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Photochemistry of 7-Ketonorbornane in Vapor Phase and Solution

Timothy F. Thomas,*
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The photochemistry of 7-ketonorbornane (1) has been studied in both vapor phase and solution. The prod-
ucts formed in primary processes are 3-cyclohexenecarboxaldehyde (2), 1,5-hexadiene (3), bicyclo-
[22.0] hexane (4), and carbon monoxide. Quantum yields of product formation are the following: fa = 0.16,
$ = 0.008, and fa = OCAI7 in ether solution at 307 nm; §2 = 0.090s, fa = 0.091s, and 04 = 0.018 in ~0.9
Torr of the vapor at 313 nm; and fa = 0.097, fa = 0.137, and 04 = 0.027 in ~0.85 Torr of the vapor at 302.5
nm. Fluorescence lifetime of the vapor has been found to be 1.2 x 10-8 sec for Aex 337 nm, leading to a
value of 6.6 x 10-5 sec for the natural radiative lifetime (o) of the fluorescence. Fluorescence quantum
yields of the vapor decrease from 1.7 x 10-4 for \ex 334 nm to »1 x 10-s at 291 nm. A reaction mechanism
featuring an acyl-alkyl biradical (vibrationally excited in the vapor phase system) is proposed. Comparison
with previously published results for acyclic and cyclic ketones, and interpretation of additional fluores-
cence quantum yield data obtained for cyclobutanone and acetone, leads to the suggestion that the reac-
tion proceeds via the triplet n,n* state at longer wavelengths but that predissociation from the singlet
state predominates at the shorter wavelengths.

photochemistry has not (to our knowledge) been examined
before.

Introduction

Although the photochemistry of monocyclic ketones has
been the subject of considerable investigation in recent

years, only a few bicyclic ketones have been studied2-5and ~ EXPerimental Section

in no case has a complete determination of product quan-
tum vyields been made for the same parent compound in
both vapor phase and solution. Such a determination is
clearly essential to ascertain the effects of the bicyclic
structure on the rates of competing photochemical and
photophysical processes. 7-Ketonorbornane (1) was chosen
for a complete study for several reasons. First, it can be
compared with the well-studied cyclic ketones such as cy-
clopentanone, to which it is structurally related. Second, it
was hoped to examine the rates of unimolecular reaction of
vibrationally hot products formed in the primary photodis-
sociation, as has been done in the case of other cyclic and
bicyclic ketones and azo compounds.5'6 8 Finally, the com-
pound has been synthesized only relatively recently and its

Materials. 7-Norborr.eol was synthesized from 7-norbor-
nadienyl acetate in 58% yield by the method of Story.9 The
alcohol was then oxidized in a CrOi-pyridine slurry after
the method of Gassman and Pape.10 Following extraction
and removal of solvent a mixture containing 63% of the de-
sired 7-ketonorbornane plus 21% of the alcohol and 16%
other products was obtained. The ketone was purified ei-
ther by preparative gas chromatography using a 5 ft X I8in.
column of Ucon 50HB (15% on Chromosorb G, DMCS/A-
W, at 80° and a He flow of 15 cc/min) followed by vacuum
sublimation, or by recrystallization from acetone. Samples
used in the vapor-phase photolyses were further purified
by distilling off traces of volatile impurities on a high vacu-
um line at -23° and discarding the distillate. Analytical
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gas chromatograms of the purified ketone showed <0.1%
total impurities with retention times less than that of the
parent ketone; no impurities of longer retention times were
detected. The melting point of the purified ketone was
74.0-75.0° and its vapor pressure was 35 mTorr at —22.8°
and 365 mTorr at 0°.

The infrared absorption of the purified 7-ketonorbor-

nane in CCl4 solution showed three peaks in the carbonyl
region at 1845 (w), 1783 (s), and 1742 (m) cm“1, in com-
plete agreement with literature values.10 In the vapor phase
at 1.4 Torr the following absorption peaks were observed:
3002 (m), 2968 (ms), 2880 (m), 1844 (m), 1795 (s), 1742
(mw), 1461 (w), 1256 (?, vw), 1134 (mw), 1058 (w), 852 (w),
771 (vw), and 702 (vw). The vapor-phase frequencies, de-
termined on a Perkin-Elmer 621 spectrophotometer, are
+4 cm“labove 2000 cm-1 and +2 cm-1 below 2000 cm-1.
The mass spectrum of the ketone, scanned on a Nuclide
12-90-G mass spectrometer operating at an ionizing voltage
of 70 eV and an ion accelerating voltage of 8 kV, showed
the following principal peaks and abundances: 110 (54%),
11 (45%), 81 (19%), 67 (100%), 54 (76%), 41 (32%), 39
23%).
( Th)e cis- butene-2 (Phillips Research Grade; 0.015%
trans), oxygen (Matheson Research Grade), n-heptane
(Phillips Pure Grade), and acetone (Chemical Samples Co.,
99.9% purity) were used without further purification. Cy-
clobutanone, from Aldrich Chemical Co., was purified by
trap-to-trap distillation on a high vacuum line. Cyclooc-
tane, from Eastman Kodak Co. was purified by vacuum
distillation to remove a yellow impurity. Quinine sulfate
was used as obtained from K and K Laboratories, Inc. Azo-
methane was synthesized from dimethylhydrazine dihydro-
chloride by the method of Renaud and Leitchll and puri-
fied by trap-to-trap distillation through zeolite on a high
vacuum line.

Sample Preparation and Photolysis Procedure. Solu-
tions for photolysis were made up in pentane (6.1 X 10~2M
in 1) and in diethyl ether (48 X 10-2 M in 1), with a
known amount of cyclooctane added as internal standard.
Samples were placed in a 1-cm quartz photolysis cell, de-
gassed with oxygen-free nitrogen for 5-10 min, and then ir-
radiated at 307 nm using a HBO 200-W high-pressure
xenon arc followed by a Bausch and Lomb high-intensity
monochromator and quartz collimating lenses. The light
intensity was monitored before, during (to determine the
fraction of light absorbed), and after each run using a ura-
nyl oxalate actinometer.12 The uv spectrum of the sample
was recorded before and after a run and showed a slight in-
crease in absorbance with time around 290 nm, probably
due to formation of the isomeric aldehyde 2. Aliquots were
taken at 2-hr intervals for analysis by gas chromatography,
except in the case of the ether solution, for which the re-
sults of single analyses for two separate runs are reported.

