outer edge of the right-hand 
diffusion layer. A\f is thus the sum o f the potential drop 'F 
across the layered membrane, which for the case at hand 
is given by eq 45 with ci and c r from eq 58 and 59, and the 
total drop across the two diffusion layers. The latter can 
be obtained from eq 16. The result is

(20) V. G. Levich, “ Physicochemical Hydrodynamics." Prent ce-Hall. En
glewood Cliffs, N. J., 1962.

(21) A. J. Arviva and S. L. Marchiano, “ Modern Aspects of E lectroche
m istry,” No. 6. J. O ’M. Bockris and B. E. Conway, Ed., Plenum 
Press, New York, N. Y.. 1971, pp 159-241.
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F igure  7. Current-voltage characteristics for a cation exchange 
membrane with thin anion exchange surface films, showing the 
effect of the surface film parameter a.

Here
ZFDcCc

Jc ÂT- (67)

is a quantity with the dimensions of current density which 
measures the conductance of the cation exchange m em 
brane. The quantities

and
jo r

2 Z F D c„  
5

joy =
ZFDzCor2

AarCa

(68)

(69)

are the magnitudes of the diffusion-controlled and m em 
brane-controlled lim iting currents, respectively, for nega
tive current density. These are similar to j 0i and ; ai, ex
cept that they are based on the right-hand salt concentra
tion and the properties o f the right-hand anion exchange 
film . W e recall that the limiting current for the anion- 
cation-anion  membrane is governed by the conditions 
where the current vector enters the membrane.

Figure 7 shows j  as a function o f A \p for j  >  0, as given 
by eq 66. These particular results are for the case o f a 
symm etrical membrane with the same salt solution on 
both sides Oar = 7aii 7or = 7oi), and for sim plicity we have 
also assumed that the ohm ic resistance of the cation 
mem brane itself is negligible 0c >  j u\, 7ai) so that only the 
logarithmic term contributes to the potential. The curves 
then depend only on the parameter a  defined in eq 65.

For an anion exchange layer with thin cation exchange 
surface films (Figure 5b), the results are quite similar in 
form to the ones we have developed above for the cation 
layer with anion films. All the equations can be trans
formed to this case by exchanging the subscript 1 with r, 
and a with c. For positive current, polarization is now 
controlled by conditions on the right-hand side in this 
case, that is, on the side where the current vector exits 
from the membrane.

5. D iscu ssion  and C om parison  w ith  A v a ilab le  D ata

In section 3 we have derived the steady-state perfor
mance characteristics o f a fam ily of ion exchange m em 
branes com posed o f contiguous layers o f anion and cation 
exchange materials. The current-voltage characteristics 
and ion transport numbers are given in explicit analytic 
form.

Previous work in this area has been essentially confined

to the bipolar membrane, which consists of an anion ex
change layer and a cation exchange layer joined together. 
Coster5 has presented an approximate analysis for the 
current-voltage characteristic o f a bipolar membrane. If 
one takes his result (eq 20. ref 5) to our lim it where the 
Debye length is infinitely thin compared with the thick
ness of the layers, one obtains in our notation

T  -  T 0 = - I n 1 -
ZF -L(cf_ Do c,2Dc \

\Ca Aa CcAf J
(70)

where To is the potential at zero current (not explicitly 
specified in ref 5). Equation 70 is equal to our eq 53 with 
the first (ohm ic) term on the right-hand side deleted, and 
with T 0 expressed by eq 57. Coster’s result gives the 
same saturation current as ours, and is also in agreement 
with ours for currents in the opposite direction provided 
the negative applied voltage is sufficiently small. H ow 
ever, for larger negative voltages the ohmic term is the 
governing influence on the current-voltage relation, and 
Coster’s result is in error.

We note that the diffusion coefficients which appear in 
Coster’s result are those of the co-ions in the layers o f the 
membrane. Our own eq 53 might be generalized in an ad 
hoc fashion to the case where the positive and negative 
ions have unequal diffusion coefficients by interpreting 
the diffusion coefficients which appear in the first (ohm ic) 
term as those of the counterions, and the diffusion coeffi
cients which appear in the second (logarithmic) term as 
those of the coions.

Some numerical computations for bipolar membranes 
have also been given by George and Sim ons,15’16 but 
these are for cases where the Debye length is not small, 
and cannot be compared with our present theory.

Experimental data on the steady-state characteristics of 
bipolar membranes have been published by Frilette7 and 
Ishibashi and Hirano.8'9 They showed that the current- 
voltage relation was essentially ohm ic in one direction 
(current vector entering from the cation exchange layer 
side), while in the reverse direction the current tended to 
saturate. This is in qualitative agreement with our theory. 
In the experiments, however, the current was found to in
crease again as sufficiently high voltages were applied in 
the reverse direction (Figure 5, ref 8). This was due to the 
ionization o f water, and the current in this ' “polarized”  re
gion was carried predominantly by H+ and O H -  ions 
rather than by the salt ions (Figure 2, ref 8). Our theory is 
not applicable in this region of the current-voltage char
acteristic. M ost o f Frilette’s quantitative data fall outside 
the scope of our analysis for this reason. Ishibashi and 
Hirano, however, have published a current-voltage char
acteristic showing clearly the initial current saturation 
prior to the onset o f water splitting (Figure 5, ref 8). A l
though they do not specify sufficient parameters to allow 
a rigorous comparison, our eq 56b gives a saturation cur
rent which is of the same order as their measurement o f 
80 A /m 2, if one assumes reasonable values8-10 for the miss
ing parameters.

Ishibashi9 has also measured the potential across a b i
polar membrane at zero current. His published data are 
somewhat ambiguous, at least in the English language 
version o f his paper,9 since the sense o f the quoted poten
tial is not explicitly defined. It appears, however, that the 
potentials quoted must refer to the potential o f the more 
dilute solution with respect to that o f the more concen
trated solution (this can be inferred by analyzing the data
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Cr

F igure 8. P oten tia l a c ross  a b ipo la r m e m bra ne  at zero cu rre n t 
as a fu n c tio n  of the  co n ce n tra tio n  ra tio  a c ross  the  m em brane.

on Figure 2 of ref 9 ).21a In Figure 8 we plot Ishibashi’s data, 
interpreted in this way, against the ratio o f the left-hand 
concentration to the right-hand concentration. The m em 
brane is oriented as in Figure 4, with the anion exchange 
layer on the left, and 'F represents the dimensionless p o 
tential on the left side with respect to that on the right, as 
in section 3. The temperature in the experiments was as
sumed to be 20°.

Also shown on Figure 8 are theoretical curves (eq 57) for 
da = 0-5 and 0.04. The precise values o f da appropriate to 
the data are not known, since Ishibashi does not give suf
ficient information on the structure o f his membrane. 
However, assuming that the thickness and fixed charge 
concentrations o f the anion and cation exchange layers are 
roughly the same, the value o f da (see eq 54) for NaCl 
should be in the neighborhood of 0.5, since the effective 
diffusion coefficient in the anion layer was only somewhat 
smaller than in the cation layer.9 For HC1, the diffusion 
coefficient in the anion layer was very large compared 
with that in the cation layer, and da should be small com 
pared with unity. The value o f 0.04 gives a good fit with 
the data. The theory seems to correctly predict the trend 
of the measurements. The quantitative agreement ob 
tained with a reasonable choice for the value o f a single 
unknown parameter is also quite good, particularly if one 
considers that some of the theoretical assumptions (dilute 
salt solutions, salt concentrations very small compared 
with fixed charge concentrations, equal diffusion coeffi
cients for positive and negative ions) were violated to a 
greater or lesser degree in experiments.

The theory of section 3 can be applied directly to prac
tical cases only if the salt concentrations on both sides of 
the membrane are independently known. In other words, 
the degree of concentration polarization in the bounding 
solutions must be either known or negligible. An analysis 
for the effects o f concentration polarization is given in 
section 4 for the particular case of a membrane consisting 
o f a thick central ion exchange layer o f one sign with very 
thin surface layers of ion exchange material o f the oppo
site sign. The local current is expressed in terms of the 
membrane structure and the local Nernst layer thickness. 
T o  apply the analysis to practical cases, the Nernst layer 
thickness must be known from external considerations (ei
ther empirical or theoretical). In many cases an average 
value can be used, but in others it is im portant to take 
into account the spatial variation o f the layer thickness. 
In a separate paper19 we have applied this analysis to an 
electrodialysis system with laminar flow, where the effec
tive Nernst layer thickness is accurately known from  theo
ry.22 The analysis is intended to model the effects o f cer
tain types o f fouling, where the membranes acquire thin 
surface layers with ion exchange properties of opposite 
sign. Experiments show that such layers cause the reduc
tion o f the limiting current below the value expected on 
the basis of concentration polarization alone, and the 
theory19 is shown to correctly predict the trend of the ex
perimental results.
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Sym bols

c±  concentration o f positive /negative (m obile)
ions, gm m o l/m 3.

ca, cc reduced fixed charge concentrations in anion
and cation exchange layers, respectively (eq 
10 and 6).

Ci, cr concentrations (gm m o l/m 3) on left and right
sides o f membrane, respectively.

Cm fixed charge concentration in ion exchange
membrane, gm m o l/m 3.

c0i, cor undisturbed concentrations (gm m o l/m 3) in 
com partm ents on left and right side o f m em 
brane, respectively.

D diffusion coefficient; in section 4, diffusion
coefficient in solution bounding membrane, 
m 2/sec.

D a, Dc, diffusion coefficients in anion exchange, cation 
D n exchange, and neutral layers, m 2/sec.

F  Faraday’s constant, 96,500 cou lom bs/gm -
equivalent weight.

/  current density, A /m  2.
j  reduced current density defined in eq 39.
jiim lim iting current density, A /m 2.
/oii /or diffusion-controlled lim iting current densities 

for left- and right-hand sides o f membrane (eq 
62 and 68) A /m 2.

/ai, jar m em brane-controlled lim iting current densi
ties for left- and right-hand sides o f cation 
membrane with anion surface film s (eq 63 and 
69), A /m 2.

(21a) Note Added In Proof. This interpretation is confirmed by N. Ishi
bashi, private communication.

(22) A. A. Sonin and R. F. Probstein, D esa lina tion , 5, 293 (1968); 6, 
270 (1969).
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R
t +

T
x

Z
z m

a
ß a ,  ß c , 

ß a i ,  ß a r ,  

ß c U  ß c r

r ±

5
Aal, -̂ ar

universal gas constant, 8.31 J /°K  g mol. 
transport numbers for positive/negative ions, 
eq 4.
absolute temperature, °K.
distance, measured in direction o f positive
current.
charge number o f salt ions.
charge number of fixed ions in membrane
layer.
dimensionless surface film  parameter, eq 65. 
dimensionless parameters characterizing 
membrane structure, eq 40.

positive/negative ion flux density, gm m o l/m 2 
sec.
Nernst layer thickness, m. 
thickness o f left- and right-hand anion ex
change layers, respectively, m.

Acl, Acr

Aa, Ac

0
<i>

0
01, 0r

A  0

thickness of left- and right-hand cation ex
change layers, respectively, m. 
total thicknesses of anion and cation exchange 
materials in membrane, m. 
potential, V.
potential drop from left- to right-hand side of 
membrane, <j>\ -  tpT- 

dimensionless potential, ZF<j>/RT. 
dimensionless potentials on left- and right- 
hand sides o f membrane.
dimensionless potential drop from left- to 
right-hand side of membrane, 4' = 0i -  0 r 
= ZFQ/RT.
dimensionless potential drop from the outer 
edge o f the Nernst diffusion layer on the left 
side of the membrane to the outer edge o f the 
Nernst diffusion layer on the right side o f the 
membrane.
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Factors governing the reverse osmosis rejection o f organic solutes from aqueous solutions have been ex
amined. The partition coefficients, diffusion constants, and RO rejection o f 12 organic solutes were stud
ied relative to “ tight”  cellulose acetate and cellulose acetate butyrate membranes. The solute partition 
coefficients between water and membrane parallel partition coefficients between water and organic liq 
uids. Un-ionized and hydrophobic solutes are strongly sorbed by the membranes; these solutes exhibit 
poor RO rejection. Ionized and hydrophilic solutes have low solubility in the membranes and experience 
good rejection. Significant changes in sorption and rejection accom pany solute ionization through pH ad
justm ent. For example, p-nitrophenol exhibits - 0 .4  negative rejection in its un-ionized form, but +0.84 
positive rejection when it is ionized. An inverse proportionality between diffusion constants and partition 
coefficients is observed; this can be interpreted in terms o f “ bou n d” and “ free”  solute molecules within 
the membranes.

In troduction
The reverse osmosis (RO ) rejection of organic solutes 

from aqueous solutions has received much less attention 
than the rejection o f inorganic solutes. W ith a few notable 
exceptions,1-5 scant RO data on aqueous-organic systems 
have been published. It has been established, however, 
that organic solutes show much larger variations in rejec
tion characteristics for a given membrane than do inor
ganic solutes. For example, Lonsdale, et a l.,1-2 studied re
jection  o f organic solutes with RO membranes whose re
jection  o f inorganic solutes was uniformly greater than 
95%. Organic rejection varied from +99% , in the case of 
sugars, to -2 0 % , in the case of phenol.

Owing to the lim ited amount of experimental data, it is 
difficult to assess the potential o f RO in separating aque
ous-organic systems. This m otivated the present study;

we have exam ined factors that influence RO rejection of 
organic solutes from aqueous solutions.

It is well established that the RO rejection characteris
tics of a mem brane toward a given solute/solvent system 
is determined by the relative permeabilities of solute and 
solvent. The perm eability, in turn, is the product o f two 
factors: (a) the concentration o f the species in the m em 
brane, characterized by its solubility or partition coeffi-

(1) H. K. Lonsdale. B. P. Cross, F. M. Graber, and C. E. MFstead, J. 
M a crom ol. S ci.-P h ys . 5B, 167 (1971).

(2) H. K. Lonsdale. U. Merten, and M. Tagaml, J. Appl. Poly. S ci., 11. 
1807 (1967).

(3) F. M. Graber, H. K. Lonsdale, C. E. Mllstead, and B. P. Cross, D e 
salination. 7,249 (1970).

(4) S. Sourirajan, Ind. Eng. C h em ., Prod. R es. D e v e lo p .. 4, 201 (1965).
(5) FI. K. Lonsdale, R. L. Riley, C. E. Mllstead, L. D. LaGrange, A. S. 

Douglas, and S. B. Sachs, OSW (Oft. S aline W a ter) R es . D ev e lo p . 
Progr. R ep .. No. 577 (1970).
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cient; and (b) the rate at which the species is transported 
across the membrane, characterized by its diffusion coeffi
cient.* 6 The solubility and diffusion coefficients of water in 
RO membranes has been determined by Lonsdale, Mer
ten, and Riley.7 Consequently, we studied the partition 
coefficients, diffusion constants, and RO characteristics of 
organic solutes alone. “ Tight” cellulose acetate (CA) and 
cellulose acetate butyrate (CAB) membranes were used. 
Solutes were chosen to represent a wide variety of water- 
soluble organic compounds. The solutes were chosen to 
have strong uv absorption, since uv spectroscopy is a con
venient method for determining low solute concentrations 
in water. Much of the present study augments work re
cently published by Lonsdale, Cross, Graber, and Mil- 
stead.1 Their paper is designated LCGM throughout the 
present article.

Experimental Section
The CA membranes used in this study were cast on 

glass plates from solutions containing 20% 39.8 CA (East
man 4644), 30% formamide, and 50% acetone (by weight). 
The CAB membranes were prepared from casting solu
tions containing 22% CAB (Eastman 4623), 2% glycerol, 
6% 1-propanol, 25% triethyl phosphate, and 45% acetone.8 
The solvents were removed by prolonged soaking in dis
tilled water. Before use in diffusion or partition coefficient 
studies, the washed CA and CAB membranes were fully 
dried by heating in air at 85 ±  5° for at least 2 hr. The 
dried membranes were found to be uniform and nonporous 
by electron microscopy; microvoids were not observed. 
The electron microscopy observations were made at 
22,400x magnification. Asymmetric CA membranes, pre
pared by the casting technique of Loeb and McCutchan,9 
were used in the RO studies. They typically gave 97% 
NaCl rejection and a water throughput (68 atm) of 6.3 X
10-4 cm/sec.

Partition coefficients were determined by the sorption 
method. Weighed amounts of the dried membrane were 
added to aqueous solutions of the various solutes. Changes 
in solute concentration in the solution upon addition of 
membrane were determined by uv spectroscopy. Sorption 
of urea was monitored with a differential refractometer. 
The starting solute concentrations varied somewhat, de
pending on uv extinction coefficients and expected solu
bility in the membrane. We generally worked with 10“ 4 
gm/1. solutions; in no case was the solute concentration in 
the membrane allowed to exceed 5%. Duplicate samples 
were run. The resulting partition coefficients usually 
agreed to ±10%. The scatter was somewhat larger with 
weakly sorbed solutes, where in some cases partition coef
ficients were obtained by desorption. The experiments 
were performed at 23 ±  1°. Unless otherwise stated, the 
solutions were prepared with distilled water, pH 5.6.

All solutes were reagent grade chemicals. They were ob
tained from commercial sources and used without further 
purification. 3,5-Di(carbethoxy)phenol was donated by our 
colleague, L. R. Mahoney. Ultraviolet spectra were run on 
a two-beam Jasco Model ORD/UV-5 spectrometer. Dis
tilled water was placed in the reference beam for most of 
the measurements. In studies of pH dependence, aqueous 
phosphate buffers served as reference solutions. We en
countered several samples containing both the ionized and 
un-ionized forms of a given solute. These solutions have 
composite uv spectra, corresponding to uv absorption by

both species. In order to minimize errors in these cases, 
the sample pH was lowered (bringing the solute complete
ly into the un-ionized form) before uv analyses were car
ried out.

Diffusion coefficients were obtained by following the 
sorption, or desorption, of solute from plane sheets of 
membrane having a known thickness that ranged between 
20 and 50 p. The solutes were generally eluted into a 
known volume of distilled water; in the pH studies, this 
was replaced by an aqueous buffer solution. A Waters As
sociates Model 403 differential refractometer was used to 
monitor changes of solute concentration in the solution. 
This is the same method employed by LCGM.1 With our 
system, we found that the refractometer sampling arm 
took some 30-50 sec to respond to concentration changes 
in the sorption vessel. A convolution correction was intro
duced into our data analysis to account for this time lag. 
This correction is important only for solutes with large 
diffusion constants (> 10-8 cm2/sec). Experimental data 
were matched to curves generated by the expression10

M(f)/M(°°) =  1 -  X  Q +  a +  a-iq/) exp[~Dq„-t/l2] (1)

where a is the ratio of the volumes of solution and sheet, 
divided by the partition coefficient of solute between 
water and membrane. The qn are roots of the equation tan 
qn = ~aqn. Values of qn for various values of a have been 
tabulated by Crank.10 In some cases, notably when the 
membrane contained both the ionized and un-ionized 
forms of a solute, experimental data gave a poor fit to eq 
1. In these situations, diffusion coefficients were deter
mined from the long-time behavior of M(t). The possibili
ty of non-Fickian diffusion was not investigated. All mea
surements were made at 23 ± 1°.

The design of our reverse osmosis unit followed that of 
Loeb and McCutchan.9 The RO cell has an effective area 
of 13.2 cm2. Pressure was generated by a Sprague Model 
S216-CS air-driven pump. The RO unit experiences pres
sure fluctuations of order 20% in the course of each pump
ing cycle.

R esults and D iscu ssion

Our experimental partition coefficients, K, diffusion 
coefficients, D, and RO solute rejections, R. are presented 
in Table I. Our definitions of R and K  are

(concn of solute in product water)R = 1 -  ----------------------------------------- ------- (2)(concn of solute in feed water)

(final wt of solute in membrane /
(wt of membrane) I

(final wt of solute in solution)
---------------------------------------------------------- (3)(wt of solution)

This definition of K  differs slightly from that used by 
LCGM,1 and by Lonsdale, Merten, and Tagami.2 If the 
density of the water-swollen tight membranes is 1.25 gm/

(6) See, for example, J. Crank an'd G. S. Park in "D iffusion in Poly
m ers," J. Crank, Ed., Academic Press, London, 1968, p 5.

(7) H. K. Lonsdale, U. Merten, and R. L. Riley, J. Appl. Poly. S ci.. 9, 
1341 (1965).

(8) This recipe for CAB Is given by S. Mankikian and M. I. Foley, O S W  
(O ff. S aline W ater) R es . D ev e lo p . Progr. R ep .. No. 612 (1970), p 
15.

(9) S. Loeb and J. W. McCutchan, Ind. Eng. C h em .. P rod  R es . D e v e l
o p .. 4,114 (1965).

(10) See, for example, J. Crank, "Mathematics of D iffusion." Clarendon 
Press, Oxford, 1956, p 53.
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Figure 1. S o lu te  d iffu s io n  c o e ffic ie n ts  vs. so lu te  pa rtit io n  c o e ffi
c ien ts . Solid  lines  co n fo rm  to the  ind ica ted  m a th e m a tica l ex
press ions, w th co n s ta n ts  ob ta ined  by cu rve  fitt in g .

TABLE I: Diffusion Coefficients, Partition Coefficients, and RO 
Rejection of Organic Solutes by CA and CAB M em branes

Solute
Mem
brane

D  x  1010 
cm2/sec K

R
(68 atm)

Phenol CA 10 37 ±  1 - 0 .0 9
CAB 1.5 51 ±  1

2 ,4 -D ich lo ro - CA 1.5 332 ±  7 ( - 0 .3 3 ) '
phenol CAB 0.7 405 ±  5

p -B ro m o p h e n o l CA 3.8 165 ±  2
C A B 0.84 175 ±  2

A ce ton e CA 300 0.3 ±  0.1 ( +  0.17)
CAB 100 0.49  ±  0 .05

H ydro qu in one CA 3.5 ±  0.2
CAB 5.4  ±  1.5

N itro m e th a n e CA 150 2.1 ±  0.5 - 0 .0 6
CAB 100 4 .0  ±  0.6

N itrob enze ne CA 8.0 54 ±  4
CAB 3.5 105 ±  5

P yrid ine CA 75 0.7
CAB 50 1.33 ±  0.03

U rea CA 130 0.49 ±  0 .03 ( +  0.45)
A n iline CA 20 20 ±  2 +  0.04

CAB 3.5 52 ±  3
3 ,5 -D I(c a rb e - CA 1.8 129 ±  12

thoxy) phenol CAB 110 ±  10

° Data of LCGM (ref 1), 102 atm. 6 Data of Sourirajan (ref 4), 102 atm.

cm3, the values in Table I should be 20% lower than those 
reported by the other authors. There is fairly good agree
ment between the present results and data reported in the 
literature. The exception is 2,4-dichlorophenol, where our 
K  values are roughly ten times larger than that reported 
by LCGM,1 and our diffusion coefficients are some five 
times smaller.

It can be seen that the partition coefficients obtained 
using CAB membranes are consistently larger than those 
found with CA membranes. In contrast, solute diffusion in 
CAB is slower than diffusion in CA.

It is clear that factors other than molecular size influ
ence solute partition coefficients; pyridine, aniline, and 
phenol have roughly the same molecular dimensions, yet 
exhibit substantially different K values. A crucial test of

solubility arguments based on molecular size and mem
brane “ pore dimensions” is afforded by 3,5-di(carbethoxy)- 
phenol, a bulky molecule whose dimensions approximate 
the 8-10 A pore diameter determined experimentally for 
“ tight” CA membranes.11 Rather than being rejected, this 
compound is strongly sorbed! This finding could be taken 
to indicate the complete inadequacy of the “ pore model” 
of solute rejection, at least for compounds of this type. Al
ternatively, one might view experimental pore dimensions 
as average values of a time-dependent quantity, whose 
fluctuations produce larger pores for short intervals of 
time. This would allow for the sorption of solutes whose 
dimensions exceed the nominal pore diameter.

We found good correlation between solute partition 
coefficients and the hydrophilic/hydrophobic nature of the 
solute. The experimental K values for water/CA and 
water/CAB parallel partition coefficients of organic so
lutes between water and organic solvents, e.g., hexane, 
benzene, etc.12-13 It would appear that the partition coef
ficients of organic solutes in these membranes can be un
derstood simply by viewing the membrane as an immisci
ble organic phase. This implies that any factors that in
crease or decrease the relative solubility in water will in
fluence partition coefficients, and consequently RO rejec
tion. We confirmed this hypothesis through studies of dif
fusion coefficients, partition coefficients, and RO rejection 
as a function of pH. This work is described in the next 
section.

When K > 10, the observed KD product is constant 
within experimental error. The amount of solute taken up 
by a membrane can be understood on the basis of hydro- 
phobicity. However, there is no a priori reason for a hy
drophobic solute to diffuse slower than a hydrophilic so
lute once both are within the membrane. One might ques
tion the possible influence of surface sorption on these dif
fusion measurements. We studied desorption of several so
lutes out of membranes of varying thickness. The results 
were consistent with the thickness dependence predicted 
by eq 1; on this basis, we conclude that surface effects are 
unimportant.

It seems likely that the polymer-solute interactions that 
produce strong solute sorption by the membrane (large 
partition coefficients) also impede the translational mo
bility of the solute molecules. The exact nature of these 
polymer-solute interactions is unknown, but it is useful to 
think of them in terms of an exchange reaction within the 
membrane between “ free” (or mobile) solute molecules, 
Sr, and “ bound” (or immobile) solute molecules, Sb14

[Sb] s* [Sf] (4)
If we define an equilibrium constant, H = [Sb]/[Sf], the 
observed diffusion constant is Dobsd = Hf/(1 + H), where 
Df is the diffusion constant of the free solute molecules; 
this is the diffusion rate of the free molecules multiplied 
by the fraction of time they are free. We can go further 
and assume that the partition coefficient is determined by 
this mobile/immobile equilibrium. This equates H and K 
and yields the relation Dobsd = Dt/( 1 + K ). The rationale 
for using this expression to link diffusion and partition 
coefficients is admittedly crude. It requires several as-

(11) G. Thau, R. Bloch, and O. Kedem, D esalination , 1,129 (1966).
(12) C. Golumbic, M. Orchin, and S. Weller, J. A m er . C h em . S o c . , 71, 

2624, 2627 (1949); 72,4145 (1950).
(13) C. Hansch, K. Kiehs, and G. L. Lawrence, J. A m er . C hem . S o c .,  

87, 5770 (1965), and earlier papers In this series.
(14) Reference 10, p 121.
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TABLE II: Reverse Osmosis Results (Asym m etric  
CA M em branes)

Product

Solute
Feed
pH

AP,
atm

flux,
X 104 

cm /sec

Prod
uct
pH

Rejec
tion

P h e n y la ce tic  ac id , 2.6 34 2.02 3.5 +  0.29
1 0 - 4 g / l . 2.6 68 4.7 3.5 +  0.25
[p K a =  4 31 (2 5 ° ) ]“ 7.8 34 2.5 7.2 +  0.93

7.8 68 5.8 7.3 +  0.92
A n iline , 3 .3 34 3.3 6.4 +  0.88

1 0 “ 4 g / l . 3 .3 68 7.3 6.4 +  0 .78
[pK b =  4 .58  (2 5 ° ) ]“ 9.1 34 3.3 7.3 +  0.09

9.1 68 6.8 7.5 +  0 .04
Phenol, 4 .4 34 1.4 6.1 -  0.09

5 X 1 0 -4  g / l . 4 .4 68 3.0 6.3 - 0 . 1 2
[p K a =  9 .89  (2 5 ° ) ] “ 11 .2* 34 5.4 9.5 +  0.88

11 .2* 68 10.8 9.6 +  0 .83
N itrom e tha ne 7.2 34 5.8 7.3 - 0 . 0 6

7.2 68 11.5 6.6 - 0 . 0 9
ß o ric  ac id 7.0 34 4.7 6.6 +  0.43

[p K a =  9.1 (2 5 ° ) ] “ 7 .0 68 9.0 6.5 +  0.67
11 .0* 34 3.1 9.6 +  0.97
11 .0* 68 8.8 9.7 +  0.97

a pK values taken from “ Handbook of Chemistry and Physics," Chemi
cal Rubber Publishing Co., Cleveland, Ohio. 6 Possible membrane 
hydrolysis is indicated by the high product flux.

sumptions and ignores many factors, such as, the varia
tion of D with molecular size. However, as illustrated in 
Figure 1, it represents our experimental data very well.

As indicated in Table I, we did not carry out RO studies 
on all solutes whose partition and diffusion coefficients 
were determined. The analysis of LCGM1 (see eq 6 of the 
present paper) indicates poor or negative RO rejection 
whenever the DK product of the solute is comparable to 
{DvlCv,Vw±P)/RT s: 2 x 1 0 ~ 8 gm/cm sec (for AP = 100  
atm); where Dw, Cw, and Vv, are the diffusion constant, 
solubility, and partial molal volume of water in the mem
brane, and AP is the applied pressure difference across 
the membrane. On the basis of the large KD products of 
the various solutes, it was evident that none would be 
strongly rejected. We note that LCGM1 found the parti
tion and diffusion coefficients of NaCl to be 0 .0 3 8  and 3 .2  
X 1 0 ~ 9 cm2/sec in CA membranes. Other ionic solutes, 
all showing strong RO rejection, have similar coefficients. 
Comparing these values with those in Table I, it seems 
clear that the great solubility of un-ionized and hydropho
bic solutes in the membranes is primarily responsible for 
their poor rejection.

Effects of pH on Permselectivity. It is well known that 
pH variations change the partition coefficient of a solute 
between immiscible organic and aqueous layers. These ef
fects are particularly dramatic near the pKa of a weak 
acid or weak base, where the solute changes from a pre
dominantly ionized state to a predominantly un-ionized 
form. Since the ionized solute is more soluble in the water 
layer and insoluble in the organic layer than the un-ion
ized solute, large changes in partition coefficients are not 
unusual.

With this in mind, we studied the partition coefficients, 
diffusion coefficients, and RO rejection of p-nitrophenol as 
a function of pH. Phosphate buffers were used. Other so
lutes, notably phenol, aniline, and phenylacetic acid, were 
examined above and below their respective pKa’s (Table

Figure 2. P artition  c o e ffic ie n ts , O ; d iffu s ion  c o e ffic ie n ts , A , and 
RO re je c tio n , □ ,  o f p -n itro p h e n o l as a fu n c tio n  o f pH . The cu rve  
th roug h  the  pa rtit io n  c o e ffic ie n t d a ta  w as ob ta ined  fro m  eq 5 a -d  
o f the  text.

Figure 3. Uv ab so rp tio n  o f p -n itro p h e n o l in CA m e m bra nes  and 
in so lu tion . The so lu tions con ta ined  0.2 g / l .  o f p -n itrp p h e n o l in 
each case. Le tte rs  des ig na te  the  va rio u s  pH va lues  o f the  so lu 
tions w ith  w h ich  the  m em bra nes  w ere  e q u ilib ra te d . O ne should 
co m p a re  the  re la tive  in te n s itie s  o f the  314- and 3 9 8 -m p  m axim a 
in the  m e m bra ne  and the  so lu tion  as a  fu n c tio n  o f pH . The ab 
so lu te  in te ns ities  in the  m e m bra ne  m ean very  little , as the  to ta l 
so lu te  sorbed by the  m e m bra ne  va rie s  s tro n g ly  w ith  pH.

II). These results conform to those obtained on p-nitro
phenol.

Figures 2-4 show results on p-nitrophenol. The RO re
jection (68 atm) increases from —0.4 to +0.84 going from 
pH 3 to pH 11. There is a concomitant increase in D, from 
4 x  10“ 10 to 1.2 X  10~9 cm2/sec. The partition coefficient 
drops from 132 ± 5 to 3 ±  1 over this pH range. The vari
ation of K with pH can be computed from the expressions

[H+]so1[NP-]so1/[NPH]so1 = 6.3 x 10~8 (5a)
[NP-]mem/[N P“ ]sol = 3; [NPH]mem/[NPH]sol = 132 (5b)
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Figure 4. The RO re je c tio n  and p ro d u c t flu x  o f p -n itro p h e n o l as 
a fun c tion  o f p ressu re  g ra d ie n t ac ross  the  m em brane : A , re je c 
tion , pH 8.5 V , p ro d u c t flux, pH 8.5 ; O , re je c tio n , pH 3.0 ; □ , 
p ro d u c t flux, pH 3.0.

[C] = [NP~]mem + [N P ']S0| + [NPH]mem + [NPH]S0, (5c)

Kotasd = ([NP “ Imem + [NPH]mem)/([N P ']sol + [NPH]so,
(5d)

The abbreviations NPH and NP- denote O2NC6H4OH 
and O2NC6H4O- ; while the subscripts mem and sol refer 
to the membrane and the bulk solution, respectively. [C] 
is the total concentration of p-nitrophenol added. Equa
tion 5a is obtained from the pKa; eq 5b, by fitting data at 
low and high pH; eq 5c is the mass balance requirement. 
The curve resulting from this treatment is shown in Fig
ure 2.

This analysis implies that [N P ']mem/[NPH]mem is 
smaller than [N P']SOi/[NPH]sol. This is a consequence of 
the preferential sorption of uncharged NPH by the mem
brane relative to N P '. We confirmed this prediction by 
comparing the uv absorption of p-nitrophenol in the mem
brane with that in the bulk solution. Ionized p-nitrophe- 
nol has an absorption maximum at 398 m/i, the un-ionized 
species at 314 him. As shown in Figure 3, the relative in
tensity of these maxima in the mgmbrane differs from 
their relative intensity in solution. The variation of 
[N P ']mem/[NPH]mem with the pH of the bulk solution is 
consistent with preferential sorption of NPH by the mem
brane. The analysis also suggests that the pH within the 
membrane is somewhat less than the pH of the solution. 
This is consistent with our observations that the pH of the 
RO product waters is slightly less than the pH of the feed 
solutions.

The RO rejection of p-nitrophenol was studied as a 
function of pressure at pH 3 and 8.5 (Figure 4). At pH 8.5, 
solute rejection improved with increasing pressure; this 
result is commonly observed in RO studies of inorganic 
solutes. At pH 3, negative rejection (solute enrichment in 
the product water) increased with pressure. Pressure hys
teresis effects were not apparent. We could obtain a sam
ple at 34 atm; increase the pressure to 68 atm, take a sec
ond sample, then return to 34 atm, and collect a third 
sample. The solute concentrations of the first and third 
samples are reproducible.

Similar effects of pressure variation upon negative rejec

tion were reported by Lonsdale, Merten, and Tagami,2 
who studied phenol solutions. These results are consistent 
with the trend predicted by the expression15
R = (OjCiFRA-P ~ Ax) — D2K2V2&P) /

(LLCjPRAP -  Atr) + D2k2RT) (6)
provided that D2K2V2 > D1C1V1. This is simply the re
quirement for negative rejection. It is noteworthy (Figure
4) that the variation of water flux with pressure is differ
ent for positive and negative rejection; the throughput is 
much more pressure sensitive in the former case. Similar 
effects were observed by Lonsdale, Merten, and Tagami.2 
It is not clear whether this results from flow coupling, or 
from plasticization of the membrane by the solute.

Having encountered negative rejection experimentally, 
one naturally questions its potential application to liquid 
separation. Different solution/membrane combinations 
are expected to produce a variety of enrichment factors, 
owing to diverse interactions among solvent, solute, and 
membrane. However, enrichment can never exceed the 
equilibrium value for a membrane completely permeable 
to solute and completely impermeable to solvent. (Note 
that this is the opposite of the optimum situation for sol
vent separation.) Under these conditions, the chemical 
potential of the solute on both sides of the membrane can 
be expressed

Ha = Mo +  RT In CA + VPA 

Mb = Mo + RT In CH + VPR

where the subscripts A and B denote the two sides of the 
membrane. Equating these expressions, we find

(CA/C B) = exp[U(PB -  Pa)/RT]

If V, the partial molar volume of the solute, is 0.1 1. and 
RT = 24 l.-atm, a pressure difference of some 98 atm is 
necessary for 50% enrichment of the product; for 200% en
richment, a 168 atm pressure difference is required. Prac
tical applications probably would require concentration 
enhancements of 10 to 1000 times. Under optimum condi
tions, pressure differences of some 500-2000 atm would be 
required to attain such enhancements. Such pressures are, 
of course, far above the operating range of conventional 
RO systems at present.

Sum m ary

When the results of the present study are compared 
with earlier data, a number of conclusions can be drawn.

(1) The partition coefficients of solutes, organic and 
inorganic, ionized and un-ionized, in water/CA and 
water/CAB parallel solute partition coefficients between 
water and organic solvents. Ionic and hydrophilic solutes 
show little tendency to enter the membrane, while un
charged and hydrophobic solutes are strongly sorbed.

(2) Uncharged and hydrophobic solutes, strongly sorbed 
by the membrane, exhibit poor or negative RO rejection 
with CA and CAB. The more hydrophobic the solute, the 
poorer its rejection is likely to be. Our experiments indi
cate that the great solubility of organic solutes (relative to 
inorganic solutes) in the membranes is responsible for 
their poor RO rejection.

(3) Significant changes in sorption (partition coeffi
cients) and RO rejection accompany solute ionization
(15) This equation results from combining eq 7 of LCGM (ref 1) with the 

definition of solute rejection.
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through pH adjustment. The strong positive rejections of 
phenol and substituted phenols at high pH are signifi
cantly better than RO rejections reported previously. It 
must be noted, however, that RO with pH adjustment 
cannot be used with CA or CAB membranes as a practical 
means of rejecting phenol. This is a consequence of the 
hydrolysis and deterioration of CA and CAB membranes 
under basic conditions.

(4) Molecular size is less important than electrical 
charge and hydrophilicity in determining RO rejection of 
a solute. It should be noted, however, that all solutes used 
in the present study had roughly the same size. It is per
fectly reasonable to expect RO differences among a mono
mer, its oligomers, and its higher polymers.

(5) At least for the uncharged organic solutes examined 
in the present study, there seems to be an inverse propor
tionality between diffusion constants and (large) partition 
coefficients.

A number of puzzling RO results can be understood on

S p e c i f i c  In te r a c t io n s  o f  A n ilin e s  with W a ter

the basis of these observations. The poor RO rejection of 
urea, boric acid, and aromatic amines is explicable from 
knowledge of their pKR values. Each of these solutes ex
ists, either partially or wholly, as an uncharged species in 
water at pH 6. For this reason, one would anticipate their 
observed RO behavior, viz., water/membrane partition 
coefficients that are larger than those of ionized solutes, 
and RO rejection that is poorer. In contrast, primary and 
secondary aliphatic amines have higher pKb values than 
aromatic amines, and exist as charged ions near pH 6. 
Since they are charged, their good RO rejection5 might 
have been predicted. The same argument explains the 
poor RO rejection of NH4OH and good rejection of NH4CI.1
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The extrapolated distribution coefficients Pi at infinite dilution of several methyl- and chloro-substitut- 
ed anilines between cyclohexane and water were determined at 15, 25, and 35° using an interferometric 
method. From these values the transfer heats AH10 of the monomeric molecules from water to cyclohex
ane were deduced. Taking into account the effects of the various specific interactions on the change of 
free energy that occurs when an aniline monomolecule passes from the former to the latter solvent, the 
following equation is deduced: log Pi = log Pi0 + 0.03(0 -  0°) -  0.28(pPa -  pRa°) + 0.60(2 -  h n - h ), 
where 0 is the molar volume of the aniline, nn_h the number of N-H links in the molecule and the su
perscript 0 refers to the unsubstituted molecules. A similar expression is derived for APT: SHi° = AHj°° 
-  0.030(0 -  0°) + 0.38(pRa -  pPa°) -  0.82(2 -  nN_H), where APi°° refers to unsubstituted anilines. 
The experimental values of Pi fit by better than 20% with the calculated values and AH does not differ 
by more than 0.2 kcal from the experimental values. This demonstrates the intervention of N-H---0 hy
drogen bonds that stabilize the anilines with N-H groups in the water phase. The equilibrium constant 
for the formation of such bonds is of the order of magnitude of 0.1 M -1. On the other hand C1---H-0 hy
drogen bonds do not play an important role in the stabilization of chloroanilines in water and the effects 
of varying the global dipole moments of the molecules seem to cancel out in the two solvents.

The solubility of anilines in water depends largely on 
the nature and position of the substituents. For instance,
2,6-dimethylaniline is over five times as soluble in water 
as N,./V-dimethylaniline at 25°.

The solubility of anilines in water is determined on one 
hand by the specific interactions which occur in the aque
ous solvent and on the other hand by the stabilization of 
the aniline molecules in their own phase by the specific 
links that bring about their association. The two effects 
can be separated by diluting the anilines in an inert sol
vent and thus suppressing the specific interactions in the 
organic phase.

The limiting value of the partition coefficient at infinite 
dilution of the anilines between this inert solvent and 
water will be determined only by the specific interactions 
in the aqueous phase. In this work, we have determined 
this limiting value of the distribution coefficient, Pi, of 
several anilines between cyclohexane and water at 15, 25, 
and 35°.lb

The enthalpy charge A-Hi associated with the transfer of 
the monomolecule from water to cyclohexane is deduced

(1) (a) Holder of a scholarship from the Belgian Ministry of National 
Education, (b) Ph. Mahillon assisted with the measurements at 15 
and 35°.
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TABLE I: Polynomial Coefficients of Eq 1

Aniline
substituent P1° 3 7 <5

H 1.13 ±  0 .02 0.784 1.161 - 0 .3 0 0
2 -M e th y l 4 .45  ±  0 .18 5.288 0.986 - 0 .1 2 7
3 -M e th y l 3 .53 ±  0 .13 6.262 1.435 - 0 .2 1 5
4 -M e th y l 3 .13  ±  0 .07 2.915 2.238 0.000
2 ,6 -D im e th y l 14.34 ± 1 .1 3 18.423 -0 .2 8 5 0.000
2 -C h lo ro 12.15 ±  0 .36 13.344 2.048 - 0 .2 7 4
3 -C h lo ro 4.91 ±  0.11 8 .132 4.777 - 1 .1 0 0
4 -C h lo ro 3 .94  ±  0 .05 8 .884 -1 1 .8 4 0 0.000
2 ,6 -D ic h lo ro 109.6 ± 6 .2 0 139.920 -1 7 .2 1 0 0.000
N -M e thy l 15 .50 ±  0 .36 16.653 0.931 - 0 .1 1 8
W ,A/-D im ethyl 147.6 ±  7.58 113.830 - 5 .8 1 0 0.000

“  P 1 values given with standard deviation.

from the variation of Pi with the temperature. Equations 
relating Pi and AH 1 with the molar volume of the aniline, 
its pKa, and the numbers of N-H links are deduced from 
theoretical considerations. The calculated values are com
pared with the experimental ones.