Vapor-phase samples were made up on a standard mer-
cury-free high vacuum line, using a Texas Instruments
Model 144 pressure gauge readable to 1 mTorr and cali-
brated volumes to measure out the desired amount of each
component. The mixtures were prepared by freezing all
condensible components successively into a small sidearm
on the photolysis cell then rapidly vaporizing the solid mix-
ture. The resulting gas mixture was allowed from 0.75 to 3
hr mixing time before photolysis except in the runs with
added cis -C4H8or O2when 12-17 hr was allowed to ensure
complete mixing. The photolysis cells were 10 cm in length
and 1.9 cm o.d., and were sealed by a Martin/Kontes Kel-F
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high vacuum stopcock which showed a leak rate of <0.7
mTorr of air per hour into the cell. Identical photolysis
blanks were made up routinely, principally to measure the
level of the trace impurities present, since no dark reac-
tions were observed. The light source used in both the pho-
tochemical and fluorescence quantum yield studies was a
Bausch and Lomb Super Pressure mercury arc, whose out-
put was passed through filter cells of distilled water and of
bromine gas, into a Bausch and Lomb high-intensity mono-
chromator (33-86-25-01) with a uv grating, slits selected for
AAL2 = 48 nm. The output of the monochromator was
formed into a parallel beam approximately 1.2 cm in diam-
eter, passed through a CS-7-54 filter and the photolysis
cell, and monitored by an RCA No. 935 vacuum photodiode
operated at 67.5 V. This detector was calibrated using gas-
eous azomethane as an actinometer,13 assuming <z s +

YOCHA + 34ch8= 1-0 (C2H6 ranged from 97.4 to 99.5% of
the total hydrocarbon products, increasing with the inci-
dent light intensity). Because of the low vapor pressure of
1, the fraction of light absorbed by photolyzed samples had
to be calculated from measured extinction coefficients
rather than measured directly. Extinction coefficients for 1
were determined by freezing a known amount into a optical
cell which was then sealed and raised to a temperature high
enough to vaporize all the solid (~70°), in a thermostated
cell compartment of a Cary 14 spectrophotometer. The re-
sulting spectrum is shown in Figure 1. The measured ex-
tinction coefficients of azomethane, usee, in calculating the
photochemical quantum yields at 313, 302.5, and 291 nm
were «313 2.89 M~I cm-1, 63025 1.878 M_l cm“l, and 291

0.768 M “ 1 cm-1.

The spectral purity of the irradiation system (Hg arc +
filters + monochromator) used in the vapor-phase studies
was checked by scanning its wavelength distribution, for
the various settings of the Bausch and Lomb monochroma-
tor, using a McPherson 0.3-m scanning monochromator
(Model 218) equipped with a sodium salicylate coated pho-
tomultiplier tube as the detector. The following percent-
ages of total light intensity were found within the indicated
bandwidth of the set wavelengths (corrected): 334 nm,
98.6%, £ 055 nm; 3245 nm, 92.6%, 5.2 nm; 313 nm,
99.84%, £2.2 nm; 302.5 nm, 96.0%, £1.8 nm; 291 nm, 64.2%,
2.4 nm. Rough calculations showed the effects of stray
light outside the indicated ranges on the measured photo-
chemical and fluorescence quantum yields to be less than
the total experimental error for all wavelengths used, ex-
cept for 291 nm. Because of the rapid variation in quantum
yields and extinction coefficients at wavelengths greater
than 291 nm and uncertainties in the relative intensities in
the stray light *“spectra,” it was not possible to make exact
corrections to the quantum vyields for this effect. Rough
calculations indicate that at 291 nm the absolute product
qguantum vyields obtained for 7-ketonorbornane and <f for
acetone may be somewhat low, and <f for hexafluoracetone
may be slightly high, because of irradiation by stray light.
Preliminary data obtained at 280 nm are not included in
this report, as only ~17% of the output light was found
within £3.7 nm of that setting.

Product Analyses. Products of the photolyses in pen-
tane were analyzed by gas chromatography, using two dif-
ferent columns. Amounts of 1,5-hexadiene (3) and cyclo-
hexene (5) formed were determined using a Varian 1200
chromatograph with an 8 ft X % in. porapak Q column at
165°: N2 flow = 40 cc/min. 3-Cyclohexenecarboxaldehyde
(2 and the parent ketone were analyzed in a Hewlett-
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Figure 1. Vapor-phase absorption spectrum of 7-ketonorbornane
(resolution 0.1 nm). Only major progressions are shown below
210 nm, for clarity.

Packard 5750 chromatograph with a 50 ft X \gin. LAC-728
column at 150°: He flow = 15 cc/min. The product peaks
were identified by comparing retention times with known
samples and also by combined gc-mass spectrometric anal-
ysis.

Products of the vapor-phase photolyses and the two pho-
tolyses of ether solutions were analyzed with a Varian 2400
series gas chromatograph, using a 50 ft X %in. Ucon 50HB
(10% on Chromosorb G) column held at 89 ° until all Cg hy-
drocarbons were eluted (21 min) then raised to 170 ° to ob-
tain the peaks corresponding to > at 44 min and 1 1.3 min
later. This column succeeded in resolving three peaks in
the CgHio region, two of which were confirmed to be 1,5
hexadiene and cyclohexene as in the pentane solution. The
third peak was identified as bicyclo[2.2.0]hexane (s) by in-
jection of a photolyzed sample of 2,3-diazabicyclo[2.2.2]oct
-2-ene vapor, which is reported tc have s and 4 as the prin-
cipal photolysis products.14 The hydrogen flame detector
sensitivity was calibrated relative to either n-heptane or
cyclooctane; the internal standard used for each run is
specified in Table Il. The concentration of 1 before and
after each photolysis was checked by scanning the sharply
structured absorption band beginning at 210 nm on the
Cary 14 (see Figure 1) but the data obtained were not suffi-
ciently precise to give reliable values for fa, because of the
low conversions and because of a slow adsorption of | on
the cell walls which apparently occurred to a small extent
after filling the cells.

Fluorescence Measurements. Fluorescence yield and
lifetime measurements were carried out on gaseous samples
in a 3.7-cm o.d. cylindrical quartz cell with a 15.0-cm path-
length, a 2.5-cm o.d. viewing port midway down the cell,
and a Wood’s Horn light trap facing the viewing window.
The entire cell was painted with a flat black paint except
for the entrance, exit, and viewing windows. The cell was
equipped with a freezing tip for use both in making up gas
mixtures and for freezing down samples while measuring
the intensity of “scattered” light. Light emerging through
the viewing window was collimated by a 2 in. diameter /1.5
Pyrex lens, passed through a Corning CS-0-52 filter, and
detected by an RCA No. C31025C photomultiplier tube
(commercial No. 4832) operated at 1440 V. The anode cur-
rent pulses of the photomultiplier were amplified in an
SSR Model 1120 amplifier discriminator and counted in an
SSR Model 1110 digital synchronous computer, operated in
a “chop” mode for automatic subtraction of background
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counts. Excitation of fluorescence was done in the same
way as for the photolyses, except that the light beam was
interrupted by a mechanical chopper operating at 42 Hz,
synchronized to the photcn-counting system. By simulta-
neously recording the intensity of light transmitted
through the fluorescence cell and the number of photons
reaching the PMT through the viewing window (accumu-
lated for 210 cycles), repeating the measurements 3 to 10
times for each value of Xex it was possible to determine
I em/lex to a fractional standard deviation of 0.5% or better.
Such high precision was essential for samples of low optical
density and fa because of the relatively large correction for
“scattered light” in these cases. In the case of 7-ketonor-
bornane, the “worst case” because of the low vapor pres-
sure at room temperature, the “scattered light” contribu-
tion to the observed ratio of | em’/ex increased from 80% at
334 nm to 97.9% at 291 nm. This factor is a major source of
the estimated uncertainties in the §¥s indicated in Table
1"l