I. Determination of the Limiting Value P1 of the Parti
tion Coefficient. The formalities F„ and Fw of the aniline 
in both phases are determined by an interferometric 
method.2 This method allows for accuracy of better than 
0.001 M  in these measurements. The Pi values are ob
tained by the extrapolation of some 30 experimental 
values whose concentrations in the organic phase, F„, lie 
between 0.05 and 4 M  depending on the solubility of the 
compound. The experimental values are thus represented 
by a polynomial of the type

P  =  FJ  F w = P i +  f3F0 +  -yF ()2 +  5 F 03 (1)

The coefficients of the polynomials are given in Table I.
Table II gives the pKa values, the molar volume, and 

the Pi values found using the polynomial form described 
above. At the same time we give the Pi values reported by 
Columbic and Goldbach3 and by Kemula, Buchowski, and 
Pawtowski,4 and the Pi values calculated with the equa
tion that will be derived later.

The agreement between our data and those in the pub
lications remains good until Pi reaches very high values 
where, at high dilution in the organic phase, the concen
tration in the water phase is too low to be detected with 
sufficient precision. We think that in these cases the 
values of Columbic and Goldbach are very high, because 
even at higher concentrations in the organic phase we do 
not observe such high values for P.

II. Experiments at Other Temperatures. Heat of Trans
fer. Similar experiments were also performed at 15 and at 
35°. From the values of Pi at different temperatures it is 
possible to derive the molar heat of transfer AHi° of the 
monomers from water to the organic phase. The values of 
APfi° can be compared to those obtained from the differ
ence between the heats of solution of the anilines at infi
nite dilution in cyclohexane and in water determined by 
direct calorimetry.5 6 From the comparison of AHi° and 
AGi° the molar entropy change ASi° when the monomole
cules of aniline pass from water to cyclohexane can be de
duced. These results are given in Table III. It must be 
emphasized that the computed values of A£>i are heavily 
dependent on those of AHi . However, it appears from the 
data in Table III that ASi increases when the molar vol

ume increases. As a crude approximation we can write

A S F  = A S i°°  +  0 .037(</> -  0°) (2 )

III. Deduction of an Equation Relating Pi to Character
istics of the Substituted Anilines. The transfer of a 
monomolecule of aniline from the organic phase to water 
involves the following transformations.

(1) Formation of an Adequate Cavity in Water and 
Suppression of an Corresponding Cavity in the Organic 
Phase. This step involves the destruction of some hydro
gen bonds between water molecules. The number of hy
drogen bonds that must be destroyed is proportional to 
the volume of the cavity; consequently the corresponding 
free energy change will be proportional to the molar vol
ume <t> of the aniline

Â cav === Tlrfr
An alternative method to evaluate gcav could be derived 

from the scaled particle theory7-8 which expresses this free 
energy charge as a polynomial of the third degree of the 
radius of the sphere which excludes the centers of the sol
vent molecules. However, approximations must be made 
owing to the lack of sphericity of the cavities considered 
here.

(2) Formation of Hydrogen Bonds of the Type 0-H---N 
between Water and the Aniline Molecules. Owing to the 
basicity of the anilines, these bonds may be expected to 
constitute the major specific interactions between the 
anilines and water.

In a great variety of cases, Zeegers-Huyskens9 showed 
that for a given proton donor, the logarithm of the com- 
plexation constants for such bonds varies in linear fashion 
with the pKa of the proton acceptor. It may therefore be 
expected that the free energy variation corresponding to 
the formation of these 0-H---N bonds between the ani
lines and water will obey a relation of the form

Ago-H...N = ~ b -  ppKa (4)

where b and p are appropriate constants.
(3) Formation of N-H---0 links between the Anilines in 

Water. These bonds are expected to be weaker than the 
previous ones. It may therefore be assumed that, in an 
initial approximation, the free energy change correspond
ing to the formation of one bond is the same for all the 
anilines. Under these circumstances the molar free energy 
change is proportional to the number of N-H links (nN_H) 
that the aniline molecule bears

A g N -H ...O  =  c ( u n - h ) ( 5 )

In principle the coefficient c also depends on the pKa of 
the aniline owing to the expected dependence of the acidi-

(2) E. Meeussen and P. Huyskens, J. Chim. P h ys.. 63, 845 (1966).
(3) C. Columbic and G. Goldbach, J. A m er . C h em . S o c . . 7 3 , 3966 

(1951).
(4) (a) W. Kemula, H. Buchowski, and W. Pawtowski, R o cz . C h em ., 

42, 1951 (1968); (b) ibid., 43, 1555 (1969).
(5) A. Gomez, L. Lamberts, anc P. Huyskens, Bull. S o c . Chim. Fr., 

1734 (1972).
(6) J. Mullens and P. Huyskens, Annu. S o c . S cien l. B ruxell., submitted 

for publication.
(7) H. Reiss, H. L. Fiesch, and L. Lebowitz, J. C hem . P hys., 31  369 

(1959).
(8) R. A. Pierotti, J. Phys. C h em ., 67, 1840 (1963); 69, 281 (1965).
(9) (a) A. M. Dlerckx, P. Huyskens, and Th. Zeegers-Huyskens, J. 

Chim. P hys., 62, 336 (1965); (b) P. Lutgen, M. P. Van Damme, 
and Th. Zeegers-Huyskens, Bull. S o c . Chim. B elg ., 7 5 , 824 (1966); 
(c) D. Clotman, J. P. Muller, and Th. Zeegers-Huyskens, ibid., 7 9 , 
689 (1970); (d) G. Lichtfus, F. Lemaire, and Th. Zeegers-Huysk
ens, S p ec tro ch im . A c ta , in press.
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TABLE II: pKa Values, Molar Volume, and Limiting Partition Coefficients of the Anilines between Cyclohexane and W ater at 25°

Aniline substituent pKa (25°) m l/m ol
Pt (exptl i, 
this work P u n t .) P 1 (calcd i

H 4 .6 0 ° 91.56 1.13 1.04,« 1.19*
2-M eth y l 4 .4 4 “ 107.80 4.45 4 .6 8 ,« 4 .04 * 3.84
3-M eth y l 4 .7 0 “ 108.82 3.53 4 .3 2 ,«  3 .8 0 * 3.49
4-M eth y l 5 .0 8 “ 1 1 0 .94 “ 3.13 3 .7 6 ,«  3 .5 3 * 3.17
2 ,6 -D im e th y l 3 .9 5 “ 124.17 14.34 22.2« 16.27
2 ,5 -D im e th y l 4 .5 3 “ 12 4 .7 5 e 16.7« 11.70
3 ,5 -D im e th y l 4 .9 1 “ 1 2 5 .23e 15.1« 9.49
2 ,4 -D im e th y l 4 .8 9 “ 1 2 4 .73e 16.8« 9.29
2-C h loro 2 .6 5 “ 105.79 12.15 1 7 .7 5 * 10.47
3-C h lo ro 3 .5 2 “ 105.33 4.91 7 .8 0 * 5.83
4-C h lo ro 4 .0 0 “ 1 0 1 .60e 3.94 4 .9 0 * 3.32
2 ,6 -D ich lo ro 0 .4 2 * 120.23^ 109.6 117.8
A /-M ethyl 4 .6 8 c 109.13 15.50 16.9« 14.39
W ,A/-D im ethyl 5 .1 5 “ 127.28 147.6 295« 148.7
W, N - Di m e th y l-2 -m e th y l 5 .8 5 “ 146.38 380 890« 356

a D. D. Perrin, 'Dissociation Constants of Organic Bases in Aqueous Solutions," Butterworths, London, 1965. bR. A. Robinson, J. R es . Nat. Bur. 
Stand.. S e c t . A. 68 (2), 159 (1964). C F. Aufauvre, Thèse de Doctorat, Clermont-Ferrand, France, 1969. “ Calculated value with the density at the melting 
point (mp 43.5°, d44S =  0.9659; Handbook of Chemistry and Physics, 59th ed, The Chemical Rubber Publishing Co., Cleveland, Ohio, 1968-1969). e G. 
Debecker, Thèse de Doctorat, Louvain, Belgium, 1970. f  Calculated value with the measured density at melting point (mp ~36 .5°, d -  1.34758). « Ref
erence 3. h Reference 4a. 1 Reference 4b.

ty of the N-H protons on this factor. However, as a first 
approximation, the variation of c in the case of the ani
lines studied here can be disregarded, for the p  values be
come low for weak complexation constants.9

(4) Formation of Specific Bonds of the Type O-H-.-ir 
and Possibly of the Type O-.-ir between the OH Group or 
the Lone Pairs of Electrons of the Water Molecules and 
the 7r Electrons of the Aromatic Ring of the Aniline. It 
may be assumed as a first approximation that the corre
sponding variation of free energy remains constant for all 
the anilines.

A gn... = ~d (6)
(5) Changes in the Nonspecific Interactions. These 

changes, which must be of minor importance, are propor
tional to the surface of the aniline molecules and so, in a 
rough approximation, to their molar volume

Agns = «'0 (7)

(Here also an alternative way to compute this term could 
be derived from the scaled particle theory.)

Assembling these various contributions to the free ener
gy change, one can write

RT In Pi = Agcav + Ago-H...H + AgN_H...o + Ag,.... +
Agns = (a + a’ )4> ~ PpKa -  c (n N_H) -  (b + d) (8)

Comparing the limiting partition coefficient P1 of an ani
line with that of the unsubstituted aniline Pi° and owing 
to the presence of two N-H links in unsubstituted aniline, 
we can expect a relation of the form

log(Pi/Pi°) = A(<t> -  ct>°) -  B(pKa -
PKa°) + C[2 -  (nN_H)] (9)

IV. Comparison with the Experimental Values and De
ductions. The coefficients A, B. and C of eq 9 were com
puted from our experimental values of Pi using a least- 
squares method; with these values eq 9 becomes

log(Pi/Pi°) = 0.030(0 -  0°) -
0.28(pfia -  pKa°) + 0.60[2 -  (nN_H)] (10)

TABLE I I I :  Enthalpy and Entropy Changes with the Transfer of 
the M onom olecules from W ater to Cyclohexane

Aniline sub
stituent T, °C Pi

A H,°, 
kcal 

m o l- 1

A H ^ ,  
(exptl), 

kcal 
m o l-1

ASP, 
cal °K 
m o l-1

A H : ° 
(calcd), 

kcal 
m o l_1

N one 15 0.90 12.2
None 25 1.13 3.57 3.48 12.2
None 35 1.35 12.2
2 -M eth y l 15 3.83 12.6
2 -M eth y l 25 4.45 2.86 3.07 12.6 3.02
2-M eth y l 35 5.30 12.6
4 -M eth y l 15 2.60 13.2
4 -M eth y l 25 3.13 3.26 13.2 3.17
4-M eth y l 35 3.74 13.2
A /-M ethyl 15 13.90 12.8
N -M e thy l 25 15.50 2.17 12.7 2.25
N -M e thy l 35 17.80 12.8

By means of this equation, we recalculated the various Pi 
values. The results are given in Table I. The calculated 
values do not differ by more than 20% from our observa
tions.

The transfer heat AHC is related to Pi by the equation
AH\° = —RT\nP\ +  Ta Si ° (11)

Using eq 2 for evaluating ASi°, AHp can be deduced from 
expression 9 and this gives

A H i ° =  A H i ° °  -  0 .0 3 0 ( 0  -  0 ° )  +
0 .3 8 (p A Ia -  p K a°)  -  0 .8 2 (2  -  n N_H) (12 )

where AHV0 refers to the unsubstituted anilines.
The values of AHV calculated by means of this equa

tion are shown in Table III. The calculated values and the 
experimental ones are again in fairly good agreement, thus 
justifying the approximations made in deriving eq 9.

It can also be noted here that the value of AHV given 
by calorimetric readings5 for 2-chloroaniline is 2.60 kcal 
mol-1, while the calculated value from eq 12 is 2.44 kcal 
mol-1.
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On the other hand, an expression for AHi° can also be 
found by differentiating eq 9 with respect to 1/T. From 
the Van’t Hoff law

A = -2.3B(dlogP1/d l/7 ’) (13)
it follows that

A Hp = A# !00 -  2.3 R(0 -  0°)(d A/d 1/T) -  
2.3i?A(d(0 -  0°)/d 1/71) -  

2.3(pKa -  pKA°)(d B/d 1/T) -  
2.3RB[d(pKa -  pKa°)/d 1/T] -

2.3f?(2 -  nN.H)(d C/d 1/T) (14)
It can be assumed, as a first approximation, that the de
rivatives d(0 -  <f>°)/(d 1/T) and d(p/fa -  pK'a°)/(d 1/T) 
are proportional respectively to the differences (0 -  4!>°) 
and (pXa -  pKg0). This leads to an expression of the form 
of eq 12.

If, as a crude approximation, the two terms of eq 14 
arising from the variation of (4> ~ 0°) and (pKa -  pKa°) 
with the temperature are neglected, and if the values of 
A, B, and C at 35 and 15° are used for estimating their 
derivatives with respect to 1/T, one obtains the following 
expression

AfiT = AHi°° -  0.04(0 -  0°) +
0.7(pKa -  pKa°) -  0.8(2 -  nN.H) (15)

whose coefficients remain of the same order of magnitude 
as those obtained using eq 2.

For most of the anilines studied here that are not N 
substituted, the differences between the Pi and A Hi 
values are chiefly due to the changes in molar volume. 
This result is in agreement with the observations of Przy- 
borowska and Soczewinski,10 who studied the chromatog
raphy parameters of methyl derivatives of aniline and 
concluded that their chromatographic behavior was main
ly determined by the molecular volume of the solute while 
basicity plays only a minor part in the neutral systems. 
On the other hand, we can compare the coefficient A with 
the effect of increasing the molar volume of the alcohols 
upon their Pi coefficient in the same solvents. From pro
panol to heptanol we determined in a previous work11 an 
increment of 0.68 in log Pi for each addition of a CH2 
group. This addition corresponds roughly to an increase of 
18 ml in the molar volume, giving an increase of 0.038 per 
ml, of the same order of magnitude as the A constant 
found for the anilines.

The last term of eq 9 and the corresponding term of eq 
12 are very important. When these terms are disregarded, 
the calculated values of Pi are four times too low for N- 
methylaniline (and fifteen times too low for the Â AT-di- 
substituted anilines), and the transfer enthalpies are 0.8 
kcal too high.

These terms were introduced to take into account the 
formation of the N-H---0 bonds between the anilines and 
water. It is difficult to interpret as a result of steric hin
drance of the H substituents, for such effect will also ap
pear in the pKa values of the anilines. The importance of 
the last terms in eq 9 and 12 may therefore be considered 
as a strong indication of the formation of the N-H---0 
bonds. The equilibrium constant KN_H...0 of the complex- 
ation of water molecules by these bonds can be estimated. 
Taking into account the concentration of the water in the 
dilute aqueous solutions, this constant is related to the 
variation of free energy, and consequently to the C param
eter by the expression

log(55.5KN_H...o) = C (16)
This gives for KN_H. ..0 an order of magnitude of 0.1 M -1.

The Pi value of the Cl derivatives fits well with the pro
posed equation. This equation, however, does not take 
into account the formation of 0-H---C1 bonds between 
water and these derivatives. This shows that these bonds 
do not play an important role in the stabilization of the Cl 
derivatives of aniline in water.

Another factor that was not taken into account is the 
influence of the varying dipole moments of the com
pounds. That this influence can be disregarded may be 
due to the fact that it is cancelled out in the two phases.

Experim ental Section

The partition experiments were performed using a 
method described by Brown and Burry.12 The Hilger Ray
leigh M 75 interference refractometer with the cell M 160 
for liquids was used for the determination of the concen
trations. Cell thicknesses were 1, 3, and 10 cm depending on 
the concentration range. About 60 standard solutions, 
covering the whole range of concentrations investigated, 
were used for the calibration of the interferometer. These 
solutions were saturated with the other solvent in order to 
take into account the mutual solubility of the phases.

The reagents used were cyclohexane (Merck pro anal- 
ysi) and distilled water. All the anilines were Fluka pur- 
issimum except 2,6-dimethvlaniline which was purified by 
distillation in vacuo.
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A theory is presented for the salt rejecting characteristics of porous membranes, whose pore size is large 
compared with molecular dimensions, under reverse osmosis conditions where the saline solution is 
moved through the membrane pores by an applied pressure gradient. The salt rejection mechanism is 
assumed to be an electrokinetic one resulting from charge built up on the interior surfaces of the materi
al when in contact with the salt solution. The performance of the porous material is shown to depend on 
three parameters: the ratio of Debye length to effective pore radius; a dimensionless wall potential relat
ed to the f  potential; and a Peclet number based on the filtration velocity through the pore, the mem
brane thickness, and the diffusion coefficient of the salt in the water. A universal correlation is given for 
the fractional salt rejection in terms of the three membrane parameters. Experiments were carried out 
on the salt rejecting properties of compacted clay, through which saline solutions were forced under high 
pressures. Absolute comparisons between the experimentally determined and theoretically predicted re
jection characteristics are shown to be excellent. A comparison of the theory with experimental data of 
Michelsen and Harriott on cellophane also shows very good agreement.

In troduction

It has long been known that clays2’3 and other porous 
solids have the property of partially rejecting salt when a 
saline solution filters through them. The same phenome
non has been evidenced by many relatively porous materi
als including cellophane membranes4 and porous glass,5 
as well as by finely porous materials like ion exchange res
ins.6-7 Porous dynamically formed membranes developed 
by the Oak Ridge National Laboratory group,8-9 as, for 
example, those formed from colloidal dispersions of hy
drous oxides, solutions of hydrolyzable salts, and solutions 
containing small concentrations of organic polyelectro
lytes, have been proposed for and successfully used in 
brackish water desalting applications. In many such 
macroporous materials, where the pore size is large com
pared with molecular dimensions, the rejection mecha
nism has been assumed to be an electrokinetic one, result
ing from charge built up on the interior surfaces of the po
rous material when in contact with the salt solution.

The salt-rejection phenomenon in reverse osmosis (hy
perfiltration) through macroporous media can be analyzed 
in terms of a relatively simple physical model, where the 
fluid is assumed to flow through the porous material»cia a 
series of uniformly distributed, straight, cylindrical pores. 
The problem can first be solved for a single capillary and 
then transformed back to apply to an actual porous medi
um by expressing the effective pore radius and pore length 
in terms of physically measurable bulk quantities like the 
permeability, porosity, and thickness of the porous bed.10

The physical mechanism of salt rejection in a flow 
through a capillary with a charged interior wall is qualita
tively clear. The surface charge gives rise to a potential 
field which extends a distance approximately equal to the 
Debye length into the liquid within the pore. Within this 
region, there is an excess of ions (counterions) having a

charge opposite to that of the wall. If a pressure gradient 
is applied to make the salt solution flow through the pore, 
then because of an excess of charge of onfe sign within the 
pore liquid there results a net transport of charge and the 
buildup of the streaming potential. The effect of the po
tential is to set up an electric field parallel to the surface 
which will increase the transport of the coions and reduce 
that of the counterions until there is an equal steady-state 
transport of positive and negative ions, the feed and ef
fluent solutions being insulated from each other so that 
there is no current flow. In this steady-state salt and 
water are transported through the capillary, but not 
charge. However, the net effect of the coion exclusion and 
the axial field is such as to cause the ratio of the molar 
salt flux to the volume flux of water to be less than the 
molar salt concentration on the upstream side of the 
membrane. In other words, the membrane tends to reject 
salt.

Related electrokinetic phenomena in a simple capillary 
tube have been analyzed in a large number of works.11 In

(1) Present address: Politecnico di Torino, Torino. Italy.
(2) A. S. Michaels and C. S. Lin, Ind. Eng. C h em ., 47, 1249 (1955).
(3) J. G. McKelvey and I. H. Milne, "Clays and Clay Minerals," Vol. 9, 

Pergamon Press, New York, N. Y., 1962, p 248.
(4) D. L. Michelsen and P. Harriott, “ Membranes from Cellulose and 

Cellulose Derivatives," A. F. Turbak, Ed., Wiley, New York, N. Y., 
1970, p 27.

(5) K. A. Kraus, A. E. Marcinkowsky, J. S. Johnson, and A. J. Shor, 
S c ie n c e . 151, 194 (1966).

(6) J. C. McKelvey, K. S. Spiegler, and M. R. J. Wyllie, C h em . Eng. 
Progr. Sym p. S er.. 55, No. 24, 199 (1959).

(7) S. B. Sachs, E. Hotter, and O. Kedem, OSW (O ff. Saline W ater) 
R es . D ev e lo p . Progr. R ep .. No. 324 (1968).

(8) A. E. Marcinkowsky, K. A. Kraus, H. O. Phillips, J. S. Johnson, Jr., 
and A. J. Shor, J. A m er . C hem . S o c .. 88, 5744 (1966).

(9) K. A. Kraus, A. J. Shor, and J. S. Johnson, Jr., D esa lin a tion , 2, 243 
(1967).

(10) A. E. Scheidegger, “The Physics of Flow through Porous Media,” 
University of Toronto Press, Toronto, 1963.

(11) J. T. Davies and E. K. Rideal, “ Interfacial Phenomena," Academic 
Press, New York, N. Y., 1963.
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general the earlier treatments were approximate and ap
plied to the case where the Debye length was small com
pared with the tube radius and/or the surface charge was 
sufficiently small that the Poisson equation could be lin
earized. Dresner12 solved the capillary model without ei
ther of these assumptions, but he considered only the spe
cial case of electro osmosis where the flow of the electro
lyte is associated with gradients in pressure and electric 
potential across the membrane but with no concentration 
gradient. He showed the dependence of various electroki- 
netic quantities such as the streaming potential on both 
the surface charge and Debye length to radius ratio. How
ever, because no calculations were carried out with an 
axial concentration difference the corresponding informa
tion on the salt rejection characteristics of the capillary 
was not obtained.

A paper on the capillary membrane problem was pub
lished in 1968 by Gross and Osterle13 for the general case, 
assuming only that the Debye sheath can be described by 
the Chapman-Gouy model. However, as will be noted in 
connection with the model to be adopted, an approximate 
form for the axial ion concentration distribution was im
plicitly introduced. Their formulation was the usual 
phenomenological one in which the transport of ions and 
water molecules results from the effects of gradients 
across the membrane in pressure, concentration, and elec
trical potential. The authors applied their model to some 
fundamental electrokinetic problems, but restricted them
selves to small concentration gradients and did not work 
out explicit solutions for the problem of interest here.

In the present paper we apply the capillary membrane 
model to derive explicit solutions for salt rejection for a 
viscous flow driven by a pressure gradient through a 
macroporous medium with charged interior surfaces. The 
analysis is carried out for the case of a dilute fully disso
ciated salt solution, and we assume the potential of the 
pore wall to have a fixed value independent of salt con
centration. In order to check out the theoretical results 
derived for the salt rejection characteristics, hyperfiltra
tion experiments were carried out on the salt rejecting 
properties of compacted clay. Measurements were made of 
the wall potential and all of the bulk properties which de
termine the parameters appearing in the theoretical solu
tion. In what follows we shall describe the general experi
mental setup along with the results and comparisons with 
the theoretical predictions. Comparison of the theory with 
experimental data of Michelsen and Harriott4 on cello
phane will also be presented.
M odel and E quations

For the capillary membrane model described in the In
troduction the performance of a single cylindrical capil
lary pore characterizes the membrane performance as a 
whole. This is a consequence of relating the membrane 
permeability, porosity, and thickness to an equivalent uni
form distribution of cylindrical pores having the same ra
dius and length. The interior wall of the capillary is as
sumed to become charged when in contact with a saline 
solution, as a result, for example, of ion adsorption, sur
face chemical reaction, or other reasons.14 This surface 
charge leads to the formation of a Debye screening layer of 
opposite charge in the liquid adjacent to the wall. The 
ratio of this thickness (Ad ) to the pore radius ( a )  will be 
one measure of the salt rejection, with the salt rejection 
being greater the larger is this ratio.

In the analysis to follow we adopt a cylindrical coordi
nate system (x,r) with x positive in the direction of flow 
and r the radial coordinate with origin at the axis of sym
metry. Following Gross and Osterle13 we split the electric 
potential $ into two parts

$  = <¡){x) +  ip(x,r) (1)
where the total potential <F is connected with the ion con
centration distribution c*(x,r) through the Poisson equa
tion, the subscript + referring to cations and the subscript 
— to anions. Because of the cylindrical symmetry of the 
problem, within the pore there is no net ion flux or bulk 
flow in the radial direction. The integration of the radial 
ion flux equations leads to the radial ion concentration 
distribution being in Boltzmann equilibrium with respect 
to the radial component of the field,

c*(x,r) = fl(x) exp[Ti/(x,r)] (2a)

= c(x) exp[T^(x,r)] (2b)

Here if = ZF\f/(RT is the dimensionless radial potential, Z 
is the absolute value of the charge number which we shall 
take equal for the positive and negative ions, F and (R the 
Faraday and gas constants, respectively, T the absolute 
temperature.

With f*(x) undetermined functions, eq 2a applies at any 
station within the pore. For the case when the Debye 
length is very small compared with the capillary radius, 
the potential in the central core of the capillary depends 
essentially on x alone, and the positive and negative ion 
concentrations are equal except within the thin Debye 
sheaths next to the wall. For this case we have c+ •= c_ in 
the core of the capillary where we set \f = 0. Equation 2a 
then takes the approximate form given by eq 2b, with c(x) 
the salt concentration in the core where the total potential 
is defined by 4>(x).

Although eq 2b was derived only for conditions within 
the pore it can also be taken outside the pore, since it 
contains the conditions of equilibrium for the ionized 
species at the pore entrance and exit. We emphasize again 
that it is generally applicable only in the limit when the 
Debye length is small. However, when the Debye length is 
comparable with the pore radius or larger, eq 2b still de
scribes accurately the situation within the pore near ei
ther end of it, but inside the rest of the pore it implies a 
certain axial distribution of charge either on the pore wall 
or in the solid wall material.

Throughout their formulation for arbitrary Debye 
lengths, Gross and Osterle13 used eq 2b rather than eq 2a. 
We shall adopt this approach, since the use of eq 2b 
greatly simplifies the analysis and the calculations for ar
bitrary Debye length. The results obtained for integrated 
quantities, such as, salt rejection and streaming potential, 
are rigorous for small Debye lengths, and in the general 
case they satisfy all the boundary conditions and repre
sent a good approximation to the exact solution.

With a denoting the radius of the cylindrical pore, the 
potential \f(x,a) = \fv, is termed the wall potential. In the 
present development we shall assume the wall potential 
\pw to be constant, largely because it is a reasonable as
sumption for a number of materials in typical aqueous so-

(12) L. Dresner, J. Phys. C h em ., 67, 1635 (1963).
(13) R. J. Gross and J. F. Osterle, J. C h em . P h ys., 49, 228 (1968).
(14) P. Sennit and J. P. Olivier, "Chemistry and Physics of Interfaces," 

American Chemical Society, Washington, D. C., 1965, p 73.
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lutions. However, the salt concentration varies along the 
pore and in general the wall potential may not remain 
constant. Depending on the particular solid-liquid inter
face14 instead of a constant wall potential a constant 
charge density might be more appropriate, although most 
interfaces are expected to behave in a manner intermedi
ate between these two limits.

With the pore length large in comparison with the radi
os a, the Poisson equation governing the potential distri
bution can be shown to be expressible in the dimension
less form13

Here r = r/a and A = Ad/a where the Debye length is 
given by

\d = (((RT/2cZ2F2) 1!2 (4)
with e the permittivity. We note that X is a local value 
which depends on x through the dependence of Ad on the 
salt concentration c(x). Equation 3 is solved subject to the 
constant wall potential condition \j/ =  ÿ w at r = 1 and to 
the symmetry condition on the pore axis <l\j//dr = 0 at r 
= 0. Although we shall discuss later analytic solutions of 
this equation which are available for large and small 
values of the Debye ratio X, we would only note here that 
in general eq 4 can be solved numerically when coupled 
appropriately to the equations for the concentration dis
tribution. To illustrate the behavior of ÿ we have shown in 
Figure 1 the potential distribution across the pore calcu
lated for a wall potential \p(l) = 2.79 for different constant 
values of X. It can be seen that the influence of the poten
tial, and hence the salt rejecting characteristic, increases 
markedly with X, and for a Debye ratio greater than about 
2 the potential distribution is closely characterized by the 
constant value it assumes when X -»  <=.

To complete the statement of the problem we must 
write the Nernst-Planck equations for the ion fluxes 
which couple the ion concentration distribution to that of 
the potential. Employing eq 1 and 2 the flux equations 
may be written

j± = uct -  Dexp(Ti//)(dc/dx) T Dc*(d0/dx) (5)

where j  denotes the ion flux per unit area, </> -  ZF4>/(RT, 
and D  is the diffusion coefficient which we have taken 
equal for the positive and negative ions.

For hyperfiltration conditions, where the flow velocity 
resulting from the applied pressure gradient is large in 
comparison with that resulting from either the concentra
tion or potential gradients across the membrane, the ve
locity distribution in the cylindrical pore is given by the 
Poiseuille relation

0  r/a 1.0

Figure 1. D im en s ion less  rad ia l p o te n tia l d is tr ib u tio n  a c ro ss  a 
cy lin d r ic a l po re  fo r d iffe re n t D ebye  ra tio s  and a fixed  w a ll po 
te n tia l (\pw  =  2 .7 9 ).

present problem there is no net current through the pore 
so that from eq 2b, 5, and 6

Js = +2cQK1 -2ADK3(dc/dx) + ìADcK^d^/dx) (7a)
0 = -  2cQK2 + 2ADKi(dc/dx) -  2ADcK3(d/>/dx) (7b)

The K ’s are definite integrals of functions of over the 
cross section defined by

K t = d  cosh \p(\ — r'2)rdr, K 3 =  2 f  cosh'/'Pdr 
Jo Jo

(8)

K2 =  4 f  sinh^(l — r2)rdr, K 4 = 2 f  sinhi/'rdr 
Jo Jo

Since \p is determined from the solution of eq 3 it follows 
that the K’s are functions of \j/w and A(c) or alternatively 
\pw and A(x), thereby coupling any solution of the ion flux 
equations to that of the Poisson equation.

Elimination of dtj>/dx in eq 7 leads to the following 
equation for the salt concentration

{Ki/Pe)(dc/dx) -  c = -ciiK2 (9)
Here, the axial coordinate x is made dimensionless with 
respect to the pore length L and Pe is the Peclet number 
based on the average pore velocity

x = x/L, Pe = VL/D = QL/AD (10)

We have chosen for the reference concentration the known 
feed concentration ci at x = 0. With the product concen
tration at x = L denoted by cn( = JS/2Q)

u =  2V(1 -  r2) (6)

Here, the mean flow velocity V =  Q/A with Q the total 
volume flow rate and A  the pore cross-sectional area. 
When the pressure gradient across the pore is not suffi
ciently large it is necessary to take into account the modi
fications to the Poiseuille flow resulting from the concen
tration gradient and, in particular, the potential gradient2 
as, for example, in the treatment of Gross and Osterle.13

Of interest is the total flux J which may be obtained by 
integrating eq 5 over the pore cross-sectional area. The 
total flux of dissociated salt molecules is given by Js = J+ 
+ J-, while the total current is I = ZF(J+ -  J_). In the

c = c/ci, en = 1 -  R = cn/ci = Js/2Qa (11)
The salt rejection coefficient R defined above is equal to 1 
for complete salt exclusion by the membrane and 0 for no 
exclusion.

The functions /ci and «2 appearing in eq 9 depend on the 
K’s and are defined by *

X! =(K s2 -  K ^ / iK .K s -  K2K,)
«2 = Ka/i^Ks -  K2Ki )

Since ki and k2 depend on \pw and A(c) through the K’s it 
follows that eq 9 is coupled with the Poisson eq 3. These 
equations can be solved numerically, as, for example, by
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Pe

Figure 2. S alt re je c tio n  c o e ffic ie n t o f a cy lin d r ic a l po re  w ith  a 
con s tan t su rface  po ten tia l fo r la rge  D ebye ra tio  as a fu n c tio n  of 
P ecle t num ber, and com pariso n  w ith  exp e rim e n ts  on co m p a c te d  
c lay.

treating *i and k2 as functions of c and solving the system 
by a direct step-by-step forward marching procedure in x. 
Alternatively an iterative procedure could be used in 
which « 1  and «2 are treated as functions o f  x with initial 
values, say, taken constant. Equation 9 is then a first- 
order linear equation in c with constant coefficients from 
which a first approximation for c(x) and A(x) are readily 
found. The Poisson equation can then be integrated for 
and new values o f « i and k 2 obtained, with the procedure 
repeated until convergence is achieved. Other numerical 
procedures are also possible.

P aram eters and Solutions

From the system o f equations and boundary conditions 
defining the pore problem it is easily shown that the re
jection  coefficient R = -Ac/c\  will depend on three d i
mensionless parameters. These parameters are the dim en
sionless wall potential ^w, the Peclet number Pe, and the 
Debye ratio Ai which is the ratio o f the Debye length eval
uated at the feed concentration to the pore radius. That 
the Debye ratio parameter is based on the feed concentra
tion is a result of having chosen this concentration as the 
reference value. This same general result can be shown to 
hold for the streaming potential A <j>. T o  determine the ex
plicit solution behavior in its dependence on the param e
ters <pw, Pe, and Ai can only be done in general num erical
ly. However, before presenting the num erical solutions we 
shall investigate a number o f analytic asym ptotic solu
tions for limiting values o f the dimensionless similarity 
parameters. Such analytic solutions, apart from their own 
value, can serve as a guide to how the numerical solutions 
scale with changes in the parameters.

Two limiting cases o f particular interest are for large 
and small values o f the Debye ratio. For values o f A large 
\p becom es independent o f A, while for values which are 
sufficiently small A may be taken constant and set equal, 
for example, to Ai so that i  = \f,(r; i} w, Ai). It follows that 
in either case the K ’s o f eq 8 , and hence «i and k2 o f eq 1 2 , 
are constants dependent at most on \pw and \i. Equation 9 
is then easily integrated subject to the conditions that c =
1 at x = 0 and c = Cu at x  =  1. This leads to the following 
general expression, valid in either the small or large 
Debye ratio limits, for the concentration ratio across the 
pore

=  1 -  R = (1 + k2) +  k, e,v/‘>
(13)

Eliminating d c /d x  in eq 7b by means o f eq 9 and c(x) 
by means o f the solution o f eq 9 just described, yields a 
simple quadrature for $(x). In this manner one can deter
mine the corresponding streaming potential across the 
capillary. W ith some manipulation this result may be ex
pressed in the form

A *  -  -  In [ ( 1 ~ ^ ! ~ ' 7 '  +  - ]  (14)

where A<j> =  <jm — <j>i is the dimensionless potential differ
ence between the solutions at the pore ends (with the p o 
tential made dimensionless with respect to  SiT/ZF). The 
parameters K3 and x4 are here defined by

k, =  K j K , ,  Ki =  K j K ,  (15)

We next consider the specific solution for A everywhere 
sufficiently large com pared to one. Physically this situa
tion corresponds to a problem  which is one-dim ensional in 
x, with the salt rejection taking place entirely in the 
“ th ick”  sheaths which are formed outside the pore at the 
feed entrance and product exit. It was shown in the last 
section that the large Debye ratio behavior is already 
manifested at values o f A >  2. This is principally a conse
quence, as may be seen from eq 3, o f  the fact that the re
quirement for the lim it is A2 »  1 which is a weaker one 
than A »  1. For this lim it it is readily apparent from Fig
ure 1 and eq 3 that i}(r) is constant across the capillary 
and the solution of eq 3 satisfying the boundary conditions 
is simply \p =  ÿ w. It follows that

K i  =  K 3 =  co sh i/v , K 2 = = sinhi/v- (16)

from which

k\ — 1 , k2 — cosh \Jrw (17)

K3 — 1 , k4 — tanh

From eq 13 and 14 we find for A 3> 1 the following lim it
ing forms for the rejection coefficient and streaming p o 
tential

1 -  R =
____________ ePr_______  _
( 1 — cosh 1pK) +  ere cosh \p„ (18)

A <t> = - ta n h  1 In [(1 —cosh 1pw) +  ePe cosh ^ w] (19)

Figures 2 and 3 are plots o f  the rejection coefficient R as 
a function o f Peclet number for different values o f  the 
wall potential. The theoretical curves were calculated 
using eq 18. The data points shown in the figures will be 
discussed later in connection with the experim ental re
sults. For a fixed wall potential the rejection is seen to in
crease with the Peclet number, as it should, since the P e
clet number is a measure o f the ratio o f the convective to 
diffusive effects. At small Pe diffusion is dom inant with 
the result that there is a lower rejection, while at large 
values of Pe  convection is dom inant and the rejection is 
increased (see, e.g., eq 7a). The m axim um  possible rejec
tion for a fixed wall potential is given by the asym ptotic 
limit

R max — 1 ( 1 /cosh  l^w) (20)

obtained from eq 18 for Pe »  1 . The approach to this 
lim it is characterized by a typical relaxation behavior so 
that the rejection is already an appreciable fraction o f the 
asym ptotic value for Peclet numbers as low as 2 . T hat the
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F igure  3. S a lt re je c t io n  c o e ff ic ie n t o f a c y lin d r ic a l po re  w ith  a 
co n s ta n t s u r fa ce  po te n tia l fo r la rg e  D ebye  ra tio  as a fu n c tio n  o f 
P ec le t nu m ber, and co m p a ris o n  w ith  e xp e rim e n ts  o f M iche lsen  
and H a rr io tt4 on c e llo p h a n e  m e m bra nes .

rejection increases with increasing wall potential for all Pe 
is a direct consequence o f the increased effect o f the wall 
region on the charge distribution across the pore and 
hence on the rejection, as described earlier.

The opposite lim it o f X <C 1 (or really X2 <C 1) although 
am enable to analytic description is som ewhat more diffi
cult to evaluate. This lim it is characterized by the thin
ness o f the Debye sheath and hence relatively low rejec
tion. Because o f the thin sheath the transverse curvature 
term in the Poisson equation r - 1 (dtp/dr) m ay be neglect
ed in com parison with d2\p/dr2 and with X set equal to Xi 
eq 3 reduces to

d 2\p/dr2 = sinh i/ '/X i2 (21)

This equation has a first integral given by

Xi2(d y i/d f)2 = 2(cosh ip -  cosh ipo) (22)

where ipo is the radial potential on the pore axis. Equation 
22 can in turn be integrated, though not in terms o f ele
mentary functions, and r(,ip\ ipo) is expressible as an ellip 
tic integral o f the first k in d .15

For the lim its o f large and small ip eq 22 can be solved 
explicitly in terms o f elem entary functions. In the case 
where \p is everywhere sufficiently small that we may re
place cosh ip by 1 +  ( l /2 )y i2 (a condition which will be 
met, say, for \pw2 -C 1) eq 22 integrates explicitly  to give ip 
=  \po cosh (r /X i), where ipo =  ^w /cosh  (1 /X i) . It may be 
recognized that we can to good approxim ation neglect the 
terms o f order e x p (—1/X j) in which case the potential is 
given by

p  =  \pv.e~" ~ T,/X' (23)
This result is essentially the fam iliar one-dim ensional 
relation for a Debye sheath and in conjunction with eq 13 
could serve to characterize the analytic behavior o f the so
lution for small X. However, because o f the analytical 
com plexity and lim ited use of the results we shall restrict 
our discussion to the general behaviors already noted, 
these characterizations being useful for the scaling argu
ments which are given below. We would also note here 
that eq 23 can serve as the basis of an approxim ate treat
ment for all X.

One other lim it which we have already discussed for the 
case o f X large but which is o f  interest over the whole

F igu re  4. S a lt re je c tio n  c o e ff ic ie n t o f a cy lin d r ic a l po re  w ith  a 
co n s ta n t su rfa ce  po ten tia l fo r la rge  P ec le t n u m ber as a  fun c tion  
o f D ebye ra tio , and c o m p a riso n  w ith  e xp e rim e n ts  on co m p a c te d  
c lay.

range o f Debye ratios and \pw is the case o f P e  »  1. We 
may observe from eq 13 that the rejection ratio has a re
laxation behavior as a function o f Pe o f  the same type for 
both small and large Debye ratios. As we have already 
shown, for the case X »  1 and Pe ~  2 the rejection is an 
appreciable fraction o f its asym ptotic, P eclet num ber in 
dependent value. Therefore from eq 13 we may expect the 
same Peclet number independence for the sm all Debye 
ratio case. It is reasonable therefore that if this condition 
holds for the small and large Debye ratio lim its that the 
intermediate regime is also likely to manifest the large 
Peclet num ber independent behavior at relatively low Pe 
values. That this is indeed the case is seen in Figure 4 
which is a plot o f the rejection as a function o f the Debye 
ratio Xi for two different values o f the wall potential. The 
theoretical curves were obtained from a com plete num eri
cal step by step solution with Pe »  1( » 1 0 ) .  Although not 
shown, com parison with other exact num erical calcula
tions for Pe =  2 shows the results to be alm ost the same, 
with the P e =  2 results only slightly below those for large 
Peclet number. The curves o f  Figure 4 clearly indicate the 
increasing rejection with larger Debye ratio X i, which fo l
lows from the arguments given earlier. Furthermore, the 
rapid increase in rejection with Xi is seen to take place at 
Xi ~  1, which is also consistent with the expected expo
nential increase around this value (cf.  eq 23). The data 
shown in Figure 4 will be discussed in connection with the 
presentation o f the experimental results.

The similarity o f the fam ily o f theoretical rejection 
curves as a function of Peclet num ber for different values 
of with Xi »  1 (Figures 2 and 3) and the similarity of 
the fam ily of rejection curves as a function o f the Debye 
ratio for different values o f \pw with P e  »  1 (Figure 4) 
suggest that it might be possible to em pirically correlate 
these solutions in the general case with a single universal 
correlation for the rejection coefficient R in terms o f the 
three parameters Xi, \pw, and Pe. T o  carry out this corre
lation we use as a guide the lim iting asym ptotic solutions 
which have been derived.

Equation 13, which is valid for both small and large

(15) E. J. W. Verwey and J. Th. G. Overbeek, "Theory of the Stability of 
Lyophobic Colloids," Elsevier. New York, N. Y., 1948, p 67
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Figure 5. Empirical universal correlation of salt rejection coeffi
cient. R and X are defined in eq 33-35. Points represent exact 
numerical solutions.

Debye ratios, serves as a guide for the scaling of the fami
ly of solutions of R as a function of Xi for different values 
of Pe with constant. The parameters xi and k2 of Xi 
and *w appearing in eq 13 were evaluated only in the 
large Debye ratio limit, where they become /ci = 1 and k2 
= cosh *w. We recognize, however, from eq 9 for the axial 
salt concentration distribution that Pe/ij should repre
sent the ratio of the time for the salt to diffuse across the 
length of the capillary in the sheath region compared to 
the time for it to be convected across (or alternatively the 
ratio of the axially convected to the axially diffused flux 
within the sheath). If we observe that the average stream- 
wise velocity along the capillary in the sheath is given ap
proximately by V(8d/o), where 5d is the “ sheath thick
ness, ” then in order of magnitude

(Pe/m) ~  (VL/D)(8u/a) (24)
with xi ~  o/Sd. It follows that for large Debye ratios, 
when the sheath region fills the capillary, ki = 1 consis
tent with the previously obtained result.

From numerical solutions of the Poisson equation the 
qualitative behavior of 8o/a is of the form

8o/a ~  1 -  exp(-aXi/^w) (25)
where a is a constant. It is to be noted that the calcula
tions were carried out over a wide range of Ai(~0.1 to 2) 
but for only the relatively narrow range of of interest 
(=»1.2 to 2.8). The linear function of \pw should be inter
preted in this context. In any case, the empirical form of 
eq 25 is physically reasonable, approaches the proper lim
its for small and large Ai, and is consistent with all the 
derived asymptotic limits such as eq 23.

From eq 13 with k2 = cosh and eq 24 and 25 the Pe- 
clet number dependence can be shown to be scaled out of 
the rejection R, referenced with respect to the maximum 
value of eq 20 by the relations

+  1 -1 r r o s h f c , 1 (26)

xf max L cosh „̂(eee/*, — 1) J |_ cosh l/'w — 1 J
with

Pe/xi = Pe[l — exp(-5Ai/^w)] (27)
Here we note that the scaled rejection coefficient is denot
ed by R and that the value of a = 5  was determined em
pirically.

To scale out the dependence on of the family of so
lutions of R/Rmax as a function of Ai it is necessary to de
termine what is the “ proper” scale measuring the sheath 
thickness. As in all nonconstant density boundary layer- 
sheath type problems, the appropriate normal scale is a 
length which is measured by the integral of the density 
over the normal coordinate, and not the value of the coor
dinate itself, in this case Ai when measured in pore radii. 
For the present problem the appropriate “ density” is the 
counter ion charge distribution in the sheath, which is 
proportional to exp i~p. Consistent with the derived asymp
totic relations we may estimate a mean charge strength 
over the sheath as exp(^wAi/2) and conclude that a proper 
normal scale, denoted by Ai, is

Ai = Ai exp(Ai^w/2) (28)

Figure 5 presents numerical calculations for the rejec
tion coefficient for various ranges of the parameters \pw, 
Pe, and Ai. These results are plotted using the scalings of 
eq 26-28. It can be seen that all of the solutions collapse 
onto a single curve which to good approximation is given 
by

R/Rmax = exp( -0 .4  A i '1-05) (29)

A slightly more accurate representation for small Ai is 
given by

R/Rmax = 2.6A,2 (Ai2« : 1) (30)
We present the above result to indicate that the empiri
cally correlated behavior has the correct asymptotic form 
in the small as well as in the large Debye ratio limit. That 
the three parameter family of theoretical solutions for the 
rejection can be scaled to a single universal curve is clear
ly of significance for the characterization of membranes 
described by the present model. In the sections which fol
low we shall show that experimental membrane data com
pares well with the universal correlation.

T ran sform ation  to P orous M em brane

The architecture of a real membrane or porous bed is of 
course much more complex than that of our simple model. 
The flow takes place not in continuous pores of specified 
radius and length, but rather via the random interstices in 
a fibrous or granular structure which an experimenter can 
often characterize only by a bulk permeability k, a porosi
ty 7, and a thickness h. It is nevertheless possible to make 
a rational definition of an effective pore radius and an ef
fective pore length, the quantities which must be specified 
in our model, in terms of the measurable bulk properties 
of a membrane or porous bed. We choose for this purpose 
those values of pore radius and pore length which give a 
simple capillary bed the experimentally measured perme
ability and porosity, and at the same time yield a perme
ability coefficient which is in agreement with the widely 
applicable Kozeny-Carman relation.

The permeability coefficient k is defined in terms of 
Darcy’s law

q = -(fe//i)(A p/h) (31)
Here q is the volume flow rate per unit cross sectional 
area of the bed, Ap the pressure difference across the bed, 
h the thickness of the bed, and m the viscosity of the per
meating fluid. The Kozeny-Carman relation gives the 
permeability as10
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k = K[73/S02(l -  t)2] (32)
where 7 is the porosity of the bed, So the specific surface 
exposed to the fluid (surface exposed to the fluid per unit 
volume of solid), and K the Kozeny constant. Carman16 
showed that with K = 1/5, eq 32 applies to a wide class of 
materials.

If one assumes that the porous bed or membrane is 
traversed by capillaries of radius a and length L, through 
which fluid is transported by Poiseuille flow, one obtains 
for the permeability the expression

k = %(h/L)2[3/S02(l -  7)2] (33)
where the specific surface So is related to the porosity and 
the capillary radius by

S0 = (2/a)[7/( l  -  7)] (34)
The mean flow speed in a pore is found in this model to 
be

V=(q/y)(L/h) (35)
The capillary model is consistent with the Kozeny-Car- 

man equation and can be made to match it by setting the 
effective length L = h/V2K. The effective pore radius 
and mean flow speed are then given respectively by

a = 2{k/yK)l/2, V = q/yVIK (36)

With these relations we can express the two dimensionless 
parameters Pe and Ai in our theory in terms of the mea
surable bulk properties of the porous medium

Pe = VL/D = (l/2Ky)(qh/D) = -kAp/2Ky^D ( 3 7 )

Ai = [ ( A d ) i / q ] = {MTKy /8Z2F2kci)1/2 ( 3 8 )

where eq 4  was used for ' A d . In all the work reported here, 
the Kozeny constant was given the value determined em
pirically by Carman16 of K = 1 /5.

We note that the above matching procedure ignores the 
fact that the electrostatic effects associated with the salt 
rejection process actually ' influence the permeability 
somewhat.2'3 The resulting permeability change was, 
however, computed to be quite small in our experiments, 
and it can in fact be shown that even though the effect is 
sometimes measurable2 it is never a dominant one.
Experim ental Section

Experiments were performed on salt rejection in potas
sium chloride (KC1) solutions filtered through thin beds 
or “ membranes” of clay (Wyoming bentonite, 325 and 625 
mesh). The clay was chosen mainly because it is a sub
stance where electrostatic effects are known to be signifi
cant, and where salt rejection has previously been ob
served by other investigators.3 Clay beds are also relative
ly easy to prepare in a wide range of thicknesses and po
rosities.

The apparatus is shown schematically in Figure 6. The 
clay sample, 10 cm in diameter and typically 0.15 to 0.4 
cm thick, was held between two porous disks which were 
compressed by pistons. The compaction stress exerted by 
the pistons was always larger than the applied fluid pres
sure drop across the membrane. The side walls of the 
chamber were lined with Teflon and the feed and the 
product solutions were in electrical contact only through 
the clay membrane itself. The feed was pressurized via an 
inflatable balloon in the supply reservoir and circulated

Figure 6. E xperim enta l setup fo r m easurem en t o f sa lt re je c tio n  
by com pac te d  c lay.

(by convection: one of the connecting tubes was heated 
slightly, the other cooled) over- the feed side of the clay 
membrane so as to prevent concentration polarization. 
Silver-silver chloride reversible electrodes were fitted on 
either side of the sample for the measurement of stream
ing potential. All metal parts of the system, including the 
porous disks which supported the clay, were made of 
stainless steel.

The KC1 feed concentration in these tests was in the 
relatively narrow range between 0.005 and 0.012 N. The 
pressure drop applied across the membrane ranged up to 
2000 psi, and the porosity 7 was usually, between 0.45 and 
0.75. Typical product flow rates were measured.in cm3/hr.

For any given applied pressure difference Ap, steady-state 
measurements were made of the volume flow rate q per 
unit bed area, and the feed and product concentrations d 
and ci 1. The latter were determined by the standard titra
tion method. The permeability was calculated from Ap, q, 
and the bed thickness h. The porosity of the bed was de
rived from the dry weight of clay and the final wet volume 
of the porous bed, which could be controlled by the stress 
exerted by the compressing pistons. This stress was al
ways larger than Ap, so that the clay filled the compart
ment available to it. A clay grain density of 2.80 gm/cm3, 
quoted from pycnometer measurements by the clay supplier 
(Nispel, Inc.), was used in the calculation of porosity.

The aim of the experiments was to map out the depen
dence of the salt rejection coefficient R = (ci -  cul/c 1 (eq 
11) on the three dimensionless parameters which charac
terize the problem theoretically. These are the Peclet 
number Pe, the Debye ratio A1, and the dimensionless 
wall potential ^w. For the clay membrane the Peclet 
number is given by eq 37. Its value can easily be varied by 
means of the applied pressure difference Ap, and to a cer
tain extent through 7 which also controls k. The Debye ra
tion is expressed in terms of the bed properties by eq 38. 
Experimental control of this quantity is through Ci and 7.

The remaining parameter which must be determined in 
the experiments is the wall potential The wall poten
tial t̂ w is defined in the same way as the classical f  po
tential, in the sense that it represents the potential at the 
radius where the flow velocity goes to zero (this is the wall 
in our macroscopic, continuum formulation). Although 
this potential cannot be measured directly, it can be in-
(16) P. C. Carman, Trans. Inst. C h em . Eng, 15, 150 (1937); 16, 168 

(1938); J. S o c . C h em . Ind., 57, 225 (1938).
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Figure 7. Comparison with experiment of tneoretical universal 
correlating function for salt rejection coefficient.

ferred from measurements of classical electrokinetic quan
tities like the streaming potential. For flow through a cap
illary there is a classical relation between the wall poten
tial (here termed the f  potential) and the streaming po
tential A <t>

Here a is the conductivity of the solution in the capillary 
and ow is the surface conductance of the capillary materi
al. The classical relation given by eq 39 correctly repre
sents the wall potential only when the Debye length is 
negligible compared with the capillary radius, that is X\ 
—► 0. However, Oldham, Young, and Osterle17 have de
rived a correction which enables one to calculate a value 
of i/'w from f  in the more general case where Ai is finite. 
There are, however, several implicit assumptions in ref 16, 
not noted by the authors, which still restrict the correc
tion to small (but finite) values of Ai.

In the present experiments t/w was obtained from mea
surements of streaming potential, with Ai in the range 
0.1- 0.2. The correction of ref 16 was applied to the f  po
tential given by eq 39 to account for the finite value of Ai. 
The value of i/w obtained in this way was quite sensitive 
to the magnitude of the surface conductance term in eq 39 
which dominated. Street18 has shown that in the concen
tration r&nge 0.005-0.12 N  of our experiments, the surface 
conductance of bentonite in a KBr solution is about 4 X 
10-9 ohm-1, with the data scattering about ±10 to 15%. 
Since for bentonite the current associated with the surface 
conductance is carried by the cations,19 we assumed that 
Street’s value held also for our KC1 solution. In any case, 
this value is quite consistent with other estimates.19 The 
effective capillary radius appearing in eq 39 was evaluated 
from eq 36.

The value of i/'w was found to be somewhat dependent 
on the pH of the feed solution. At a feed concentration of 
0.0051 N KC1, i/'w was 30 mV at the normal pH value of 5 
±  0.3 found in the feed, while at a pH of 4 it rose to 40 
mV. These values are based on the assumption that trw = 
4 X  10- 9 ohm-1, and are subject to an absolute error 
equal at least to the scatter in Street’s data for cw, as 
mentioned above, that is ±10 to 15%. Whether i/'w was in 
fact constant, as assumed in our theory, or depended on 
salt concentration could not be conclusively established 
from the present limited data, mainly because the uncer
tainty in the surface conductance was large enough to

mask a possible variation with salt concentration. In any 
case, the feed concentration was varied only by about a 
factor of 2 in these preliminary experiments (indeed, most 
data are for a fixed feed concentration of 0.0051 N KC1) 
and it seems likely that we would not incur a gross error 
by approximating the wall potential as being independent 
of concentration.

Figure 2 shows data for the rejection coefficient as a 
function of the Peclet number. We note that the Peclet 
number is proportional to Ap, as expressed in eq 37, and 
hence this figure can be read as showing the rejection vs. 
Ap, as is commonly done when characterizing hyperfiltra
tion membranes. In these data the Debye ratio was kept 
relatively fixed about a sufficiently large value, for which 
the theory indicates the dependence of R on Pe should be 
essentially independent of Ai. For a = 10.9 and 16.3 A, the 
experimental wall potential was 30 mV, while for the a =
17.2 A data the wall potential was increased to 40 mV by 
decreasing the feed pH from 5 to 4, as mentioned pre
viously. The data for the two larger pore radii are for ci = 
0.0051 N, while for a = 10.9 A the feed concentration is 
0.01 N.

The agreement with theory is excellent. The theoretical 
trend with both Pe and i/'w is well confirmed. This agree
ment is all the more remarkable because the effective 
pore radius, as defined by eq 36, was only between 10 and 
20 A, which is not very large compared with molecular 
dimensions. Our macroscopic theory, which is based en
tirely on continuum concepts, nevertheless seems to pre
dict the results very accurately.

Figure 3 shows a similar plot of data for cellophane ob
tained by Michelsen and Harriott.4 These authors did not 
measure the streaming potential so that the value of \j/w 
for their data is unknown. However, with an assumed 
value of i/'w = 1.30 our theory provides an excellent match 
with these experimental results. This corresponds to a 
wall potential of 33.4 mV, a quite reasonable value for cel
lophane.

In Figure 4 we plot our data for clay to show the rejec
tion coefficient as a function of the Debye ratio Ai. Here, 
the value of Pe is maintained high enough in all the data 
points so that its precise magnitude should not influence 
R critically, as discussed earlier in connection with the 
theoretical analysis (cf. Figures 2 and 3 for Pe »  1). 
Again, two experimental values of i/'w were obtained by 
changing the feed pH. For i/'w = 30 mV all the points ex
cept two, and for i/w = 40 mV all except one, were taken 
with ci = 0.0051 N. Again, the results are in quite good 
agreement with theory, with what differences that exist 
ascribable to the fact that the Peclet number of the experi
ments was somewhat lower than required to compare with 
the large Pe theory. The results clearly show the increase 
in R with Ai predicted by theory and the tendency of R to 
level off at higher values of Ai. The dependence on \pw, 
with R increasing with i/'w, is also verified quantitatively.

The final Figure 7 shows all of the previous data, in
cluding that of Michelsen and Harriott4 for cellophane, 
plotted as the reduced rejection R vs. the reduced Debye 
ratio Ai (see eq 26-28). In terms of these variables, the

(17) I. B. Oldham, F. J. Young, and J. F. Osterle, J. C ollo id  S ci., 18, 
328 (1963).

(18) N. Street, A u st. J. C h em ., 10, 207 (1957).
(19) H. van Olphen and M. H. Waxman, "Clays and Clay M inerals,” A. 

Swinetord, Ed., Publication No. 566, National Academy of Sci- 
ences-National Research Council, Washington, D. C., 1958, p 61.
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theoretical curves for all i£w and Pe  collapse into the sin
gle curve shown, as discussed earlier. Again, the agree
ment is very good. W e would note that the apparent larg
er scatter o f the data is misleading in the sense that it is 
due to the fact that the rejection coordinate has been 
stretched by referencing it with respect to the maximum 
rejection Rmax-

Concluding Remarks

A theory o f salt rejection by hyperfiltration through 
macroporous membranes has been presented. The theory 
is based on a relatively simple capillary model, wherein 
the membrane is assumed to consist o f a uniform distri
bution of cylindrical pores whose interior surfaces acquire 
a constant potential when in contact with the saline solu
tion. Although the flow phenom ena in actual porous 
membranes is undoubtedly more com plex, the simple 
model appears to provide a theory in excellent agreement 
with salt rejection data from experiments on bentonite 
clay and cellophane. Furthermore, the theoretical charac
terization of the rejection in terms o f a dimensionless wall 
potential, the ratio of the Debye length to an effective 
pore radius, and a Peclet number based on the filtration 
velocity and an effective membrane thickness seems ap
propriate for the materials and operating conditions tested 
so far.

Our present m acroscopic, continuum  model requires 
that both the Debye length and the effective pore size be 
large in comparison with the molecular dimensions. A l
though the Debye length always satisfied this requirement 
in the present tests, the same was not true of the effective 
pore radius, which was in the range 10-20 A. An explana

tion is required as to why the theory holds so well down to 
geometrical dimensions o f the order o f molecular size. In 
addition, although the assumption o f a constant wall p o 
tential independent o f salt concentration was made in the 
present work this is known not always to be true, depend
ing on the solid-solution interface, so that the effect of re
laxing this assumption should be determined. Another' as
sumption in the present work is that the axial distribution 
of charge on the pore wall is such that the ion distribu
tions in the pore follow the functional relationship jeq 2b) 
suggested by Gross and Osterle.13 Although the effect of 
this assumption is not expected to be large on such inte
grated characteristics as fractional salt rejection and 
streaming potential, nevertheless a detailed study should 
be made of the rejection characteristics corresponding to 
various physically realistic wall charge or potential speci
fications.

If the theory is to be useful for characterizing porous 
membranes for desalination or dem ineralization o f water 
by reverse osmosis it should be extended to the case where 
the fluid contains several ionic solutes o f the same sign 
having different valences and diffusion coefficients. It 
would also be of interest to extend the analysis to model 
geometries more com plicated than a straight cylindrical 
pore. Finally, it is evident that a much wider range of 
membrane materials and operating conditions m us: be in 
vestigated experim entally before the full utility o f the 
theory can be properly assessed.
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In ~ 1 0 -5  M  acidic aqueous solutions of M ethyl Orange the rate constant at 25° for the recom bination of 
a proton with the monoanion of the indicator is 2.9 ±  0.4 X 109 M -1  se c -1 . This specific rate, deter
mined by a spectrophotom etric electric field jum p relaxation technique, is significantly smaller than that 
expected for a diffusion-controlled ion recom bination. An explanation for this result follows from a com 
parison with similar kinetic data for aqueous M ethyl Red.

Introduction

M ethyl Orange (I) is one of the most frequently used 
acid-base indicators at acidic pH values near its reported1 
p K a = 3.47 in water at 25°. In general, when M ethyl Or
ange is used as the indicator in temperature jum p or other 
relaxation experiments exact numerical values for the dis
sociation and ion recom bination specific rates are unnec
essary if the relaxation time (r) o f the coupled system is 
long com pared to that o f M ethyl Orange. However, in

studying very fast reactions (e.g ., metal hydrolysis) char
acterized by relaxation times of the order o f microseconds, 
values for the recom bination and dissociation specific 
rates o f the indicator should be known in order to reliably 
interpret the observed relaxation data.

The dissociation kinetics o f M ethyl Red (II) in dilute 
aqueous solution were reported2 in terms of a one-step

(1) R. L. Reeves, J. A m er . C h em . S o c .. 88, 2240 (1966).
(2) L. P. Holmes, A. Silzars, D. L. Cole, L. D. Rich, and E. M. Eyring, J.

Phys. C h em ., 73, 737 (1969).
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m echanism  (eq 1) with the values o f kv  and ku given as
4.8 X 105 s e c -1  and 3.5 X 1010 M -1  se c -1 , respectively. 
Using these data and the normal relaxation expression (eq 
2 and 3) for the one-step process,3 one would predict re
laxation times as short as 20 nsec for M ethyl Orange at 
concentrations near 10-5  M  in the pH  range o f 3.2 to 4.4 
where this indicator is custom arily used. It is known that 
the p K a o f the ¡3-azo nitrogen is quite different in M ethyl 
Red and in M ethyl Orange.4-7 Since the resonance contri
bution in both systems should be approxim ately the same, 
the p K a difference seems anom alous. It was, therefore, 
our purpose to determine by means o f the dissociation k i
netics in what way the acid-base behavior is affected by 
variations in structure in azo dyes.

4024

II
H+ + Methyl Red anion (1)

r -1  =  M  [ H + ] + [ I n - ] )  +  feD (2)

= M [ H + ] + [ I n - ]  +  K a) (3)

Experimental Section
M ethyl Orange (I), p -[(p -dim ethylam ino)phenyl]azoben- 

zenesulfonic acid, was obtained from J. T . Baker Co. 
The indicator was twice recrystallized from hot water, and 
the precipitate was washed with ethanol and ether and 
dried at low tem perature for several hours.

All solutions used in the study were freshly prepared 
using doubly distilled deionized water (specific conductiv
ity 0.9 X 10-6  o h m -1  c m -1 ). The dilute sample solutions 
were prepared from a 2.14 X 10- 4 M  stock solution. A d 
justm ents o f pH were made using either dilute hydrochlo
ric acid or dilute sodium hydroxide. (This correction 
caused less than 0.1% error in the final indicator concen
tration.) The pH measurements were made using a B eck
man M odel 1019 pH meter equipped with a com bination 
glass electrode (Beckm an 40498). Sam ple solutions evi
denced a pH  constant to within ±0 .03  pH units when 
tested prior to and im m ediately succeeding the E-jum p 
experiment (a time interval of up to 30 m in). The electric 
field jum p (E -jum p) relaxation m ethod apparatus used 
was basically identical with that described by Olsen, et 
a /.8 The major m odification involved the use of a digital 
delay trigger generator having a time base referenced to a 
10-MHz quartz crystal. This allows for more accurate con
trol o f the square, high-voltage pulse width. It also be
comes possible by accurately varying pulse width to en 
hance the relative am plitude of a given relaxation time 
com pared to others in a relaxation spectrum.

All kinetic measurements were made spectrophotom e- 
trically in the absence of an applied electric field ( i.e., 
im m ediately following the termination of the square, 
high-voltage pulse). The electrical resistance of the sam 
ple cell in all cases exceeded 104 ohms, so that the rise in 
sample temperature incident to the E -jum p was negligi
ble.

R. G. Sandberg, G. H. Henderson, R. D. White, and E. M. Eyring

R esults

Presented in Table I are the values o f r, the pH , and 
associated statistical parameters obtained in the M ethyl 
Orange experiments. Additionally, the M ethyl Red ioniza
tion kinetics were reevaluated using the m odified E -jum p 
and the results obtained were in good agreement with 
those reported by Holmes, et al.2 T he calculated M ethyl 
Red recom bination and dissociation specific rates are 4.02 
±  0.4 x 1010 M -1  se c -1  and 5.0 ±  0.4 x 105 s e c -1 , re
spectively, yielding a kinetic p K a =  4.91. This value is in 
good agreement with both the previously reported2 kinetic 
p K a o f 4.88 and the literature therm odynam ic value6-7 o f
5.00.

If the single-step ionization m echanism  (eq 1) identical 
with that for M ethyl Red is followed, a plot o f  the recipro
cal relaxation time ( r -1 ) vs. the sum o f the concentrations 
o f the M ethyl Orange anion and hydrogen ion ( [A - ] +  
[H + ]) (eq 2) should yield a straight line (see Figure 1). 
The slope o f the line gives the recom bination rate con 
stant k R =  2.9 ±  0.4 X 109 M -1  se c -1  and the intercept 
the dissociation rate constant ko  = 7.9 ±  1.0 x 105 s e c -1 
at 25°. These constants yield a kinetic p K A =  3.57 in rea
sonable agreement with the spectrophotcm etrically  deter
m ined4 /3-azo nitrogen p K a =  3.37 o f M ethyl Orange.

D iscu ssion

From the experimental work o f Eigen and coworkers3’9-10 
we have com e to expect that unless intram olecular hy
drogen bonding, intramolecular electronic rearrangement 
as in pseudo acids, or steric factors are present, the specif
ic rate o f an ion recom bination should closely approach 
the lim iting value predicted by D ebye ’s phenom enological 
equation11 for a diffusion-controlled reaction. On this 
basis, for a proton reacting with a m onoanion as in the 
case of M ethyl Orange we would expect a ku o f about 5 X 
1010 A /-1  s e c -1 . Thus, the ku = 2.4 X 109 M -1 se c -1  re
ported above is somehwat surprising since none o f the 
above-m entioned factors appear to be operative in the 
case o f M ethyl Orange we would expect a k R o f about 5 X 
M ethyl Red anion does have a ku = 4.02 X 1010 A /-1  se c - 1 . '

A possible explanation for the M ethyl Orange observed 
ion recom bination rate may be found in the coupled ioni
zation mechanism proposed by Saw icki4 (eq 4). The relax
ation times, r, for this coupled equilibrium  system are 
given by expression 5, where the specific rates are identi
fied in eq 4. It is obvious from eq 5 that a plot o f 1 /r  vs. 
( [A - ] +  [H + ]) will not, in general, be linear. Agreement is 
obtained, however, between the expression 5 for 1 /r  and 
the experimental data if the recom bination rate constant, 
&3 R, for the amine group is near its diffusion-controlled 
lim it (e.g., ku = 1.5 X 1010 M -1  s e c -1  for im idazole12) 
and the value of K t , the ratio o f the protonated (3-azo to

(3) M. Eigen and L. De Maeyer, “ Technique of Organic Chemistry," Vol. 
V III, Part II, S. L. Friess, E. S. Lewis, and A. Weissberger, Ed., In
terscience, New York, N. Y.. 1963, Chapter 18.

(4) E. Sawicki, J. Org. C h em ., 21,605 (1956).
(5) G. E. Lewis, Tetrahedron. 10, 129 (1960).
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1/r = 72lv̂ 3R +  *4r)([A "] +  [H+])] =  +  ¿41.) +  h X
(5)

X =  {[(A3r -  *4r)([A_ ] +  [H+]) +  k30 -  kihf  +

4^3R*4R[(A") +  (H+)]T /2

amine forms o f M ethyl Orange, is as large as the m axi
mum value o f 4.7 estimated by Reeves.1 Under these con
ditions the large r ’s observed experimentally are entirely 
consistent with the coupled mechanism. Additionally, it is 
evident that over the limited concentration range o f this 
study the effect of the amine protonation is minimal (see 
Figure 1). Finally, the value obtained for the kinetic p K a 
o f M ethyl Orange is in good agreement with that of the 
d-azo nitrogen determined spectrophotom etrically.1 The 
conclusion then must be that the ionization kinetics ob 
served are those o f the d-azo nitrogen.

TABLE I: Electric Field Jump Relaxation Data for Aqueous 
Methyl Orange and Methyl Red at 25°

■ C0,° 
1 e r 5 M pH6

. T , C

10~6 sec <7d ne
A /

10“ 5 M

([H + ] +  
[A-l),* 
10~5 M

Methyl.Orange

2.19 3.36 0.46 0.05 4 44.1 45.2
2.19 3.39 0.50 0.03 2 41.2 42.2
2.19 3.48 0.54 0.08 4 33.7 34.9
2.19 3.55 0.64 0.02 4 28.8 29.9
2.19 3.57 0.60 0.09 4 28.1 28.7
2.19 3.63 0.67 0.07 4 25.2 25.2
2.19 3.73 0.71 0.01 2 20.4 20.4
2.19 3.92 0.813 0.04 3 18.9 13.8

Methyl Red

3.41 4.60 0.51 0.07 3 2.51 3.48
3.41 4.72 0.59 0.05 6 1.9 3.06
3.41 4.92 0.62 0.07 6 1.6 2.75
2.17 5.16 0.71 0.03 6 1.3 1.97
1.66 5.16 0.85 0.05 7 0.99 1.67
1.26 5.13 0.94 0.06 5 0.74 1.46

“  Total molar concentration of sample acid. b Average glass electrode 
pH measured before and after kinetic experiments. c Average relaxation 
time for n independent measurements. d Standard deviation of r  cal
culated for n experiments. e Number of independent determinations of 
r. 1 Ionic strength of the sample solution. s  Total concentration of 
hydrogen ion and sample acid anion calculated from pKa =  3.47 in the 
case of Methyl Orange and pKa =  5.00 for Methyl Red.

The question remains then why the recom bination rates 
o f the d-azo group of M ethyl Red and M ethyl Orange d if
fer by more than a factor o f 10. Although it appears that 
the d-azo group of M ethyl Red behaves kinetically as a

Figure 1. Plot of E-jump reciprocal relaxation times, r ~ 1, vs. the 
sum of the concentrations of hydrogen ion and Methyl Orange 
anion at 25°.

“ normal acid ,” 10 there is no obvious reason3’9'10 why the 
analogous process in M ethyl Orange should not approxi
mate the diffusion lim it (4 X 1010 M -1  sec -1 ). The most 
reasonable explanation would seem to be that, in M ethyl 
Red, the barrier to proton binding to the azo group from 
the solvent is lowered by the presence of the negatively 
charged carboxyl group adjacent to the site o f binding. 
The fact that the dissociation constant for the carboxy 
acid group o f M ethyl Red is much smaller (by a factor o f 
~ 10 ) than for benzoic acid13 as well as the fact that the 
dissociation constant o f the d-azo group for M ethyl Or
ange is 34 times that for M ethyl Red tends to indicate 
that a significant interaction between the d-azo proton 
and the ortho carboxy group of M ethyl Red exists. Further 
study is necessary to clarify this point, but at this time 
one is led to suspect that the rate o f recom bination at the 
d-azo nitrogen is not in general diffusion controlled and 
that the recom bination rate is strongly influenced by 
ortho substituents.
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The aggregation o f M ethylene Blue in aqueous solutions at 30°'was studied by means of sedim entation 
equilibrium  techniques. These studies were carried out over a dye concentration range o f from ca. 1CV5 
to ca. 10-3  M  in the presence o f NaCl concentrations which were from 77- to 200-fold higher than that o f 
the dye. In the absence o f  N aCl it was possible to make measurements over a concentration range o f 
from 2 X 10-5  to ca. 6 X 10-2  M .  The results indicate that (1) at the lowest concentration studied the 
dye is 60% ionized; (2) in the presence o f  a high concentration ratio o f N aCl to dye, the dye is not ion 
ized and aggregates by means o f a sim ple “ condensation”  type polym erization with an equilibrium  con 
stant o f 600 M “ 1 (w hich corresponds to a dim erization constant o f 2400 M -1 ); (3) in the absence o f  NaCl 
the aggregates form ed are charged; (4) the reaction goes far beyond pentamer form ation; and (5) the fi 
absorption band is at a m axim um  when the quantity o f dim er is maximal.

Introduction
U pon the addition o f certain high m olecular weight an

ionic polym ers such as heparin (a chrom otrope) to a dilute 
aqueous solution o f certain cationic dyes such as M eth 
ylene Blue, there occurs a shift in the wavelength of m axi
m um  absorption toward shorter wavelengths. This “ m eta- 
chrom atic effect”  is easily observed as a change in the 
color o f  the solution from blue to purple or red. A similar 
effect can be observed as the dye concentration is in 
creased in a solution o f  the dye alone and is believed to be 
due to aggregation ( “ stacking” ) o f the dye m olecule (see, 
for exam ple, ref 1-8) which presum ably is brought about 
by dispersion forces operating in a direction perpendicular 
to the plane o f the delocalized w electrons.1-3 M etachrom - 
asia, therefore, is thought to be due to the facilitated 
aggregation o f the dye m olecules which are bound to  the 
chrom otrope.7-9-11 Bradley and his associates12-15 were 
able to develop a sem iquantitative description o f the 
m etachrom atic phenom enon by using a statistical ap 
proach and by assum ing that bound dye m olecules only 
associate with each other to the extent o f form ing dimers. 
H owever he acknowledged that higher stages o f aggrega
tion  probably  exist. In this manner however he was able to 
clearly delineate the factors involved which contribute to 
the degree o f  m etachrom asia obtained. First, is the innate 
ability o f the dye m olecule to “ stack”  or aggregate with 
itself. T h is is a function  o f the organic and hence electron
ic structure o f the dye. T he second factor involves the 
spacing o f the sites on the chrom otrope.

T h is study is lim ited to the investigation o f the m echa
nism o f the d y e -d ye  association. It must be pointed out 
that m any different types o f  dye associate, and som e show 
shifts in wavelength o f m axim um  absorption upon associ
ation. O f this latter group only som e dyes aggregate prin 
cipally  through 7r electron interaction and show the pecu 
liar m etachrom atic type o f absorption m axim um  shift 
(see, for exam ple, ref 16). T h at is, as the dye concentra
tion is increased there appears a second absorption band 
(fi band) at shorter wavelengths than that associated with 
the m onom eric dye (a  band), while this latter band de 
creases in height. Then  as the concentration  is further in 

creased the j8 band shifts slowly to shorter wavelengths 
sim ultaneously decreasing in height while the a  band d i
minishes until it becom es undetectable.

Very little is known about the m echanism  o f aggrega
tion or the num ber o f dye m olecules in a m etachrom atic 
aggregate. M ost attem pts to study the effect quantitative
ly have been lim ited to considering only dim erization2-4-6-17 
even though many authors note that higher aggregates 
probably also form .2-4-6-8-17 The role of water in the for
m ation o f the aggregates, either as a dielectric sandw ich
ing between the dye m olecules5-6 or as a former o f h ydro
gen bon ds,17-18 has been found to be o f great im portance. 
In a series o f articles19-25 H illson and M cK ay  presented

(1) G. Scheibe, Angew . Chem .. 50, 212 (1937).
(2) G. Scheibe, KolloidZ., 82,1 (1938).
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(1959).
(13) D. F. Bradley and F. Felsenfeld, Nature (London), 185, 1920 

(1959).
(14) A. L. Stone and D. F. Bradley, J. Am er. Chem . S oc., 83, 3627 

(1961).
(15) A. L. Stone, L. G. Childers, and D. F. Bradley. Biopolym ers, 1,111 

(1963).
(16) E. Braswell, J. Phys. Chem ., 72, 2477 (1968).
(17) M. E. Lamm and D. M. Neville, Jr., J. Phvs. Chem ., 69, 3872
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(1965).
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(21) R. B. McKay and P. J. Hillson, Trans. Faraday S oc., 61, 1800
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(22) R. B. McKay and P. J. Hillson, Trans. Faraday S oc ., 62, 1439
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(23) R. B. McKay, Trans. Faraday S oc.. 61,1787 (1965).
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evidence to back their belief that the m etachromasia o f 
dyes observed in solvents of low dielectric strength was 
due to strong interactions between dye ions and counter
ions to produce an undissociated dye in which the ions are 
in intimate contact and are not separated by solvent m ol
ecules.21 In one article they suggest that aggregation prob
ably does not occur at all in solvents o f very low dielectric 
strength22 even though metachromasia is evident. In a 
later article, they im ply that even when the dye is in the 
presence o f a chrom otrope in water m etachromasia occurs 
largely as a result o f the interaction of the dye cation with 
the polyanion, resulting in a perturbation o f the charge 
distribution o f the dye cation.20 Still later, however, they 
concede that dim erization o f the dye is an im portant 
cause of metachromasia in water and that this is due to 
the tendency o f water molecules to self-associate, giving 
rise to strong hydrophilic bonding between dye m olecules.25 
Because salt is known to increase dye aggregation, H au
gen and H ardw ick18 have suggested that the dye dim eri
zation may take place in the following manner

2D+ +  A~ -— {D 2A ) 4
Lam m  and N eville ,17 however, have found for Acridine 
Orange that it is im possible to distinguish between this 
model and the simple dim erization one.

Some progress has been made on determining the de
gree of polym erization attainable by the dye. Hillson and 
M cK ay19 found, using polarographic methods, that the 
degree o f aggregation o f M ethylene Blue at high concen 
trations was about 3. Braswell16 using spectral techniques 
and studying dye concentrations far higher than those 
studied previously found that a lim iting aggregation num 
ber o f 3 described the data qualitatively at moderately 
high concentrations but poorly at the highest concentra
tions. Vapor pressure osm om etry data presented in the 
same paper indicated a lim iting aggregation num ber o f 3. 
In addition Braswell16 obtained an equilibrium constant 
for both the dim erization and trimerization steps o f the 
reaction. The latter value was 1.5 times the former (3000 
vs. 2000 M _1). The third unit is therefore easier to add 
than the second, indicating a second nearest neighbor ef
fect.

Recently a series o f papers26-30 by M ukerjee and Ghosh 
cast new light on the problem . They pointed out that 
most m ethods o f studying the dye reaction involved the 
determination o f an additional parameter, e.g., for a b 
sorption spectrophotom etry the molar extinction coeffi
cient for each species, as well as the equilibrium constant 
for each association step. Therefore they developed an 
equilibrium m ethod which they called the “ isoextraction 
technique.”  This technique is essentially a sensitive way 
of determining the m onom er concentration as a function 
of the total dye concentration by means o f the extractabil- 
ity of the m onom eric dye-sa lt into an organic phase. By 
means o f it they were able to show that the aggregation of 
M ethylene Blue goes at least as far as the pentamer stage 
and in agreement with Braswell16 have found that the 
equilibrium  constant associated with the addition o f the 
third dye unit is about 1.5 times greater than that for the 
dim erization step. T hey further show that as the associa
tion proceeds beyond trim erization the equilibrium  con 
stants gradually decrease. The well-known increase o f dye 
aggregation caused by the presence o f salt was felt by 
these authors to be in “ rough accord with that expected 
from changes in activity coefficients”  and that there is

“ negligible counterion participation in association equi
libria at low ionic strengths. ”

An equilibrium  technique that seems to be especially 
suited for the study o f such aggregating systems is that of 
equilibrium  sedim entation. It has been used extensively 
for the study o f multistep equilibria in protein aggregation 
and other substances (see for representative bibliography 
ref 31-41). A system which bears resemblance to the 
aggregation o f m etachrom atic dyes which was studied by 
van H olde36'39 involves the association o f cytidine and pu 
rine. Since these substances have similar molecular 
weights but lower association constants than M ethylene 
Blue, the feasibility o f using sedimentation techniques for 
the study of the aggregation o f M ethylene Blue seemed 
firmly based.

Experimental Methods and Results
The dye was purified by the m ethod of Bonneau, Faure, 

and Jousset-D ubien.42 This m ethod gave a product which 
was found to be somewhat purer by chromatographic 
analysis on Eastman thin layer silica gel chromagram 
sheets (using 9:1 m ethanol:acetic acid) than that puri
fied in the manner used for our previous study.16 T hat is, 
the faint leading spot previously observed was missing or 
extremely faint in the purified dye samples used for this 
study.

The sedimentation studies were perform ed at 30° in a 
Spinco, M odel E, analytical ultracentrifuge using a Spin- 
co photoelectric scanner (with m onochrom ator) to detect 
dye concentration changes across the cell due to absorp
tion. The wavelength o f light chosen depended largely on 
the cell thickness-dye concentration com bination studied. 
It was found that observation near 406 m/u obeyed Beer’s 
Law over the widest concentration range and, since this 
was near the wavelength o f least absorption, was the 
wavelength chosen most often at high dye concentration. 
At low dye concentration, however, there was not enough 
absorption for accurate concentration measurement hence 
other wavelengths (principally 366 and 436 mji) were 
used. Corrections for deviation from Beer’s Law were 
made from data gathered from spectral studies performed 
with a Cary 14 spectrophotom eter. Ultracentrifuge cells 
varying in thickness from 3 to 0.004 cm were used. A l
though double sector cell operation of the scanner was 
possible for the larger cell sizes, for the smaller single sec-

(26) P. Mukerjee and A. K. Ghosh, J. A m er . C h em . S o c . . 92, 6403 
(1970).

(27) A. K. Ghosh and P. Mukerjee, J. A m er . C h em . S o c . . 92, 6408 
(1970).
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(1970).
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(1970).
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(33) E. T. Adams, Jr., and J. W. Williams, J. A m er . C h em . S o c . . 86, 

3454 (1964).
(34) E. T. Adams, Jr., and D. L. Fllmer, B ioch em istry . 5, 2971 (1966).
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(36) K. E. van Holde and G. P. Rossetti, B ioch em istry . 6,2189 (1967).
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(38) D. E. Roark and D. A. Yphantis, Ann. N. Y. A ca d . S ci., 164, 245 

(1969).
(39) K. E. van Holde, G. P. Rossetti, and R. D. Dyson, Ann. N. Y. 

A ca d . S ci.. 164, 279 (1969).
(40) N. R. Langerman and I. M. Klotz, B ioch em istry , 8, 4746 (1969).
(41) P. J. Trotter and D. A. Yphantis, J. P hys. C h em .. 74,1399 (1970).
(42) R. Bonneau, J. Faure, and J. Joussot-Dublen, Taianta, 14, 121 
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Figure 1 . Apparent weight average molecular weight of Methylene 
Blue as a function of concentration. Thickened lines represent 
continuous data over a range of concentration; points represent 
discrete data. Upper line represents data obtained In the presence 
of NaCI (NaClidye ratio =  20 0 /1 to 7 7 /1 ) ;  lower line represents 
data obtained In the absence of NaCI.

tor cells, solvent balancing was perform ed by centrifuging 
the solution cell with an identical cell containing solvent. 
The sm allest cell (ca . 0.004 cm ) was form ed by sim ply 
placing a red polythene gasket between two sapphire w in
dows and tightening the cell to an average torque o f 140 
in. lb. The sample or solvent was measured out with a m i
crosyringe on the window before assem bling the cell. 
Since the thickness o f the cell was am azingly reproducible 
(10%) the solution colum n which form ed as soon as the 
centrifuge was rotating at a few thousand rpm was ap
proxim ately the desired height. W ith solution colum ns o f
3-m m  centrifugation at 48 or 56 krpm for 6 hr was enough 
to obtain practical equilibrium . For solution colum ns o f 6 
m m  24 hr o f sedim entation was required. A t low dye con 
centration the concentration gradient form ed was small 
(1 .2-2 .0) and generally a plot o f In concentration vs. X 2 
y ielded a line with little or no curvature. It was found 
necessary to include 0.5% sucrose in solutions o f low dye- 
plus-salt concentration (< 0 .01  M )  in order to provide a 
density gradient large enough to stabilize the system and 
elim inate turbulance. Spectral studies indicated that this 
concentration o f sucrose had no effect on the aggregation of 
the dye at low concentration.

At high dye concentration or in the presence o f NaCI 
considerably larger gradients were form ed, the largest 
having a concentration ratio o f alm ost fourfold. The re
sults obtained from these studies are shown in Figure 1. 
The data from  each single experim ent at low dye concen 
tration or short colum n height or both  are shown as single 
points. At high dye concentration with long colum ns the 
data are shown as a thickened line over the concentration 
range o f  the experim ent. The graph o f the effect o f NaCI 
on the m olecular weight o f the dye ends at a dye concen
tration o f about 1.3 X  10-3  M  due to*the insolubility of 
the dye at a NaCI concentration o f  0.1 M .  Since the m o
lecular weights obtained were found to be approxim ately 
at a m axim um  when the salt concentration is about 100 
times the dye concentration, the concentration o f salt in 
cluded in an experim ent is from 77 to 200 times that of 
the dye concentration used.

T he effect o f  pressure was determ ined by making equi
librium runs at different speeds. Since the same values for

the molecular weight were obtained at a given dye con 
centration regardless o f  speed, it was felt that the effect 
of pressure on aggregation, due to a change in the partial 
molar volum e o f the dye upon aggregation, could be ignored.