The fluorescence quantum vyields were calculated from
the equation

( K\ faCe (ledh,) é

|RONK,I ™ <am/U/E @
in which the subscript r refers to the reference sample, a
4.72 X 10~7M solution of quinine sulfate in 0.1 N aqueous
H2S04. The effect of the refractive index of the medium on
the fraction of emitted light reaching the detector was cor-
rected by the kn which were calculated according to the
analysis of Hermans and Levinson,15 taking n = 1.000 for
the gases and nT= 1341 for the reference solution. The
ratio of these correction factors was 0.633 for the geometry
of the system used here. Extinction coefficients used in eq
1were measured in the Cary 14 except for the case of cyclo-
butanone whose sharply structured absorption required di-
rect measurements of absorbance (for 32.8-Torr sample) in
the photochemical-fluorescence irradiation system. The
quantities in brackets were corrected for scattered light
contributions, as indicated above, and for slight difference
in reflection losses of gaseous and reference samples. The
fluorescence.quantum yield of the reference samples, fat
was taken to be 0.563 (a compromise between the two best
literature values) and independent of the xex.16:7 It was
judged unnecessary to correct for small differences between
the fluorescence spectra of the various samples because of
the flat spectral response of the photomultiplier tube used
to measure | em (<+18% variation in quantum efficiency
between 400 and 600 nm, with good sensitivity extending to
»850 nm, claimed). The emission spectrum of 7-ketonor-
bornane vapor (*2.2 Torr in a 1-cm rectangular fluores-
cence cell) was scanned using an Aminco-Bowman Model
No. 4-8911 spectrophotofluorimeter with Xex 332 nm and
all slits at the maximum value of 5 mm. Because of the low
fluorescence intensity and the relatively large scattered
light correction (»65% of total light at Xem (max)) it was
not possible to obtain a complete spectrum. However, the
maximum emission intensity of the vapor lies close to 500
nm (£30 nm) and the spectrum extends from below 430 nm
to above 560 nm. Arough excitation spectrum (uncorrected
for spectral output of the Xenon arc) shows a maximum at
XX ~340 nm (x5 nm). An emission spectrum run on a por-
tion of the quinine sulfate solution mentioned above
showed a maximum emission at 465 nm (10 nm), com-
pared with a reported value of 460 nm.17
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TABLE I: Photochemical Quantum Yields in Solution»

Solvent % reaction oL ®
nPentane 19 0.28 0.20
n-Pentane 33 0.25 0.18
n-Pentane 11 0.20 0.15

Av 0.24 0.18
Ethyl ether 114 0.20 0.15
Ethyl ether 48.5 0.25 0.17
Av 0.22 0.16

T. F. Thomas, B. Matuszewski, and R. S. Givens

@ o ®
0.006 n.d. 0.0
0.008 n.d. 0.002
0.010 n.d. 0.006
0.008 n.d. 00008
0.0078 0.001s 0.001,
0.007; 0.0014 0.005,
0.0076 0.001, 0.0006

"X 307 nm, T ~ 23°. bExtrapolated value.

Fluorescence lifetimes were measured using an Avco-
Everett Model C950 pulsed nitrogen laser as the excitation
source (X337.1 nm), the same sample cell as used in the $f
determinations, and an RCA 1P28 photomultiplier tube as
the fluorescence detector. The laser, which emits ~50 kW
per pulse, was operated at 16 kV and 70 pulses per second.
The voltage pulses developed across a 50  resistor con-
nected between the anode of the PMT and ground were
transmitted via a 25-ft cable to Hewlett-Packard Model
141 B storage oscilloscope equipped with a 1410 A sampling
vertical amplifier, a 1425 Atime base module, and a Polar-
oid camera. The PMT was operated with the photocathode
at —1180 V (in the case of samples of 1) or at —040 V (for
cyclobutanone vapor). The time profile of the exciting
light, 1 ex(tj), was obtained by directing a small amount of
reflected light (highly attenuated) from a quartz plate
toward the PMT. The time profile of light emitted by a
sample, | em(f;), was obtained by subtracting the emission
obtained when the sample was frozen down to 78°K from
the emission when the sample was vaporized. Fluorescence
decay times (T) were evaluated by finding the best fit of
the experimental | emiti) to the equationi8

hmHi) = «jizd( ttj) exp

Both I emand / ex profiles for one sample of 1 are shown in
Figure 2
Results

In Solution. Irradiation of 7-ketonorbornane (1) in ei-
ther ether or pentane solvent at 307 nm yielded a mixture
of 3-cyclohexenecarboxaldehyde (2), 1,5-hexadiene (3), bi-
cyclo[2.2.0]hexane (4), and CO as primary prducts (eq 3).

(02 0)

. +C + H.
2 3 4

An additional product, cyclohexene (5), was found to result
from a secondary process, the photolysis of 2 (eq 4). This

a0

¢

+ other products ()]

The Journal of Physical Chemistry, Vol. 78, No. 26, 1974

Figure 2. Fluorescence decay curves, 7-ketonorbornane vapor at
1.29 Torr and N25°: experimental (**ee); eq 2 with T = 14 nsec

(----)e

was demonstrated both by examining the time dependence
of the quantum yield for formation of 5 from 1 (see Table I)
and by irradiation of a solution of 2 in ether. “Other prod-
ucts” in eq 4 includes an unidentified gas chromatographic
peak shown by GC-MS to be isomeric with 1and 2, but not
further identified.

Quantum yields for decomposition of the parent ketone,
<% and formation of the products, fa through 5, are re-
ported in Table 1. Although fa and fa should both show
some time dependence (the former due to competition for
the incident light with 2, and the latter due to the secon-
dary photolysis of 2) the trend is not clearly discernible
above the random scatter of the data. Therefore only g5 is
extrapolated to 0% conversion in the table. The results
shown indicate no significant effect of a change in solvent
upon the photochemical quantum yields. The near equality
between fa and the sum of the product fas indicates that
substantially all the products have been accounted for.
Clearly 2 is the predominant product in solution.

In Vapor Phase. Quantum yields for the products
formed upon irradiation of samples of 7-ketonorbornane
vapor at the wavelengths designated by arrows in Figure 1
are given in Table Il. Because of the low per cent conver-
sions it was not necessary to extrapolate the experimental
fasto t =0. The formation of cyclohexene occurred to an
insignificant extent except in a few early runs carried to
higher conversions which are not included in the table. The
sum of the product quantum yields at 313 nm (0.20) is
within experimental error of the value of the same sum for
the photolyses in solution (0.19 in pentane, 0.17 in ether).
The distribution of products is greatly changed, however;
the aldehyde 2 which comprised 94% of the identified prod-
ucts in ether solution accounts for only 45% in the vapor
phase at 313 nm. A clear wavelength dependence'is seen in
the ratio tpfafa (1.01 at 313 nm, 1.40 at 302.5 nm, and 3.6 at
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TABLE I11: Vapor Phase Photochemical Quantum Yields (T ~ 23°)

X nm Pi, Torr Pr, Torr jPg, Torr
313 1.08 0.185*

313 0.87 0.229¢

313 0.87 0.218¢

313 0.88 0.133“ 10.1«
313 0.92 0.302* 10.0d
313 0.79 0.152" 21Ad
302.5 0.934 0.278"

302.5 0.875 0.261"

291 0.75 0.278"

R = C,H®B 6R = c-C&Hi6 «Q = cis-CH8 dQ = Q

291 nm) and in the sum of product fas (0.20 at 313 nm, 0.26
at 3025 nm, and 0.32 at 291 nm), for the vapor phase. The
ratio <wJg, however, is surprisingly independent of both ir-
radiation wavelength and phase, being ~0.2i under all con-
ditions.