Specific volum es were determined picnom etrically  on 
aqueous M ethylene Blue solutions ranging from 5 X 10 _ 3 
M  to approxim ate saturation (ca. 0.06 M ) .  The values o f V  
over this concentration range were found to be from  0.762 
to 0.745. Unfortunately it was not possible with this tech 
nique to measure specific volumes at lower concentrations.

Discussion

Although it is not yet possible to assign a unique m odel 
to the aggregation o f M ethylene Blue, the data presented 
in the figure considerably reduce the num ber o f possibili
ties. At low dye concentration it can be seen that the 
weight average m olecular weight o f  the dye in the absence 
of salt is ca. 260 at a dye concentration o f 10~5 M .  If every 
dye m olecule had one charge on it under these conditions 
it would yield an apparent m olecular weight o f 320/(Z +  
1) or 160. An apparent molecular weight o f  260 indicates 
that the dye is only ionized ca. 60% under these con d i
tions. In the presence o f salt the m olecular weight at this 
concentration rises to ca. 330, using V  =  0.75. It is known 
by spectrophotom etry studies that there is no significant 
aggregation at this dye concentration .16 Since there is no 
detectable change in spectrum  upon addition o f 0.002 M  
NaCI (NaCI to dye concentration ratio 20 0 :l ) 43 indicat
ing that this level o f salt does not cause aggregation, it 
seems reasonable to conclude that the addition o f this 
quantity o f  NaCI suppresses the ionization o f the dye.

If the dye is assumed to be at low concentration 
(m onom eric, concentration-dependent terms om itted, and 
p =  1) and to be singly charged, the following relation 
should hold .44
(RT/  co2rCDG1)(d C DC1/d r )  =

M dciU  — ^DCl) — l /2 M Nac i ( l  — ^NaCl) 
where M DC, and M NaC, are the formula weights and V D C l  
and l^Naci are the specific volum es o f the dye chloride and 
salt, respectively. The left-hand term is experim entally 
determ ined and the sym bols have the usual meanings. 
According to the definition of com ponents used, the left- 
hand side o f the equation is identical with M A(1 -  VA), 
where M A is the apparent m olecular weight, VA = ( t /Dcl 
— l / 2UNaC1) /M A, and U  represents the respective molar 
volum es. Perform ing this calculation yields predicted 
values o f  291 for M A and 0.79 for VA. The data at 10-5  M  
yielded respective values o f 314 and 0.74. Since the o b 
served m olecular weight is close to that expected when no 
charge is present (320) it is reasonable to treat data at 
higher concentrations as un-ionized also, therefore Vnc] 
(0.75) was used for all calculations. This results, at a dye 
concentration o f 10~5 M , in the value for M A o f 330 (in 
stead o f 314) which was m entioned previously. T he fact 
that the dye is not charged at high salt to dye concentra
tion ratios sim plifies the theoretical treatm ent considera
bly since one does not have to apply polyelectrolyte theory 
to the results.

If one assumes that the dye in the presence o f a high 
salt to dye concentration ratio is un-ionized throughout 
the dye concentration range and that the dye can undergo

(43) Data to be published in the future.
(44) C. Tanford, “ Physical Chem stry of M acrom olecules,“  Wiley, New 

York, N. Y., 1961, pp 267-269
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a condensation type of infinite polym erization wherein 
each dye molecule contributes two aggregation sites, one 
can write the following relations

rc(dye) ¡=> (dye)„ 

or

2(sites) s=r bond 

K  =  [bonds]/[sites]2

and

P  = reacted sites/total sites = [bon ds]/C t

where P  is the probability o f a site having reacted (the de
gree of reaction) and C t is the original dye concentration 
in m oles/liter o f dye m onom er units. It then follows that

K  = P /4 C /1  -  P )2 (1)

and

M w = M a[(1 +  P)/( 1 -  P)]  (2)

where M w is the observed weight average molecular weight 
and is the molecular weight of the un-ionized monomer 
(320). It was found that eq 1 and 2 fitted the experimental 
data obtained from experiments perform ed in the presence 
of high salt to dye concentration ratios when K  was ap
proxim ately equal to 600 M “ 1. This value is equivalent to a 
dim erization constant o f 2400 M - 1 . In an earlier publica
tion ,16 by assuming a stepwise aggregation, an equilibrium 
constant o f dim erization o f 2000 M ~ 1 and that of the next 
step (dimer to trimer) o f 3000 M _1 were found in the ab 
sence o f salt. The equivalent value of 2400 found in the 
current study may be partially reflecting the value of the 
equilibrium constant o f the dim er-trim er step, or it may be 
higher than the dim erization constant because o f the small 
reaction-prom oting effect o f salt at the higher dye and salt 
concentrations (see below).

An observation of interest is that the weight average 
molecular weight obtained in the presence o f salt attains a 
value o f 640 at a dye concentration of ca. 3.4 x  10~3 M . 
This should correspond to a num ber average molecular 
weight o f 480 and a degree o f polym erization o f 0.333 for 
the assumed aggregation m odel and equilibrium con
stants. It can be shown that, for an infinite condensation 
type of aggregation, at a degree of polymerization of 0.333 
the concentration o f dim er is at a maximum. W e have 
previously shown that in this region o f dye concentration, 
the ¡3 absorption peak is at its m axim um .16 Since this 
peak has traditionally been associated with the absorption 
of the dim er it is felt that this is further indicative ev i
dence that the foregoing conclusions regarding aggregation 
mechanism are not in great error. In fact this observation 
provides support for the identification of the d band with 
dye dimers.

In the situation where salt was absent, the apparent 
molecular weights are lower than those determined in the 
presence of salt at all dye concentrations where com pari
son was possible. The increasing divergence o f the data 
taken in the presence o f salt from that in the absence of 
salt may be due to either or both of two factors. Either 
the NaCl strongly increases the degree o f polymerization, 
or an increasingly larger charge per molecule developing 
on the aggregated dye in the absence of salt, reduces the 
observed molecular weight. Since 0.1 M  salt was the high

est concentration used in this study, and since the effect 
o f this am ount o f salt on the polym erization as observed 
by spectrophotom etry (as will be shown in a future publi
cation43) is equivalent to increasing the dye concentration 
by at most 30% it is clear that the latter cause is more 
important. Therefore it is clearly the effect o f charge on 
the dye molecules which suppresses the observed m olecu
lar weights. T hat this effect is not enormous though can 
be seen in the only 60% ionization observed in 10 ~5 M  dye 
solutions in the absence o f salt. It might be expected that 
this degree o f dissociation would decrease as the molecule 
grows, so that at high degrees of polym erization one would 
expect on the average there to be less than one charge for 
every two subunits in the chain. The maximum weight 
average molecular weight found in the absence o f salt is 
approxim ately 1450. This is lower than the true uncharged 
molecular weight by a factor which could be estimated 
from the following equation.

M A  = nM i/(Z  +  1) = n M i/(n «  +  1) 
where Z  is the charge per chain, n is the num ber o f m ono
mers in the aggregate, M j the moleculrar weight o f the un
charged monomer, a the degree of ionization, and M A  the 
apparent molecular weight. It can be shown from the 
equation that the m axim um  value that a  can have for M A  
= 1450 when the molecules are of infinite size (n =  °°) is 
0.22. If we assume that the value o f a  is 0, then the m axi
mum value of the true molecular weight would be 1450 (or 
n ~  4.5). M ore insight can be achieved if one felt confi
dent that the equilibrium  constant obtained at high salt 
and low dye concentration applied also at high dye and 
low salt concentrations. The lim ited justification for this 
has already been presented as resting on the fact that the 
highest concentrations o f NaCl used for these studies in 
crease metachromasia by an am ount equivalent to that 
which would occur if the dye concentration had been in 
creased by a maximum of only 30%. Further the fair 
agreement between the K  found in salt via sedimentation 
techniques (2400 M ^ 1 for dim erization) with that found 
earlier16 by means of spectrophotom etry (2000 M ’ 1) lends 
stronger credence to this belief. Use o f the value (600 
M - 1 ) found here for K  (for a condensation-type polym er
ization) leads to a value o f 0.913 for P. This means that at 
this concentration the dye has a weight average -molecular 
weight o f 7037. Since the apparent weight average m olec
ular weight is 1450, one can conclude that there is, on the 
average, about 3.85 charges ((7037/1450) -  1) for every 22 
dye units (7037/320) or an average ionization o f about 
0.18. Because o f the small reaction-prom oting effect of the 
salt one must regard these calculated values of the m olec
ular weight and the extent of ionization as a bit high. Two 
conclusions can therefore be arrived at from the data 
taken without the presence o f salt. First, is that the de
gree of ionization decreases from 60% at low dye concen
trations to a value close to 18% at high concentration. The 
second conclusion is that there are aggregates present at 
high dye concentrations that are m ost certainly far larger 
than pentamer in size. This then provides some justifica
tion for applying an infinite polym erization mechanism at 
low dye concentration, and does not rule out the possibili
ty o f some larger lim iting aggregation num ber such as 
might be expected in the case o f micelle formation. This 
cannot be determined until studies can be made in the 
presence o f high concentrations o f a salt which does not 
cause precipitation and preferably does not affect the de-

The Journal of Physical Chemistry, Vol. 76. No. 26, 1972



4030 Michel Lucas

gree o f polym erization of the dye. Such studies are now in 
progress.

No treatment o f nonideality effects at high dye and low 
salt concentration has been attem pted in this study, for 
not enough is known about the charged nature o f the dye. 
Our current investigations at high salt concentration 
should help elucidate this situation. However, it was felt 
that nonideality could be ignored in the case o f dye con 
centrations below 1 X IO -3 M  in the presence of salt. The 
excellent agreement o f the simple aggregation model with

the data bears out this contention.
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Equations were derived by Pierotti yielding the therm odynam ic properties of solutions o f a hard-sphere 
solute in water at infinite dilution. A possible interpretation o f these equations is that a hard-sphere sol
ute enhances the bonds between water molecules at temperatures below 4° and lessens these bonds at 
higher temperatures. Such a solute also increases the water temperature o f maximum density. Calculat
ed therm odynam ic properties o f hard-sphere solutes in water are very similar to those o f  real nonpolar 
gases with the same size. It follows then that the experimental entropies o f solution, increase in the 
water temperature of maximum density by a solute, heat capacity changes, and solute molal volum e in 
water, cannot be taken as evidences for water structure prom otion by nonpolar solutes at temperatures 
higher than 4°. Finally some measurements o f the enthalpies o f transfer of tetraalkylam m onium  bro
mides from H 2O to D 2O at 51° suggest that these cations also enhance the water structure at low tem 
perature and lessen it at higher temperatures.

The solubility o f nonpolar gases in water is the subject 
of considerable interest since a difference exists between 
the solubility o f gases in water and in organic solvents.1 
This difference is manifest in the large negative heats, 
negative entropies, and positive molal heat capacities of 
solution of gases into water.2 Frank and Evans3 ascribed 
this difference to the formation of an ordered, more hy
drogen bonded than pure water, structure around the sol
ute. In order to account for this effect, Nem ethyl and 
Scheraga4 developed a statistical therm odynam ic theory 
o f water. However this model has been criticized, since 
the difference in density between the water cluster m ole
cules and other water molecules assumed in the model is 
not in agreement with results o f small angle X -ray  scat
tering.5 On the other hand, the solubility o f gases in water 
was treated with very good success by Pierotti.2 He has 
divided the process o f solution o f nonpolar gas in water 
into two steps. First a cavity has to be made in the sol
vent to accom odate the solute particle. Its diameter is ex
actly the hard-sphere diameter o f the gas particle. The 
scaled particle theory allows the com putation o f the free 
energy involved in this step. The second step is to consid
er the interactions of the solute with the solvent molecules

through dispersion forces. The first step only needs to be 
considered if the solute is a hard sphere not interacting 
with the solvent. From the therm odynam ic equations 
com puted by Pierotti, the possible influence of a hard- 
sphere solute on the water structure may be derived. The 
comparison between the therm odynam ic properties of real 
nonpolar solutes and o f hard-sphere solutes of the same 
size may help to determine which therm odynam ic proper
ties yield evidence for water structure prom otion by the 
real solute.

First let us consider some equations o f interest for the 
discussion. From ref 2, the internal energy change on dis
solving 1 m ol o f a hard-sphere solute at infinite dilution is

A U =  aPT 2[f(y) +  1] (1)

where a is the thermal expansion coefficient o f water at 
constant pressure and f(y) a function of the solvent and

(1) (a) D. D. Eley, Trans. F araday S o c ., 35, 1281 (1939); (b) ibid., 35, 
■1242 (1939).

(2) R. A. Pierotti, J. Phys. C h em  , 69, 281 (1965).
(3) H. S. Frank and M. W. Evans, J. C h em . P hys., 13, 507 (1945).
(4) G. Nemethy and H. A. Scheraga, J. C hem . P h ys.. 36, 3382, 3401 

(1962).
(5) A. H. Narten and H. A. Levy, S c ie n c e , 165, 447 (1969).
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solute molecular dim ensions, and the solvent molal vo l
ume. f(y) is positive and increases with the solute size. At 
4° the molal heat capacity change A Cp for the solution 
process is

A Cp = ~ R T 2[{(y) +  1] -  R (2)

derived from relation 1, since at 4° a  is equal to zero. The 
molal volum e o f the solute V2 is

V2 =  ßR T[f(y )  +  1] +  (ir /6 )a 3!V (3)

where ß  is the solvent coefficient o f isotherm al com pressi
bility and a the hard-sphere solute diameter. Finally y  is 
given by the equation y  =  irNa3/6v where a and v are re
spectively the water hard-sphere diam eter and its molar 
volume.

The effect o f the hard-sphere solute on the water tem 
perature o f m axim um  density (T M D ) may be derived 
from relation 3. d V2/dT is given by

dVz/dT = R[(ß  +  Tdß/dT)(î(y)  +  1) -  ßT a y d f (y )/dy] 

Here df(y)/dy is a positive function. From the literature 
data,6 it may be calculated that Tdß/dT +  ß is negative 
for water at 4°, so that at this temperature 9V2/dT is also 
negative. Then a hard-sphere solute must raise the T M D  
o f w ater.7

Now let us examine the influence o f a hard-sphere sol
ute on water structure. From relation 1 it follows that the 
internal energy of solution o f a hard-sphere solute in water 
is equal to zero at 4°, negative at lower tem perature, and 
positive at higher tem perature, following the variation of 
a. The influence o f the solute on water structure may be 
pictured as follows: at a temperature lower than 4°, the 
solution of a hard-sphere in water results in an increase of 
the bonds between water molecules, and the bigger the 
solute, the more im portant the effect, since f(y) increases 
with the solute size. At a higher temperature, the solution 
results in a decrease o f the bonds between water m ole
cules and the influence o f the temperature appears to be 
especially im portant and this influence increases with the 
solute size.

A deeper insight on the way in which the solute influ
ence is manifested may be gained if the isothermal expan
sion coefficient o f water (a ) is split into a configurational 
contribution ctc and a vibrational contribution ( a v) .6 The 
first is associated with changes in the average configura
tion of molecules in the liquid as water is heated. This 
arises from the fact that the open structure o f water aris
ing from the four coordination of molecules weakens or 
breaks down thus reducing the volum e. a c is negative. 
The vibrational contribution a v is positive and arises from 
the fact that the am plitude of anharmonic intermolecular 
vibration increases with the temperature, thus enlarging 
the volum e.6 In the same vein A U may be split into a 
configurational contribution A Uc which is negative and 
may be interpreted as showing an increase in the water 
structure caused by the introduction o f the solute. This 
may be interpreted as follows: since there is more room in 
the open more hydrogen-bonded structure o f water than in 
the broken down structure, the solute is more easily solu
ble in the former than in the latter. The solute shifts the 
equilibrium between the open and the broken down struc
ture toward the more open one since the solute chem ical 
potential is lower in the former than in the latter. This is 
what is sometimes called hydrophobic hydration. The vi
brational contribution A Uv which is positive may be in

terpreted as showing the influence o f  the solute kinetic 
energy which weakens the bonds between water m ole
cules. In an organic solvent this later effect is prevailing. 
In water there is a balance between the two effects. The 
former is more im portant at tem peratures below  4° and 
the latter is more im portant above this tem perature. In 
our opinion the difficulties in dealing with the influence of 
a nonpolar solute on the water structure com es from  the 
fact that the first effect is often considered, but the sec
ond is underestim ated as is its growing influence with an 
increase in the tem perature.

In a different approach, Frank and Franks have consid
ered water as two species o f dense and bulky (m ore open) 
constituents.8 An hydrocarbon is represented as dissolving 
separately in these constituents as if were distributed b e 
tween two phases. The mole fraction o f the bulky specie is 
/  and the fraction o f  the hydrocarbon in the bulky specie 
is g. The authors state that the equilibrium  between 
bulky and dense water is shifted toward the production  of 
the bulky water if g  is greater than /. This is equivalent to 
our assumption that the force driving the equilibrium  be 
tween the open structure and the weakened more dense 
structure is the greater solubility o f the hydrocarbon in 
the former. Frank and Franks ascribe som ewhat arbitrari
ly to f  and g  the values 0.75 and 0.78 at 25°, so that in 
their opinion at 25° methane is a structure prom ot
er. The influence o f the tem perature on f  and g  may be 
deduced from the eq 13 and 14 o f their paper: df/dT =  (1 
-  f i fb H S / R T *  and dg/dT = g ( l  -  g )(A H i°  +  A H2° )/ 
R T 2. According to the values they give to the two quan
tities AH i ° and AH 2 , which are both  negative, g  becom es 
very quickly smaller than f  as the tem perature is raised. 
From their data at tem peratures above 15°, butane is a 
structure breaker and methane behaves as such at tem 
peratures higher than 28.7°. The calculations show also 
that the bigger the solute the more it acts as a structure 
breaker at high temperatures.

The molal heat capacity charge for the solution process 
o f a hard-sphere solute in water at 4°, given by eq 2, is 
fairly im portant and very similar for a hard-sphere solute 
and a real nonpolar solute with the same size as shown by 
P ierotti.2 T o  explain the difference between the low heat 
capacity o f ice and the higher heat capacity o f the less hy
drogen-bonded liquid water, Eisenberg and K auzm ann6 
have hypothetized the existence o f a configurational heat 
capacity arising from the change in the solvent structure 
with the temperature. In the same vein a configurational 
heat capacity for a solute may arise from the fact that its 
influence on the water structure changes with the tem per
ature, whatever this influence may be at a given tem per
ature. Therefore the configurational heat capacity  for a 
hard-sphere solute at 4° may possibly be equated to (da/ 
dT)RT2[i(y) +  1] since this term arises from the internal 
energy change with temperature. Then  the high heat ca 
pacity found for real nonpolar solutes is probably  mainly 
configurational in origin and then should not be taken as 
an evidence for water structure prom otion by the solute.

Pierotti has also shown that the entropy of solution is 
similar for a real nonpolar solute and a hard-sphere sol
ute.2 Further, at 4° the entropy o f solution o f gaseous 
water itself is very similar to that o f solutes with a similar

(6) D. Eisenberg and W. Kauzmann, "The Structure and Properties of 
Water, ” Oxford University Press, London, 1969.

(7) F. Franks and D. G. Ives, Quart. R ev .. C h em . S o c . , 20, 1, (1966).
(8) H. S. Frank and F. Franks, J. C h em . P h ys.. 48, 4746 (1968).
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Figure 1. Plots of the enthalpy of transfer from H20 to D20 at 
25 and 5 1 °  for the various salts and of the mo al chemical shifts 
for the same salts.

size and as He or N e .9 These values should as well be 
taken as evidences that water is a structured medium 
rather than the solute add more structure to it. The latter 
interpretation is also questioned in ref 8.

In the same vein the decrease of the partial molal value 
V2 o f a solute when it is transfered from an organic sol
vent to water has been sometimes taken as an evidence 
for water structure prom otion since it has been more or 
less assumed that this decrease occurred since the solid 
was accom odated in voids in the water structure sur
rounded by a more hydrogen-bonded water cage.4 Here 
again the calculations o f Pierotti show that the molal vol
ume V2 calculated for a hard-sphere particle in water2 
and CCI410  is very similar to that o f the real solutes with 
the same sizes in the two solvents. Furthermore, the vol
ume V2 o f H 2 O at high dilution in CCI4 is nearly twice 
that o f H 20  in water.11 Should this be interpreted as an 
evidence that the water molecules dissolves in cavities in 
water? From relation 3, the smaller volum e for a solute in 
water com pared to its volum e in CCI4 arises mainly from 
the fact that the com pressibility /3 o f the water is nearly 
twice as small as the com pressibility of a nonpolar solvent 
such as benzene or CCI4 . This may be related to the force 
fields between either water molecules or CCI4 molecules. 
The force field may be more im portant in water than in 
CCI4 and water gains less added volum e than CCI4 on the 
im pact o f the solute kinetic energy.

The consideration of the properties o f aqueous solutions 
o f hard-sphere solutes suggests that the experimental en
tropies o f solution, heat capacity changes, molal volume, 
and raising o f the water T M D  by a solute are not in them 
selves evidence for water-structure prom otion by a nonpo

lar solute above 4°. This structure prom otion may well 
exist above this temperature, but, in our opinion, it has to 
be proved by different arguments than usually found in 
the literature. On the other hand, Frank’s ideas appear to 
be substantiated when the solution process takes place in 
water at temperatures lower than 4°.

Finally, recent nmr measurements on tetraalkylammo- 
nium halide solutions in water, when extrapolated to infi
nite dilution, suggest that at temperatures lower than 2 0 ° 
the structure forming character increases in order M e4N+ 
< Pr4N+ <  B u4N + . At higher temperatures the trend is 
reversed . 1 2  K ay has taken the ratio A77 in H20  to A77 in 
D 20 ,  where 7/ is the solvent viscosity and A the lim iting 
ionic conductance, as an evidence for water structure pro
motion by Bu4N+ and Pr4N+ at 25°.13 Since the ratio for 
Br is of the opposite sign and larger in absolute m agni
tude than the ratio for Bu4N + , Kay findings are not in
consistent with our interpretation that. B u4NBr is wholly 
a structure breaker at 25°. On the other hand, from the 
measurements of the enthalpies of transfer o f the tetraal- 
kylam m onium  salts from H 20  to D20  at 25°, Friedman has 
drawn similar conclusions as K ay .14 The enthalpy of 
transfer is positive for M e4NBr and negative for Bu4NBr. 
Negative values were taken as evidences for water struc
ture promotion. W e have measured the enthalpy of trans
fer from H 2O to D20  at 51° for the salts KBr, NaBr, CsBr, 
NaF, Csl, M e4NBr, Et4NBr, Pr4NBr, and Bu4NBr at high 
dilution. They are plotted on Figure 1 together with the 
results o f Friedman at 25°. At 51°, the trend at 25° for the 
quarternary ammonium bromides is reversed. The enthal
pies are all positive and should increase with the cation 
size at higher temperatures. Then, according to Fried
m an ’s interpretation, at temperatures higher than 51°, the 
bigger cation should act as the stronger structure breaker. 
On the same figure are plotted the chem ical shift o f the 
water proton induced by 1 mol of salt extrapolated from 
the data at high dilution from ref 12 and 15. Positive 
shifts are upfield. Both types of measurements are quali
tatively in agreement. However, the temperature at which 
the influence of the tetraalkylammonium bromides on the 
water structure is the same is different when deduced 
from nmr and enthalpies measurements. The influence of 
the tetraalkylammonium ions on the water structure is 
not so peculiar if it is com pared with what is expected for 
a hard-sphere solute. At temperatures lower than 4°, the 
bigger the solute, the more it acts as a structure former, 
at higher temperatures, this trend is reversed. For the real 
solutes such as tetraalkylammonium ions, the tem per
ature of reversal is not 4°, but higher. This may be possibly 
ascribed to the influence of the cation charge.

(9) M. Lucas, Bull. S o c . Chim. Fr.. 2902 (1970).
(10) R. A. Pierotti, J. Phys. C h em .. 67,1840 (1963).
(11) W. L. Masterton, J. Phys. C h em .. 72,4257 (1968).
(12) M.-M. Marciacq-Rousselot, A. de Trobriand, and M. Lucas, J. Phys. 

C h em .. 76,1455 (1972).
(13) R. L. Kay and D. F. Evans, J. Phys. C h em .. 69,4216 (1965).
(14) C. V. Krishnan and H. L. Friedman, J. Phys. C h em .. 74, 2356 

(1970).
(15) J. Davies, S. Ormondroyd, and M. C. R. Symons, Trans. F araday  

S o c .. 67,3465 (1971).
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The equilibrium  constants for the intram olecular proton transfer process (classical form) «=t (zwitterion) 
for N,N-di-n-buty\-a -, -/!-, and -7 -am ino acids in nonhydroxylic solvents increase in the order K „ <  K y <  
K a. This order, which is not the one which would be predicted from the relative basicities o f the amino 
groups in these m olecules, is rationalized on the basis o f continuum  electrostatic theory.

Introduction

In a previous study 1 it was shown that dielectric con
stant measurements on solutions o f /V ,/V -di-n-butyl-/i-ala- 
nine (N D BB A) in a variety o f nonaqueous solvents could 
be interpreted on the basis o f shifts in the equilibrium  be 
tween an intram olecularly hydrogen bonded classical 
structure and its dipolar ion tautom er. Furthermore, a 
sim ple electrostatic m odel based on the free energy 
change attending the increase in dipole m om ent upon 
proton transfer accounted for the m agnitudes o f the equi
librium  constants found in inert media.

The present work is a study o f N.iV-di-rc-butylglycme 
(N D B A A ) and /V,7V-di-n-butyl-7 -am inobutyric acid 
(N D B G A ) undertaken to explore the extent to which the 
earlier conclusions have general applicability.

Experimental Section

Syntheses.  The ethyl ester o f N D B A A  was prepared by 
refluxing ethyl chloroacetate with a tw ofold excess by vol
ume o f di-rc-butylamine for 20 hr. T he ester, after its re
covery by fractional distillation at 3 Torr, was converted 
to the free acid by the m ethod previously em ployed for 
the /3 hom olog (m p 137°; Anal:  Calcd for C 10 H 2 1 O 2N: C, 
64.1; H, 11.3; N, 7.5. Found: C, 64.4; H, 11.5; N, 7.5).

Ar,Ar-D i-n -bu ty l-7 -am inobutyronitrile was prepared by 
refluxing 7 -chlorobutyronitrile and a twofold excess by 
volum e o f di-n -butylam ine for 1 0  hr, after which it was 
recovered by fractional distillation at 4 Torr. T he nitrile 
( 1 0  m l) was refluxed with 2 0  ml o f concentrated hydro
chloric acid for 5 hr, 1 1. o f  water was added, and the re
flux continued for another 5 hr. The solution was concen 
trated to 300 ml, neutralized to pH  7 with 6  M  sodium  
hydroxide, and the rem aining nitrile was extracted with 
ether. The aqueous solution was evaporated to dryness 
and the crude N D B G A  was extracted by reflux with 1:1 
ch loroform -ethanol. The product was purified by repeated 
recrystallizations, first from  ether and finally from  cy c lo 
hexane (m p 59°; Anal. C alcd for C 1 2 H 2 5 O 2 N: C, 66.9; H, 
11.7; N, 6.5. Found: C, 66.9; H, 11.7; N, 6.4).

Solvents.  T he solvents used, acetonitrile, benzene, ch lo 
roform , ethylene chloride, methylene chloride, m ethanol, 
and nitrom ethane, were all purified by accepted proce
dures under m oisture-free conditions to yield materials 
whose physical properties agreed with values cited in 
standard com pendia  to within ±0 .0007 g /c m 3 for the 
density and ±0 .0004 for the refractive index.

Dielectric Constant Determinations. As in the previous 
study, solutions in benzene were exam ined by the hetero
dyne beat m ethod at 1 M H z using a triple-concentric- 
cylinder cell having air capacitance 46.79 pF, while all 
other solutions necessitated the use o f bridge methods. 
Im pedances were measured with a General Radio Type 
1606-A rf bridge at 12 frequencies between 1 and 30 M H z. 
W ater at 30 ±0 .2 ° was circulated through the outer jacket of 
concentric cylinder cells constructed from gold-plated 
copper tubing. Inductance corrections and lead capacitan 
ces for the two cells used were determ ined by making 
measurements on the cells filled with purified carbon 
tetrachloride, benzene, ethylene chloride, and nitroben
zene, the dielectric constants o f which have been well 
characterized .2 The air capacitances o f the two cells were 
3.45 and 8.60 pF.

Miscellaneous. Specific gravities were determ ined by 
using a Christian Becker M odel S G - 1  specific gravity ba l
ance. M olecular weights in solution were estim ated by 
using a M echrolab M odel 301-A vapor-phase osm om eter 
operated at 37° and em ploying biphenyl as a calibration 
solute. Infrared spectra were taken with a Beckm an IR-12 
infrared spectrophotom eter using either sodium  chloride 
or Irtran-2 cells. Potentiom etric titrations were followed 
with a Beckm an research pH meter equipped with a C or
ning N o. 476024 glass electrode and a silver-silver chloride 
electrode constructed in our laboratory.

Results

T he experim ental result o f m ost im m ediate interest is a 
quantity <5, the dielectric increm ent at infinite dilution. It 
is defined as the lim iting slope o f a p lot o f  the solution d i
electric constant us. molar concentration.

Given the precision o f the heterodyne beat m ethod, 
±0 .1 % , measurem ents on benzene solutions o f N D B A A  
and N D B G A  could be m ade down to 1 x  10_ 3 M  concen 
trations. T he lim iting values o f 5 found were 1.71 M ~ 1 for 
the a-am ino acid and 3.58 M _ 1  for the 7 -am ino acid, 
while our earlier result was 4.27 M “ 1  for the /3-amino 
acid.

M olecu lar weight determ inations show ed that N D B G A  
rem ained m onom eric to the extent o f  90% or greater in 
chloroform , m ethylene chloride, ethylene chloride, and

(1) D. A. Horsma and C. P. Nash, J. P h ys. C h em .. 7 2 , 2351 (1968).
(2) A. A. Maryott and E. R. Smith, Nat. Bur. S tand. (U . S .) ,  C irc. No.

514 (1951).
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TABLE I: D ielectric  Increm ents, Dipole M om ents, and Tautom eric Equilibrium Constants for N ,N -D i-n -buty l-/3- and -7 -am ino Acids at 30°

5, M~ ß. D

Solvent € ß 7 ß 7 ß 7

Benzene 2.26 4.27 3.58 6.06 5.61
Chloroform 4.8 9.38 ±  0.04 15.6 ±  0.1 7.80 9.99 0.33 0.65
Methylene chloride 8.6 9.1 ±  0.1 17 .3  ±  0.1 7.79 10.45 0.33 0.81
Ethylene chloride 10.1 8.3 ±  0.2 12.5  ±  0.1 7.58 9.10 0.27 0.42
Acetonitrile 35.1 5.1 ±  0.1 17 .3  ±  0.2 9.16 12.47 0.96 2.53
Nitromethane 36.4 4.7 ±  0.2 8.7 ±  0 .1“ 8.72 10 .30 ° 0.69 a
Methanol 32.2 20.8 ±  0.5 33.6 ±  0.2 11.5 3 14.30

a See text.

acetonitrile up to 0.13 M  concentration, and reasonably 
accurate rf bridge measurements could be made in these 
solvents on solutions as dilute as 0.05 M.  At this concen 
tration these solutions all contain at least 98% m onom er’. 
Thus the lim iting values o f 5 determ ined in these solvents 
could differ from the m onom er values by - 2 % at most, 
since association leads to apparent <5 values which de
crease with increasing concentration . 1 In nitromethane, 
however, dielectric constant measurements on solutions 
more dilute than 0.1 M  could not be made with sufficient 
accuracy to yield reliable concentration derivatives. Since 
a 0.1 M  solution o f N D B G A  in nitromethane contains less 
than 65% monomer, based on its m olecular weight in so
lution, the 5 value we find for the y  acid in this solvent is 
undoubtedly significantly low.

W ith this single reservation, the rf bridge data were 
treated as in our previous work to yield values o f 3 for 
N D B G A  which are listed in T able I, together with those 
previously found for N D BB A.

M olecular weight studies on N D B A A  revealed that in 
no polar solvent save m ethanol was a sufficiently low de
gree o f  association present to adm it 5 values appropriate 
to m onom eric species to be obtained with reliability. In 
m ethanol we find 5 = 30.9 ±  0.2 for N D BA A. The quali
tative indications are that the most stable dim eric entity 
o f N D B A A  is a “ double zw itterion”  which has no dipole 
m om ent. Thus, for exam ple, we obtain an apparent value 
o f 5 for the a  acid in chloroform  o f 3.0, which may be 
com pared to the values 9.4 and 15.6 found for the ß  and y  
hom ologs, respectively. Also, the infrared spectrum  o f a 
0.05 M  solution o f N D BA A in chloroform  shows only a 
single sharp peak at 1642 c m -1 , a carboxylate frequency, 
with no trace o f absorption at frequencies between 1700 
and 1800 c m - 1  which would be indicative o f carbonyl 
groups present in the solution. This dim er structure has 
previously been postulated by Barrow 3 in order to account 
for infrared spectroscopic results on diethyl-substituted 
am ino acids which were, in general, similar to the present 
ones.

Discussion

It is a straightforward matter to proceed from 3 values 
to an estimate o f the dipole m om ent o f a species in solu
tion. The m odel em ployed is the B öttcher m odification of 
the Onsager equation for a spherical dipolar m olecule im 
bedded in a dielectric continuum . 4 W hen S values are 
substituted in eq 9 o f ref 1, together with vapor-phase 
values of the dipole m om ents o f the solvent m olecules , 5 

there result dipole m om ents for the ß- and 7 -am ino acids 
which are also listed in T able I. If the 5 values in the vari

ous polar solvents (excluding nitrom ethane) were sys
tem atically low by as m uch as 2 % owing to association 
phenom ena, in no case would the derived dipole m om ent 
be low by more than 0.06 D. The values reported here for 
N D BB A are a few per cent smaller than those given pre
viously, since we now choose to include the atom ic polar
ization of the solute in the calculations, estim ating it as 
1 0 % o f the electronic contribution determ ined from the 
molar refraction .6

W e now assume that the square o f the observed dipole 
m om ent is a mole fraction average o f the squares o f  the 
mom ents found in benzene and methanol, i.e., the sol
vents in which the infrared spectra show the m olecule to 
be “ entirely”  in either the classical or zwitterion forms. 
By this procedure we calculate the tautom eric equilibrium 
constants ( K  =  zw itterion/classical form) given in Table 
I.

The critical assumption on which this m ethod o f esti
mating K  rests is that the dipole m om ent o f the dipolar 
ion species measured in methanol is truly that o f the iso
lated solute molecule. There can be little doubt that one 
or more m ethanol molecules hydrogen bond to an am ino 
acid. If the measured m om ent was perhaps that o f a 1:1 
com plex in which a methanol m olecule having dipole m o
ment 1.7 D 5 was H bonded linearly to either o f the sets of 
lone pair electrons in sp 2 hybrid orbitals on the oxygen 
atom in the carboxyl group which is not involved in the 
proton transfer reaction, and if the attached methanol 
m olecule could rotate freely about the O -H -O  axis, then 
vector addition shows that for N D B B A  the resultant m o
m ent of 11.5 D would im ply a zwitterion m om ent o f 11.0 
D, while for N D B G A  the measured resultant o f 14.3 D 
would im ply a zwitterion m om ent o f 13.4 D. W hen these 
smaller values o f  ßa are used to calculate K  values from 
the average mom ents measured in acetonitrile, one finds 
Kg  = 1.3, K y =  5.3, and K y/Kg =  4.

This ratio o f equilibrium  constants is in qualitative d is
agreement with conclusions based on the infrared spectra 
o f  these acids as monomers in solution. The carbonyl a b 
sorption m axim a o f the classical tautomers o f the ß- and 
7 -am ino acids in acetonitrile occur at 1722 and 1710 
c m -1 , respectively. The carboxylate m axim um  shown by 
the dipolar ion tautomer occurs at 1640 c m - 1  for both 
acids. T o  the extent that one may neglect the overlap of

(3) G. M. Barrow, J. A m er . C h em . S o c ., 80, 86 (1958).
(4) C. J. F. Böttcher, "Theory of E lectric Polarization,” Elsevier, New 

York, N. Y., 1952. See also J. R. Weaver and R. W. Parry, Inorg. 
C h em ., 5, 703 (1966).

(5) A. L. Me Clellan, "Tables of Experimental Dipole Moments,” W. H. 
Freeman, San Francisco, Calif., 1963.

(6) C. P. Smyth, "D ie lectric Behavior and Structure," McGraw-Hill, New 
York, N. Y., 1955.
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the peaks o f the two tautomers, Beer’s law yields, for each 
acid

K  — A d(Ln/A nVd (1)

where A  is the measured absorbance o f a peak, a is an 
absorptivity, and the n and d subscripts denote the values 
appropriate to the classical and zwitterionic tautomers, 
respectively. If the value o f the ratio (an/ad) is approxi
mately the same for the /?- and 7 -am ino acids, then

K y/K 3 =  (A d/An)y/(Ad/An)B =  (1 .5 )/(0 .8 ) = 1.9 (2)

Here we have introduced experimental values o f  the ab
sorbance ratios determined from the infrared spectra of 
0.056 M  solutions o f the two acids in acetonitrile. This 
spectroscopic estimate o f the ratio o f K ’s agrees much 
better with the value o f 2 .6  obtained by using the m o
ments measured in methanol directly than it does with 
the value o f 4, which would be obtained by assuming 1:1 
com plexing with methanol. The results found for solutions 
in chloroform, methylene chloride, and ethylene chloride 
lead to similar conclusions. Apparently even a hydrogen 
bonding interaction does not appreciably alter the spheri
cal symmetry o f the nearest neighbor shell o f methanol 
molecules, and the dipole m om ent found for the zwitter- 
ion in this solvent closely approximates its actual value.

Since the dipole m om ents o f the /3- and 7 -am ino acids 
in benzene, 6.06 and 5.61 D, respectively, are significantly 
larger than the 4.5 and 4.3 D which would result if the 
group m om ents6 were sim ply added vectorially, and since 
the carbonyl absorption frequencies o f both these m ole
cules occur at 1740 ±  5 c m - 1  in benzene or carbon tetra
chloride, whereas a typical monom eric carboxylic acid 
molecule in CC14 absorbs at about 1760 c m - 1 , 7 we con
clude that for both molecules the nondipolar classical 
form is strongly hydrogen bonded intram olecularly. Also, 
since the dipole m om ent o f the zwitterionic tautom er of 
the 7  molecule in nonaqueous media is only 14.3 D vs. 
about 20 D found for 7 -am ino acids in water, 8 where free 
rotation around bonds evidently occurs, we infer that even 
in the proton-transferred form both am ino acids remain in 
a cyclic configuration in nonaqueous solvents. Both the 
amount by which the dipole m om ent o f the 8  acid is aug
mented in benzene and the amount by which its mom ent 
in methanol is reduced by comparison with the behavior 
o f the 7  acid in these solvents suggest that cyclization is 
more facile sterically for the 8  acid, which forms a six- 
mem bered ring. An inspection of molecular models reveals 
that the O -H -N  configuration is essentially linear with a 
/3-amino acid, whereas a slight nonlinearity occurs with a 
7  amino acid.

The similarities found between the d and 7  acids in so
lution suggest that the same theoretical model might be 
used to treat the intramolecular proton transfer reaction 
of both o f these molecules. We have earlier suggested1 

that on a continuum  electrostatic m odel the equilibrium 
constant for tautom erization in solution, K s, is related to 
the gas-phase value, K g, by the equation

R T \ n (K s/Kg) =
[(« -  1 ) / ( 2e +  1)](1 +  B ) [ W 2 -  nn2)/b3] (3)

Here e is the dielectric constant o f the solvent, fid and nn 
are the dipole mom ents o f the two tautomers in methanol 
and benzene, respectively, b is the effective radius o f the 
sphere bearing the dipole, and B is a function o'f e and of 
the position and orientation o f the dipole within the

sphere. When one wishes to compare two molecules in the 
same solvent which are qualitatively as similar as our /3- 
and 7 -am ino acids, it is perfectly realistic to assume iden
tical values o f B. In a qualitative way, eq 3 predicts that if 
neither the K g values nor the sphere sizes for the 8 and 7  

acids are radically different, then the tautomerization 
constant for the 7  acid in solution will exceed that for the 
d acid. This prediction is in agreement with the several K  
values shown in Table I.

The two solvents which are most likely to conform to a 
continuum model are ethylene chloride and nitromethane. 
For the reasons we have noted, no experimental value of 
K  for the 7  acid in nitromethane was obtained. W e may, 
however, use the ethylene chloride results and the contin
uum m odel to estimate K y in nitromethane, from it a d i
pole moment, and thus a predicted 5 value which turns 
out to be com pletely reasonable by comparison with the 
other values listed in Table I.

When one forms the ratio o f a pair o f equations like eq 3 
for the d- and 7 -am ino acids in the same solvent, there 
results

I n U f s i g ) / K eUit) Mdi/i)2 —  A W ) 2 f b m \ 3 .  „  / & m \ 3

In < *„„/* „• > ,) -  U J  "  °-°5 [ b „ J  (4)

where the dipole moments from T able I have been substi
tuted into the /i-dependent factor. T o  estimate the ratio of 
sphere volumes we elect to use the apparent molecular 
volum es o f the two molecules in solution, determined 
from density measurements to be 212 ml for N D B B A  and 
246 ml for N D BG A. W ith this estimate eq 4 may be rear
ranged to read

K S(B)/KS I.y , ° - 64 = K g{B)/Kgiyi° -^  =  constant (5)

If we now substitute the equilibrium constants for the two 
acids in ethylene chloride into eq 5, together with the n i
tromethane value for ND BBA, we find a predicted value 
for the tautom erization constant o f N D B G A  in nitro
methane of 1.8. W hen K  = 1.8 the average dipole moment 
must be 11.9 D, and this mom ent in nitromethane would 
follow  from a dielectric increment o f  14.5 M _1, clearly a 
reasonable value. We therefore conclude that tautom er
ization o f the d- and 7 -am ino acids may be described sat
isfactorily by the same model.

Spectroscopically, the behavior o f the a-am ino acid is 
different from that o f the two higher homologs. Whereas 
N D BB A and N D BG A display carbonyl absorptions in the 
range 1710-1740 c m - 1  in all the solvents used here, 
N D BAA absorbs at 1775-1785 c m -1 . A similar behavior 
was also noted by Barrow . 3 Barrow assumed that the a- 
am ino acid was unusual, and postulated the existence of a 
strained, intram olecularly hydrogen-bonded ring to ex
plain, by analogy with the small ring lactones, the high- 
frequency carbonyl absorption. Hall and Zbinden , 9 how
ever, rejected the notion that any significant strain could 
be present in a ring held closed simply by a hydrogen 
bond.

Our results show that the a-am ino acid in its classical 
form is indeed intramolecularly hydrogen bonded. The 
measured dipole mom ent of 3.96 D in benzene solution is, 
within experimental error, exactly the sum o f the group

(7) M.-L. Josien, J. Lascombe, and C. Vignalou, C. R. A ca d . S ci.. 250, 
4146 (1960).

(8) J. P. Greenstein and M. Winitz, “ Chemistry of the Am no Acids," 
Wiley, New York, N. Y., 1961, pp 456-464.

(9) H. K. Hall, Jr., and R. Zbinden, J. A m er . C h em . S o c .. 80, 6428 
(1958).
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Figure 1. Free energy changes for the tautomerism of NDBAA 
and NDBGA in the gas phase, and free energies of transfer of all 
the species to nitromethane solution.

mom ents for a cyclic geometry in which the O -H  and 
C = 0  functions are trans. If they adopted the cis configu
ration which is customary for monom eric carboxylic acids , 6 

a m om ent between 1.3 and 2.1 D would result, depending 
upon the dispositions of the other groups in the molecule.

In a recent critical review Bellam y 10 has discussed the 
accum ulating evidence for a significant increase in car
bonyl frequency occurring when the hydroxyl group of a 
carboxylic acid adopts the trans configuration. From a 
spectroscopic viewpoint it is evidently the /3- and 7 -amino 
acids, rather than the a, which are exceptional. Their be
havior may be rationalized by recalling the significant 
augmentation in the dipole m om ent of these molecules 
which accom panies formation of the intram olecular hy
drogen bond. Thus, even though proton transfer does not 
occur, electron density seemingly accum ulates in the C -0  
bond at the expense o f the C = 0  bond, whose vibration 
frequency is thereby decreased by some 40-50 c m -1 .

The tautomerization behavior of N D B A A  in solution is 
also, at first sight, unusual. Owing to its extensive aggre
gation in solution, we were unable to obtain the dipole 
mom ent o f m onom eric N D BAA in any polar solvent ex 
cept methanol, in which it remains a monomer having d i
pole m om ent 13.7 D. A consideration o f the intensity of 
the sharp carbonyl absorption m axim um , together with 
osm om etric measurements, does perm it us to estimate, 
albeit crudely, the extent o f proton transfer in the m ono
mer in acetonitrile and nitromethane, in which associa
tion is relatively slight up to -~0.05 M.

By analyzing osm om etric measurements according to a 
m odel which considers dimers separately from higher 
aggregates, all the rest of which are assumed to have the 
same stepwise formation constant, 1 1  we conclude that in a
4.8 x  10 " 3 M  solution o f N D BAA in benzene the m ono
mer concentration is 4.0 x  10" 3 M. This solution has the 
same carbonyl absorbance as a 3.0 x  10 " 2 M  solution of 
N D B A A  in acetonitrile, which is not significantly associ
ated on the basis o f a comparison with a biphenyl calibra
tion curve. If no proton transfer has occurred in the m ono
mer in benzene, the apparent tautomerization constant in 
acetonitrile is ~ 6 .5 . Carbonyl intensity com parisons show 
that in nitromethane the constant is even larger, on the 
order o f 1 0 .

From the standpoint o f one ’s chem ical intuition, it is 
surprising that the K  value of N D B A A  is appreciably 
larger than the values found for the longer chain amino 
acids. It is well known that, at least in water, the basicity

of the nitrogen o f naturally occurring a-am ino acids is 
m uch less than that of either /3- or 7 -am ino acids, whereas 
the acidities of the carboxylic acid functions differ very 
little within the series. 12  This significant basicity differ
ence also persists to alkyl-substituted am ino acids in 
aprotic solvents, as shown by potentiom etric titrations we 
have conducted on the ethyl esters of N D B A A  and 
N D BB A in acetonitrile. When 0.05 M  acetonitrile solu
tions of the bases triethylamine, benzylam ine, N D BBA 
ethyl ester, and ND BAA ethyl ester were titrated with 
0.15 M  p-toluenesulfonic acid monohydrate in acetoni
trile, half-neutralization em f’s of -4 3 7 , -3 5 3 , -3 5 6 , and 
—257 mV, respectively, were measured with a glass e lec
trode vs. a A g-A gC l external reference electrode immersed 
in a dilute solution of tetraethylamm onium chloride in 
acetonitrile which was connected to the titration vessel 
through a fine-frit disk. The em f difference we find be 
tween triethylamine and benzylamine is in the same d i
rection as that found by H all13  in a similar experiment, in 
which he titrated 0.003-0.01 M  bases in acetonitrile with 
a 1.1 M  solution o f p-toluenesulfonic acid monohydrate in 
dioxane, but his difference of 119 mV is som ewhat larger 
than our value o f 84 mV. Our results nevertheless show 
that the substituted /3-amino acid ester has a basicity 
similar to that of benzylamine, while the ester o f the a- 
am ino acid is an even weaker base.

The present electrostatic model o f the intramolecular 
proton transfer process in inert solvents provides a satis
factory resolution o f the apparent dilemma. The factor 
(lid2 -  nn2) in eq 3 has the same numerical value for both 
the a- and the 7 -am ino acids. From density measure
ments the molar volume of the 7  acid exceeds that o f the 
a  acid by a factor o f 1.2. Thus, if K sla] >  K slyl, K g{ai <  
K gly]. If in eq 3 we choose B = 0 .6 , 1 b,y) = 5.8 A , 1 and t 
= 36 (nitromethane) we find, from the solution values of 
K siy) 1.8, K s(nl ^  10, gas-phase values of K giai s  2.5 
x  1 0 "8, K giy) 1,2 x  1 0 "7, AG °g(a, ~  +10.4 kca l/m ol, 
AG °g(7) ~  + 9 .5  kca l/m ol. Thus, the expected effect of 
basicity differences is manifest in the gas phase. The vari
ous free energy relationships are summarized in Figure 1. 
Here the com m on zero of energy for the two molecules has 
been chosen as the gaseous, intramolecularly hydrogen- 
bonded classical tautomeric form.

If we were to locate the com m on zero o f energy at the 
gaseous, open-chain classical structure o f the two amino 
acids, the free energy o f the gaseous a dipolar ion would 
be greater than that o f the gaseous 7  dipolar ion by even 
more than the 0.9 kcal shown in Figure 1, since the hydro
gen bond in N D BAA is undoubtedly weaker than that in 
ND BG A. N ot only is the nitrogen o f ND BAA inherently a 
weaker acceptor site , 14  but also the internal hydrogen 
bond in this m olecule is severely bent. The H O N angle is 
about 45°, which is near the upper limit of distortion from 
linearity o f O H -N  hydrogen bonds cited in D onohue’s sur-

(10) L. J. Bellamy, “ Advances in Infrared Group Frequencies,” Methuen, 
London, 1968, p 175.

(11) A statistical treatment showing the necessity for using at least two 
constants for successive association equilibria has been given by L. 
Sarolea-Mathot, Trans. Faraday S o c .. 49, 8 (1953).

(12) E. J. Cohn and J. T. Edsall, “ Proteins, Amino Acids, and Peptides,” 
Reinhold, New York, N. Y., 1943, p 99.

(13) H. K. Hall, J. Phys. C h em .. 60, 63 (1956).
(14) R. W. Taft, D. Gurka, L. Joris, P. v. R. Schleyer, and J. W. Rak- 

shys, J. A m er . C h em . S o c .. 91, 4801 (1969), have shown that if 
acceptors with the same kind of functional group are compared, a 
good correlation exists between hydrogen bond acceptor ability and 
basicity toward the proton. The correlation with pKa breaks down 
when different functional groups are compared.
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vey . 15 Moreover, the recent calculations of van Duijnev- 
eldt-van de R ijdt and van D uijneveldt16 clearly show that 
a significant increase in energy ( ~ 3  kca l/m ol) results 
when an O H -N  hydrogen bond is bent to this extent.

W e have estimated from solution data that in the gas 
phase the free energy of the zwitterion in a cyclic confor
mation exceeds that o f the same conform ation o f the clas
sical tautomer by ~ 1 0  kca l/m ol. Therm ochem ical and 
electrostatic considerations show that this is a plausible 
result. By com bining therm ochem ical data 1 7 ' 20 for the el
ementary gas-phase processes

CH 3COOH  —  CH 3COO- +  -H AH  = +111 kcal (6)
CH 3 COO- +  e _ —*• CH 3 COO~ AH  = - 7 8  kcal (7)

R 3N - h*R 3N - + +  e~ A H — 1180 kcal (8)
R3N-+ -H — R 3N H  + AH  ~  -9 3  kcal (9)

we estimate, for a typical bim olecular gaseous acid-base 
reaction

CH-jCOOH +  R3N —  CHgCOO -  +  R 3NH+
A H  ~  +120 kcal (10)

When the cation and anion products are permitted to at

tract each other, C ou lom b’s law shows that when the 
charges are separated by 3.0 A the free energy o f the sys
tem is lowered by 1 1 0  kcal, so that AHnet ~  + 1 0  kcal. 
This charge separation is slightly larger than the 2.9 A 
O -N  distance typical o f OHN hydrogen bonded systems, 
and therefore our estimates of the gas-phase equilibrium 
constants appear to be justified. Presum ably this kind of 
agreement also supports the qualitative validity o f the 
electrostatic model o f the proton transfer process from 
which the gas-phase values of the equilibrium  constants 
were deduced.

(15) J. Donohue, “ Structural Chemistry and Molecular B iology," A. Rich 
and N. Davidson, Ed., W. H. Freeman, San Francisco, Calif , 1968.

(16) J. G. C. M. van Duijneveldt-van de Rijdt and F. B. van D jljneveldt, 
J. A m er . C h em . S o c . , 93, 5644 (1971).

(17) L. Jaffe, E. J. Prosen, and M. Szwarc, J. C h em . P h ys . 27, 416 
(1957).

(18) (a) W. E. Wentworth, E. Chen, and J. C. Steelhammer, J. Phys. 
C h em .. 72, 2671 (1968); (b) S. Tsuda and W. H. Hamlll, "Ad
vances in Mass Spectrometry," Vol. I l l ,  W. L. Mead, Ed., The Insti
tute of Petroleum, London, 1966.

(19) Based on an ionization potential ~ 7 .8  eV for gaseous alkyl amines. 
See K. Watanabe and J. R. Mottl, J. C h em . P h ys .. 26, 1773 
(1957).

(20) Based on the N -H  single bond energy given by L. Pauling, “ The 
Nature of the Chemical Bond," 3rd ed, Cornell University Press, 
Ithaca, N. Y., 1960, p 85.
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Broad line nmr measurements on crystalline tetrakis(trim ethylsilyl)m ethane show that this material 
undergoes a transitional change when its temperature is slowly raised stepwide through 213°K. The onset 
of the X transition determined by differential scanning calorimetry (D SC) is in accord with this result. 
The entropy change associated with the transition is about 7.68 cal (m ol ° K ) -1 . On heating and cooling 
cycles covering rates from 0.625 to 40° m in -1 , considerable hysteresis is found by the D SC method. The 
displacem ent o f the X peak on heating relative to cooling dim inishes as the rate is lowered, in conform ity 
with the time effects involved in the transition process.

Introduction
Since tetrakis(trim ethylsilyl)m ethane was shown 1 

to behave as an Einstein sphere in dilute solution, it was 
im mediately suspected that it would exhibit interesting 
transitional behavior in the solid state. Other spherical 
molecules2 -5  display changes in specific heat, nmr second 
moment, and X -ray spacings. Such changes in physical 
properties are associated with the onset o f rotation of the 
molecules in the solid state and attest to S im on ’s original 
suggestion6 many years ago. A study o f molecular freedom

and transformations in the solid state has been presented 
by W estrum .7

(1) R. L. Merker and M. J. Scott, J. C olloid  S ci., 19, 245 (1964).
(2) D. W. McCall and D. C. Douglas, J. C h em . P hys.. 33, 777 (1960).
(3 ) A. R. Ubbelolde, “ Melting and Crystal S tructure," Oxford University 

Press, London, 1965, Chapter 4.
(4) E. F. Westrum, Jr., and J. P. McCullough, “ Physics and Chemistry 

of the Organic Solid State," Vol. 1, W lley-lnterscience, New York, 
N. Y „ 1963, Chapter 1.

(5) E. R. Andrew and P. Allen, J. Chim. P h ys ., 1 ,85 (1966).
(6) F. Simon and C. Von Slmson, Z. P hys.. 21, 168 (1924).
(7) E. F. Westrum, Jr., J. Chim. P hys.. 1 ,46 (1966).
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Figure 1. Plot of the experimental second moment S2 (G2) as a 
function of temperature, °K.

The tetrakis(trim ethylsilyl)m ethane is a large spheri
cally symm etrical molecule having 1 2  geometrically 
equivalent methyl groups. This crystalline material8 ap
pears to undergo a phase transition in the solid state at 
about 2 0 0 °, but under atmospheric pressure sublimation 
occurs without melting. This behavior is typical of spheri
cally symm etrical molecules which rotate freely in the 
crystal lattice in accord with W estrum ’s classification .7 

The present nmr and calorimetric studies were undertak
en in order to investigate the onset o f m olecular motions 
in the solid. X -R ay  diffraction studies have shown that 
the tetrakis(trim ethylsilyl)m ethane crystallizes in a face- 
centered cubic lattice with the space group Fm3m.

Si(CH:1)3

(C fttSi — C— Si(CH.3)3 

Si(CH ,)3

E xperim ental R esults

Nm r Second M om ent.  Nm r spectrum of powdered tet- 
rakis(trimethylsilyl)methane was investigated between 
liquid nitrogen temperature and 450°K. M easurements 
were made with a Varian DP 60 spectrometer, equipped 
with a variable temperature accessory. The following ex
perimental conditions were used: rf am plitude of 2.65 mG 
at temperatures below 213’°K  and 0.83 mG above this 
value; the m odulation am plitude was 0.5 G at tem per
atures below 213°K and 0.25 G above it. The measurements 
were made on cooling down the sample stepwise. At each 
temperature the sample was allowed to reach its equilibri
um temperature for at least 15 min before performing any 
measurement. In this way, time effects were elim inated 
(or m inim ized). The experimental second m om ents are 
shown in Figure 1 .

An X -ray diffraction study9 on the same com pound pro
vides the following data: space group Fm3m, a = 12.90 ±  
0.01 A, Z = 4. The symmetry o f the molecule is only 23 
and the threefold axis does not coincide with the threefold 
axis of the unit cell. The molecules are statistically dis
tributed in order to maintain the m3m  symm etry for the 
crystal. According to this study the C -S i bonds are lo
cated in the ( 1 0 0 ), (0 1 0 ), and (0 0 1 ) planes and one of the 
CH 3 groups is out o f plane by an angle 4> =  34.5°.

The contribution of a static methyl group to the second 
mom ent was calculated by the Van Vleck form ula 10 to be

21.7 G2. The experimental values indicate that even at 
low temperatures the methyl groups cannot be considered 
static , 1 1  so the following calculations were made assuming 
fast rotation of the methyl groups about their threefold 
axis. In this case, it is well known that the group contri
bution is only V4 o f the static value, i.e., 5.43 G2. The in 
teractions between protons belonging to different rotating 
methyl groups were estimated, assuming that the three 
protons for each group lie at the center o f the circle d e 
scribed during their motion. The interm olecular interac
tions were calculated by the same process. These interac
tions were calculated to be 4.70 G2. The calculated total 
S2 value of 10.13 G 2 is in good agreement with the experi
mental one especially if we consider that the experimental 
value must be corrected for modulation effects. This cor
rection can be estimated to 0.12 G2 which gives an experi
mental S2 o f 10.38 G 2.

At temperatures above 213°K, the low value o f the sec
ond m om ent suggests that the molecular reorientations 
are very important. Such a low S2 value com bined with 
the fact that the line remains practically Gaussian in 
shape, can only be explained by fast reorientation of the 
molecule as a whole. In this case, the intram olecular con 
tribution to S2 is equal to zero and the intermolecular 
contribution is calculated by assuming that the 36 protons 
of the molecule are concentrated at the center of gravity 
o f the molecule. Under these circum stances, the calcula
ted S 2 value, 0.3 G2, is very close to the experimental one 
(see Figure 1).

Differential Scanning Calorimetry. The solid-solid  tran
sition in tetrakis(trim ethylsilyl)m ethane was also exam 
ined using a Perkin-Elm er differential scanning calorim e
ter, M odel D SC-IB . Heating runs were made at rates 
ranging from 0.625 to 40° m in - 1 . Cooling runs were only 
possible from 0.625 to 20° m in -1 . T im e effects are clearly 
observable in the results o f this “ dynam ic”  calorim etric 
technique. The difference between the peak positions in 
the heating and cooling cycles decreases as the rate is low 
ered to 0.625° m in - 1  where the hysteresis displacem ent is 
approximately 8.5°. Som e typical results of these m ea
surements are shown in Figure 2. The heating curve, A, 
indicates that the onset o f the molecular transition occurs 
just above —60° and peaks at —34.8°. The cooling curve, 
B, shows considerable hysteresis about the transition 
point of A, the peaks being displaced relative to each 
other by 17.7°. Only one peak is obtained on heating from 
- 9 0  to 200° where the material sublimes in the sample 
holder. The heat o f transition associated with curves A 
and B is 1838 cal m o l - 1  at -3 3 .8 °  and 1700 cal m ol - 1  at 
-5 2 .5 °. The corresponding entropy changes are 7.68 and 
7.69 cal (m ol ° K )_1, respectively.

D iscu ssion

The onset o f the calorim etric transition corresponds 
fairly closely to the nmr value depicted in Figure 1 . The 
onset o f this premonitory change is a few degrees higher 
than that arrowed in Figure 2, but this is understandable 
in view o f the fact that the scanning rate in the illustrated 
calorimetric determination was 10° m in - 1  However, the 
agreement between both techniques is acceptable when 
based on the onset o f the molecular rotation. The discrep-

(8) R. L. Merker and M. J. Scott, A cta  C rysta llogr., 17. 315 (1964).
(9) P. Piret, private communication.

(10) J. H. Van Vleck, Phys. R ev ., 74,1168 (1948).
(1 1) E. R. Andrew and P. S. Allen, J. Chim. P h ys.. 1 ,85 (1966).
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ancy between the actual calorim etric peak position and 
the nmr transition (an equilibrium measurem ent by the 
procedure used here, Figure 1) is more apparent although 
not serious in view o f other work o f a related nature.123 The 
abrupt drop in the second m om ent at 213°K corresponds 
to the onset o f the calorimetric transition which involves 
molecular rotation that peaks at a higher temperature. 
The proton magnetic resonance studies o f M cCall and 
Douglas2 exhibit a sharp fall in the second m om ent at a 
lower temperature than the calorim etric transition. The 
nmr m ethod is a very sensitive probe for the detection of 
the onset o f m olecular motion.

In classical calorim etric studies, sufficient tim e is per
mitted (after a temperature increm ent) for the sample to 
reach equilibrium before each measurement is made. In 
differential scanning calorim etry which is a continuous 
process, rate effects are “ built in to”  the measurement in 
accord with the hysteresis displayed in Figure 2. The fact 
that the peak displacem ents between A and B dim inish as 
the rate is lowered and move apart as it is raised supports 
this point. At zero heating rate they will overlap. Hystere
sis has also been reported for infrared spectroscopic m ea
surements on adamantane in general accord with the pa t
tern followed in our work. A com prehensive review of 
most aspects of adamantane are given by Fort and 
Schleyer.12b

It is worth noting that the m agnitude o f this enthalpy 
and entropy change associated with transition is com para
ble with the value found for adam antane; AH  = 1679 cal 
m ol-1 , AS = 8.02 eu. Presum ably only van der W aals 
forces are involved in these “ rotator”  molecules.

The idea that the m ethyl groups in tetrakis(trim ethyl- 
silyl)m ethane are in a state o f m otion down to very low 
temperatures is also well docum ented in the literature for 
other materials.11 In this regard, our analysis based on 
fast rotating methyl groups is acceptable. Still, it must be 
remembered that self-diffusion o f the m olecule in the lat
tice may further reduce the value of the second m om ent 
reported here and that the lack o f very accurate crystallo
graphic inform ation could leave some aspects of our anal
ysis subject to further interpretation. From calorim etric 
studies o f small spherical m olecules Staveley and G upta13

Figure 2. Differential scanning calorimetry curves (A heating, B 
cooling) at 10 min- 1 . Ordinate is dH /df in meal se c - 1  (arbi
trary scale) and the abscissa is °C .

claim  that in methane and its tetrahalide derivatives 
com pletely free rotation is not attained prior to fusion. 
Furthermore, one should not ignore the influence of im 
purities which are manifest to varying degrees in different 
methods of m easurem ent.3'7

It is clear, however, that the behavior o f  the com para
tively large tetrakis(trim ethylsilyl)m ethane m olecule is in 
general accord with that o f other smaller spherical11 and 
with globular m olecules7-11 such as cam phor14-15 and 
adam antane.2-16

Acknowledgment.  The authors wish to thank R. L. 
M erker for kindly providing the sam ple used in these in
vestigations.

(12) (a) H. S. Gutowsky and G. E. Pake, J. C h em . P h ys ., 18, 162 (1950); 
(b) R. C. Fort and P. v. R. Schleyer, C h em . R ev .. 64, 277 (1965).

(13) L. A. K. Staveley and A. K. Gupta, Trans. F araday S oc.. 45, 50 
(1949).

(14) J. E. Anderson and W. P. Slichter, J. C h em . P h ys .. 41, 1922 
(1964).

(15) V. V. Moskalew and M. P. Petrov, Fiz. Tverd. Tela. 5, 1400 (1963).
(16) G. W. Smith, J. C h em . P h ys.. 35. 1134 (1961).
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ADDITIONS AND CORRECTIONS

1961, Volum e 65 TABLE I

M ich ael A rdon  and A m os L in en berg : Cryoscopic D e
termination of M olecular Weights in Aqueous Perchloric 
Acid.

Page 1444. All K f values reported in this paper are the 
calculated values of the freezing point depression in 1 M  
rather than 1 m  solution. The correct K f values are obtained 
by m ultiplying the reported values by the density o f the 
solvent (1.3). E.g., the corrected value for M g (Table I) is 
4.24 X  1.3 = 5.51.— M ichael Ardon.

1968, Volum e 72

Joseph  B lan c and D an iel L . R oss: A procedure for D e
termining the Absorption Spectra of M ixed Photochrom ic 
Isomers Not Requiring Their Separation.

Page 2824. Equations A5 and A6 o f the Appendix should 
read

D ^ cA' - Z T 'e cl ’ 

DVet.\ -  R D x>tx*
(A 5 )

R( 1 — ß ) ( a 2y  T ( R -  1 X 1 -/Î )  +
tcx'[ A ]

D Ai
R e H  A ]

D A, J

+ 0 ecA|[A ]
D x +  0 - 1 = 0  (A 6)

Our analysis for the absorption spectra o f trans isomers 
o f several indigoids reported here and elsewhere [D. L. Ross, 
J. Blanc, and F. J. M atticoli, J. Amer. Chem. Soc., 92, 5750 
(1970); D. L. Ross, Appl. Opt., 10, 571 (1971)] was based on 
the correct equations and is therefore not altered.— 
Joseph Blanc.

1970, Volum e 74

M asa ak i O g a sa w a ra , K e iich i O hno, K o ich iro  H ay- 
ashi, and Ju n k ich i Soh m a: A Study o f Therm al D ecay of 
T rapped Electrons and Other Species in an Organic Glass 
by R apid-Scan  Electron Spin Resonance.

Page 3221. All the temperatures except for 77°K in the 
text as well as in the figures should be increased by 2.5°K 
according to the more precise calibration curve o f the 
therm ocouple.

Page 3223. The num bers upward along the ordinate axis 
in Figure 4 should be corrected to be -2 .0 ,  - 3 .0  and -4 .0  
instead o f -1 .0 ,  - 2 .0  and - 3 .0  in the printed figure. No 
conclusion is m odified by these minor corrections.— J. 
Sohma.

1971, Volum e 75

R . D . K ern , J r ., and G. G. N ika : A Com plem entary 
Shock T ube Technique Study o f the Exchange of Hydrogen 
Chloride and Deuterium.

Page 179 Several errors resulted in the transposition of 
data from copy to Table I. The correct values were used to 
calculate the Arrhenius parameters which remain as re
ported.

Mixture
h ,
°K

P5 x  1 o6, 
mol cm -3

k X 1 0 -11. 
cm3 mol - 1 sec

A rgon D iluen t
2 % H C I-2 % D 2 1849 1.76 13.7
P 1 =  5 To rr 2099 1.86 37.4

2157 1.88 62.8
2251 1.91 181
2277 1.92 57.3
2312 1.93 94 .7
2436 1.97 184
2535 2.00 218
2806 2.07 355

1 % H C I-1 % D 2 1932 1.76 36 .0
P 1 =  5 To rr 2014 1.79 33.5

2322 1.89 49.1
2437 1.93 571
2485 1.94 247

2 % H C I-2 % D 2 1994 3.64 25.0
P i =  10 Torr 2099 3.72 48.1

2149 3.76 97 .2
2149 3.76 35.4
2181 3.78 43 .7
2230 3.81 50.4
2260 3.83 44.9
2290 3.85 120
2298 3.86 78.6
2384 3.91 144

N e~1% A r D iluen t
2 % H C I-2 % D 2 1714 1.70 7.08
P 1 =  5 To rr 2066 1.92 21.2

2082 1.93 12.5
2098 1.93 44.6
2141 1.88 46.6
2159 1.92 34 .2
2273 1.99 36 .5
2273 1.96 92.4
2294 1.93 41 .2
2369 1.91 164
2388 1.96 77.1
2481 2.07 176
2516 2.00 125
2523 1.92 88.2
2670 2.08 115
2780 2.07 353

1 % H C I-1 % D 2 1797 1.70 8.59
P i = 5  To rr 1831 1.71 10.3

2028 1.79 15.1
2073 1.85 19.1
2121 1.90 23.6
2208 1.89 17.5
2291 1.88 40.7
2548 1.96 95 .0
2713 2.08 96.7

Ralph D. Kern, Jr.

John  A . T a llm a d ge : On the Liquid Film W hich Occurs 
in a Draining Vessel.
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Page 583. This note on draining films appeared in Febru
ary and is based in part on two earlier studies. Because the 
earlier studies appeared in print at later dates, they are 
referenced here. The first earlier study appeared in M arch 
as P. Groenveld, A.I.Ch.E. J., 17, 489 (1971), and the second 
appeared in M ay as J. A. Tallm adge. ibid., 17, 760 (1971).— 
John A. Tallm adge.

Ashoka R ay and G eorge N em ethy: M icelle Formation 
by Nonionic Detergents in W ater-Ethylene Glycol M ix 
tures.

Page 810. In Table I, the third group o f entries, containing 
the data for O PE3o, should read as follows to account for 
water content of the sample. The other entries in the table 
are unchanged.

Temp,
°C

Cmc,
m ol/l. X 104

AG°,
kcal/m ol

AH°,
kcal/m ol

AS°
cal/deg mol

o p e 30

25 5.33 - 6 .8 4 +  4.3 +  37

35 4.48 - 7 .1 8 +  2.1 +  30

45 4.25 - 7 .4 4 - 0 . 0 +  23

Page 813. In the right-hand colum n, the sentence in lines 
8 to 10 should read as follows: “ The latter value is com 
parable to the value, 0.024 kcal/m ol, obtained by us from 
the difference in S G °'s for O PE 9 -10  and O PE 30 .— George 
Nemethy.

Kenneth D . P h ilip son , S. Cheng T sa i, and Kenneth 
Sauer: Circular Dichroism of Chlorophyll and Related 
M olecules Calculated Using a Point M onopole M odel for 
the Electronic Transitions.

Page 1445. Three values are incorrect in Table IV in the 
first colum n of numerical data, headed “ Point dipole 
model, R a  x  1040 cgs .”  These should read BChl, Q v, +1.8; 
BChl, Q x, -1 .0 ; and pyroChl a, Qy, -0 .4 . The authors wish 
to thank Dr. Claude Houssier o f the University of Liege for 
bringing these errors to their attention.— Kenneth Sauer.

E. M . D an tzler-S iebert and C. M . K nob ler: Interaction 
Virial Coefficients in H ydrocarbon-Fluorocarbon Mixtures.

Page 3870. The Acknowledgm ent should read: “ We grate
fully acknowledge that this work was supported in part by 
the National Science Foundation under Grant' No. GP- 
7814.” — C. M . Knobler.

R . R eisfeld , R . A . V elapold i, L. B oehm , and M . Ish- 
Shalom : Transition Probabilities o f Europium in Phos
phate Glasses.

Page 3981. In Table I, the values for the first three oscilla
tor strengths under the colum n entitled “ This work”  should 
read

7F2 —  5D 0 1.544
7Fj -  5D 0 0.350
7F0 —  5D 0 0.0064

R. Velapoldi.

1972, Volum e 76

R. D . K oob : M ethylene Produced by Vacuum -U ltravio
let Photolysis. IV. Energy Distribution for the Reaction 
C3H 8 +  hv (123.6 nm) = CH 2 +  C 2H 6 .

Page 9. The name J. H. Vorachek was om itted in the by
line. The coauthors o f the article are J. H. Vorachek and R.
D. K oob .— R. D. K oob.

Jean  D ayan tis : A Derivation of the Therm odynam ics of 
Polymer Solutions through Use o f the Free Volum e Con
cept. A. The Entropy o f M ixing.

Page 402. In section Ha, line 22, the expression should 
read: $ i m = <E>a°( 1 -  u i ° ) / ( l  -  uim). In line 25, the expres
sion should read: $ 2 ™ = 4>2°(1 -  0 2° ) / ( l  -  t>2m). Equation 
4 and all following equations remain unchanged.— Jean 
Dayantis.

N. E. B ib ler  and R . F. F irestone : Exchange M ech a
nism and Arrhenius Parameters o f E lem entary Steps in the 
Reactions o f Hydrogen Atom s with W ater Vapor in Irradi
ated M ixtures of Hydrogen and W ater Vapor.

Page 629. The sentence beginning in the 12th line o f the 
second colum n should read: These conditions require that 
AEmax = 3.0 kca l/m ol, whence £ 3 0 ,min = 17.2 ±  0.5 k ca l/ 
mol and £ 3 2 ,max =  20.2 ±  0.5 k ca l/m ol are prescribed 
values consistent with all conditions im posed by our obser
vations. Table III contains the corrected values.

TABLE III:  Probable Values of the Arrhenius Param eters of 
Various Reactions of Hydrogen Atoms with W ater Vapor 
(218-381°)

Reaction! £+ kca l/m o l P h /A 30)

(28) D +  D20 — D2 +  OD 20.2 ±  0.5 18
(30) H +  D20  — HOD +  D 17 .2  ±  0.5 (1.0)
(31) H +  D20  —  D2 +  OH 21 +  1 1.6
(32) H +  D20  — HD +  OD 20.2 +  0.5 25

D +  H20 — HOD +  H 19 +  1
D +  H20  —» HD +  OH 19 +  1

The sense of the last sentence o f the text, beginning as the 
last paragraph on p 629, should be reversed to conclude:11 
“ it is apparent that the requirement that two hydrogen- 
oxygen bonds be broken in reaction 31 is reflected entirely  in 
the activation energy difference rather than in the fre
quency factor ratio.” — Richard F. Firestone.

G regory  E. G ardin er and N orm an  O. Sm ith : Solubility 
and Partial M olar Properties of H elium in W ater and Aque
ous Sodium Chloride from 25 to 100° and 100 to 600 A t
mospheres.

Page 1197. The parameters of T able II do not reproduce 
the results satisfactorily. W e thank Professor C. A. Eckert 
for bringing this to our attention. T able II should be re
placed by the new Table II. These parameters reproduce 
the experimental mole fractions with a mean deviation o f 
0.002 x  10~3 at 25° and 50°, and 0.011 X lO“ 3 at 100°. The 
above changes have no effect on the subsequent data since 
the experimental mole fractions were used in fitting the 
results to eq 4.

TABLE II: Coefficients of X 2 =  a P  +  b P 2 +  cP 3 “

Temp, °C Solvent a x  1 0 6 - b  x  109 c X 1012

25.0 1.003 m  NaCI 5 .576 0 .622 - 0 .4 1 8
4 .0 67  m  NaCI 3 .227 1.20 0.834

50 .0 H 20 7.403 3.79 3.95
1.003 m  NaCI 5 .837 2.34 2.42
4 .0 67  m  NaCI 3.371 1.38 0.788

100.0 H 20 7.972 5.98 5.55
1.003 m  NaCI 6 .707 5.56 5.10
4 .0 67  m  NaCI 4 .110 2.98 2.31

a P  in atmospheres.
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A listing o f the experim ental mole fractions will appear 
follow ing these pages in the m icrofilm  edition o f this v o l
um e o f the journal. Single copies may be obtained from the 
Business Operations Office, Books and Journals Division, 
Am erican Chem ical Society, 1155 Sixteenth St., N .W ., 
W ashington, D. C. 20036. Rem it check or money order for 
$3.00 for photocopy  or $2.00 for m icrofiche, referring to code 
num ber JPC-72-4041.— Norm an O. Sm ith.

D . L . C ock e  and K . A . G in gerich : M ass Spectrom etric

Determ ination o f the Bond D issociation Energies o f  the 
M olecules CePd and CeC 2 .

Page 2333. Equation 1 should read

_  CTAgT Ag J  Ag,

* Ag ffAg27Ag2 ( I * gE Ag)*nAgT  X

a n t i l o g i z g l o — r A [ (G ° T- f l ° o ) / r ]  ) (1)
2.303 R T  )

D. L. Cocke.
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Aik ice electron mobility 1509 
Aik ice paramagnetic relaxation 1226 
Alkali carbonate molten Raman 1565 
Alkali chloride soln vapor pressure 743 
Alkali halide heat mixing 1616 
Alkali halide structure liq theory 1612 
Alkali ion mobility glass 1072 
Alkali metal cadmium halide melt 1831 
Alkali metal hyperfine coupling 2866 
Alkali metal ion pairing 1012 
Alkali metal nitrate glass transition 3093 
Alkali methanol solvated electron 3765 
Alkali nitrate molten 422 
Alkali perchlorate methanol assocn 2920 
Alkaline earth oxide catalysts 3372 
Alkane glass trapped electron 3847 
Alkane mol ion water vapor 1517 
Alkane polyisobutylene soln 1206 
Alkane THF hyperfine coupling 2866 
Alkene addn methyl isotope effect 3613 
Alkene addn methylene stereochem 664 
Alkene benzene singlet quenching 3668 
Alkene epoxidation gas phase 3319 
Alkene iodine hot atom reaction 3342 
Alkyl chloride adsorption 2535 
Alkyl phosphate irradn ESR 2848 
Alkyl pyruvate iodination 3121 
Alkyl radical electron scavenger 2848 
Alkyl radical isomerization 2507 
Alkylammonium bromide PMR 130 
Alkylammonium bromide soln viscosity 

1902
Alkylammonium partial molal vol 1333 
Alkylammonium salt benzene system 1752 
Alkylbenzene excited singlet 3867 
Alkylbenzene luminescence 3566

IK

Allnatt Rice transport theory 2133 
Alloy free energy mixing 1202 
A llyl pi zinc oxide 2184 
Alumina ale adsorption 675 
Alumina carbon monoxide adsorption 2349 
Alumina mineral acid reaction 3625 
Alumina phenol chemisorption spectrum 

2882
Aluminum electrode auramine 1655 
Aluminum trimethyl dimer dissocn 2933 
Amide rotation barrier 642 2178 
Amine alkali metal soln 2975 
Amine aq molal vol 1338 
Amine arom pulse radiolysis 20 
Amine chlorophenol hydrogen bond 587 
Amine copper complex zeolite EPR 2860 
Amine cyclic molal vol 1343 
Amine ethyl glass cond 2781 
Amine fluoro chem laser 3125 
Amine nitrophenol aprotic solvent 1989 
Amine nitrophenol complex bonding 3991 
Amine poly ultrasonic absorption 334 
Aminium methyl ion EPR 2857 
Amino acid selectivity membrane 1872 
Amino acid soln 4033 
Amino radical EPR 2716 
Aminoalkane fluoro decompn 6C 
Aminoborazine photoprodn 2630 
Aminoethonethiol oxidn ferricyanide 3641 
Aminoethylene photoionization 2105 
Aminoethylpyridine copper complex magnetic 

2707
Aminoethylpyridine copper complex structure 

2887
Aminopyridine iodine complex thermodn 

1895
Amminerhodium aquation photo 1937 
Ammonia borazines photoreaction 2630 
Ammonia copper complex zeolite EPR 2860 
Ammonia cyanogen radical reaction 1931 
Ammonia decompn isotope effect 970 
Ammonia deuterated radiolysis 3812 
Ammonia metal soln energy level 2738 
Ammonia nitric oxide reaction 37 
Ammonia photolysis 298 
Ammonia scavenger methylpentane radiolysis 

2381
Ammonia sodium Raman 2481 
Ammonia sorption complex zeolite 2597 
Ammoniated electron thermodn 683 
Ammoniated zeolite irradn EPR 2716 
Ammonium alkyl bromide soln 1902 
Ammonium bromide alkyl urea soln 1369 
Ammonium bromide amyl soln 2577 
Ammonium bromide butyl soln 2582 
Ammonium bromide PMR 130 
Ammonium halide alkyl extn 1775 
Ammonium nitrate decompn catalysis 2844 
Ammonium nitrobenzyl methyl radical 2479 
Ammonium oxalate hydrate irradn 3274 
Ammonium perchlorate thermal decompn 

3545
Ammonium quaternary bromide thermodn 

1366
Ammonium salt benzene system 1752 
Ammonium salt dielec property 1999 
Ammonium salt molal vol 1333 
Ammonium tertiary salt IR 339 
Amyl acetate decompn kinetics 3917 
Anhydride maleic copolymer magnesium 

254
Aniline nitro structure 3597 
Aniline nitrosomethyl soln photoredn 2362 
Aniline water interaction 4011 
Anion exchange heterovalent 2459 
Anion exchange resin halide exchange 680 
Anion exchange solvent m ixt 1040 
Anion radical cyclooctatetraene dispropor= 

tionation 2176
Anion radical DNA irradn 3577 
Anion radical ESR 1439 2479 
Anion radical phenylbenzylidenemalononitri= 

le ESR 3384
Anion radical sulfur dioxide 323 
Anionic fluoro detergents 909 
Anisotropic membrane ultrafiltration 238 
Anisotropy optical ealen 1502
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Anodic substitution reaction 3254 
Anomalous water contaminant IR 457 
Anomalous water IR polemic 456 
Anthracene diethylaniline complex photolysis 

1133
Anthracene intersystem crossing 1524 
Anthracene potassium salt IR Raman 1026 
Anthroate prototropism fluorescence 1996 
Antimony monophosphide thermodn 2336 
App adsorption inert gas 3171 
Aq org glass photocond 3830 
Aq soln irradn ESR 1706 
Aq soln structure 2045 
Aquation amminerhodium photo 1937 
Argon effect xenon trioxide irradn 3909 
Argon hydrogen carbon monoxide discharge 

2941
Argon hydrogen collision 2006 
Argon m atrix spectra zone 3208 
Argon oxygen reaction kinetics 2653 
Arom amine pulse radiolysis 20 
Arom cyclohexane irradn electron scavenging 

3722
Arom hydrocarbon dimer cation 1119 
Arom hydrocarbon fluorescence quenching 

3132
Arom liqs excited singlet 3867 
Arom oxygen hydroxide radical 847 
Arom PMR zwitterionic micellar soln 1460 
Arom solid state photoionization 2236 
Arom substituent effect NMR 1593 
Aromatic compd mercury quenching 2665 
Arsine adsorption iron nickel 2851 
Assocd solvent electrolyte viscosity 434 
Assocd sterically hindered ales 864 
Assocg substance intermol force 890 
Assocn alkali perchlorate methanol 2920 
Assocn crystal violet soln 1772 
Assocn diketopiperazine water 3065 
Assocn formic acid 774 
Assocn hydrogen bond solutes 3058 
Assocn ionic reaction vol 895 
Assocn metal phthalocyanine 1994 
Assocn methanol 869 
Assocn micelle 565
Assocn potassium perchlorate water 2923 
Assocn thermodn europium sulfate 1887 
Assocn trifluoroacetic acid 2039 
Atom hydrogen reaction photolysis 3337 
Atomic hydrogen org compd reaction 2673 
Attachment electron radiation interaction 

3730
Attenuated total reflection naphthalene 260 
Attenuation ultrasonic molybdate polymer 

1575
Auger effects hot atoms 2639 
Auger electron spectroscopy silver 1289 
Auramine photocond 1655 
Autoxidn ethylbenzene 2785 
Autoxidn toluene cobalt catalyzed 1520 
Azeotrope ethylamine acetic acid 2764 
Azide benzoyl photolysis ESR 3570 
Azide chlorine hydrogen reaction 805 
Azide methyl iodide 427 
Azine benzothiazolinone oxidn 1178 
Azine oxide phenol interaction 3502 
Azobenzene liq crystal chromatog 99 
Azobisisobutyronitrile photoinitiator polymn 

3141
Azoethane photolysis 3303 
Azoisopropane photochemistry 1669 1685 
Azoxyanisole pretransition effect 2605 
Azoxybenzene heptane activity coeff 596 
Band shape polyphenyl theory 3983 
Barbituric acid chloro irradn ESR 2399 
Barrier amide rotation 2178 
Barrier potential rotation fluoronitrosometh= 

ane 3099
Base acid equil 3618 
Base acid equil thermodn 1909 
Benzanthracene pulse radiolysis 1119 
Benzene addn bicycloheptene 15 
Benzene alkyl luminescence 3566 
Benzene alkylammonium salt system 1752 
Benzene aq radiolysis 1273 
Benzene bombardment carbon 14 2521 
Benzene cyano fluorescence quenching 3132 
Benzene donor acceptor complex 1982 
Benzene dye dimerization 446 
Benzene ethyl autoxidn 2785 
Benzene fluorescence quenching mercury 

2665
Benzene halo NMR 515
Benzene hexane cyclohexane diffusion 2572
Benzene irradn excited singlet 3867
Benzene nitro butyl radical 2479
Benzene phenol system 3058
Benzene photochem 165
Benzene radical cation ESR 3943
Benzene radiolysis 198
Benzene singlet quenching olefin 3668
Benzene spectrum ESR 1727

Benzene thermodn props 731 
Benzene trifluoromethyl photochem 823 
Benzilate vanadyl EPR 3951 
Benzoic acid fluorescence quenching na= 

phthalene 3563
Benzoic acid proton transfer 1327 
Benzoic acid pulse radiolysis 1398 
Benzophenone electrochem 1650 
Benzophenone fluoro photochem reaction 