In quoting average values above, it is assumed that the
added oxygen and cis- butene-2 shown in Table Il had no
quenching effect. Excluding the runs with added cis- bu-
tene-2 or oxygen would reduce the probable error (50% con-
fidence limit; shown in parentheses) of the runs at 313 nm
by nearly a factor of 2 and raise the average product quan-
tum vyields by an average of 16% However the difference
between the two sets of average fas is only slightly greater
than the scatter of values within each set and the values
with added oxygen do not show increased quenching with
increased P 02 Also, analysis of the photolyzed sample of 1
plus cis -C4H8 gave an upper limit for isomerization of the
butene of (e—t < 0.007, indicating that no significant
quenching of a triplet state of 1 occurred.19 Because of the
short lifetime of the excited singlet state produced directly
by the irradiation (see below), quenching of this state is un-
likely. The small difference in quantum yields noted above
may represent effectively complete trapping of some other
intermediate in a relatively minor pathway, may be an ex-
perimental artifact related to the method of sample prepa-
ration, or may reflect a simple pressure effect (i.e., due to
collisional removal of vibrational energy).

Vapor-Phase Fluorescence Studies. Fluorescence quan-
tum vyields obtained by methods described in the Experi-
mental Section are presented in Table Ill; these may be
considered as absolute quantum vyields if the quinine sul-
fate solution is accepted as a universal standard for the
range of Aex employed. As a test of the reliability of the
techniques used and for comparison of the dependence of
the 4Fs on Aex experimental results for acetone, hexafluo-
roacetone, and cyclobutanone are included and compared
with corresponding literature values. The experimental re-
sults include an indication of the “probable error,” estimat-
ed by a statistical analysis of {7em7ex> after making the
correction for scattered light. Despite the inescapably large
estimated range of error at the two lower wavelengths in
the case of 7-ketonorbornane, a fairly rapid decline of fa
with decreasing Xex is clearly shown. For cyclobutanone the
variation of €fwith Xex (from 324 nm down) is even faster,
while acetone and hexafluoroacetone show a more gradual
dependence on Aex.

Comparing the present results with previous ones listed

2641
% reaction fa 13 fa

3.12 0.094 0.109 0.022
1.35 0.107 0.109 0.022
0.66 0.130 0.094 0.017
1.34 0.062 0.066 0.011
1.34 0.069 0.085 0.017
2.72 0.081 0.086 0.017
Av  0.090s 0.091s 0.018

(+0.016) (+£0.010) (£0.002)
1.67 0.067 0.134 0.025
1.36 0.127 0.140 0.029
Av 0.097 0.137 0.027

(£0.020) (x0.002) (£0.001)
0.63 0.059 0.214 0.046

in the table, one sees approximate agreement in most cases.
Certainly no systematic errors in the present procedure are
indicated: for hexafluoroacetone the present results show a
slightly more rapid variation of fa with Xxthan previously
reported;20 while for cyclobutanone the variation is less
strong than at least one recent report indicates.2L There is a
clear qualitative difference in the case of acetone vapor, the
present results conflicting with earlier work which indicat-
ed €£fto be virtually wavelength independent from 313 to
280 nm.2 More recently a thorough study of the detailed
mechanism and rates of photolysis of actoneZ3 has shown
that the quantum vyield for photodissociation via the sin-
glet state increases rapidly with increasing temperature
(thus presumably with decreasing wavelength); and <f
must decrease as 14>co increases. Recent theoretical and ex-
perimental24 réévaluations of the acetone system support
the conclusion that €fis wavelength dependent in this case
also.

In the case of cyclobutanone the results at excitation
wavelengths above 313 nm lie within experimental error of
those previously reported, while at lower wavelengths they
lie roughly between the two sets of data given by Lee, et
al ,2I’5 Both the precision and the absolute accuracy of the
present results appear to be better, however; use of the qui-
nine sulfate standard via eq 1 eliminates the major uncer-
tainty introduced by using an uncalibrated phototube to
measure 7ex as a function of wavelength (or relying upon
manufacturers’ spectral response curves for a general class
of tubes), as was done by Lee, et al., and earlier by Heick-
len.2 In eq 1 unknown sensitivity factors contained in 7ex
cancel out; errors in these sensitivity factors may have seri-
ously distorted the apparent wavelength dependence of
previous fa values.

The reason for the differences between the present and
previous fluorescence quantum yields of hexafluoroacetone
is uncertain, since the experimental methods were essen-
tially the same, except that 7emwas measured with a differ-
ent PMT and with phcton-counting apparatus. The higher
pressure of quencher (for phosphorescence) used in the
present case might partly explain the larger values of fa
given here for the longer wavelengths, since the high-pres-
sure limit of fa found by Gandini and Kutschke20 was
O.0I85 at Xx 313 nm. At the two shorter wavelengths the
cited values for fa were obtained by a nonlinear interpola-
tion between Gandini and Kutschke’s data at 313 and 265
nm; the resultant uncertainties may account for part of the
apparent discrepancies.

The Journal of Physical Chemistry, Vol. 78, No. 26, 1974
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[NOTE Added IN Proof: Redetermination of Of for
0.137 Torr of hexafluoroacetone + 0.098 Torr of isobutene
shows there was only a small pressure effect at the longer
Xexs: 0334 = 2.14 X 10-2 0313= 198 X 10"2, 03®5= 115 X
10"2 029 = 6.4 X 10-3]

Typical data used in determining the exponential decay
time of the fluorescence emitted from 7-ketonorbornane
vapor are shown in Figure 2. The best fit of the computer-
generated curve to the experimental / em(t;) was obtained
in the case shown for T = 1.4 X 10-8 sec. Averaging this re-
sult with others obtained under slightly different instru-
mental conditions leads to a final value of T = /2 £ 0.3 X
10-8 sec for Xex 337.1 nm and a sample pressure of 1.29
Torr. As a test of the apparatus the same procedures used
for 1 were applied to a 20-Torr sample of cyclobutanone.
The result was a fluorescence decay time of T= 39+ 0.8 X
109 sec, compared with a previously reported value of 4.7
+ 0.3 X 10~9sec for Xx~320 nm and 30 Torr.%

Combining the fluorescence decay time obtained here for
1 and the fluorescence quantum yield data from Table I1I,
the natural radiative lifetime (To) of 1in its (n, 11%) state
can be calculated from

T = 0fTo ©)

A short extrapolation of the Of values in Table Il yields 0f
= 18+ 13 X 10"4at Xx 337.1 nm, and the experimental
value for To = 6.6 £ 5.1 X 10~5sec. It is of interest to com-
pare this result with the natural radiative lifetime calculat-
ed via the equation of Strickler and Berg2/

TO= (rq-3/(2.88 x 10-Yed In u) ©)

For the incomplete emission data reported in the Experi-
mental Section the average emission frequency (in cm-1) in
the numerator of eq 6 can only be estimated by setting
(hf-3)¥3 ca Xem(max) = 5.00 X 10-5 cm (0.3 X 10-5).
Using this approximation and carrying out the indicated
integration, the following “theoretical” value of TO is ob-
tained: To = 1.67 + 0.32 X 10-5 sec. Although the Large esti-
mated limits of error weaken the comparison, the factor of
4 discrepancy between the two To’ is in the range of dis-
crepancies found recently for acetone, acetone-d6, and
hexafluoroacetone in various phases.2 In these, however,
“theoretical” values of TO were too long rather than too
short.

Discussion

The data of the preceding section are consistent with the
mechanism shown in Scheme I.

The intermediacy of several biradicals is proposed, based
on good, albeit indirect, evidence for the formation of simi-
lar species upon photolysis of several cyclic ketones.2 2
The asterisks indicating vibrational excitation are used
where the rate constants for an elementary process appear
to be energy dependent. Thus, the increase of the total of
product quantum yields with decreasing wavelength of ir-
radiation in the vapor phase suggests that k  + k6* in-
creases more rapidly with vibrational energy than does k ic*
(which probably changes slowly with E vib = uex —vo0).

The proposed intermediacy of the acyl-alkyl biradical in
the process of internal conversion is similar in concept to
the proposed role of valence isomers in internal conversion
of electronically excited benzene molecules.33 The lack of
any clear effect of the added gases indicates steps 4*
through 6* must occur in <10~8 sec. Other pathways for
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Scheme |

conversion of electronic to vibrational energy cannot, of
course, be ruled out by the present data.

The wavelength dependence of <tgt2 corresponds to
kz*/ks* increasing with vibrational energy, or the decar-
bonylation process (step 5) having a higher activation ener-
gy than the internal hydrogen transfer (step 6). Similar be-
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havior has been observed in the cyclopentanone system for
which 0co/Opentenai has been found to increase with de-
creasing wavelength34 and with increasing temperature®
(Srinivasan estimated the energy of activation for decar-
bonylation to be «2.5 kcal/mol greater than for isomeriza-
tion).

Steps 7, 4, 5, and 6 are included to account for the differ-
ence between the product quantum yields found in vapor
phase and in solution. Step 7, which is assumed to occur
with an insignificant rate at the pressures used in the vapor
phase, produces a vibrationally “cold” intermediate, char-
acterized by a much reduced value of k5. Thus the isomeric
aldehyde 2 becomes the highly favored product in solution,
which is similar to results reported for cyclic ketones.3637

Relative values for several of the rate constants ap-
pearing in the proposed mechanism, calculated from the
data in Tables I and II, are shown in Table IV. The small
effect of the change in phase on kid (k5 + k$) suggests
that k icand k& have nearly the same dependences on 2vib,
a somewhat surprising conclusion since steps 4 and 4* are
internal radical recombinations. The activation energy for
this recombination should not exceed the relatively small
strain energy of the parent ketone. The phase and wave-
length independence of 4xktz is more compatible with kg/
k» being independent of £ vib (in the present mechanism)
than with intermediacy of

which was proposed at the outset of this study.

The greater than 20-fold increase in the probability of
decarbonylation (i.e., in k&¥ke) on going from solution to
vapor phase agrees remarkably well with the report that
0CO for camphor rises from 0.005 in ethyl ether to >0.1 in
vapor phase.3 Available quantum yield data for this and
other related compounds are compared with the results for
7-ketonorbornane in Table V.

Except for the case of bicyclo[3.1.0] hexane-3-one, whose
behavior is apparently dictated by the special properties of
the cyclopropane ring, the similarities among the results
listed above are rather striking. Apparently cyclopentanone
is a good model for the photochemical behavior of the bicy-
clic ketones listed above, all of which include a cyclopenta-
none ring. The only change with molecular structure ap-
parent (with one exception already noted) is a decline in
quantum yields with increasing molecular complexity, very
likely due to an increasing k ic (or decreasing kA + kg), in
the proposed mechanism.

The wavelength dependence noted for the fluorescence
quantum vyields of 1 is attributed to an increase in km*
with the vibrational energy content of the VnJI*) state.
Values of this rate constant were calculated from

Kr* = (*f - DIT, ®

and plotted in Figure 3, along with corresponding results
for cyclobutanone and acetone. The value of TOused for cy-

TABLE IV: Relative Rate Constants for Biradical
Intermediates

) Vapor Phase
InSolution 513 5005 201
Ether Pentane nm nm nm
k-1 (fe T k1) 3.5 3.2 4.0 2.8 2.1
ki/kt 0.058 1.21 1.69 4.4
ko Ik» 0.22 0.20 0.20 0.21

The Journal ot Physical Chemistry, Voi. 78, No. 26, 1974
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TABLE V: Quantum Yields of Cyclic and Bicyclic
Ketones (X 313 nm, T ~ 25°)

In solution Vapor

Compd Oerd 1{(9] Oerd 4D

0,24» <0.01» 0.226 0.236
cr

0.28» n.d. n.d. n.d.

0.40d n.d.

0.16 0.010 0.090 0.11

0.12f n.d.
HCm - 0.06»  0.005» n.d. >0.1»

*0

n.d. n.d. n.d. 0.79

o O

LCeH6 bReference 34; 2.5 Torr. cRefer-
ence 40; in CAHG6 dReference 41; in C&HI4 * This work;
solvent ether, X307 nm; vapor: ~0.9 Torr. / Reference 4;
in CMHié »Reference 38; solvent diethyl ether; vapor:
~0.3 Torr. hReference 5, 2 36 Torr, 118°.

Figure 3. Nonradiative rate constant kn,' vs. excitation energy ife*
for acetone (O); cyclobutanone (0); and 7-ketonorbornane (A).
Error bars (including probable error in e’s) are shown when probable
error range exceeds size of symbols. Best fit curves are drawn
through points for acetone and cyclobutanone.

clobutanone is 1.56 X 10“6 sec, based on data obtained in
this study, while TO = 2 X 10“6 sec for acetone is taken
from the work of Halpern and Ware.28 As discussed earlier,
k nr* for 7-ketonorbornane shows an energy dependence in-
termediate between acetone and cyclobutanone. More
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striking, however, is the indication that k n* approaches a
common limiting value of =21 + 0.5 X 108 sec-1 for all
three compounds, as EAb  0- Since the quantum yield for
intersystem crossing (0isc) to the 3(n,fl*) state is generally
thought to be >0.982342 for acetone vapor, it is tempting to
conclude that the limiting value for k nr* is identical with
ki for all three compounds. Breuer and Lee2 have
reached a similar conclusion by comparing the fluorescence
lifetimes of a series of cyclic ketones for Xex —320 nm, ob-
taining k isc « 3 X 108sec” 1 The rapid increase of k nr* with
rex is probably due largely to an increasing contribution
from predissociation, although k jc is known to increase
with £vib-43

The involvement of the triplet n,n* state in the photo-
chemistry of cyclic ketones has been shown by quenching
studies in solution,3 and has been suggested (but not prov-
en) by use of triplet sensitizers in the vapor phase.4446 The
absence of any clear effect of quenchers prevents a firm de-
cision on whether step 3 proceeds via the triplet state to be
made in the present case, but similar attempts made in the
case of cyclopentanone have also been unsuccessful. 34 If it
is formed, the elusive triplet must have a very short life-
time, certainly <10~8sec.