3926
Benzoquinone charge transfer complex 1849 
Benzoquinone soln dielec relaxation 525 
Benzoquinone UV substituent effect 2424 
Benzothiazolinone azine oxidn 1178 
Benzotrifluoride hydroxy ionization 1909 
Benzoyl azide photolysis ESR 3570 
Benzoylpyridine radical UV 3200 
Benzyl carbomethoxypyridinium iodide 

spectrum 603
Benzyl chloride ethanol radiolysis 3744 
Benzyne addn ethylene mechanism 656 
Beryllate fluoro Raman 78 
Beryllium lithium fluoride system 1154 
Biacetyl sensitizer hexaamminecobalt photo= 

decompn 1105
Bicipital relaxation equil reaction 452 
Bicycloheptene addn benzene 15 
Bimol nucleophilic substitution 232 
Biol system soln column 1637 
Biphenylene trip let 225 
Biphotonic ionization methyl phenylenedia= 

mine 2229
Bleaching optical glass 3830 
Bohr effect hemoglobin 1597 
Bombardment benzene carbon 14 2521 
Bond dissocn energy 2332 
Bond energy carbon hydrogen 3314 
Bond energy peroxide 3480 
Bond ester butyl formate 3582 
Bond formation hydrogen thermodn 3502 
Bond hydrocarbon soly water 2754 
Bond hydrogen intramol enthalpy 1553 
Bond length water complex 3116 
Bonding nitrophenol amine complex 3991 
Borane deriv mass spectrum 1860 
Borane kinetics ketene reaction 3532 
Borate tetraphenyl adsorption mercury 707 
Borazine photochemistry 2630 
Borazole PMR spectra 2871 
Borine serum albumin 128 
Boron nitride adsorption gas 3171 
Boron relaxation borazole 2871 
Boron sulfide vapor pressure 2035 
Boron trifluoride methanol NMR 329 
Bovine serum albumin light scattering 2744 
Breakdown gas laser induced 31 
Bremsstrahlung laser gas breakdown 31 
Brillouin scattering viscoelastic relaxation 

3495
Bromate oxidn pentanedione kinetics 2185 
Bromate sodium defect formation 3751 
Bromcresol green acid base recombination 

1184
Bromide alkylammonium soln viscosity 

1902
Bromide chloride magnesium sodium 3474 
Bromide cobalt complex racemization 119 
Bromide copper vapor UV 1632 
Bromide cuprous vaporization 3271 
Bromide exchange transfer diffusion 2957 
Bromide lithium heat diln 3050 
Bromide oxidn hydroxyl radicals 312 
Bromide potassium system diffusion 3419 
Bromide radiolysis 1815 
Bromide silver soly nitrate 2759 
Bromide tetraalkylammonium heat soln 

1369
Bromide tetraalkylammonium PMR 130 
Bromide tetraamylammonium aq heat 

capacity 2577
Bromide tetraamylammonium soln conduce 

tance 1049
Bromide tetrabutylammonium soln 3068 
Bromide tetrabutylammonium soln thermodn 

2582
Bromine catalyzed reaction 1416 
Bromine mol UV 1017 
Bromine neutron activation 3331 
Bromine oxygen tungsten reaction 320 
Bromine radical ESR clathrate 133 
Bromine 82 recoil reaction 2499 
Bromofluoromethane radiolysis 2070 
Bromouracil pulse radiolysis 2386 2392 
Bronsted acid site glass 3633 
Bronsted coeff iodination 3121 
Bubble nucleation kinetics 2609 
Buckingham potential soln theory 3005 
Butadiene transition 1130 
Butane irradn olefin oxygen 1260 
Butane reaction tritium  2937 2939 
Butene addn tritium  190 
Butene fluoro isomerization 2829

Butene iridium adsorption IR 2699 
Butene isomer recoil chlorine 2711 
Butene isomerization kinetics 44 
Butene oxygen addn 3311 
Butyl ale hydration 1660 
Butyl formate NMR 3582 
Butylammonium bromide thermodn 1366 
Butylethylene NMR steric effect 2877 
Butyne photolysis 1112 
Butyrate vanadyl EPR 3951 
Butyrolactam proton magnetic relaxation 

1973
Cadmium halide melt 1831 
Cadmium salt soln position lifetime 1124 
Calcium binding mol structure 1298 1304 
Calcium exchanged zeolite 110 
Calcium hydroxylapatite surface concns 900 
Calcium nitrate aq viscoelastic relaxation 

3495
Calcium nitrate hydrate ultrasonic relaxation 

1506 1507
Calcium nitrate silver soly 2759 
Calcium nitrate soln 3244 
Calorimetry differential scanning tetracyano= 

methane 3973 
Capture electron 3758 
Carbanion polystyryl 695 
Carbazole charge transfer complex 1849 
Carbazole donor acceptor complex 2102 
Carbene iodo photolysis 308 
Carbide cerium bond dissocn 2332 
Carbomethoxypyridinium benzyl iodide 

spectrum 603
Carbon atom reaction hydrogen 1389 
Carbon dioxide matrix nitrate aggregate 

1826
Carbon dioxide methanol interaction 2170 
Carbon dioxide redn kinetics 3278 
Carbon dioxide silver interaction 1289 
Carbon dioxide vibrational relaxation 3108 
Carbon hydrogen bond energy 3314 
Carbon iron oxygen nucleation 2609 
Carbon methyl relaxation 3213 
Carbon monoxide adsorption alumina 2349 
Carbon monoxide hydrogen argon discharge 

2941
Carbon monoxide iron chemisorption 3180 
Carbon monoxide oxidn 1416 1807 
Carbon monoxide oxygen reaction 3527 
Carbon monoxide ozone reaction 1514 
Carbon monoxide reaction hydroperoxo 

3301
Carbon monoxide stimulated emission 1429 
Carbon NMR relaxation isodurene 281 
Carbon oxide hot electron 3890 
Carbon oxide oxidn ir  2833 
Carbon oxidn nickel surface 968 
Carbon sulfide anion radical 1706 
Carbon tetrachloride dye dimerization 446 
Carbon tetrachloride fluorine reaction 947 
Carbon tetrachloride silica interface 3192 
Carbon tetrachloride soln formic acid 774 
Carbon tetrachloride suspension silica 3188 
Carbon tetrahalides radiation chemistry 

3734
Carbon 13 double resonance 2972 
Carbon 14 benzene bombardment 2521 
Carbon 14 counting 3603 
Carbonate alkali molten Raman 1565 
Carbonate org dielec property 2892 
Carbonate silver IR 940 
Carbonium ion styrene polymn 930 
Carbonyl monoolefin excitation 478 
Carboxylate hydroxy vanadyl EPR 3951 
Carboxylate interaction copolymer 1767 
Carboxylate protonation vol 2778 
Carboxymethylcellulose molar vol 3451 
Catalysis ammonium nitrate decompn 2844 
Catalysis pentanedione oxidn manganese 

2185
Catalyst chromia EPR 2694 
Catalyst impurity ozone reaction 1514 
Catalyst laser Raman 2325 
Catalyst neutron irradn 2625 
Catalyst photo zinc oxide 1394 
Catalyst rhodium electron spectroscopy 

2525
Catalytic activity gold 1907 
Catalytic decompn isopropyl ale 3372 
Catalytic polarog current metal complex 

1170
Catalytic thermal oxidn 1807 
Cation radical DNA ESR 3571 
Cation radical DNA irradn 3577 
Cavity surface area solvent 2754 
CD ferrocenes 511 
CD sensitizing dye aggregation 2982 
Cell concn transference 1758 
Cellulosic polyanion dye complex 688 
Cerenkov reabsorption spectroscopy 3780 
Cerium palladium bond dissocn 2332 
Cerium sulfate aq radiolysis 1273
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Cesium acrylate copolymer 1311 
Cesium iodide viscosity solvents 434 
Cetomacrogol soln cond 1763 
Charge density chelate 3029 
Charge effect sedimentation equil 3429 
Charge surface tension pyrolytic graphite 

2750
Charge transfer chem reaction kinetic 1666 
Charge transfer complex 1982 
Charge transfer complex halogen spectra 

3220
Charge transfer complex intermol 2452 
Charge transfer complex iodine 1951 
Charge transfer complex paramagnetism 

1849
Charge transfer complex soln 249 
Charge transfer hydrogen bond 3000 3991 
Charge transfer interaction 2470 
Charge transfer intermol 2405 
Charge transfer laser photolysis 1133 
Charge transfer pyridinium iodide 603 
Charge transfer tetracene perylene 1549 
Charged membrane hyperfiltration 3638 
Chelate charge density 3029 
Chem ionization mass spectrometry 3217 

3917
Chem laser 1429
Chem laser hydrogen chloride 805 
Chem laser hydrogen fluoride 3125 
Chem laser hydrogen halide 1425 
Chemiluminescence excitation atomic fluo= 

rine 3586
Chemisorption carbon monoxide IR 3180 
Chemisorption phenol alumina spectrum 

2882
Chloranil electrode acetonitrile NMR 246 
Chloride alkali soln vapor pressure 743 
Chloride alkyl adsorption 2535 
Chloride bromide magnesium sodium 3474 
Chloride copper vapor UV 1632 
Chloride eutectic system 904 
Chloride hydrogen chem laser 805 1425 
Chloride ion coordination phenol 1775 
Chloride magnesium PMR 130 
Chloride magnesium sodium vol 3488 3491 
Chloride phosphorus tin samarium fluores= 

cence 3397
Chloride potassium transference no 712 
Chloride silver ionization 2819 
Chloride silver soly nitrate 2759 
Chloride sodium elec conductance 2294 
Chloride sodium helium soln 1195 
Chloride sodium soln cond 1053 
Chloride soln cond 1763 
Chloride tin potassium complex 2796 
Chlorine azide hydrogen reaction 805 
Chlorine recoil olefin isomer 2711 
Chlorine 38 recoil reaction 2499 
Chloroaniline distribution cyclohexane water 

4011
Chlorocyancbenzoquinone charge transfer 

complex 1849
Chloroethane elimination threshold energy 

283
Chloroethane IR 3591 
Chloroethylene isomerization 2829 
Chloroform water acetic acid 2050 
Chloromethane oxygen laser 811 
Chloromethane silica interface 3192 
Chloromethane suspension silica 3188 
Chlorophenol amine hydrogen bond 587 
Chlorophyll energy transfer 172 
Chlorouracil pulse radiolysis 2386 2392 
Cholesteryl ester thermal transition 3089 
Cholesteryl nonanoate 276 
Choline deriv selectivity membrane 1872 
Chroman bromo fluoroethane clathrate ESR 

133
Chromate hexacyano photoactive state 1947 
Chromatog gas mordenite adsorption 1647 
Chromatog gas reactor 2159 
Chromatog peak shape 2586 
Chromatog soln thermodn 99 
Chromatog solvent activity 1492 
Chromia catalyst EPR 2694 
Chromia IR surface property 571 
Chromia structure 1838 
Chromium hydroxide drying 1838 
Chronoamperometry potential dependent 

1666 3254
Chronoamperometry theory 2439 
Chronocoulometry theory 2439 
Circular dichroism molecule 1844 
Cis trans isomerization complex 3934 
Cis trans olefin recoil chlorine 2711 
Clathrate bromine radical ESR 133 
Clathrate urea Palmitic acid 801 
Cluster stabilized 3714 
Clustering acrylic copolymer 1311 
Cobalt catalyzed autoxidn toluene 1520 
Cobalt chloride decompn catalyst 2844 
Cobalt complex macrocyclic ligand 2223

Cobalt complex sensitized photodecompn 
1105

Cobalt DMF soln NMR 1968 
Cobalt ethylenediamine complex racemiza= 

tion 119
Cobalt formato pentaammine photolysis 

2492
Cobalt iron oxide electrode 3646 
Cobalt probe glass 1035 
Coil helix transition polyglutamate 3464 
Cold worked gold thermoemf 1907 
Collagen film  optical rotation 2935 
Collision energy cyclopropane isomerization 

1695
Collision integral spherical core 1470 
Collision intrabeam 2947 
Collision mol vibration 2006 
Collision proton hydrogen bromide 1321 
Collision relaxation carbon dioxide 3108 
Collisional deactivation fluoroethane 954 
Color center potassium lead 1202 
Color center sodium bromate 3751 
Column soln activity gradient 1637 
Competitive consecutive reaction kinetics 

704
Complex charge transfer halogen spectra 

3220
Complex charge transfer iodine 1951 
Complex charge transfer paramagnetism 

1849
Complex chlorophyll polymer 172 
Complex copper magnetic susceptibility 

2707
Complex dimethylamine 871 
Complex dipole moment enhancement 3991 
Complex donor acceptor carbazole 2102 
Complex donor acceptor spectrum 1982 
Complex formation water 3116 
Complex iodine aminopyridine thermodn 

1895
Complex perylene thermodn stability 921 
Complex polyanion dye thermodn 688 
Complex soln pressure effect 249 
Complex tetracene perylene 1549 
Complexed metal hydroperoxyl radical 2207 
Compressibility soln 2140 
Comproportionation kinetics violene 701 
Computer simulation junction potential 

1758
Concn cell transference 1758 
Concn gradient fluid layer 783 
Cond alkali perchlorate methanol 2920 
Cond anthracene potassium salt 1026 
Cond charge transfer complex 1849 
Cond dimethylphenanthroline copper per= 

chlorate 3029
Cond elec measurement 2116 
Cond elec obstruction 1763 
Cond potassium perchlorate assocn 2923 
Cond relaxation electrolyte soln 3287 
Cond sodium chloride soln 1053 
Cond sodium salt formamide 3034 
Cond thermal monat gas 1743 
Cond thermally stimulated glass 2781 
Cond transfer number hydroxide 2954 
Condensation wedge shaped pore 2543 
Conductance elec sodium chloride 2294 
Conductance fluidity electrolyte soln 3244 
Conductance ion pair 2452 
Conductance potassium chloride 712 
Conductance tetraamylammonium bromide 

soln 1049
Conduction elec auramine 1655 
Conduction sodium potassium glass 1072 
Conduction transport mode 1348 
Conductivity elec transitions 115 
Conformation alanine tetrapeptide energy 

2793
Conformation amide barrier 2178 
Conformation cyclopentanedicarboxylic acid 

790
Conformation helical glycine tetrapeptide 

670
Conformation isocitrate soln NMR 3073 
Conformation methyl formate LCAO MO 

2430
Conformation polymethacrylic acid pH 2559 
Conformation rotational 501 
Consecutive competitive reaction kinetics 

704
Contact angle surface roughness 3267 
Contaminant org polywater IR 457 
Convection cell fluid layer 783 
Copper catalyst neutron irradn 2625 
Copper chloride decompn catalyst 2844 
Copper complex magnetic susceptibility 

2707
Copper complex structure 2887 
Copper dimethylphenanthroline perchlorate 

cond 3029
Copper dissoln acid soln 3656 
Copper halide vapor UV 1632

Copper iodide vaporization mass spectrome= 
try 2310

Copper malonate photochemistry 1387 
Copper nitric oxide zeolite EPR 1546 
Copper phenanthroline photolysis 1528 
Copper phthalocyanine assocn 1994 
Copper phthalocyanines dimerization 446 
Counterion binding polycarboxylate dilato= 

metry 254
Counting carbon 14 3603 
Coupling quadrupole nitrogen diazirine 

2249
Crit micelle concn NMR 3012 
Crit micelle concn surfactant 2019 
Crit polymer soln temp 1206 1214 
Cross section electron capture 3758 
Cross section proton hydrogen bromide 1321 
Crystal field perturbation calcns 2907 
Crystal structure cyclopentanedicarboxylic 

acid 790
Crystal structure ice 886 
Crystal violet assocn soln 1772 
Cumene cracking activity zeolite 110 
Cumene dealkylation silica alumina 3741 
Cupric oxide ammonia nitric oxide 37 
Cuprous bromide vaporization 3271 
Cyanatoferrate pulse radiolysis 3703 
Cyanide hydrogen cryst IR 1140 
Cyanide hydrogen deuterium 285 
Cyanide hydrogen geometry polemic 2483 
Cyanide hydrogen isotope IR 454 
Cyanide hydrogen radiolysis ESR 3945 
Cyanide iodine hydrogen reaction 1392 
Cyanine dye aggregation 2982 
Cyanoacetic acid irradn ESR 3377 
Cyanoacetylene di oxygen atom 269 
Cyanoacetylene nitrogen reaction 2643 
Cyanobenzene fluorescence quenching 3132 
Cyanobenzene methylstyrene complex 1419 
Cyanobenzoquinone charge transfer complex 

1849
Cyanochromate electrochem redn 2439 
Cyanoethylene donor acceptor complex 1982 
Cyanoethylene fluorescence quenching 3132 
Cyanogen radical ammonia reaction 1931 
Cyanomethane structure 3973 
Cyclic amine molal vol 1343 
Cyclic voltammetry theory 1160 2439 
Cyclization pentenyl radical 1089 
Cyclization photo phenylimidazole singlet 

3362
Cycloalkane mol ion water vapcr 1517 
Cyclobutane phenyl photodissocn 3355 
Cyclobutanecarbonitrile thermolysis 2817 
Cyclobutanone decompn 963 
Cyclohexane ale solvated electron 2931 
Cyclohexane arom irradn electron scavenging 

3722
Cyclohexane benzene hexane diffusion 2572 
Cyclohexane film  electron impact 1255 
Cyclohexane phenol system 3058 
Cyclohexane sodium tetrabutylaluminate 

THF system 3472
Cyclohexane water chloroaniline distribution 

4011
Cyclohexanone UV photolysis 615 
Cyclooctatetraene anion radical dispropor^ 

tionation 2176
Cyclopentadiene dissocn kinetics 2159 
Cyclopentadiene hydrogen hot atom chemis= 

try  1389
Cyclopentane singlet oxygen reaction 1375 
Cyclopentanedicarboxylic acid conformation 

790
Cyclopropane isomerization unimol 1695 
Cyclopropane radiolysis butane 1260 
Cyclotron resonance electron 3758 
Cytosine restricted rotation 64 
Cytosine rotation 71 ,
Dealkylation cumene silica alumina 3741 
Decationated zeolite proton motion 1220 
Decay benzoylpyridine radical 3200 
Decay trapped electron methylpentane 3167 
Decay trapped electron tunneling 2641 
Decompn ammonia isotope effect 970 
Decompn ammonium nitrate catalysis 2844 
Decompn catalytic 3372 
Decompn catalytic isopropyl ale 3372 
Decompn free radical sulfoxide 135 
Decompn hydrocarbon 143 
Decompn hydrogen peroxide catalysis 1907 
Decompn isomerization tritium  spiropentane 

2187
Decompn kinetics amyl acetate 3917 
Decompn kinetics tetrafluoroethane 292 
Decompn methylsilanes 459 
Decompn pentenyl radical 1089 
Decompn peroxide fluoromethyl 3480 
Decompn rate melting solid 2253 
Decompn solid state kinetics 1474 
Decompn thermal ammonium perchlorate 

3545



4K J. P h y s . C h e m ., V ol. 76, 1972 KEYWORD INDEX

Defect formation sodium bromate 3751 
Dehydration isopropyl ale catalytic 3372 
Dehydrogenation isopropyl ale catalytic 

3372
Density alkylammonium bromide soin 1902 
Density fixed charge 2447 
Density viscosity sodium salt 3034 
Desorption oxygen zinc oxide 3184 
Deuterated ammonia radiolysis 3812 
Deuterated ethanol soin structure 2562 
Deuteration catalysis zinc oxide 2184 
Deuteration propylene mechanism 2184 
Deuteride kinetics pyrolysis hydrogen 3538 
Deuterium atom silane reaction 3911 
Deuterium effects methyl iodide reactions 

427
Deuterium fluoride chem laser 3125 
Deuterium hydrogen cyanide reaction 285 
Deuterium isotope effect iodination 3121 
Deuterium methyl radical quenching 2196 
Deuterium oxide vapor pressure 3040 
Deuterium vanadium x ray 927 
Diat mol transition metal 2268 
Diazine photoisomerization 2245 
Diazirine decompn mechanism 797 
Diazirine heat formation 3504 
Diazirine nitrogen quadrupole coupling 2249 
Dibenzodioxin ESR trifluoromethanesulfonic 

1504
Diborane ion mol reaction 2467 
Dichloroethylene isomer recoil chlorine 2711 
Dichlorotetrafluoroacetone water polygluta= 

mate 3464
Dichroism thin film  3390 
Dichromate ion hydrolysis kinetics 582 
Dicyanoacetylene oxygen atom 269 
Dicyanobenzene fluorescence quenching 469 
Dielec const assocn solvation 2920 
Dielec const gradient soin 1062 
Dielec const naphthalenide 2866 
Dielec liq electron range 3794 
Dielec property adsorbed haloalkane 2535 
Dielec property ammonium salt 1999 
Dielec property hydrogen cyanide 1140 
Dielec property org carbonate 2892 
Dielec relaxation solute 525 
Dielec relaxation water adsorption 2987 
Diels Alder thermochem 106 
Diene tetracyanoethylene addn 106 
Differential scanning calorimetry tetracyano= 

methane 3973
Diffraction electron mol motion 3099 
Diffraction polyacrylate 1311 
Diffuse layer microemulsion 876 
Diffusion acetic acid dimer 2463 
Diffusion coeff ternary system 3419 
Diffusion const org solute 4006 
Diffusion controlled condensation 2543 
Diffusion electrolyte solute 1166 
Diffusion limited reaction viscosity 1192 
Diffusion mixed solvent 2470 
Diffusion mol proton exchange 3078 
Diffusion monat gas 1743 
Diffusion problem two body 349 
Diffusion radical kinetics 3008 
Diffusion silver nitrate water 1853 
Diffusion ternary system 2050 
Diffusion transfer 162 
Diffusion transfer exchange bromide 2957 
Diffusive transport mode 1348 
Digital simulation electrochemistry ESR cell 

2550
Dihexyloxyazoxybenzene heptane activity 

coeff 596
Dihydrophenanthrene intermediate phenyli= 

midazole photolysis 3362 
Dihydropyrazine radical EPR 3348 
Dihydropyridazine radical EPR 3348 
Dihydropyrimidine radical EPR 3348 
Diiodobenzene photoprodn 2639 
Diiodomethyl radical matrix IR 2718 
Dilatometry polycarboxylate counterion 

binding 254
Diln heat electrolyte 1608 
Diln heat lithium bromide 3050 
Dimer trimethylaluminum heat dissocn 

2933
Dimerization acrylic copolymer 1311 
Dimerization copper phthalocyanines 446 
Dimerization metal phthalocyanine 1994 
Dimerization purine reaction 2838 
Dimethyl ether trapped electron photob= 

leaching 3747
Dimethyl glutarate saponification kinetics 

704
Dimethyl sulfide photoelectron spectrum 

1030
Dimethylamine hydrogen bonding 871 
Dimethylaminium ion EPR 2857 
Dimethylaniline irradn singlet trip let 3805 
Dimethylphenanthroline copper perchlorate 

cond 3029

Dioxane water pulse radiolysis 1279 
Dioxane water solvent 1053 
Dioxane water ultrasound absorption 1571 
Dioxide carbon vibrational relaxation 3108 
Dioxide nitrogen photodissocn 474 
Dioxide sulfur anion radical 323 
Dipolar relaxation NMR 53 
Dipole moment enhancement complex 3991 
Dipole moment hydrogen bond 3000 
Dipole moment solute 525 
Dipole phenol pyridine complex 2112 
Dipole potential polar gas 1470 
Discharge microwave mass spectrometry 

2941
Disilane radiolysis silane 3321 
Disproportionation cyclooctatetraene anion 

radical 2176
Disproportionation reaction 3254 
Dissipative structure ternary system 2050 
Dissocn acid methyl orange 4023 
Dissocn cyclopentadiene kinetics 2159 
Dissocn energy bond 2332 
Dissocn energy water complex 3116 
Dissocn fluorescence anthroate 1996 
Dissocn heat trimethylaluminum dimer 

2933
Dissocn ionic org compd 630 
Dissocn ionic photoinduced 1419 
Dissocn isocyanic acid formylium 2636 
Dissocn methyl iodide kinetics 2353 
Dissocn phenylcyclobutane photolysis 3355 
Dissoln copper acid soin 3656 
Dissoin lifetime hydrated solute 2017 
Dissoln micelle kinetics relaxation 3017 
Dissolved gas partial molal vol 3044 
Dithionite thermal decompn 157 
DMF polyglutamate thermal props 1081 
DMF soin nickel NMR 1968 
DMF soin nitrogen 14 NMR 1968 
DNA cation radical ESR 3571 
DNA cation radical irradn 3577 
Donnan equil ion solvent 3445 
Donnan equil polystyrenesulfonate 1881 
Donnan Planck model 3633 
Donor acceptor adduct 3532 
Donor acceptor complex carbazole 2102 
Donor acceptor complex spectrum 1982 
Double resonance carbon 13 2972 
Dowex 50W PMR 578 
Drying chromium hydroxide 1838 
DTNB chlorophyll complex 172 
Durosemiquinone alkali ESR 1012 
Dye halo fluorescein hypochromism 3970 
Dye phthalocyanine assocn 1994 
Dye phthalocyanine dimerization 446 
Dye polyanion complex thermodn 688 
Dye sensitizing aggregation CD 2982 
Dye xanthene aggregation equil 762 
Dysprosium oxide catalyst 2199 
ECE mechanism 2439 
ECE reaction pathway 3254 
Elastic scattering ion 3883 
Elec cond measurement 2116 
Elec cond obstruction 1763 
Elec cond org glass 2781 
Elec cond org transition 2798 2799 
Elec conductance sodium chloride 2294 
Elec conduction auramine 1655 
Elec conductivity transitions 115 
Elec field transport phenomena 2286 
Elec polarization polyelectrolyte membrane 

3434
Electret formation polyelectrolyte membrane 

3434
Electrocapillarity pyrolytic graphite 2750 
Electrochem benzophenone 1650 
Electrochem cell resistive effect 2550 
Electrochem liquidus measurement 1154 
Electrochem redn hexacyanochromate 2439 
Electrochem selectivity ratio membrane 

1872
Electrochemiluminescence efficiency 1868 
Electrode chloranil acetonitrile NMR 246 
Electrode cobalt iron oxide 3646 
Electrode ferrocene ferricinium pyridine 243 
Electrode ion adsorption 2915 
Electrode kinetics oxygen redn 3646 
Electrode reaction 1160 
Electrolyte heat diln 1608 
Electrolyte partial molal vol 1333 
Electrolyte sodium diffusion coeff 3038 
Electrolyte soin cond relaxation 3287 
Electrolyte soin fluidity conductance 3244 
Electrolyte soin structure 1062 
Electrolyte solute diffusion 1166 
Electrolyte viscosity assoed solvent 434 
Electron attachment radiation interaction 

3730
Electron capture 3758 
Electron capture phosphate irradn 2848 
Electron diffraction mol motion 3099 
Electron excess mobility 3830

Electron excitation arom singlet 3867 
Electron hot injection current 3890 
Electron hydrated ab initio 3905 
Electron hydrated absorption spectra 3780 
Electron hydrated formation 3694 
Electron hydrated org reaction 630 
Electron hydrated pulse radiolysis 2072 
Electron hydrated radical 1957 
Electron hydrated spin density 3838 
Electron hydrated thermodn 683 
Electron impact cyclohexane film  1255 
Electron irradn ice 1000 
Electron irradn methane aq 3863 
Electron irradn uranyl fluorescence 3698 
Electron localized pulse radiolysis 3776 
Electron mobility alk ice 1509 
Electron mobility hydrocarbon 442 
Electron photoinjected range liq 3794 
Electron scavenger alk glass irradn 1962 
Electron scavenging arom cyclohexane 

irradn 3722
Electron scavenging hydrocarbon radiolysis 

987
Electron solvated absorption spectra 2931 
Electron solvated electronic spectra 3691 
Electron solvated glycerol spectra 1700 
Electron solvated halide 3677 
Electron solvated methanol water 3765 
Electron solvated mol model 3714 
Electron solvated optical spectra 2975 3876 
Electron solvated polar mol 3824 
Electron solvated reactivity 2217 
Electron solvated sodium reaction 839 
Electron spectroscopy rhodium catalyst 

2525
Electron transfer equil ESR 1734 
Electron transfer fluorescence quenching 

469 3132
Electron transfer reaction 1160 2223 
Electron transfer semiconductor surface 

2353
Electron trapped absorption spectra 3847 
Electron trapped decay methylpentane 3167 
Electron trapped decay tunneling 2641 
Electron trapped electronic spectra 3744 
Electron trapped methylpentane glass 3747 
Electron trapped methylpentane photob= 

leaching 2341
Electron trapped methyltetrahydrofuran 

636
Electron trapped solid state excitation 3366 
Electron trapped theoretical spectra 3683 
Electron trapping radiation chemistry 2726 
Electronegativity effects 187 
Electronic absorption bands 639 
Electronic absorption spectrum complex 

1549
Electronic configuration wave function 3401 
Electronic energy molecular 2995 
Electronic polarizability ice 886 
Electronic spectra ethylene phenyl 3960 
Electronic soectra excess electron 3683 

3691
Electronic spectra trapped electron 3744 
Electronic soectrum anthracene potassium 

1026
Electronic structure furanquinones 2240 
Electronic transition formaldehyde 1844 
Elimination chloroethane threshold energy 

283
Ellipsometry transmission thin layer 3390 
Emission spectra furan quinone 2240 
Emission stimulated carbon monoxide 1429 
Emission x ray phosphorus oxyanion 3975 
ENDOR phenylbenzylidenemalononitrile 

radical anion 3384 
ENDOR powder line shape 2079 
ENDOR proton zeolite 2087 
Energy bond carbon hydrogen 3314 
Energy bond peroxide 3480 
Energy degradation recoil reactions 2685 
Energy difference halophenol isomer 1553 
Energy interaction mol 2123 
Energy level metal ammonia soin 2738 
Energy level quadrate 3401 
Energy level structure glass 3830 
Energy molecular electronic 2995 
Energy parameters polypeptide 375 
Energy partition elimination chloroethane 

283
Energy surface alanine tetrapeptide 2793 
Energy transfer chlorophyll 172 
Energy transfer irradn water 3698 
Energy transfer thermal isomerization 1935 
Enthalpy butylammonium bromide 1366 
Enthalpy formation carbazole complex 2102 
Enthalpy hydrogen bond formation 3065 
Enthalpy intramol hydrogen bond 1553 
Enthalpy molar org solute 99 
Enthalpy nitrobenzene ion equil 2058 
Enthalpy peroxide superoxide reaction 2841 
Enthalpy phenanthrenequinonesulfonate 

1875
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Enthalpy solvent transfer 2045 
Enthalpy transfer sodium chloride 3077 
Entropy adsorption hydrocarbon 2769 
Entropy hydration ion 2298 
Entropy nitrobenzene ion equil 2058 
Entropy phenanthrenequinonesulfonate 

1875
Entropy polymer solvent mixing 400 
Entropy soln solid solute 2138 
Enzyme kinetics orientation constraint 534 
Enzyme reactions relaxation spectra 366 
Epoxidation alkene gas phase 3319 
Epoxidation olefins stereochem 213 
EPR amino radical 2716 
EPR chromia catalyst 2694 
EPR copper ammonia complex zeolite 2860 
EPR copper nitric oxide zeolite 1546 
EPR heterocyclic radical EPR 3348 
EPR photoinitiation polymn methacrylate 

3141
EPR radiolysis methylamine 2857 
EPR sulfur dioxide anion radical 323 
EPR vanadyl carboxylate hydroxy 3951 
Equation state approx 1479 
Equation state hard sphere 601 
Equation state hydrocarbon 2769 
Equation state nonspherical mol 2014 
Equil acid base thermodn 1909 
Equil acid maleate 1957 
Equil aggregation xanthene dye 762 
Equil alkali ion exchange 1072 
Equil anthroate prototropism 1996 
Equil const calcn 720 
Equil const complex formation 1549 
Equil const disproportionation 2176 
Equil const propionitrile iodine 2098 
Equil const proton transfer 4033 
Equil electron transfer ESR 1734 
Equil micelle 565
Equil nitrobenzene ion enthalpy 2058 
Equil phenanthrenequinonesulfonate 1875 
Equil reaction bicipital relaxation 452 
Equil salt rejection membrane 3638 
Equil sedimentation polymg protein 3429 
Equil sedimentation polymg system 777 
Equil thioamide iodine complex 2405 
Erbium oxide catalyst 2199 
ESR alkali durosemiquinone 1012 
ESR anion radical 1439 
ESR bromine radical clathrate 133 
ESR cell electrochemistry 2550 
ESR cyanoacetic acid irradn 3377 
ESR DNA cation radical 3571 
ESR electron transfer equil 1734 
ESR ethylene phenyl radical 3960 
ESR gamma irradn oxalate 3274 
ESR glycine radical reaction 3507 
ESR heptanal perhydrotriphenylene 1008 
ESR hydrogen cyanide radiolysis 3945 
ESR hydrogen photodissocn 2637 
ESR inclusion compd radical 801 
ESR inorg radical soln 1710 
ESR irradiated butyl isothiocyanate 1792 
ESR irradiated heterogeneous system 1721 

1727
ESR irradn alkyl phosphate 2848 
ESR irradn aq soln 1706 
ESR irradn halo uracil 2399 
ESR irradn hydrocarbon crystal 1411 
ESR methionine 1729 
ESR nitrobenzene ion equil 2058 
ESR nitroxides simulation model 672 
ESR org radicals 553 
ESR oxygen radical org 847 
ESR paramagnetic intermediate redox 2207 
ESR phenylacridine radical anion 3958 
ESR phenylbenzylidenemalononitrile radical 

anion 3384
ESR photolysis UV 2061 
ESR radical acrylate 1957 
ESR radical cation benzene 3943 
ESR rotational correlation time nitroxide 

1858
ESR sodium triphenylacetate decompn 937 
ESR thermal decompn mechanism 157 
ESR thiooxalato nitrosyl iron 49 
ESR tin 3 141
ESR triflucromethanesulfonic dibenzodioxin 

1504
ESR trifluoromethyl radical sorbed 2690
ESR triplet nitrene 3570
ESR zinc oxide powder 2527
ESR zwitterion radical 2479
Ester bond butyl formate 3582
Ethane chloro IR Roman 3591
Ethane difluoro pyrolysis 1680
Ethane disubstituted NMR 1466
Ethane ior. mol reaction gas 3919
Ethane methylene insertion 607
Ethane yield ethanethiol photolysis 2668
Ethanethiol amino oxidn ferricyanide 3641
Ethanethiol photochemistry 2668

Ethanol electron scavenger 3744 
Ethanol hexane gamma irradn polemic 944 
Ethanol hydration aq soln 1660 
Ethanol iodine reaction 3314 
Ethanol pulse radiolysis 3856 
Ethanol soln deuterated structure 2562 
Ethanol solvated electron spectra 3876 
Ether alkali metal soln 2975 
Ether aq molal vol 1338 
Ether vinyl methyl copolymer 254 
Ethyl iodide gamma irradn 1324 
Ethyl radical nitric oxide reaction 3303 
Ethylamine acetic acid thermodn 2764 
Ethylamine glass elec cond 2781 
Ethylamine paramagnetic relaxation 1226 
Ethylbenzene autoxidn 2785 
Ethylene acrylate copolymer 1311 
Ethylene addn benzyne mechanism 656 
Ethylene butyl steric effect 2877 
Ethylene carbonate dielec property 2892 
Ethylene chloro isomerization 2829 
Ethylene copolymer hydrogen binding 254 
Ethylene copolymer titrn  1767 
Ethylene cyano fluorescence quenching 3132 
Ethylene fluorine 18 reaction 3509 
Ethylene glycol potassium chloride 712 
Ethylene hydrogenation catalysis 2625 
Ethylene hydrogenation kinetics 1394 
Ethylene iodine hot atom reaction 3342 
Ethylene ion impact spectroscopy 1130 
Ethylene phenyl radical ESR 3960 
Ethylene photolysis UV actinometer 138 
Ethylene radiolysis butane 1260 
Ethylene yield ethanethiol photolysis 2668 
Ethylenediamine cobalt complex racemiza= 

tion 119
Ethylenesulfonic acid molar vol 3451 
Ethylenethiourea iodine complex 2405 
Ethylethoxysilane hydrolysis 3192 
Ethylnaphthalene electron transfer 1734 
Ethylpyridine amino complex magnetic 

2707
Ethynyl radical mass spectrometry 1913 
Europium ion excited state 1093 
Europium ion solvation NMR 1449 
Europium quantum efficiency fluorescence 

1293
Europium sulfate assocn thermodn 1887 
Europium sulfate ion formation 2925 
Eutectic system potassium chloride 904 
Evapn wedge shaped pore 2543 
Excess electron mobility 3830 
Exchange bromide transfer diffusion 2957 
Exchange equil alkali ion 1072 
Exchange halide anion exchange resin 680 
Exchange hydrogen propene zeolite 3940 
Exchange interfacial water polemic 1505 
Exchange irradn hydrogen water 621 
Exchange isotope solid 1317 
Exchange methane hydrogen chloride 2809 
Exchange proton naphthol 3558 
Exchange rate proton water 2954 
Exchange reaction iodide triiodide 162 
Exchange resin halide exchange 680 
Exchanged zeolite thallium structure 2593 
Exciplex dimethylaniline photolysis 3805 
Exciplex yield complex photolysis 1133 
Excitation electron trapped solid state 3366 
Excitation yield naphthalene irradn 2485 
Excited borazine photodecompn 2630 
Excited singlet arom liqs 3867 
Excited singlet oxygen reaction 1375 
Excited state europium ion 1093 
Excited state pulse radiolysis 2485 
Excited state quenching fluorotoluene 2967 
Exciton bound ionized impurity 3771 
Exciton interaction halofluorescein dye 3970 
Exotherm polyglutamate DMF 1081 
Extended Hueckel calcn polyalanine 2793 
Extn tetraalkylammonium halide 1775 
Faujasite synthesis 3388 
Ferrate cyanato radiolysis 3703 
Ferricinium ferrocene electrode pyridine 243 
Ferricyanide oxidn aminoethonethiol 3641 
Ferrioxalate flash photolysis 830 
Ferrocene ferricinium electrode pyridine 243 
Ferrocenes CD 511 
Ferrous oxalate photoprodn 830 
Film  collagen optical rotation 2935 
F ilm  cyclohexane electron impact 1255 
Film  lipid interface 1238 1244 
Film  lipid intermol energy 1231 
Film  metal oxidn 2530 
Film  soap surface tension 3024 
Film  transmission ellipsometry 3390 
Fixed charge density 2447 
Flame hydrogen sulfide 1925 
Flash photolysis ferrioxalate 830 
Flash photolysis helium nitrogen 3518 
Flash photolyzed oxalatoiron absorbance 

2618
Flash spectra arom hydrocarbon 3132

Flow viscous org liq 2317 
Fluid layer convection cell 783 
Fluidity conductance electrolyte soln 3244 
Fluorenyl salt complex 2152 
Fluorescein halo dye hypochromism 3970 
Fluorescence aminoethylene Rydberg 2105 
Fluorescence anthroate prototropism 1996 
Fluorescence irradn uranyl ion 3698 
Fluorescence polyphenyl 3983 
Fluorescence quantum efficiencv europium 

1293
Fluorescence quenching benzene olefin 3668 
Fluorescence quenching electron transfer 

469 3132
Fluorescence quenching mercury benzene 

2665
Fluorescence quenching naphthalene benzoic 

acid 3563
Fluorescence samarium nonaq medium 3397 
Fluorescence trifluoromethylbenzene 823 
Fluoride hydrogen chem laser 1425 3125 
Fluoride ion coordination ale 1775 
Fluoride lithium beryllium system 1154 
Fluoride molten tetrafluoroberyllate Raman 

78
Fluorination tungsten analysis polemic 2930 
Fluorination tungsten model analysis 2930 
Fluorine atomic chemiluminescence excita= 

tion 3586
Fluorine carbon tetrachloride reaction 947 
Fluorine NMR surfactant micelle 3012 
Fluorine 18 ethylene reaction 3509 
Fluoro surfactants 909 
Fluoroacetate 1824 
Fluoroacetic acid assocn 2039 
Fluoroacetone imine trifluoromethyl radical 

487
Fluoroamine methyl chem laser 3125 
Fluoroaminoalkane mass spectra 60 
Fluorobenzophenone photochem reaction 

3926
Fluoroberyllate Raman molten fluoride 78 
Fluorobutene isomerization 2829 
Fluorocarbon surfactant math 2019 
Fluoroethane collisional deactivation 954 
Fluoroethane pyrolysis 1680 
Fluoroethane tetra decompn 292 
Fluoromethane radiolysis 2070 
Fluoromethyl peroxide decompn 3480 
Fluoromethylalkyl ammonium micelle 

structure 3012
Fluoronitrosomethane mol structure 3099 
Fluorotoluene excited state quenching 2967 
Fluorouracil pulse radiolysis 2386 2392 
Force const tetrafluoroberyllate 78 
Formaldehyde electronic transition 1844 
Formaldehyde hydrogen reaction 2213 
Formaldehyde oxygen reaction 2215 
Formamide cond sodium salt 3034 
Formate butyl NMR 3582 
Formate methyl conformation LCAO MO 

2430
Formation const carbazole complex 2102 
Formation heat complex 1549 
Formation heat diazirine 3504 
Formato pentaammine cobalt photolysis 

2492
Formic acid assocn 774 
Formyl radical 494
Formylium dissocn isocyanic acid 2636 
Fragmentation silver chloride 2819 
Free energy mixing activity 2764 
Free energy mixing alloy 1202 
Free energy solvent transfer 2045 
Free radical decay 1405 
Free radical gas spectroscopy 2056 
Free radical model water radiolysis 2733 
Free radical stabilization energy 918 
Free radical sulfoxide decompn 135 
Furan quinone emission spectra 2240 
Fused halide system thermochemistry 1616 
Gamma irradiated org glass 1226 
Gamma irradiated silica alumina 3741 
Gamma irradiated silica gel 3158 
Gamma irradiated zeolite ENDOR 2087 
Gamma irradn benzene 1727 
Gamma irradn cyanoacetic acid 3377 
Gamma irradn ethanol hexane polemic 944 
Gamma irradn ethyl iodide 1324 
Gamma irradn hydrated electron 3694 
Gamma irradn methane aq 3863 
Gamma irradn methionine 1729 
Gamma irradn methylpentane 3747 
Gamma irradn methylpentane glass 3167 
Gamma irradn org compd 630 
Gamma irradn oxalate ESR 3274 
Gamma irradn soln temp 1273 
Gamma irradn water 2733 
Gamma irradn xenon trioxide 3909 
Gas adsorption 3415 
Gas breakdown laser induced 31 
Gas carbon tetrahalides irradn 3734
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Gas chromatog mordenite adsorption 1647 
Gas chromatog reactor 2159 
Gas dissolved partial molal vol 3044 
Gas free radical spectroscopy 2056 
Gas intermol force 890 
Gas irradn electron attachment 3730 
Gas liq electronic transport 3890 
Gas liq partition chromatog 99 
Gas liq soly 598 601 
Gas monat model potential 1743 
Gas phase epoxidation alkene 3319 
Gas polar transport property 1470 
Gas reaction suprahigh pressure 2614 
Gas soly methanol 2170 
Gas water interface adsorption 2769 
Geminate ion pairs radiolysis 3812 
Germane halophenyl spectra 1558 
Glass acetate ionic covalent interaction 