It is implicit in the preceding discussion that the spin
state of the biradical reacting in steps 4-6 (and 4*-7) does
not effect the values of k4 k6 (k~*-k1). This is contrary to
an earlier suggestion, based on the virtually exclusive 4-
pentenal formation from cyclopentanone sensitized by
triplet benzene,44 that internal hydrogen abstraction (steps
6* and 6 here) is greatly favored when rhe molecule is in a
triplet state. Other evidence obtained with a triplet sensi-
tizer of higher energy,46 however, indicates that the vibra-
tional energy content of the intermediates is more impor-
tant than spin state in determining the distribution of reac-
tants between competing reaction paths. Actually, the bira-
dical reacting in steps 4-6 (and 4*-7) should be close to
the “ultimate biradical” in which the two electrons are in-
dependent of each other.47 In such a case the spin correla-
tion is zero and it should make no difference (in terms of
reactivity) whether the biradical is formed from a molecule
in the triplet or in the singlet state.
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The reactions of Si+, SiH+, SiH2+, and SiH3+ with C2H2 and the reactions of C2H2+ with SiH4 have been
studied as a function of collision energy in the range of 0.3-2.5 eV in the center-of-mass system by tandem
mass spectrometry. Phenomenological rate constants have been measured in the low-energy region 0.3-0.9
eV and appear to be independent of energy throughout this range. High-pressure mass spectrometry in the
range 0.04-0.3 Torr for a mixture containing 10% of acetylene indicates that acetylene has a striking effect
on the ionic chemistry of monosilane. Above 0.05 Torr, the principal reaction of acetylene with ions derived
from monosilane appears to be that of simple association, leading to ionic polymerization of acetylene.

Introduction

In a previous study of ion-molecule reactions in monosil-
ane-acetylene mixtures2rate constants were reported for a
number of reactions of C2H2+ with SiH4 and of SiH2+ with
C2H2 In this investigation, which was carried out in a sin-
gle-source mass spectrometer, reaction identification was
made principally on the basis of appearance potential mea-
surements of product ions and rate constants were deter-
mined by the pulse technique35 for ion-source pressures
below 0.006 Torr. In view of the fact that application of the
same apparatus and technique to the monosilane-methane
system6 has been shown by ion-cyclotron resonance stud-
ies,7 tandem mass spectrometry,8 and high-pressure mass
spectrometry8to have yielded incomplete and/or mislead-
ing results, a reinvestigation of this system was felt to be
desirable. Accordingly we have carried out a tandem mass-

spectrometric study of ion-molecule reactions in the mo-
nosilane-acetylene system. Our results are in qualitative
accord with the earlier report2 but we have identified a
number of additional secondary processes in this system
not reported earlier and have measured phenomenological
rate constants or cross sections for them. In addition, a lim-
ited high-pressure mass-spectrometric study (up to 0.3
Torr) was carried out in order to define the fates of the
major secondary ion products in this system.

Experimental Section

The tandem mass spectrometer used in these studies
permits the injection of mass-selected reactant ions, having
kinetic energies variable down to about 1 eV, into a colli-
sion chamber containing the neutral reactant molecule.
The apparatus, which has been described previously,9con-
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sists of two quadrupole mass filters separated by the colli-
sion chamber and ion lenses, and mounted in the “in-line”
configuration. Retarding field measurements indicate that
the energy spread (full-width at half-maximum) of the
reactant ion beam entering the collision chamber is about 1
eV.

In addition to identification of the reactions of Si+,
SiH+, SiH2+, and SiH3+ with C2H2 and of C2H2+ with
SiH4, the various relative reaction cross sections were stud-
ied as a function of collision energy in the range 0.4-3 eV.
As described previously810the shapes of the cross section
us. energy curves were used to differentiate between exo-
thermic and endothermic processes. Since our major inter-
est in this system pertains to the effect of acetylene on the
radiolysis of monosilanell and therefore is concerned with
monosilane-rich mixtures, we did not study reactions of the
low-abundant C2H+ with SiH4.

Phenomenological rate constants were determined by di-
rect comparison of relative reaction cross section for 1.4 eV
ions (laboratory system) with the cross sections for reac-
tions

CH,+ + SiH, —» SiH3* + CH3 + H2 @

and
CH3+ + SiH, —* SiH3+ + CH, 2

whose rate constants had been determined previously.8
Since (1) and (2) are hydride-ion transfer reactions that
may form product ions that contain very little momentum
of the reactant ion, one must be concerned about the effect
of differing ionic collection efficiency on the rate constants
for ions of the condensate type, i.e., SiC*Hv+. Compari-
son12 of the total depletion rate constants for reaction of
Si+, SiH+, SiH2+, and SiH3+ with Si2H6 as determined by
high-pressure mass spectrometry with those determined in
our tandem mass spectrometer indicates no significant
trend even though the percentage of condensation reaction
undergone by each reactant ion varies from 29% in the case
of SiH2+ to 98% in the case of Si+. We conclude that differ-
ences in collection efficiency do not introduce error exceed-
ing +20% into our phenomenological rate constants. Colli-
sion chamber pressures of the order of 10-3 Torr and ion-
ization chamber pressures in the range of 1-5 X 10-3 Torr
were employed.

Measurements of the dependence of ionic abundances on
ion-source pressures in the range 0.04-0.3 Torr for a 90-
10% SiH4-C2H2 mixture were carried out in a Nuclide As-
sociates 12-90G sector-field mass spectrometer, an instru-
ment that has been described previously.9 The energy of
the ionizing electron beam was 100 eV, the trap current was
very small and not measured, and the ion-accelerating volt-
age was 2500 V. In all experiments the ion-exit energy was
19 eV. The ion-source temperature was 100°.

lon-source pressures in the Nuclide mass spectrometer
were measured with a Granville-Phillips capacitance
monometer that had been calibrated using a McCleod
gauge. The calibration was checked by observation of CH5+
formation in methane. We estimate our source pressures to
be accurate to +10%

Monosilane, purchased from the Matheson Co., was pu-
rified by fractionation on a vacuum line prior to use. Re-
search grade acetylene, also purchased from the Matheson
Co., was used as received.

Results and Discussion
1 Nature of the Elementary Reactions. The ion-mole-
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cule reactions found to be exothermic on the basis of the
dependence of reaction cross section on kinetic energy are
tabulated in Table I. Also shown in Table I are standard
enthalpy changes, calculated from available thermochemi-
cal data,1314 and phenomenological rate constants deter-
mined at 1.4-eV ion-kinetic energy in the laboratory sys-
tem. For comparison the rate constants reported previously
are shown in the last column of Table I. With the exception
of reaction 3, the neutral products are written arbitrarily as
those that yield the maximum exothermicity.

One may note immediately from Table I, that the most
rapid of all reactions with monosilane is hydride ion ab-
straction leading to formation of SiH3+; the predominance
of this process in the reactions of positive ions with si-
lanes8915 is undoubtedly due to the hydridic character of
hydrogen in the Si-H bond.1617 Recent studies in this labo-
ratory18 have shown that the process of transfer of the hy-
dride ion from SiH4 occurs with very little if any momen-
tum transfer from the reactant ion to the product SiH3+. In
other words, the SiH3+ species acts as a spectator to the
pick-up of its bound H~ by the reactant ion.

In the remainder of this section we discuss the character-
istics of the reactions that occur when the various reactant
pairs are brought together.

(a) C2Z/2++ SiH4 When C2H2+ ions are injected into
SiH4, reactions 3-11 (Table I) are observed as exothermic
processes in that the cross sections decrease with increasing
collision energy over the entire range studied. With the ex-
ception of reaction 4 the calculated enthalpy changes for
3-7 are in agreement with the experimental conclusion that
the reactions are exothermic processes. Enthalpies of for-
mation are not available for the SiC2H* + ions. Thermo-
chemical calculations using available datal3l4 indicate
reaction 4 to be endothermic by 8 kcal/mol, in contradic-
tion to our experimental observations. This contradiction is
undoubtedly due to the value Aiff°(SiH+) = 308 kcal/
mol13 being too high. This value was determined from the
appearance potential of SiH+ from SiH4 and processes in-
volving the breakage of so many bonds are notorious for
yielding high values. In fact, Potzinger and Lampel3 state
that the ionization-efficiency curve for SiH+ from SiH4
showed a long tail indicating processes involving excess en-
ergy. Therefore, we believe reaction 4 to be, in fact, exo-
thermic or thermoneutral which places an upper limit of
300 kcal/mol on the standard enthalpy of formation of
SiH+.

The rate constants obtained in this work for the reac-
tions of C2H2+ with SiH4 are in qualitative agreement with
those of Beggs and Lampe2 for reactions 5, 7, and 9-11 but
are in general smaller by a factor of 3-4. Our rate constants
for reaction 8 cannot be considered to be in even qualita-
tive agreement since it is smaller by a fac'or of 30 than that
reported by Beggs and Lampe.2 Moreover, the fastest of all
the reactions of C2H2+ with SiH4, namely, formation of
SiH3+, could not be observed with the single-source tech-
nique of Beggs and Lampe,2since SiH3+ is a reactant ion as
well as a product ion in this system. Since the rate con-
stants of Beggs and Lampe2 refer to thermal-energy ions
and in this work were determined at a center-of-mass ener-
gy of 0.77 eV, it is conceivable that the former values could
be correct. However, we do not think so because normally
the phenomenological rate constants at low energies are not
very sensitive to collision energy;19 secondly, the total reac-
tion rate constant of C2H2+ with SiH4 obtained by Beggs
and Lampe,2 when increased by the contribution of reac-
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TABLE |: Exothermic lon-Molecule Reactions in SiH4C H2Mixtures

Reaction
no. Reaction
3 CH2+ + SiH, -* Si++ CH4+ H2
4 —SiH++ CHs
5 “aSiH.+ + CH4
6 —SiH3+ + CH3
7 -» SICH3+ + CH,
8 —SiCH+ + 2H2+ H
9 —»SiICH3++ H2+ H
10 -* 3iICH4+ + H2
1 —3iCH5++ H
12 Si++ CH2 SiCH++ H
13 SiH++ CH2—SICH+ + Ho
14 —SiCH.++ H
15 SiH2+ + CH2—SiCH++ H2+ H
16 —aSiCH2+ + H2
17 —SIiCH3++ H
18 SiH3+ + CH2—SiCH + + 2H2
19 -* SICH3+ + H2

tion 6, which they could not observe, is far in excess of the
Langevin polarization theory rate constant2 for this reac-
tant pair of 144 x 10-10 cm3sec. On the other hand, the
total reaction rate constant for C2H2+ with SiH4 deter-
mined in this work is 17.9 x 10 1°, a much more plausible
result.

In view of the above discussion v/e believe that our pres-
ent results supercede those of Beggs and Lampe2and dem-
onstrate once again48the inadequacy of low-pressure, sin-
gle-source mass-spectrometric techniques for detailed
studies of ion-molecule reactions in systems containing
more than one neutral reactant.

(b) Si++ C=>H2 The only product ion observed when
Si+ ions were injected into the collision chamber containing
C2H2was SiC2H+. The reaction is exothermic, as indicated
by the dependence of cross section on collision energy, and
has a phenomenological rate constant of 1.8 + 0.7 x 10~10
cm3sec. For purposes of comparison the low-energy Lange-
vin rate constant for this reactant pair is 1.2 x 10-9 cm3
sec. Beggs and Lampe2were unable to observe this reaction
in their apparatus.

(c) SiH+ + C2H2- Two product ions are observed when
1.4-eV SiH+ ions react with C2H2, namely, SiC2H+ and
SiC2H2+. Both reactions are exothermic since all cross sec-
tions decrease with increasing collision energy. The total
phenomenological rate constant for this reactant pair is 3.2
x 10~10 cm3sec as compared with the Langevin orbiting
rate constant of 1.1 x 10-9 cm3sec.

In Figure 1is shown the relative contributions of the two
channels of reaction of SiH+ with C2H2as a function of col-
lision energy. The increase in relative abundance of the
SiC2H+ product above 1.2 eV is due to an increase in the
actual cross section for SiC2H+ formation which is proba-
bly the result of the opening of the endothermic channel
depicted by

SiH* + CH, —« SiC2H* + 3H (20)

Neither of the reactions of SiH+ with C2H2 could be de-
tected in the apparatus used by Beggs and Lampe.2

(d) SiH2+ + C2H 2 Collision of SiH2+ with C2H2 pro-
duces SiC2H+, SiC2H2+, and SiC2H3+ ions by reactions
15-17 shown in Table 1. All reactions exhibit exothermic
behavior in the dependence of cross section on collision en-
ergy. The cross section of reaction 15 goes through a mini-
mum at 1.2-eV collision energy, similar to that of reaction

101k, cm3sec
AH®, keal This work Ref 2
-15 1.1 £0.4 Not observed
+8 0.73 £0.30 Not observed
-30 41 + 1.6 4+ 4
-21 10 b4 Not observed
-16 0.32 £ 0.13 1.1 +0.3
0.10 + 0.04 3.0 +0.8
0.49 + 0.19 35 + 0.9
0.18 +0.07 0.8 +0.2
0.89 +0.35 2.6 +0.7
1.8 £0.7 Not observed
15 +0.6 Not observed
1.7 £0.7 Not observed
0.44 +0.17 Not observed
0.63 + 0.25 Not observed
3.2+ 12 11 +3
0.1 + 0.04 Not observed
0.26 = 0.10 Not observed
0 0.5 1.0 15 2.0 2.5

ec.m. In eV

Figure 1. Kinetic energy dependence of reactions of SiH+ with C2H2.
Contribution of the two react on channels to the total cross section
as a function of center-of-mass energy: =, SiC2H+; [, SiC2H2+.

13. The most probable explanation for this behavior is the
opening of the endothermic channel shown by

SiH2* + CjEj-—* SiC2H* + 3H (1)

Reaction 17 was reported by Beggs and Lampe2to occur
with a rate constant in qualitative agreement with that ob-
tained in this work; if one assumes the rate constants in the
two investigations to be the same for reaction 5, one ob-
tains values for reaction 17 that are in excellent agreement.

(e) SiH3++ CH% Collision of SiH3+ with C2H2results
in the formation of SiC2H+ and SiC2H3+ by reactions 18
and 19 shown in Table I. Both reactions are quite slow,
such behavior being quite typical of second-order reactions
of SiH3+ with hydrocarbons, 7821 Beggs and Lampe2 were
not able to observe any reactions of SiH3+ in their appara-
tus. The cross-section dependence on energy indicates both
reactions 18 and 19 to be exothermic.