1035
Glass alk irradn electron scavenger 1962 
Glass alkali ion mobility 1072 
Glass Bronsted acid site 3633 
Glass energy level structure 3830 
Glass metaphosphate pulse radiolysis 203 
Glass methylpentane gamma irradn 3167 
Glass methylpentane trapped electron 3747 
Glass org contamination polywater 457 
Glass org elec cond 2781 
Glass org irradn neg species 3894 
Glass org paramagnetic relaxation 1226 
Glass polymer statistical thermodn 416 
Glass thin film  nitrate aggregate 1826 
Glass transition alkali metal nitrate 3093 
Glasses alkyl halide hydrocarbon 1405 
Glutamate poly transition 3464 
Glutarate dimethyl saponification kinetics 

704
Glycerol acetate soln 2474 
Glycerol solvated electron spectra 1700 
Glycine molal vol 1783 
Glycine platinum complex isomerization 

3934
Glycine radiolysis radical reaction 3507 
Glycine tetrapeptide helical conformation 

670
Glycolamide molal vol 1783 
Glycolate vanadyl EPR 3951 
Gold catalytic activity 1907 
Gold electrode ion adsorption 2915 
Group Ha element catalysts 3372 
Guanidine hydrochloride vol urea 2778 
Halfwave potential inorg radical 1487 
Halide alkali metal cadmium melt 1831 
Halide alkali structure liq theory 1612 
Halide alkyl hydrocarbon glasses 1405 
Halide cobalt complex racemization 119 
Halide copper vapor UV 1632 
Halide exchange anion exchange resin 680 
Halide hydrogen chem laser 1425 
Halide hydrogen halogen photochem 2801 
Halide lith ium pyridine complex 53 
Halide nitrate soly silver 2759 
Halide solvated electron 3677 
Halide system fused thermochemistry 1616 
Halide tetraalkylammonium extn 1775 
Halide tetraalkylammonium water structure 

1455
Haloalkane adsorbed dielec property 2535 
Halobenzene NMR substituent effect 515 
Halogen charge transfer complex spectra 

3220
Halogen hydrogen halide photochem 2801 
Halogen substitution dichlorobutane stereo= 

chem 501
Halomethane iodine 128 recoil 2685 
Halonaphthalenes phosphorescence 221 
Halophenol hydrogen bond 1553 
Halophenylgermane spectra 1558 
Halorhenate potassium recoil reaction 2499 
Halouracil pulse radiolysis 2386 2392 
Hard sphere solute water structure 4030 
Hard sphere state equation 601 
Heat adsorption carbon dioxide 3278 
Heat adsorption hydrocarbon 2769 
Heat adsorption inert gas 3171 
Heat adsorption nonpolar mol 1647 
Heat capacity activation solvolysis 369 
Heat capacity aq tetraamylammonium 

bromide 2577
Heat capacity butylammonium bromide 

1366
Heat diln electrolyte 1608 
Heat diln lithium bromide 3050 
Heat dissocn trimethylaluminum dimer 

2933
Heat formation complex 1549 
Heat formation diazirine 3504 
Heat formation ethynyl radical 1913 
Heat hydration ion 2298 
Heat immersion zeolite 110 
Heat immersion zirconium oxide 1497 
Heat mixing alk earth halide 1616

Heat mixing aq electrolyte 3474 
Heat mixing molten salt 1629 
Heat soln tetraalkylammonium bromide 

1369
Helical conformation glycine tetrapeptide 

670
Helium nitrogen flash photolysis 3518 
Helium oxygen reaction rate 2653 
Helium soly aq solns 3068 
Helium soly water 1195 
Helix coil kinetics polypeptide 1737 
Helix coil transition polyglutamate 3464 
Hemimellitene nuclear Overhauser effect 

281
Hemoglobin Bohr effect 1597 
Hemoglobin proton transfer 528 
Henry const gas soln 598 
Heptanal oxime 1819 
Heptanal perhydrotriphenylene ESR 1008 
Heptane dihexyloxyazoxybenzene activity 

coeff 596
Heterocycle substituent effect NMR 1593 
Heterovalent anion exchange 2459 
Hexaamminecobalt sensitized photodecompn 

1105
Hexacyanochromate photoactive state 1947 
Hexafluoroacetone imine trifluoromethyl 

radical 487
Hexafluoroacetone photolysis 2690 
Hexamethyldisilane tritium  recoil 1249 
Hexamethylphosphotriamide manganese 

NMR 1973
Hexamethylphosphotriamide nitrobenzene 

alkali system 2058 
Hexane chlorination 1800 
Hexane cyclohexane benzene diffusion 2572 
Hexane ethanol gamma irradn polemic 944 
Hexane film  electron impact 1255 
Hexane isomeric kinematic viscosity 3295 
Hindered rotation sarcosinate 853 
Homogeneous reaction theory 1160 
Hot atom chemistry benzene 2521 
Hot atom chemistry cyclopentadiene hydro= 

gen 1389
Hot atom chemistry x ray 2639 
Hot atom fluorine 18 3509 
Hot atom iodine reactions 2685 
Hot atom reaction bromine 3331 
Hot atom reaction iodine alkene 3342 
Hot atom recoil reactions 2711 
Hot electron injection current 3890 
Hueckel calcn amide 2178 
Hueckel calcn extended polyalanine 2793 
Hueckel calcn sulfur 2274 
Hydrate calcium nitrate ultrasonic relaxation 

1506 1507
Hydrated ammonium salt dielec 1999 
Hydrated electron ab initio 3905 
Hydrated electron absorption spectra 3780 
Hydrated electron formation 3694 
Hydrated electron org reaction 630 
Hydrated electron pulse radiolysis 2072 
Hydrated electron spin density 3838 
Hydrated electron thermodn 683 
Hydrated solute dissoln lifetime 2017 
Hydration ale aq soln 1660 
Hydration heat entropy ion 2298 
Hydration org solvent 2454 
Hydration pairing ion 2459 
Hydration photo pyrimidine viscosity 3137 
Hydration pyridinecarboxaldehyde 2959 
Hydration silica 3188 
Hydrobromic acid system diffusion 3419 
Hydrocarbon adsorbed metal IR 2699 
Hydrocarbon alkyl halide glasses 1405 
Hydrocarbon arom dimer cation 1119 
Hydrocarbon crystal irradn ESR 1411 
Hydrocarbon decompn 143 
Hydrocarbon electron mobility 442 
Hydrocarbon fluorescence quenching 469 
Hydrocarbon liq structures theory 731 
Hydrocarbon polyolefin mixing entropy 400 
Hydrocarbon radiolysis electron scavenging 

987
Hydrocarbon solns radiolysis 3812 
Hydrocarbon soly water bond 2754 
Hydrochloric acid ion pairing 3664 
Hydrochloric acid polystyrenesulfonate 

system 1881
Hydrodynamic rodlike macromol 1755 
Hydrogen adsorption chromia catalyst 2694 
Hydrogen argon collision 2006 
Hydrogen atom reaction 1124 
Hydrogen atom reaction photolysis 3337 
Hydrogen atomic org compd reaction 2673 
Hydrogen binding polyacrylic acid 254 
Hydrogen bond charge transfer 3991 
Hydrogen bond chlorophenol amine 587 
Hydrogen bond dipole moment 3000 
Hydrogen bond formation enthalpy 3065 
Hydrogen bond formation thermodn 3502 
Hydrogen bond intramol enthalpy 1553

Hydrogen bond MO peptide 375 
Hydrogen bond solutes mol assocn 3058 
Hydrogen bonded complex equil 1989 
Hydrogen bonded liq vaporization 914 
Hydrogen bonding dimethylamine 871 
Hydrogen bonding polypeptide 3464 
Hydrogen bonding water IR 1228 
Hydrogen breakdown laser 31 
Hydrogen bromide proton reaction 1321 
Hydrogen carbon atom reaction 1389 
Hydrogen carbon bond energy 3314 
Hydrogen carbon monoxide argon discharge 

2941
Hydrogen chloride chem laser 805 
Hydrogen chloride elimination laser 811 
Hydrogen chloride methane exchange 2809 
Hydrogen chlorine azide reaction 805 
Hydrogen cyanide cryst IR 1140 
Hydrogen cyanide deuterium reaction 285 
Hydrogen cyanide geometry polemic 2483 
Hydrogen cyanide isotope IR 454 
Hydrogen cyanide radiolysis ESR 3945 
Hydrogen displacement butane 2937 2939 
Hydrogen exchange propene zeolite 3940 
Hydrogen fluoride chem laser 3125 
Hydrogen formaldehyde reaction 2213 
Hydrogen halide chem laser 1425 
Hydrogen halide halogen photochem 2801 
Hydrogen hvdroperoxo reaction rate 1586 
Hydrogen iodide radiolysis 3812 
Hydrogen iodine cyanide reaction 1392 
Hydrogen kinetics pyrolysis deuteride 3538 
Hydrogen mol photolysis ethylene 138 
Hydrogen oxygen reaction 2199 
Hydrogen oxygen reaction rate 3518 
Hydrogen peroxide acetone 1283 
Hydrogen peroxide decompn catalysis 1907 
Hydrogen peroxide radiolysis precursor 1542 
Hydrogen peroxide reaction 1919 
Hydrogen photodissocn ESR 2637 
Hydrogen photoyield ammonia water 298 
Hydrogen reaction methyl kinetics 1669 
Hydrogen spin density 3838 
Hydrogen sulfide ethanethiol photolysis 

2668
Hydrogen sulfide flame 1925 
Hydrogen transfer activation energy 1581 
Hydrogen transfer methylene 1581 
Hydrogen water irradn exchange 621 
Hydrogen yield ethanethiol photolysis 2668 
Hydrogen yield water radiolysis 2733 
Hydrogenation ethylene catalysis 2625 
Hydrogenation kinetics ethylene 1394 
Hydrogenation propylene intermediate 2184 
Hydrogenation rate propylene 943 
Hydrolysis dichromate ion kinetics 582 
Hydrolysis ethylethoxysilane 3192 
Hydrolysis phenyl ester 432 
Hydrolysis thiazoline 1192 
Hydronium hydroxide proton exchange 2954 
Hydroperoxo hydrogen reaction rate 1586 
Hydroperoxo metal complexed 2207 
Hydroperoxo reaction carbon monoxide 

3301
Hydroperoxy propane kinetics 1283 
Hydroperoxyl radical metal complexed 2207 
Hydrophile lipophile balance surfactant 

2019
Hydrophobic interaction 3050 
Hydropyridine radical EPR 3348 
Hydroxide chromium drying 1838 
Hydroxide hydronium proton exchange 2954 
Hydroxide ion isotope effect 362 
Hydroxide purine reaction kinetics 2838 
Hydroxide radical arom olefin 847 
Hydroxide water termol reaction 3116 
Hydroxy silica surface 1434 
Hydroxyisopropyl radical reaction 3348 
Hydroxyl bromide ion reaction 1815 
Hydroxyl polyat mol reaction 1511 
Hydroxyl radicals bromide oxidn 312 
Hydroxyl sulfuric acid radiolysis 1265 
Hydroxyl yield nitric acid radiolysis 2680 
Hydroxylamine photolysis aq soln 180 
Hydroxylapatite calcium surface concns 900 
Hyperfiltration charged membrane 3638 
Hyperfiltration ion exchange membrane 

2256
Hyperfiltration porous material 4015 
Hyperfine coupling alkali metal 2866 
Hyperfine parameter nitroxide 1858 
Hypochromism fluorescein halo dye 3970 
Hypophosphite x ray emission 3975 
Ice alk electron mobility 1509 
Ice alk paramagnetic relaxation 1226 
Ice electron irradn 1000 
Ice refractive index 886 
Ice satn silver iodide 2280 
Imine hexafluoroacetone trifluoromethyl 

radical 487
Immersion heat zeolite 110 
Immersion heat zirconium oxide 1497
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Impurity ionized bound exciton 3771 
Indigo carmine soln photoredn 2362 
Inert gas app adsorption 3171 
Injection current hot electron 3890 
Inorg crystal bound exciton 3771 
Inorg radical halfwave potential 1487 
Interaction carboxylate copolymer 1767 
Interaction charge transfer 2470 
Interaction energy mol 2123 
Interface gas water adsorption 2769 
Interface lipid film  1238 1244 
Interface silica carbon tetrachloride 3192 
Interfacial exchange water polemic 1505 
Interfacial tension pyrolytic graphite 2750 
Intermediate hydrogen peroxide redox 2207 
Intermol charge transfer 2405 
Intermol charge transfer complex 2452 
Intermol energy lipid film  1231 
Intermol force gas 890 
Intermol potential liq 2133 
Internal conversion bromine 3331 
Internal motion methyl carbon relaxation 

3213
Internal rotation barrier 551 
Intersystem crossing phthalazine 3937 
Intersystem crossing trifluoromethylbenzene 

823
Intramol proton transfer 4033 
Intrinsic viscosities albumin 128 
Intrinsic viscosity macromol 1755 
Iodate photolysis radiolysis 302 
Iodide cobalt complex racemization 119 
Iodide copper vaporization mass spectrometry 

2310
Iodide lithium dissoln water 2017 
Iodide methyl dissocn kinetics 2353 
Iodide methyl photolysis 308 
Iodide pyridinium charge transfer 603 
Iodide silver ice satn 2280 
Iodide silver soly nitrate 2759 
Iodide sodium viscosity solvents 434 
Iodide triiodide exchange reaction 162 
Iodination pyruvic acid ester 3121 
Iodine aminopyridine complex thermodn 

1895
Iodine charge transfer complex 1951 
Iodine cyanide hydrogen reaction 1392 
Iodine ethanol reaction 3314 
Iodine nonpolar soln 2470 
Iodine perylene complex thermodn 921 
Iodine propionitrile complex 2098 
Iodine thioamide charge transfer 2405 
Iodine 128 recoil reactions 2685 
Iodobenzene x ray irradn 2639 
Ion activity computer simulation 1758 
Ion adsorption electrode 2915 
Ion exchange membrane hyperfiltration 

2256
Ion exchange membrane ion transport 3996 
Ion exchange solid 1317 
Ion formation europium sulfate 2925 
Ion heat entropy hydration 2298 
Ion impact spectroscopy ethylene 1130 
Ion irradn solid benzene 2521 
Ion mol gaseous reactions 409 
Ion mol reaction 2467 3883 
Ion mol reaction gas ethane 3919 
Ion mol reaction silane 3321 
Ion nitrobenzene equil enthalpy 2058 
Ion pair aggregation soln 2152 
Ion pair conductance 2452 
Ion pair equil 1989 
Ion pair formation ale water 3842 
Ion pairing alkali metal 1012 
Ion pairing anion radical 2176 
Ion pairing hydration 2459 
Ion pairing sodium sulfate 3664 
Ion pairs geminate radiolysis 3812 
Ion product const water 90 
Ion radical sulfuric acid irradn 3676 
Ion recombination bromcresol green 1184 
Ion recombination luminescence radical 

3710
Ion recombination methyl orange 4023 
Ion recombination trip let prodn 3801 
Ion repulsive force soln 1062 
Ion solvation number 2140 
Ion solvent interaction 3472 
Ion transport ion exchange membrane 3996 
Ion water structure 84 
Ion yield irradiated solvent polemic 944 
Ionic assocn reaction vol 895 
Ionic conductance potassium chloride 712 
Ionic covalent interaction acetate glass 1035 
Ionic crystal magnetic field 3993 
Ionic dissocn org compd 630 
Ionic dissocn photoinduced 1419 
Ionic molal vol polemic 1086 
Ionic soln theory polemic 1229 
Ionic styrene polymn 930 
Ionization biphotonic methyl phenylenedia= 

mine 2229

Ionization chem mass spectrometry 3917 
Ionization current nickel 63 decay 3842 
Ionization hydroxybenzotrifluoride 1909 
Ionization naphthol excited singlet 3558 
Ionization potential charge transfer complex 

3220
Ionization potential complex 3991 
Ionization potential thiourea 2405 
Ionization silver chloride 2819 
Ionization sodium chloride 1053 
Ionization solute equil 720 
Ionization UV photolysis 2061 
Ionized impurity bound exciton 3771 
Ionizing solvent diffusion 1166 
IR acetone water polemic 449 
IR alkali carbonate 1565 
IR assoed ales 864
IR carbon monoxide chemisorption 3180 
I r  carbon oxide oxidn 2833 
IR chromia surface property 571 
IR cryst hydrogen cyanide 1140 
IR dimethylamine 871 
IR hydrocarbon adsorbed metal 2699 
IR hydrogen bonding ale 2562 
IR hydrogen cyanide isotope 454 
IR matrix diiodomethyl radical 2718 
IR matrix spectra zone 3208 
IR nitrous oxide zeolite 945 
IR optical const naphthalene 260 
IR polywater org contaminant 457 
IR potassium salt anthracene 1026 
IR prepn polywater polemic 456 
IR silver oxide carbonate 940 
IR spectra halophenylgermane 1558 
IR spectra nitrate carbon dioxide 1826 
IR sulfur tetramer 3968 
IR tertiary ammonium salt 339 
IR uranium oxide gaseous 648 
IR water acetone complex 452 
IR water adsorption silica 3188 
IR water hydrogen bonding 1228 
IR water monodeuterated polemic 3675 
IR water structure 84 
Iridium butene adsorption IR 2699 
Iron carbon monoxide chemisorption 3180 
Iron carbon oxygen nucleation 2609 
Iron cobalt oxide electrode 3646 
Iron nickel adsorption arsine 2851 
Iron oxalato photochemistry 2618 
Iron oxidn nitrous oxide 2530 
Iron sulfate aq radiolysis 1273 
Iron thiooxalato nitrosyl ESR 49 
Irradiated gamma silica alumina 3741 
Irradiated gamma silica gel 3158 
Irradiated heterogeneous system ESR 1721 

1727
Irradiated solvent ion yield polemic 944 
Irradiation solvated electron 3765 3824 
Irradn alk glass electron scavenger 1962 
Irradn alkyl phosphate ESR 2848 
Irradn ammoniated zeolite EPR 2716 
Irradn aq methane 3863 
Irradn aq soln 1710 
Irradn aq soln ESR 1706
Irradn arom cyclohexane electron scavenging 

3722
Irradn benzene excited singlet 3867 
Irradn beta sulfuric acid 1542 
Irradn butane olefin oxygen 1260 
Irradn carbon tetrahalides gas 3734 
Irradn cation radical DNA 3577 
Irradn cyanoacetic acid ESR 3377 
Irradn dioxane water pulse 1279 
Irradn electron ice 1000 
Irradn exchange hydrogen water 621 
Irradn gamma methylpentane 3747 
Irradn gamma methylpentane glass 3167 
Irradn gamma soln temp 1273 
Irradn gamma xenon trioxide 3909 
Irradn gas electron attachment 3730 
Irradn halo uracil ESR 2399 
Irradn hydrated electron formation 3694 
Irradn hydrocarbon crystal ESR 1411 
Irradn ion solid benzene 2521 
Irradn methanol ethanol spectra 3876 
Irradn neutron catalyst 2625 
Irradn org compd 630 
Irradn org glass neg species 3894 
Irradn oxalate ESR 3274 
Irradn paraffin temp dependence 3851 
Irradn solid radical concn 1324 
Irradn spectra trapped electron 3683 
Irradn styrene polymn 930 
Irradn sulfuric acid aq 1265 
Irradn sulfuric acid radical ion 3676 
Irradn tin lead salt 141 
Irradn trip let prodn mechanism 3801 
Isobutane decompn amyl acetate 3917 
Isocitrate conformation soln NMR 3073 
Isocyanate aryl nitrene ESR 3570 
Isocyanic acid predissocn polemic 2636 
Isocyanide methyl thermal isomerization 

1935

Isodurene relaxation carbon NMR 281 
Isomer halophenol energy difference 1553 
Isomer olefin recoil chlorine 2711 
Isomeric hexane kinematic viscosity 3295 
Isomeric yield hydrocarbon irradn 1411 
Isomerization alkyl radical 2507 
Isomerization chloroethylene 2829 
Isomerization cyclopropane unimol 1695 
Isomerization decompn tritium  spiropentane 

2187
Isomerization kinetics butene 44 
Isomerization platinum glycine complex 

3934
Isomerization propylene intermediate 2184 
Isomerization thermal energy transfer 1935 
Isopropyl ale decompn catalytic 3372 
Isotherm adsorption detn 2584 
Isothiocyanate butyl irradiated ESR 1792 
Isotope effect ammonia decompn 970 
Isotope effect deuterium iodination 3121 
Isotope effect hydroxide ion 362 
Isotope effect methyl addn alkene 3613 
Isotope effect proton transfer 2951 
Isotope effect vapor pressure 743 3040 
Isotope effects methyl iodide reactions 427 
Isotope exchange solid 1317 
Isotope kinetic effect methyl 1669 
Isotope labeled nitrogen reaction 37 
Isotope shift hydrogen cyanide 2483 
Junction potential computer simulation 

1758
Kerr const water temp 216 
Ketene kinetics borane reaction 3532 
Ketone addn hydrated electron 2072 
Ketones radiolysis 198 
Ketyl benzoylpyridine UV 3200 
Kihara spherical core 1470 
Kinematic viscosity isomeric hexane 3295 
Kinetic charge transfer chem reaction 1666 
Kinetic isotope effect methyl 1669 
Kinetics arsenidation metal surface 2851 
Kinetics benzene photochem 165 
Kinetics borane ketene reaction 3532 
Kinetics bromate oxidn pentanedione 2185 
Kinetics butene isomerization 44 
Kinetics carbon monoxide oxidn 3527 
Kinetics chloroethane elimination 283 
Kinetics competitive consecutive reaction 

704
Kinetics comproportionation violene 701 
Kinetics cyclopentadiene dissocn 2159 
Kinetics decompn amyl acetate 3917 
Kinetics decompn tetrafluoroethane 292 
Kinetics diffusion radical 3008 
Kinetics electron org reaction 630 
Kinetics enzyme orientation constraint 534 
Kinetics hydrogen oxygen reaction 3518 
Kinetics hydrogenation ethylene 1394 
Kinetics hydrolysis dichromate ion 582 
Kinetics hydrolysis ethylethoxysilane 3192 
Kinetics hydroperoxy propane 1283 
Kinetics hydroxyl bromide reaction 1815 
Kinetics methyl bromide scavenger 2374 
Kinetics methyl iodide dissocn 2353 
Kinetics methyl iodide reactions 427 
Kinetics methylene radicals dimethylsilane 

459
Kinetics micelle dissoln relaxation 3017 
Kinetics oxygen redn electrode 3646 
Kinetics peroxide superoxide reaction 2841 
Kinetics phenanthrenequinonesulfonate 

1875
Kinetics phenylmethane carbanion abstract 

tion 695
Kinetics photoredn reaction 2362 
Kinetics proton transfer benzoate 1327 
Kinetics proton transfer reaction 2951 
Kinetics pyrolysis difluoroethane 1680 
Kinetics pyrolysis hydrogen deuteride 3538 
Kinetics radical decay glasses 1405 
Kinetics reaction mineral acid 3625 
Kinetics recoil reaction 2499 
Kinetics redn carbon dioxide 3278 
Kinetics solid state decompn 1474 
Kinetics solvated electron decay 3765 
Kinetics solvated electron reaction 1700 
Kinetics toluene autoxidn 1520 
Kinetics transformation cholesteryl nona- 

noate 276
Kinetics vibrationally hot propane 607 
Krafft point surfactants 909 
Lactate vanadyl EPR 3951 
Lambda transition trimethylsilylmethane 

4037
Lanthanide oxide catalyst 2199 
Laser chem 1429
Laser chem hydrogen chloride 805 
Laser chem hydrogen fluoride 3125 
Laser chem hydrogen halide 1425 
Laser hydrogen chloride elimination 811 
Laser induced gas breakdown 31 
Laser light beating spectroscopy 2744
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Laser nitrogen dioxide photodissocn 474 
Laser photolysis charge transfer 1133 
Laser photolysis dimethylaniline 3805 
Laser Raman spectroscopy melt 1831 
Laser Raman surface 2325 
Latex sphere light scattering 2744 
Lattice nuclear spin relaxation 2079 
LCAO approxn perturbation theory 3993 
LCAO MO methyl formate conformation 

2430
Lead acetate glass 1035 
Lead oxidn nitrous oxide 2530 
Lead potassium thermodn 1202 
Lead salt soln position lifetime 1124 
Lead silver arsine adsorption 2851 
Lead 3 ESR 141
Leghemoglobin nitrogen xenon 591 
Lifetime dissoln hydrated solute 2017 
Lifetime excited singlet alkylbenzene 3566 
Lifetime positron detn 1951 
Lifetime trifluoromethyl radical 2517 
Ligand field photochem rhodium 1937 
Ligand macrocyclic cobalt complex 2223 
Light scattering m ixt 2744 
Light scattering sp voi macromol 2437 
Line shape ENDOR powder 2079 
Lipid film  interface 1238 1244 
Lipid film  intermol energy 1231 
Lipophile hydrophile balance surfactant 

2019
Liq adsorption 3412 3415 
Liq crystal dihexyloxyazoxybenzene 596 
Liq crystal mech property 2409 
Liq crystal solvent NMR 925 
Liq crystal solvent thermodn 99 
Liq gas electronic transport 3890 
Liq gas soly 598 601 
Liq glass polymer thermodn 416 
Liq intermol potential 2133 
Liq junction potential computer simulation 

1758
Liq photoinjected electron range 3794 
Liq structure isomeric hexane 3295 
Liq system tracer diffusion 2572 
Liq theory structure alkali halide 1612 
Liquidlike state adsorbate 2584 
Liquidus measurement electrochem 1154 
Lithium beryllium fluoride system 1154 
Lithium bromide heat diln 3050 
Lithium bromide PMR 130 
Lithium doped catalyst irradn 2625 
Lithium halide pyridine complex 53 
Lithium iodide dissoln water 2017 
Lithium nitrobenzene hexamethylphospho= 

triamide system 2058 
Lithium perchlorate methanol assocn 2920 
Luminescence alkylbenzene 3566 
Luminescence ion recombination radical 

3710
Lysozyme light scattering 2744 
Lysozyme sedimentation equil 777 
Lysozyme sedimentation overspeeding rotor 

2740
Lysozyme water adsorption 2987 
Macrocyclic ligand cobalt complex 2223 
Macrocyclic polyether complex 2152 
Macromol hydrodynamic rodlike 1755 
Macromol solute specific voi 2437 
Magnesium chloride PMR 130 
Magnesium maleic anhydride copolymer 

254
Magnesium nitrate water Raman 1019 
Magnesium oxide sulfur dioxide 323 
Magnesium sodium chloride bromide 3474 
Magnesium sodium chloride voi 3488 3491 
Magnesium sulfate ion pairing 3664 
Magnetic circular dichroism molecule 1844 
Magnetic field ionic crystal 3993 
Magnetic susceptibility copper complex 

2707
Magnetochem diphenyldialkoxysilane 1579 
Maleate equil acid 1957 
Maleic acid copolymer 1767 
Maleic anhydride copolymer magnesium 

254
Maionate copper photochemistry 1387 
Malononitrile phenylbenzylidene radical 

anion ESR 3384 
Mandelate vanadyl EPR 3951 
Manganese butyrolactam NMR 1973 
Manganese catalysis pentanedione oxidn 

2185
Manganese DMF soln NMR 1968 
Mannitol effect water 3077 
Mass spectra dicyanoacetylene oxygens 269 
Mass spectra fluoroaminoalkane 60 
Mass spectra ion mol reaction 409 
Mass spectrometer ionization 2819 
Mass spectrometry chem ionization 3917 
Mass spectrometry copper iodide vaporization 

2310
Mass spectrometry ethynyl radical 1913

Mass spectrometry methylsilane 3217 
Mass spectrometry microwave discharge 

2941
Mass spectrometry water reaction 3116 
Mass spectrum borane deriv 1860 
Mass spectrum isocyanic acid polemic 2636 
Math fluorocarbon surfactant 2019 
M atrix IR vibrational model 454 
M atrix isolated hydrogen cyanide 2483 
M atrix spectra sulfur tetramer 3968 
M atrix spectra zone argon 3208 
Mech property nematic liq crystal 2409 
Mechanism acetone peroxide 1283 
Mechanism benzyne addn ethylene 656 
Mechanism decompn diazirine 797 
Mechanism intersystem crossing 1524 
Mechanism methylidene emission 825 
Mechanism nitric acid radiolysis 2680 
Medium activity coeff phenylborate 2024 
Melt transport mode 1348 
Melt vapor nuclei 2609 
Melting solid decompn rate 2253 
Membrane anisotropic ultrafiltration 238 
Membrane charged hyperfiltration 3638 
Membrane electrochem selectivity ratio 

1872
Membrane ion exchange hyperfiltration 

2256
Membrane ion exchange ion transport 3996 
Membrane phenomena 2447 
Membrane polyelectrolyte elec polarization 

3434
Membrane porous salt rejection 4015 
Membrane potential porous glass 3633 
Membrane rigid solute permeability 393 
Mercaptan methyl photoelectron spectrum 

1030
Mercury electrode ion adsorption 2915 
Mercury quenching aromatic compd 2665 
Mercury sensitized photoisomerization 2245 
Mercury silica gel contact angle 3267 
Mercury tetraphenylborate adsorption 707 
Merocyanine photolysis spiropyran 3554 
Mesophase forming system transition 2605 
Mesophase forming systems 276 
Mesophase nematic nitroxide ESR 672 
Metal adsorbed hydrocarbon IR 2699 
Metal ammonia soln energy level 2738 
Metal complex polarog current 1170 
Metal complexed hydroperoxyl radical 2207 
Metal film  oxidn 2530 
Metal oxide ratio catalyst 2525 
Metaphosphate glass pulse radiolysis 203 
Methacrylate polymn photoinitiation EPR 

3141
Methacrylic acid molar vol 3451 
Methane aq irradn 3863 
Methane hot electron 3890 
Methane hydrogen chloride exchange 2809 
Methane iodine 128 recoil 2685 
Methane reaction kinetics 1795 
Methane soly aq soins 3068 
Methanes methoxymethyl dielec relaxation 

525
Methanol alkali perchlorate assocn 2920 
Methanol assocn 869 
Methanol boron trifluoride NMR 329 
Methanol hydration aq soln 1660 
Methanol silica gel 3078 
Methanol solvated electron spectra 3876 
Methanol soly gas 2170 
Methanol water solvated electron 3765 
Methionine radical cation 1729 
Methoxymethyl methanes dielec relaxation 

525
Methyl addn alkene isotope effect 3613 
Methyl bromide borazines photoreaction 

2630
Methyl bromide scavenger methylpentane 

2374
Methyl carbon relaxation 3213 
Methyl formate conformation LCAO MO 

2430
Methyl group substitution phenol -2882 
Methyl iodide azide acetate 427 
Methyl iodide dissocn kinetics 2353 
Methyl iodide photolysis 308 
Methyl iodo radical matrix IR 2718 
Methyl isocyanide thermal isomerization 

1935
Methyl orange acid dissocn 4023 
Methyl phenylenediamine biphotonic ioniza= 

tion 2229
Methyl radical quenching pressure 2196 
Methyl reaction hydrogen kinetics 1669 
Methylamine radiolysis EPR 2857 
Methylcyclohexane glass irradn 3894 
Methylene addn alkene stereochem 664 
Methylene blue aggregation 4026 
Methylene blue polyanion complex 688 
Methylene blue redn 3460 
Methylene hydrogen transfer 1581

Methylene insertion ethane 607 
Methylene prodn propane photolysis 9 
Methylene radicals dimethylsilane kinetics 

459
Methylene triplet state prodn 1389 
Methylenecyclopropane UV photolysis 3153 
Methylidene emission mechanism 825 
Methylnaphthalene irradn singlet triplet 

2485
Methylpentane glass elec cond 2781 
Methylpentane glass gamma irradn 3167 
Methylpentane glass irradn 3894 
Methylpentane glass trapped electron 3747 
Methylpentane liq radiolysis scavenger 2381 
Methylpentane scavenger liq radiolysis 2374 
Methylpentane trapped electron photob= 

leaching 2341
Methylsilane mass spectrometry 3217 
Methylsilanes decompn 459 
Methyltetrahydrofuran paramagnetic relaxa= 

tion 1226
Methyltetrahydrofuran trapped electron 636 

2641
Micellar zwitterionic arom soln 1460 
Micelle concn crit 909 
Micelle dissoln kinetics relaxation 3017 
Micelle shape surface area 3020 
Micelle size distribution 565 
Microemulsion water oil 876 
Microwave discharge mass spectrometry 

2941
Mineral acid kinetics reaction 3625 
Mixing entropy polymer solvent 400 
Mixing free energy alloy 1202 
Mixing heat alk earth halide 1616 
Mixing heat aq electrolyte 3474 
Mixing heat molten salt 1629 
Mixing vol chloride 3491 
M ixt light scattering 2744 
MO benzoquinone electronic spectra 2424 
MO calcn ethylene phenyl radical 3960 
MO chem interacting system 232 
MO diat mol 2268 
MO hydrogen bond peptide 375 
MO LCAO methyl formate conformation 

2430
MO naphthol ionization excited 3558 
MO phosphorus oxyanion 3975 
Mobility alkali ion glass 1072 
Mobility electron alk ice 1509 
Mobility excess electron 3830 
Mobility hydronium hydroxide water 2954 
Mobility small ion 2447 
Model analysis fluorination tungsten 2930 
Model free radical water radiolysis 2733 
Model ion hydration 2298 
Model potential monat gas 1743 
Mol beam scattering 2947 
Mol diffusion proton exchange 3078 
Mol interaction energy 2123 
Mol ion gaseous reactions 409 
Mol ion reaction gas ethane 3919 
Mol ion water vapor reaction 1517 
Mol model solvated electron 3714 
Mol movement methylsilylmethane 4037 
Mol structure fluoronitrosomethane 3099 
Mol structure isomeric hexane 3295 
Mol vibration collision 2006 
Mol wt distribution polystyrene 930 
Mol wt polymer soly 1214 
Molal vol chloride 3488 
Molal vol dissolved gas 3044 
Molal vol glycine 1783 
Molal vol org aq soln 1338 1343 
Molal vol partial electrolyte 1333 
Molar vol polyelectrolyte 3451 
Molecular electronic energy 2995 
Molten alkali nitrate 422 
Molten salt heat mixing 1629 
Molybdate polymer ultrasonic attenuation 

1575
Moment relation magnetic circular dichroism 

1844
Monat gas model potential 1743 
Monolayer carbon 14 counting 3603 
Monomer dimer equil vanadium 2343 
Monoolefin carbonyl excitation 478 
Monophosphide antimony thermodn 2336 
Monoxide carbon chemisorption IR 3180 
Monoxide carbon oxidn 1807 
Monoxide carbon reaction hydroperoxo 3301 
Monoxide carbon stimulated emission 1429 
Mordenite adsorption gas chromatog 1647 
Mordenite adsorption nonpolar mol 1641 
Motion mol electron diffraction 3099 
Naphthalene donor acceptor complex 1982 
Naphthalene fluorescence quenching benzoic 

acid 3563
Naphthalene IR optical const 260 
Naphthalene irradn excitation yield 2485 
Naphthalene pulse radiolysis 1119 
Naphthalene scavenger trapped electron 

2641
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Naphthalenesulfonic acid ionization 508 
Naphthalenide electron transfer 1734 
Naphthalenide hyperfine coupling 2866 
Naphthol excited singlet ionization 3558 
Neg ion formation sodium 839 
Neg species org glass irradn 3894 
Neighboring carboxylate interaction 1767 
Nematic liq crystal mech property 2409 
Nematic mesophase nitroxide ESR 672 
Neodymium oxide catalyst 2199 
Nernst Planck equation stability 2256 
Neutralization structure polymethacrylic 

acid 2559
Neutron activation bromine 3331 
Neutron activation iodine 3342 
Neutron irradn catalyst 2625 
Nickel carbonyl oxidn oxygen 2833 
Nickel catalyst neutron irradn 2625 
Nickel chloride decompn catalyst 2844 
Nickel DMF soln NMR 1968 
Nickel iron adsorption arsine 2851 
Nickel oxidn nitrous oxide 2530 
Nickel pyridine adsorption 972 
Nickel surface carbon oxidn 968 
Nickel 2 polarog redn 1170 
Nickel 63 decay ale water 3842 
Nitramine dimethyl photolysis 496 
Nitrate aggregate carbon dioxide matrix 

1826
Nitrate alkali metal glass transition 3093 
Nitrate alkali molten 422 
Nitrate ammonium decompn catalysis 2844 
Nitrate calcium aq viscoelastic relaxation 

3495
Nitrate calcium hydrate ultrasonic relaxation 

1506 1507
Nitrate calcium soln 3244 
Nitrate halide silver soly 2759 
Nitrate hydration 2454 
Nitrate magnesium water Raman 1019 
Nitrate silver water diffusion 1853 
Nitrate sodium soln photoredn 2362 
Nitrene trip let ESR 3570 
Nitric acid radiolysis mechanism 2680 
Nitric oxide ammonia reaction 37 
Nitric oxide copper zeolite EPR 1546 
Nitric oxide ethyl radical reaction 3303 
Nitrile ring thermolysis 2817 
Nitroaniline structure 3597 
Nitrobenzene anion radical 1439 
Nitrobenzene ion equil enthalpy 2058 
Nitrogen active quenching rate 1 
Nitrogen cyanoacetylene reaction 2643 
Nitrogen dioxide photodissocn 474 
Nitrogen helium flash photolysis 3518 
Nitrogen heterocycle molal vol 1343 
Nitrogen isotope labeled reaction 37 
Nitrogen oxide gas reaction 2614 
Nitrogen oxide reaction 1919 
Nitrogen oxygen reaction rate 2653 
Nitrogen quadrupole coupling diazirine 

2249
Nitrogen relaxation borazole 2871 
Nitrogen xenon leghemoglobin 591 
Nitrogen zirconium reaction 2156 
Nitrogen 14 NMR tetrazole 2403 
Nitromethane radical trapping 1710 
Nitrophenol amine aprotic solvent 1989 
Nitrophenol amine complex bonding 3991 
Nitrosamide rearrangement 496 
Nitrosobenzene photoredn 1087 
Nitrosomethylaniline soln photoredn 2362 
Nitrosyl thiooxalato iron ESR 49 
Nitrous oxide carbon monoxide reaction 

1807
Nitrous oxide methane aq irradn 3863 
Nitrous oxide methylpentane radiolysis 

2381
Nitrous oxide oxidn metal 2530 
Nitrous oxide zeolite IR 945 
Nitroxide rotational correlation time ESR 

1858
Nitroxides ESR simulation model 672
Nitryl chloride pyrolysis 2614
NMR aq tetraalkylammonium halide 1455
NMR butyl formate 3582
NMR butylethylene steric effect 2877
NMR carbon relaxation isodurene 281
NMR chloranil electrode acetonitrile 246
NMR conformation isocitrate soln 3073
NMR disubstituted ethane 1466
NMR DMF soln nickel 1968
NMR double resonance carbon 13 2972
NMR europium ion solvation 1449
NMR halobenzene substituent effect 515
NMR hindered rotation sarcosinate 853
NMR internal rotation 71
NMR manganese butyrolactam 1973
NMR methanol boron trifluoride 329
NMR nitrogen 14 tetrazole 2403
NMR quadrupolar dipolar relaxation 53
NMR relaxation methyl carbon 3213

NMR solvent phase diagram 925 
NMR substituent effect arom 1593 
NMR surfactant micelle structure 3012 
NMR zeolite 1220 
Nonanoate cholesteryl 276 
Nonaq medium samarium fluorescence 3397 
Nonaq solvent complex equil 3618 
Nonequil unimol reaction 954 
Nonpolar mol mordenite adsorption 1641 
Nonpolar soln iodine 2470 
Nonpolar solvent entropy soln 2138 
Nonpolar system soly estn 601 
Nonspherical mol equation state 2014 
Norbornene photochem addn 15 
Nuclear Overhauser effect hemimellitene 

281
Nuclear quadrupole coupling diazirine 2249 
Nuclear recoil technique 1389 
Nuclear spin lattice relaxation 2079 
Nuclei vapor melt 2609 
Nucleophile phenyl ester 432 
Nucleophilic substitution bimol 232 
Obstruction elec cond 1763 
Octanoate perfluoro 909 
Oil water microemulsion 876 
Olefin acid proton exchange 2951 
Olefin addn methyl isotope effect 3613 
Olefin benzene singlet quenching 3668 
Olefin butane irradn oxygen 1260 
Olefin cis trans recoil chlorine 2711 
Olefin epoxidation gas phase 3319 
Olefin iodine hot atom reaction 3342 
Olefin mono carbonyl excitation 478 
Olefin oxygen hydroxide radical 847 
Olefin polymer mixing entropy 400 
Olefins epoxidation stereochem 213 
Optical anisotropy ealen 1502 
Optical bleaching 636 
Optical bleaching glass 3830 
Optical const IR naphthalene 260 
Optical rotation collagen film  2935 
Optical spectra solvated electron 2975 3876 
Org aq glass photocond 3830 
Org aq solvent m ixt 1040 
Org carbonate dielec property 2892 
Org compd hydrogen atomic reaction 2673 
Org compd ionic dissocn 630 
Org contaminant polywater IR 457 
Org elec conductivity 115 
Org glass elec cond 2781 
Org glass irradn neg species 3894 
Org glass paramagnetic relaxation 1226 
Org glass trapped electron 3744 
Org liq viscous flow 2317 
Org solid transition 2798 2799 
Org solute reverse osmosis rejection 4006 
Org solvent hydration 2454 
Orientation constraint kinetics enzyme 534 
Orotic acid bromo irradn ESR 2399 
Oscillator strength carbazole complex 2102 
Osmotic pressure activity polyelectrolyte 

3445
Osmotic property polystyrenesulfonate 1881 
Overhauser effect hemimellitene 281 
Overspeeding rotor lysozyme sedimentation 

2740
Oxalate gamma irradn ESR 3274 
Oxalato iron photochemistry 2618 
Oxamide rotation barrier 642 
Oxide carbon methanol interaction 2170 
Oxide cobalt iron electrode 3646 
Oxide deuterium vapor pressure 3040 
Oxide ion water reaction 422 
Oxide metal ratio catalyst 2525 
Oxide nitric copper zeolite EPR 1546 
Oxide nitrogen gas reaction 2614 
Oxide nitrous zeolite IR 945 
Oxide paramagnetic center 3095 
Oxide photocatalytic reaction 1807 
Oxide silver IR 940 
Oxide stannic electrode auramine 1655 
Oxide thianthrene adsorption 1443 
Oxide uranium gaseous IR 648 
Oxide zinc iodomethane adsorption 2353 
Oxide zinc oxygen adsorption 3184 
Oxide zinc powder ESR 2527 
Oxide zinc promoted photoredn 2362 
Oxide zirconium heat immersion 1497 
Oxidn aminoethonethiol ferricyanide 3641 
Oxidn benzothiazolinone azine 1178 
Oxidn bromide hydroxyl radicals 312 
Oxidn carbon monoxide 1416 
Oxidn carbon nickel surface 968 
Oxidn kinetics carbon monoxide 3527 
Oxidn mechanism bromide ion 1815 
Oxidn metal film  2530 
Oxidn nickel carbonyl oxygen 2833 
Oxidn pentanedione manganese catalysis 

2185
Oxime heptanal 1819
Oxyanion phosphorus x ray emission 3975 
Oxygen adsorption zinc oxide 3184

Oxygen argon reaction kinetics 2653 
Oxygen atom dicyanoacetylene 269 
Oxygen bromine tungsten reaction 320 
Oxygen butane irradn olefin 1260 
Oxygen butene addn 3311 
Oxygen carbon monoxide reaction 1807 

3527
Oxygen chloromethane laser 811 
Oxygen electron attachment 3730 
Oxygen excited singlet reaction 1375 
Oxygen fluorine bond energy 3480 
Oxygen formaldehyde reaction 2215 
Oxygen hydrogen reaction 2199 
Oxygen hydrogen reaction rate 3518 
Oxygen nickel carbonyl oxidn 2833 
Oxygen peroxide superoxide reaction 2841 
Oxygen radical arom olefin 847 
Oxygen redn kinetics electrode 3646 
Oxygen water termol reaction 3116 
Oxygen zirconium bubble nucleation 2609 
Ozone carbon monoxide reaction 1514 
Ozonide thermal decompn 2659 
Pairing alkali metal ion 1012 
Pairing hydration ion 2459 
Pairwise additivity 1593 
Palladium cerium bond dissocn 2332 
Palladium oxidn nitrous oxide 2530 
Palladium tungsten arsine adsorption 2851 
Palmitic acid urea clathrate 801 
Paraffin irradn temp dependence 3851 
Paramagnetic center oxide 3095 
Paramagnetic intermediate redox ESR 2207 
Paramagnetic relaxation trapped radical 

1226
Paramagnetism charge transfer complex 

1849
Parametric relaxation trapped electrons 636 
Partial molal properties helium 1195 
Partia l molal vol dissolved gas 3044 
Partia l molar enthalpy electrolyte 1608 
Partial sp vol macromol 2437 
Partition coeff org solute 4006 
Peak shape chromatog 2586 
Pentaammine formato cobalt photolysis 

2492
Pentacoordinate complex 2907 
Pentane methyl chlorination 1800 
Pentane methyl glass cond 2781 
Pentanedione oxidn manganese catalysis 

2185
Pentanone methylphenyl 198 
Pentenyl radical cyclization decompn 1089 
Peptide energy parameter 375 
Peptide glycine helical conformation 670 
Perchlorate alkali methanol assocn 2920 
Perchlorate ammonium thermal decompn 

3545
Perchlorate dimethylphenanthroline copper 

cond 3029
Perchlorate hydration 2454 
Perchlorate potassium assocn water 2923 
Perchlorate thianthrene assocn spectra 3468 
Perchlorate water structure 84 
Perchloric acid reaction kinetics 1795 
Perfluorocyclohexane 1824 
Permanganate potassium soln photoredn 

2362
Permeability measurement 2116 
Permeability solute rigid membrane 393 
Perm ittivity measurement 2116 
Permselective liq membrane 1872 
Peroxide acetone mechanism 1283 
Peroxide fluoromethyl decompn 3480 
Peroxide hydrogen decompn catalysis 1907 
Peroxide hydrogen radiolysis precursor 1542 
Peroxide hydrogen reaction 1919 
Peroxide oxygen superoxide reaction 2841 
Peroxide photolysis UV 2061 
Peroxy radical cobalt 1385 
Perturbation ealens crystal field 2907 
Perturbation theory LCAO approxn 3993 
Perylene complex thermodn stability 921 
Perylene pulse radiolysis 1119 
Perylene tetracene complex 1549 
PH conformation polymethacrylic acid 2559 
PH polyelectrolyte polymer concn 3445 
Phase diagram solvent NMR 925 
Phase diagram vanadium deuterium 927 
Phase relation cholesteryl ester 3089 
Phase transition methylsilylmethane 4037 
Phenanthrenequinonesulfonate equil 1875 
Phenanthroline dimethyl copper photolysis 

1528
Phenol alumina chemisorption spectrum 

2882
Phenol chloride ion coordination 1775 
Phenol cyclohexane system 3058 
Phenol diazine oxide interaction 3502 
Phenol halo hydrogen bond 1553 
Phenol nitro amine equil 1989 
Phenol pyridine complex spectrum 2112 
Phenols amine hydrogen bond 587
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Phenyl ester nucleophile 432 
Phenylarsonium medium activity coeff 2024 
Phenylbenzylidenemalononitrile radical 

anion ESR 3384
Phenylborate medium activity coeff 2024 
Phenylcyclobutane photolysis dissocn 3355 
Phenylenediamine methyl biphotonic ioniza= 

tion 2229
Phenylenediamine nickel complex 1170 
Phenylhydroxylamine photoprodn 1087 
Phenylimidazole photolysis dihydrophe= 

nanthrene intermediate 3362 
Phenylmethane carbanion abstraction kinet= 

ics 695
Phosphate alkyl irradn ESR 2848 
Phosphate methyl UV 3673 
Phosphate x ray emission 3975 
Phosphine silane reaction 1352 
Phosphite x ray emission 3975 
Phosphonate alkyl calcium structure 1304 
Phosphonic acid alkyl structure 1298 
Phosphorescence halonaphthalenes 221 
Phosphorescence phthalazine 3937 
Phosphorescence spectroscopy zeolite synthe = 

sis 3388
Phosphoric telluric acid reaction 3625 
Phosphorus oxide anion radical 1706 
Phosphorus oxyanion x ray emission 3975 
Phosphorus oxychloride samarium fluores^ 

cence 3397
Phosphorus surface concn hydroxylapatite 

900
Photoactivation polaron solid state 3366 
Photoactive state hexacyanochromate 1947 
Photobleaching solid state polaron 3366 
Photobleaching trapped electron methylpen= 

tane 2341 3747
Photocatalytic reaction oxide 1807 
Photocatalytic reactions zinc oxide 1394 
Photochem benzene 165 
Photochem hydrogen halide halogen 2801 
Photochem ligand field rhodium 1937 
Photochem norbornene addn 15 
Photochem reaction fluorobenzophenone 

3926
Photochem trifluoromethyl benzene 823 
Photochemistry azoisopropane 1669 1685 
Photochemistry borazine 2630 
Photochemistry copper malonate 1387 
Photochemistry ethanethiol 2668 
Photochemistry oxalato iron 2618 
Photocond aq org glass 3830 
Photocond auramine 1655 
Photocond irradiated alk ice 1509 
Photocyclization phenylimidazole singlet 

3362
Photodecompn sensitized hexaamminecobalt 

1105
Photodissocn hydrogen ESR 2637 
Photodissocn nitrogen dioxide 474 
Photodissocn phenylcyclobutane 3355 
Photoelimination methylphenylpentanone 

198
Photohydration pyrimidine viscosity effect 

3137
Photoinduced ionic dissocn 1419 
Photoinitiation polymn methacrylate EPR 

3141
Photoinjected electron range liq 3794 
Photoionization aminoethylene 2105 
Photoionization arom solid state 2236 
Photoionization cation radical prodn 639 
Photoionization DNA cation radical 3571 
Photoisomerization diazine 2245 
Photolysis ammonia water 298 
Photolysis azoethane 3303 
Photolysis benzoyl azide isocyanate 3570 
Photolysis butyne 1112 
Photolysis copper phenanthroline 1528 
Photolysis dimethylaniline exciplex 3805 
Photolysis dimethylnitramine 496 
Photolysis ethylene UV actinometer 138 
Photolysis flash ferrioxalate 830 
Photolysis formato pentaammine cobalt 

2492
Photolysis hexafluoroacetone 2690 
Photolysis hydroxylamine aq soln 180 
Photolysis laser charge transfer 1133 
Photolysis liq EPR 3348 
Photolysis methyl iodide 308 
Photolysis phenylcyclobutane dissocn 3355 
Photolysis phenylimidazole dihydrophe = 

nanthrene intermediate 3362 
Photolysis propane methylene prodn 9 
Photolysis radiolysis iodate 302 
Photolysis reaction hydrogen atom 3337 
Photolysis solvated electron glycerol 1700 
Photolysis spiropyran merocyanine 3554 
Photolysis thymine 489 
Photolysis UV cyclohexanone 615 
Photolysis UV ionization 2061 
Photolysis UV methylenecyclopropane 3153

Photolyzed flash oxalatoiron absorbance 
2618

Photon impact diazirine 3504 
Photoprodn diiodobenzene 2639 
Photoprodn ethane 9 
Photoprodn free radical gas 2056 
Photoprodn sorbed trifluoromethyl radical 

2690
Photoprodn sulfur trioxide 814 
Photoredn acetophenone 821 
Photoredn nitrosobenzene 1087 
Photoredn zinc oxide promoted 2362 
Photoyield hydrogen ammonia water 298 
Phthalazine triplet absorption 3937 
Phthalocyanine dye assocn 1994 
Phthalocyanines copper dimerization 446 
Phys property monat gas 1743 
Pi bond carbon 3532 
Picrate potassium soin cond 1049 
Piperazine diketo assocn water 3065 
Plasma gas breakdown laser 31 
Platinum electrode thallium voltammetry 

976
Platinum glycine complex isomerization 

3934
PMR arom zwitterionic micellar soin 1460 
PMR conformation amide 2178 
PMR Dowex 50W 578 
PMR spectra borazole 2871 
PMR tetraalkylammonium bromide 130 
Poisson distribution radioactive decay 3603 
Polar gas transport property 1470 
Polar mol solvated electron 3824 
Polar solvent fluorescence quenching 3132 
Polarizability electronic ice 886 
Polarization elec polyelectrolyte membrane 

3434
Polarization spectrometry thin film  3390 
Polarog current metal complex 1170 
Polarog pulse radiolysis inorg radical 1487 
Polaron solid state photoactivation 3366 
Polaron yield pulse radiolysis 3776 
Polyacrylamide membrane elec polarization 

3434
Polyacrylate x ray diffraction 1311 
Polyacrylic acid hydrogen binding 254 
Polyalanine extended Hueckel calcn 2793 
Polyamine ultrasonic absorption 334 
Polyanion dye complex thermodn 688 
Polyat mol hydroxyl reaction 1511 
Polycarboxylate counterion binding dilatome= 

try  254
Polydimethylsiloxane alkane soin 1206 
Polyelectrolyte membrane elec polarization 

3434
Polyelectrolyte pH polymer concn 3445 
Polyelectrolyte transport phenomena 2286 
Polyether macrocyclic complex 2152 
Polyglutamate DMF thermal props 1081 
Polyglutamate helix coil transition 3464 
Polyisobutylene alkane soin 1206 
Polyisobutylene solvent activity 1492 
Polylysine proton transfer 1737 
Polymer chlorophyll complex 172 
Polymer concn pH polyelectrolyte 3445 
Polymer glass statistical thermodn 416 
Polymer molybdate ultrasonic attenuation 

1575
Polymer soin convection cell 783 
Polymer soin thermodynamics 1206 1214 
Polymer solvent entropy mixing 400 
Polymethacrylic acid conformation pH 2559 
Polymg protein sedimentation equil 3429 
Polymg system sedimentation equil 777 
Polymn methacrylate photoinitiation EPR 

3141
Polyoxyethylene glycol cond 1763 
Polypeptide energy parameters 375 
Polypeptide helix coil kinetics 1737 
Polyphenyl absorption fluorescence 3983 
Polyphosphate UV chain length 3673 
Polypropylene oxide propane soin 1214 
Polystyrene methyl acetate soin 1214 
Polystyrene mol wt distribution 930 
Polystyrene solvent activity 1492 
Polystyrenesulfonate membrane elec polari= 

zation 3434
Polystyrenesulfonate osmotic property 1881 
Polystyryl carbanion proton abstraction 695 
Polyvinyl ale membrane elec polarization 

3434
Polyvinylpyrrolidone membrane elec polari= 

zation 3434
Polyvinylpyrrolidone soin cond 1763 
Polywater IR prepn polemic 456 
Polywater org contaminant IR 457 
Pore wedge shaped condensation 2543 
Porous glass membrane potential 3633 
Porous material hyperfiltration 4015 
Porous silica surface charge 2547 
Positronium atom reaction soin 1124 
Positronium iodine reaction 1951

Potassium anion optical spectra 2975 
Potassium bromide system diffusion 3419 
Potassium chloride eutectic system 904 
Potassium chloride transference no 712 
Potassium conduction glass 1072 
Potassium exchanged zeolite structure 650 
Potassium halorhenate recoil reaction 2499 
Potassium iodide viscosity solvents 434 
Potassium lead thermodn 1202 
Potassium nitrobenzene hexamethylphospho= 

triamide system 2058 
Potassium perchlorate assocn water 2923 
Potassium permanganate soln photoredn 

2362
Potassium picrate soln cond 1049 
Potassium salt anthracene IR Raman 1026 
Potassium tin chloride complex 2796 
Potential barrier rotation chloroethane 3591 
Potential barrier rotation fluoronitrosometh= 

ane 3099
Potential dependent chronoamperometry 

3254
Potential dipole polar gas 1470 
Potential intermol liq 2133 
Potential ionic vibration 2140 
Potential model monat gas 1743 
Potential vibration ionic polemic 1086 
Powder ENDOR line shape 2079 
Predissocn isocyanic acid polemic 2636 
Pressure carbon monoxide oxidn 3527 
Pressure effect complex soln 249 
Pressure quenching methyl radical 2196 
Pressure vol temp steam 2901 
Propane hydroperoxy kinetics 1283 
Propane nitrophenyl methyl radical 2479 
Propane photolysis methylene prodn 9 
Propane polypropylene oxide soln 1214 
Propane vibrationally hot kinetics 607 
Propanol hydration aq soln 1660 
Propanol pulse radiolysis 3856 
Propene exchange hydrogen zeolite 3940 
Propene iodine hot atom reaction 3342 
Propene radiolysis butane 1260 
Propionitrile iodine complex 2098 
Propionitrile thianthrene assocn 3468 
Propyl fluoride tritium  reactions 187 
Propylene carbonate dielec property 2892 
Propylene carbonate water solvation 855 
Propylene hydrogenation isomerization 

intermediate 2184 
Propylene hydrogenation rate 943 
Protein polymg sedimentation equil 3429 
Protein ultrasonic absorption 1737 
Proton abstraction 695 
Proton ENDOR zeolite 2087 
Proton exchange chloranil hydrochloranil 

246
Proton exchange mol diffusion 3078 
Proton exchange naphthol excited 3558 
Proton exchange rate water 2954 
Proton hydrogen bromide reaction 1321 
Proton magnetic relaxation butyrolactam 

1973
Proton motion zeolite 1220 
Proton spin decoupled relaxation 1152 
Proton transfer benzoic acid 1327 
Proton transfer hemoglobin 528 
Proton transfer intramol 4033 
Proton transfer isotope effect 2951 
Protonated amyl acetate decompn 3917 
Protonation carboxylate vol 2778 
Protonation glycine radical 3507 
Protonation radical 1957 
Prototropism anthroate fluorescence 1996

Pulse irradiated acetone 26 
Pulse radiolysis arom amine 20 
Pulse radiolysis arom hydrocarbon 1119 
Pulse radiolysis benzoic acid 1398 
Pulse radiolysis benzoylpyridine 3200 
Pulse radiolysis bromide oxidn 312 
Pulse radiolysis dimethylaniline 3805 
Pulse radiolysis dioxane water 1279 
Pulse radiolysis ethanol propanol 3856 
Pulse radiolysis excited state 2485 
Pulse radiolysis ferroferricyanide 3703 
Pulse radiolysis glycine radical reaction 

3507
Pulse radiolysis halouracil 2386 2392 
Pulse radiolysis hydrated electron 2072 
Pulse radiolysis metaphosphate glass 203 
Pulse r.adiolysis oxygen radical org 847 
Pulse radiolysis polarog inorg radical 1487 
Pulse radiolysis polaron yield 3776 
Pulse radiolysis stilbene 3897 
Purine hydroxide reaction kinetics 2838 
Pyrene diethylaniline complex photolysis 

1133
Pyridine adsorption nickel 972 
Pyridine adsorption oxygen covered surface 

571
Pyridine aminoethyl complex magnetic 

2707
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Pyridine benzoyl pulse radiolysis 3200 
Pyridine copper complex structure 2887 
Pyridine iodine complex formation 1951 
Pyridine lithium halide complex 53 
Pyridine phenol complex spectrum 2112 
Pyridinecarboxaldehyde hydration 2959 
Pyridinium iodide charge transfer 603 
Pyrimidine photohydration viscosity effect 

3137
Pyrolysis difluoroethane 1680 
Pyrolysis kinetics hydrogen deuteride 3538 
Pyrolytic graphite electrocapillarity 2750 
Pyruvic acid ester iodination 3121 
Quadrate energy level 3401 
Quadrupolar dipolar NMR 53 
Quadrupole coupling nitrogen diazirine 

2249
Quantum efficiency fluorescence europium 

1293
Quantum efficiency photoredn reaction 

2362
Quantum mech tunneling 546 
Quantum mech tunneling electron 2641 
Quantum yields ethanethiol photolysis 2668 
Quasireversible electrode reaction 1160 
Quaternary ammonium bromide PMR 130 
Quaternary ammonium bromide thermodn 

1366
Quaternary ammonium molal vol 1333 
Quaternary ammonium salt dielec 1999 
Quaternary ammonium surfactant NMR 

3012
Quenched gold catalytic activity 1907 
Quenching benzene singlet olefin 3668 
Quenching excited state fluorotoluene 2967 
Quenching fluorescence electron transfer 

469 3132
Quenching fluorescence naphthalene benzoic 

acid 3563
Quenching mercury aromatic compd 2665 
Quenching platinum complex isomerization 

3934
Quenching pressure methyl radical 2196 
Quenching rate active nitrogen 1 
Quinoline sensitizer hexaamminecobalt 

photodecompn 1105 
Quinone furan emission spectra 2240 
Racemizaticn cobalt ethylenediamine com = 

plex 119
Radiation chemistry ale water 3842 
Radiation chemistry carbon tetrahalides 

3734
Radiation chemistry resonance effects 2726 
Radiation damage DNA 3577 
Radiation interaction electron attachment 

3730
Radiationless transition europium 1293 
Radiative pathway soln 1093 
Radical acrylate ESR 1957 
Radical alkyl electron scavenger 2848 
Radical alkyl isomerization 2507 
Radical anion cyclooctatetraene dispropor= 

tionation 2176 
Radical anion ESR 1439 
Radical anion phenylacridine ESR 3958 
Radical anion phenylbenzylidenemalononitri= 

le ESR 3384
Radical anion sulfur dioxide 323 
Radical benzoylpyridine UV 3200 
Radical cation benzene ESR 3943 
Radical cation formation toluene 1721 
Radical cation methionine 1729 
Radical cation prodn photoionization 639 
Radical cation thianthrene 3468 
Radical complex electronic absorption 1549 
Radical concn solid irradn 1324 
Radical cyanogen reaction 1931 
Radical diffusion kinetics 3008 
Radical ESR irradn aq soln 1706 
Radical ethyl nitric oxide reaction 3303 
Radical free gas spectroscopy 2056 
Radical free model water radiolysis 2733 
Radical heterocycle EPR 3348 
Radical hydroperoxyl metal complexed 2207 
Radical inclusion compd ESR 801 
Radical inorg halfwave potential 1487 
Radical ion recombination luminescence 

3710
Radical ion sulfuric acid irradn 3676 
Radical methyl quenching pressure 2196 
Radical photochem azoisopropane 1669 

1685
Radical photolysis UV 2061 
Radical reaction glycine radiolysis 3507 
Radical stabilization energy 918 
Radical styrene polymn 930 
Radical trapped paramagnetic relaxation 

1226
Radical trapping nitromethane 1710 
Radical trifluoromethyl lifetime 2517 
Radical trifluoromethyl sorbed photoprodn 

2690
Radical zwitterion ESR 2479

Radicals benzoic acid properties 1398 
Radicals hydroxyl bromide oxidn 312 
Radicals org ESR 553
Radioactive decay Poisson distribution 3603 
Radiolysis alkane trapped electron 3847 
Radiolysis aq cerium sulfate 1273 
Radiolysis aq methane 3863 
Radiolysis benzene ketones 198 
Radiolysis benzyl chloride ethanol 3744 
Radiolysis bromide 1815 
Radiolysis Cerenkov reabsorption spectra 

3780
Radiolysis dimethylamine trimethylamine 

2857
Radiolysis fluoromethane 2070 
Radiolysis geminate ion pairs 3812 
Radiolysis glycine radical reaction 3507 
Radiolysis hydrocarbon electron scavenging 

987
Radiolysis hydrogen cyanide ESR 3945 
Radiolysis liq methylpentane scavenger 

2374
Radiolysis methylpentane liq scavenger 

2381
Radiolysis nitric acid mechanism 2680 
Radiolysis photolysis iodate 302 
Radiolysis product sulfuric acid 3676 
Radiolysis pulse arom amine 20 
Radiolysis pulse benzoylpyridine 3200 
Radiolysis pulse dioxane water 1279 
Radiolysis pulse ethanol propanol 3856 
Radiolysis pulse excited state 2485 
Radiolysis pulse ferroferricyanide 3703 
Radiolysis pulse halouracil 2386 2392 
Radiolysis pulse hydrated electron 2072 
Radiolysis pulse metaphosphate glass 203 
Radiolysis pulse polaron yield 3776 
Radiolysis silane ion reaction 3321 
Radiolysis thiocyanate aq soln 1537 
Radiolysis water free radical model 2733 
Radiolysis water tritium  beta 1542 
Radiolytic product sodium bromate 3751 
Raffinose ultrafiltration 238 
Raman chloroethane 3591 
Raman laser surface 2325 
Raman magnesium nitrate water 1019 
Raman m atrix spectra zone 3208 
Raman molten alkali carbonate 1565 
Raman potassium salt anthracene 1026 
Raman sodium ammonia 2481 
Raman spectra cadmium halide melt 1831 
Raman spectra chloride complex 2796 
Raman spectra halophenylgermane 1558 
Raman spectra nitrate carbon dioxide 1826 
Raman spectra sulfate 3664 
Raman spectroscopy zeolite synthesis 3388 
Raman tetrafluoroberyllate molten fluoride 

78
Raman water 1147 
Range photoinjected electron liq 3794 
Rate const hydrogen transfer 1581 
Rate const termol reaction 3116 
Rate consts relaxation spectra 366 
Reaction diffusion limited viscosity 1192 
Reaction ethyl radical nitric oxide 3303 
Reaction hydroxyl polyat mol 1511 
Reaction iodine ethanol 3314 
Reaction ion mol gas ethane 3919 
Reaction kinetics diffusion problem 349 
Reaction kinetics oxygen argon 2653 
Reaction kinetics purine hydroxide 2838 
Reaction kinetics solid state 2253 
Reaction order thermal curves 162 
Reaction rate hydroperoxo hydrogen 1586 
Reaction rate hydroxyl 1511 
Reaction theory unimol 2418 
Reactive scattering ion 3883 
Reactivity solvated electron 2217 
Reactor gas chromatog 2159 
Rearrangement cyclobutanecarbonitrile 

2817
Recoil chlorine cis trans olefin 2711 
Recoil reaction mechanism 2499 
Recoil reactions iodine 128 2685 
Recoil tritium  hexamethyldisilane 1249 
Recoil tritium  reactions 187 190 
Recoiling reaction silicon 1352 
Recombination ion trip let prodn 3801 
Redn hexacyanochromate 2439 
Redn kinetics carbon dioxide 3278 
Redn methylene blue 3460 
Redox hydrogen peroxide intermediate 2207 
Redox mechanism ionic matrix 422 
Reflection coeff rigid membrane 393 
Refractive index ice 886 
Relaxation bicipital equil reaction 452 
Relaxation boron nitrogen borazole 2871 
Relaxation carbon NMR isodurene 281 
Relaxation cond electrolyte soln 3287 
Relaxation dielec solute 525 
Relaxation dielec water adsorption 2987 
Relaxation fluorescence anthroate 1996

Relaxation methyl carbon 3213 
Relaxation micelle dissoln kinetics 3017 
Relaxation nuclear spin lattice 2079 
Relaxation paramagnetic trapped radical 

1226
Relaxation quadrupolar dipolar NMR 53 
Relaxation spectra enzyme reactions 366 
Relaxation spectra molybdate polymer 1575 
Relaxation spin decoupled proton 1152 
Relaxation time zeolite 1220 
Relaxation ultrasonic calcium nitrate hydrate 

1506 1507
Relaxation vibrational carbon dioxide 3108 
Relaxation viscoelastic aq calcium nitrate 

3495
Repulsive force ion soln 1062 
Resistive effect electrochem cell 2550 
Resonance cyclotron electron 3758 
Resonance effects radiation chemistry 2726 
Resonance energy free radical 918 
Reverse osmosis rejection org solute 4006 
Rhenate halo recoil reaction 2499 
Rhodamine dye aggregation equil 762 
Rhodium catalyst electron spectroscopy 

2525
Rhodium photochem ligand field 1937 
Rice Allnatt transport theory 2133 
Rice Ramsperger Kassel theory 2418 
Rigid membrane solute permeability 393 
RNase light scattering 2744 
Rodlike hydrodynamic macromol 1755 
Rotation amide barrier 2178 
Rotation barrier amide 642 
Rotation barrier internal 551 
Rotation barrier potential 3591 
Rotation hindered sarcosinate 853 
Rotation internal NMR 71 
Rotation potential barrier fluoronitrosometh= 

ane 3099
Rotation restricted cytosine 64 
Rotational conformation 501 
Rotational correlation time nitroxide ESR 

1858
Rotational model nitroxide 1858 
Rotor overspeeding lysozyme sedimentation 

2740
Rubrene electrochemiluminescence efficiency 

1868
Rydberg aminoethylene spectrum 2105
Salt effect vol 2778
Salt pH polymer concn 3445
Salt rejection porous membrane 4015
Salt soly product 2024
Samarium fluorescence nonaq medium 3397 
Saponification dimethyl glutarate kinetics 

704
Sarcosinate hindered rotation 853 
Satn recovery relaxation time 1152 
Scattering elastic ion 3883 
Scattering light m ixt 2744 
Scattering mol beam 2947 
Scavenger electron alk glass irradn 1962 
Scavenger electron alkyl radical 2848 
Scavenger electron ethanol 3744 
Scavenger methylpentane liq radiolysis 

2374 2381
Scavenger naphthalene trapped electron 

2641
Scavenging electron arom cyclohexane 

irradn 3722
Second viria l coeff steam 2901 
Secondary ion reaction 987 
Sedimentation equil polymg protein 3429 
Sedimentation equil polymg system 777 
Sedimentation lysozyme overspeeding rotor 

2740
Sedimentation methylene blue aggregation 

4026
Segment rodlike macromol 1755 
Selectivity ratio electrochem membrane 

1872
Selenide bound exciton 3771 
Semicond charge transfer complex 1849 
Semiconductor surface electron transfer 

2353
Sensitization platinum complex isomerization 

3934
Sensitizing dye aggregation CD 2982 
Shear viscosity isomeric hexane 3295 
Shock tube hydrocarbon decompn 143 
Shock wave decompn tetrafluoroethane 292 
Shock wave oxidn 2833 
Shock wave reactions 285 
Silane deuterium atom reaction 3911 
Silane diphenyl dialkoxy magnetochem 

1579
Silane ethylethoxy hydrolysis 3192 
Silane methyl mass spectrometry 3217 
Silane phosphine reaction 1352 
Silane radiolysis ion reaction 3321 
Silanes methoxymethyl dielec relaxation 

525
Silanes methyl decompn 459
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Silica alumina dealkylation cumene 3741 
Silica carbon tetrachloride interface 3192 
Silica gel gamma irradiated 3158 
Silica gel mercury contact angle 3267 
Silica laser Raman 2325 
Silica surface charge 2547 
Silica surface hydroxy 1434 
Silica water adsorption 3188 
Silicon recoiling reaction 1352 
Siloxane alkane soln 1206 
Silver catalyzed epoxidation 213 
Silver chloride ionization 2819 
Silver electrode ion adsorption 2915 
Silver iodide ice satn 2280 
Silver lead arsine adsorption 2851 
Silver nitrate water diffusion 1853 
Silver oxide carbonate IR 940 
Silver soly halide nitrate 2759 
Silver sulfur dioxide interaction 1289 
Silylmethane mol movement 4037 
Singlet excited arom liqs 3867 
Singlet excited lifetime alkylbenzene 3566 
Singlet excited oxygen reaction 1375 
Singlet phenylimidazole photocyclization 

3362
Singlet quenching benzene olefin 3668 
Singlet quenching fluorotoluene 2967 
Singlet trip let dimethylaniline irradn 3805 
Singlet trip let naphthalene irradn 2485 
Singlet trip let stilbene irradn 3897 
Soap film  surface tension 3024 
Sodalite solid ion exchange 1317 
Sodium ammonia Raman 2481 
Sodium anion optical spectra 2975 
Sodium bromate defect formation 3751 
Sodium chloride elec conductance 2294 
Sodium chloride enthalpy transfer 3077 
Sodium chloride helium soln 1195 
Sodium chloride soln cond 1053 
Sodium conduction glass 1072 
Sodium diffusion coeff 3038 
Sodium iodide viscosity solvents 434 
Sodium magnesium chloride bromide 3474 
Sodium magnesium chloride vol 3488 3491 
Sodium neg ion formation 839 
Sodium nitrate soln photoredn 2362 
Sodium nitrobenzene hexamethylphospho^ 

triamide system 2058 
Sodium perchlorate methanol assocn 2920 
Sodium polystyrenesulfonate membrane elec 

polarization 3434 
Sodium salt density viscosity 3034 
Sodium salt soln position lifetime 1124 
Sodium salt solvation 2474 
Sodium sulfate forms stability 737 
Sodium sulfate ion pairing 3664 
Sodium tetrabutylaluminate cyclohexane 

THF system 3472 
Solid irradn radical concn 1324 
Solid isotope exchange 1317 
Solid solute entropy soln 2138 
Solid state arom photoionization 2236 
Solid state decompn kinetics 1474 
Solid state photoactivation polaron 3366 
Solid state reaction kinetics 2253 
Solid surface wetting temp 3259 
Soln aq structure 2045 
Soln column activity gradient 1637 
Soln complex pressure effect 249 
Soln compressibility 2140 
Soln cond polyvinylpyrrolidone 1763 
Soln ion pair aggregation 2152 
Soln ionic theory polemic 1229 
Soln phenanthrenequinonesulfonate 1875 
Soln polymer thermodynamics 1206 1214 
Soln radiative pathway 1093 
Soln statistical theory 3005 
Soln tetrabutylammonium bromide thermodn 

2582
Soln thermodn 4030
Soln thermodn chromatog 99
Solute hydrated dissoln lifetime 2017
Solute ionization equil 720
Solute macromol specific vol 2437
Solute permeability rigid membrane 393
Solvated electron absorption spectra 2931
Solvated electron electronic spectra 3691
Solvated electron glycerol spectra 1700
Solvated electron halide 3677
Solvated electron methanol water 3765
Solvated electron mol model 3714
Solvated electron optical spectra 2975 3876
Solvated electron polar mol 3824
Solvated electron reactivity 2217
Solvated electron sodium reaction 839
Solvation ale perchlorate cond 3029
Solvation dielec const assocn 2920
Solvation europium ion 1449
Solvation number ion 2140
Solvation sodium salt 2474
Solvation tr ity l ion 695
Solvation water propylene carbonate 855

Solvent activity polystyrene 1492
Solvent assoed electrolyte viscosity 434
Solvent dioxane water 1053
Solvent effect dimerization 446
Solvent effect nucleophile phenyl ester 432
Solvent effects acetophenone photoredn 821
Solvent fluorescence aminoethylene 2105
Solvent ion interaction 3472
Solvent liq crystal NMR 925
Solvent m ixt anion exchange 1040
Solvent nonaq complex equil 3618
Solvent polymer entropy mixing 400
Solvent spectroscopy for UV 2703
Solvent transfer enthalpy 2045
Solvolysis reactions water 369
Soly fluoro detergents 909
Soly gas liq 598 601
Soly helium aq solns 3068
Soly helium water 1195
Soly hydrocarbon water bond 2754
Soly methanol gas 2170
Soly product salt 2024
Soly silver halide nitrate 2759

Sorbitol effect water 3077 
Sorption complex ammonia zeolite 2597 
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Stabilization energy free radical 918 
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State equation approx 1479 
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Steric effect butylethylene NMR 2877 
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Sticking coeff nitrogen zirconium 2156 
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acid 2559
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1455
Structure zeolite 650 2597 2601 
Structures theory hydrocarbon liq 731 
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2750
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Surface tension surfactants 909 
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Synthesis zeolite 3388 
Tautomerism amino acid 4033 
TCNQ charge transfer complex 1849 
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Tetrachloride carbon fluorine reaction 947 
Tetracyanoethylene diene addn 106 
Tetracyanomethane structure 3973 
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Thermodn acid base equil 1909 
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Thermodn solvent transfer 2045 
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Thermodn statistical polymer glass 416 
Thermodynamics polymer soln 1214 
Thermodynamics soln polymer 1206 
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3710
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THF alkane hyperfine coupling 2866 
THF methyl paramagnetic relaxation 1226 
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ane system 3472
Thianthrene adsorption oxide 1443 
Thianthrene perchlorate assocn spectra 

3468
Thiazoline hydrolysis 1192 
Thioamide iodine charge transfer 2405 
Thiobenzophenone electrochem 1650 
Thiocyanate aq soln radiolysis 1537 
Thiocyanate butyl radical interaction 1792 
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Thiooxamide rotation barrier 642 
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Thiourea diphenyl iodine complex 2405 
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Thymine photolysis 489 
Tin chloride samarium fluorescence 3397 
Tin potassium chloride complex 2796 
Tin salt soln position lifetime 1124 
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Titrn ethylene copolymer 1767 
Toluene autoxidn cobalt catalyzed 1520 
Toluene fluoro excited state quenching 2967 
Toluene radical cation formation 1721 
Toluenethiol photoelectron spectrum 1030 
Torsional frequency hydrogen bond 1553 
Tracer diffusion liq system 2572 
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Transfer diffusion 162 
Transfer diffusion exchange bromide 2957 
Transfer electron semiconductor surface 

2353
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Transfer proton intramol 4033 
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Transference no potassium chloride 712 
Transformation kinetics cholesteryl nona= 

noate 276
Transition ethylene 1130 
Transition helix coil polyglutamate 3464 
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Transition metal diat mol 2268 
Transition org solid 2798 2799 
Transition phase methylsilylmethane 4037 
Transition thermal cholesteryl ester 3089 
Transmission ellipsometry thin layer 3390

Transport mode melt 1348 
Transport phenomena polyelectrolyte 2286 
Transport property polar gas 1470 
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Transport theory Rice Allnatt 2133 
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Trapped electron decay tunneling 2641 
Trapped electron electronic spectra 3683 
Trapped electron m atrix 3830 
Trapped electron methylpentane glass 3747 
Trapped electron methylpentane photob= 

leaching 2341
Trapped electron methyltetrahydrofuran 

636
Trapped electron solid state excitation 3366 
Trapped radical paramagnetic relaxation 

1226
Trapping electron radiation chemistry 2726 
Trifluoroacetic acid assocn 2039 
Trifluoroacetic acid thianthrene assocn 3468 
Trifluoromethanesulfonic ESR dibenzodioxin 

1504
Trifluoromethyl benzene photochem 823 
Trifluoromethyl radical lifetime 2517 
Trifluoromethyl radical photoprodn sorbed 

2690
Trigonal bipyramid crystal field 2907 
Triiodomethyl radical m atrix IR 2718 
Trimethylaluminum dimer heat dissocn 

2933'
Trimethylaminium ion EPR 2857 
Trioxide sulfur photoprodn 814 
Triphenylacetate decompn 937 
Triphenylene perhydro trapped heptanal 

1008
Triplet absorption phthalazine 3937 
Triplet biphenylene 225 
Triplet energy path 478 
Triplet methylene prodn 1389 
Triplet nitrene ESR 3570 
Triplet prodn ion recombination 3801 
Triplet quenching fluorotoluene 2967 
Triplet singlet dimethylaniline irradn 3805 
Triplet singlet naphthalene irradn 2485 
Triplet singlet stilbene irradn 3897 
Triplet yield complex photolysis 1133 
Tritium  beta water radiolysis 1542 
Tritium reaction butane 2937 2939 
Tritium  recoil hexamethyldisilane 1249 
Tritium recoil reactions 187 190 
Tritium spiropentane decompn isomerization 

2187
T rity l ion solvation 695
Tungsten fluorination analysis polemic 2930 
Tungsten fluorination model analysis 2930 
Tungsten oxidn nitrous oxide 2530 
Tungsten oxygen bromine reaction 320 
Tungsten palladium arsine adsorption 2851 
Tungsten surface ammonia decompn 970 
Two body diffusion problem 349 
U ltrafiltration anisotropic membrane 238 
Ultrasonic absorption polyamine 334 
Ultrasonic absorption protein 1737 
Ultrasonic relaxation calcium nitrate hydrate 

1506 1507
Ultrasound absorption dioxane water 1571 
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Ultrasound viscoelastic relaxation 3495 
Unimol cyclopropane isomerization 1695 
Unimol decompn tritium  spiropentane 2187 
Unimol rate theory 342 
Unimol reaction theory 2418 
Uracil halo irradn ESR 2399 
Uranium oxide gaseous IR 648 
Uranyl irradn fluorescence 3698 
Urea clathrate Palmitic acid 801 
Urea soln tetraalkylammonium bromide 

1369
Urea vol guanidine hydrochloride 2778 
UV actinometer photolysis ethylene 138 
UV aminopyridine iodine complex 1895 
UV benzoquinone substituent effect 2424 
UV benzoylpyridine radical 3200 
UV bromine mol 1017 
UV copper halide vapor 1632 
UV ethylene phenyl radical 3960 
UV europium sulfate 1887 
UV for solvent spectroscopy 2703 
UV ionization photolysis 2061 
UV photolysis cyclohexanone 615 
UV photolysis formatopentaamminecobalt 

2492
UV photolysis methylenecyclopropane 3153 
UV polyphosphate chain length 3673 
UV sulfur tetramer 3968 
Vacuum UV photolysis methylenecyclopro= 

pane 3153
Valence isomerization trifluoromethylbenzene 

823
Van der Waals equation 2014

Vanadium deuterium x ray 927 
Vanadium monomer dimer equil 2343 
Vanadium oxide photodissocn hydrogen 

2637
Vanadyl hydroxy carboxylate EPR 3951 
Vanadyl phthalocyanine assocn 1994 
Vapor adsorption 3412 3415 
Vapor deposition alkali nitrate 3093 
Vapor nuclei melt 2609 
Vapor pressure boron sulfide 2035 
Vapor pressure isotope effect 743 3040 
Vapor pressure polymer soln 1214 
Vaporization copper iodide mass spectrome= 

try  2310
Vaporization cuprous bromide 3271 
Vaporization dissocn enthalpy dimer 2933 
Vaporization kinetics liq 914 
Vibration hydrogen cyanide polemic 2483 
Vibration potential ionic 2140 
Vibration potential ionic polemic 1086 
Vibrational analysis zone 3208 
Vibrational model matrix IR 454 
Vibrational relaxation carbon dioxide 3108 
Vinyl acetate elec conductivity 115 
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Violene radical ion 701 
V iria l coeff monat gas 1743 
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3495
Viscosities intrinsic albumin 128 
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Viscosity density sodium salt 3034 
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Viscosity ion recombination kinetic 1184 
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Viscosity macromol 1755 
Viscosity monat gas 1743 
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571
Water adsorption silica 3188 
Water anomalous contaminant IR 457 
Water anomalous IR polemic 456 
Water carbon dioxide relaxation 3108 
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mate 3464
Water dioxane pulse radiolysis 1279 
Water dioxane solvent 1053 
Water dioxane ultrasound absorption 1571 
Water gas interface adsorption 2769 
Water heavy water transfer 2045 
Water hydrated electron 3905 
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Water hydrogen irradn exchange 621 
Water interfacial exchange polemic 1505 
Water ion product const 90 
Water IR hydrogen bonding 1228 
Water IR monodeuterated polemic 3675 
Water irradn energy transfer 3698 
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Water mannitol sorbitol effect 3077 
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Water oil microemulsion 876 
Water photolysis 298 
Water photolysis UV 2061 
Water polaron pulse radiolysis 3776 
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Water radiolysis free radical model 2733 
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Water Raman 1147 
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Water termol reaction 3116
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Water vapor adsorption 2280 
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Wenzel relation contact angle 3267 
Wetting solid surface temp 3259 
X ray diffraction polyacrylate 1311 
X ray emission phosphorus oxyanion 3975 
X ray hot atom chemistry 2639 
X ray vanadium deuterium 927 
Xanthene dye aggregation equil 762 
Xenon nitrogen leghemoglobin 591 
Xenon trioxide gamma irradn 3909 
Xylene effect alkylbenzene luminescence 

3566
Xylene thermodn props 731
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Yield polaron pulse radiolysis 3776
Yields nitric acid radiolysis 2680
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Zeolite active site 110
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Zeolite copper amine complex EPR 2860
Zeolite copper nitric oxide 1546
Zeolite exchange hydrogen propene 3940
Zeolite nitrous oxide IR 945
Zeolite proton ENDOR 2087
Zeolite proton motion 1220
Zeolite structure 650 2597 2601
Zeolite synthesis 3388
Zeolite thallium exchanged structure 2593
Zeolite trifluoromethyl radical sorbed 2690
Zinc chloride eutectic system 904
Zinc oxide deuteration catalysis 2184
Zinc oxide iodomethane adsorption 2353
Zinc oxide oxygen adsorption 3184
Zinc oxide photocatalytic reactions 1394
Zinc oxide powder ESR 2527
Zinc oxide promoted photoredn 2362
Zinc phthalocyanine assocn 1994
Zinc salt soln position lifetime 1124
Zirconium nitrogen reaction 2156
Zirconium oxide heat immersion 1497
Zirconium oxygen bubble nucleation 2609
Zone argon matrix spectra 3208
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Zwitterionic micellar arom soln 1460
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