(/) Endothermic Reactions. All of the reactions in Table
| are observed to be exothermic, and the onset of the two
endothermic processes 20 and 21 has already been men-
tioned. In addition to these latter reactions

CH2* + SiH4 — SiC2H2 + (4H) 22)
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and
C2H2+ + 3iH4 —* SiCH2+ + (C + 4H) (23)

where the state'of aggregation of the products in parenthe-
ses is not known, were also observed as endothermic pro-
cesses. The threshold of (22) lies above 11 eV and that of
(23) above 1.4 eV, both energies being in the center-of-mass
system.

(2) High-Pressure Mass Spectra. The variation of abun-
dance of the major product ions of Table | with ion-source
pressure for an SiH4C2H2mixture containing 10% C2H2is
shown in Figures 2 and 3. Inspection of these figures and
comparison with similar plots for pure SiH4 demonstrate
that the presence of 10% of C2H2 has a major effect on the
ionic chemistry of monosilane.

In pure monosilane the intensity of SiH3+ increases with
pressure initially but passes through a maximum of about
50% of the total ionization at a source pressure of 0.06 Torr.
Subsequent to this maximum, Si2H7+, which is formed by
the termolecular association of SiH3+ with SiH4, increases
with increasing pressure and attains a maximum at about
0.19 Torr that represents about 35% of the total ionization.
The major secondary ions in SiH4, typified by Si2H4+, at-
tain maxima in the range 0.10-0.15 Torr, with Si2H4+
reaching 19% of the total ionization.

This situation is drastically altered by the presence of
10% of acetylene as can be seen in Figure 2. Here one sees
that the expected maximum in SiH3+ intensity must lie
below 0.04 Torr and that the maximum abundance of its’
association product with monosilane, namely, Si2H7+, is
less than 6% Both effects are undoubtedly due to a very ef-
fective competition of C2H2 with SiH4 for SiH3+ even
though SiH4 is ninefold more abundant. The bimolecular
reactions of SiH3+with C2H2 (Table 1) and those of SiH3+
with SiH4,9 while partially accounting for these facts, are
not sufficient. Figure 3 shows that above 0.04 Torr SiIC2H5+
appears in much greater abundance relative to SiC2H+ and
SiC2H3+ than expected from the bimolecular rate con-
stants of Table 1. It is thus suggested that SiH3+ undergoes
rapid termolecular association with C2H2as shown by

M

SiH,+ + C,H, —- SiC2H5* (24)

This association reaction could not be detected at the low
pressures obtaining in the tandem experiments. The fact
that the maximum in SiC2H5+ occurs at higher pressures
than do those for SiC2H+ and SiC2H3+ is consistent with
the formation of SiC2H5+ from (24), since the SiH3+ is still
very abundant at 0.10 Torr.

In the SiH4-C2H2 mixture the maximum abundance of
Si2H4+ (Figure 2) must be considerably lower than that in
pure monosilane (19% of total ionization) and it is shifted
from about 0.15 Torr in the pure compound to a pressure of
less than 0.04 Torr. This is typical also of the behavior of
Si2H2+ and Si2H5+ and indicates that these secondary ions
of pure monosilane react rapidly with acetylene although
the products of these reactions are at the moment some-
what obscure. Si2H3+ appears to behave in the mixture
identically with that in the pure compound, namely, it ap-
pears to be quite unreactive, its abundance remaining es-
sentially constant over the pressure range 0.04-0.3 Torr.

The major secondary organosilicon ions formed by the
reactions in Table | and by (25) are also reactive in this sys-
tem as shown by Figure 3. While we are not certain of the
details of their fates, we believe that a major cause of their
depletion as well as of Si2Hr,+ and Si2H7+ is association
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Figure 2. Pressure dependence of relative intensities of major sili-
conium ions in a 90% SiH4-10% C2H2 mixture: O, SiH3+; « SiH2+;
A, Si2H4+; X, Si2H7+

Figure 3. Pressure dependence of relative intensities of major orga-
nosilicon ions in a 90% SiH4-10% C2H2 mixture: A, SiC2H+- O
SiC2H3+; O, SiC2H5+

with C2H2 The basis of this contention is Figure 4 which
shows the relative intensities of m/e 53-57, m/e 61, and
m/e 63 as well as the relative intensities of ions with m/e
increased by 26, respectively, for several pressures. The ob-
served similarity of the patterns leads us to suggest that
these secondary ions in question react primarily by associa-
tion with acetylene. There is a suggestion in the spectra
that at masses even higher this addition of successive units
of C2H2 continues, analogously to the observed ionic poly-
merization of acetylene.222

It has been reportedl that in the 7-ray radiolysis of mo-
nosilane at 0.5 atm pressure, the addition of acetylene re-
sults in an increase in G (H2), apparently from a value of
22.8 to 52.7. This is a rather startling effect since the radi-
olysis of acetylene produces very little hydrogen and the
reactions of free radicals derived from SiH4 would not be
expected to produce hydrogen upon reaction with acety-
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Figure 4. High-pressure spectra of majo’ ions in a 90% SiH4-10%
C2H2 mixture. Similarity of the ion intensity patterns for the mass re-
gions 53-63 and 79-89 suggests reaction by association with an
acetylene molecule.

lene.26-28 While the details remain unclear, we suggest that
the striking effect of acetylene on G(H2) in the radiation
chemistry1l is associated with this very marked effect that
acetylene has on the ionic chemistry of SiH4 Thus in a ra-
diolysis system containing an excess of monosilane we
would expect increased H2 production because of reactions
3, 8-12, 18, and 19 and neutralization of the association
complexes of C2H2with SiH3+; reactions of Si+, SiH+, and
SiH2+ with C2H2will not be of importance in a system con-
taining an excess of SiH4. Hydrogen atoms formed in reac-
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tions 8, 9, 11, and 12 are known2 to react very efficiently
with SiH4to form H2and SiH2
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The kinetics and mechanism of the reactions of H and D atoms with CH30CH3and CH30H have been in-
vestigated using flow discharge methods. The specific rate constant for the reaction H + CH3OCH3—%H?2
+ CH20CH3was found to be (1.3 £ 0.5) X 1013 exp(-4700 = 100/RT) cm3 mol-1 sec-1. The specific rate
constant for the corresponding reaction with methanol H + CH30H —H2+ CH90H is recommended to be
6.5 X 10122exp(—5440 + 150/RT) cm3mol-1 sec-1. This value is based on an assumed preexponential factor
obtained from the CH30CH3 results. Major emphasis was placed on comparing the magnitude of the kinet-
ic isotope effects in the reactions of H and D atoms with CH30CH3and CH30H. The temperature depen-
dence of the kinetic isotope effects of these two molecules was found to be equal, within experimental
error. From this it is concluded that the reactive intermediates formed in the attack of H atoms on
CH30CH3 or CH30H must be nearly identical with respect to bond breakage and bond formation in the
activated complex. Thus, the substitution of an H atom for the CH3 group in going from CH30CH3 to
CH30H results, apparently, in relatively little effect on the reaction dynamics in the case of H atom attack

reactions studied in this work.

Introduction
In considering a bimolecular abstraction reaction of the

type
H + RX —mH2+ R'X»

one would like to know what effect, if any, the substituent
group, X, might exert on the structure of the activated
complexes formed in these reactions. In order for any rea-
sonable comparison to be made it is, of course, essential
that varying the substituent group not change the reaction
mechanism.

In this paper, we wish to report on the reactions of H and
D atoms with dimethyl ether (DME) and methanol, in
which the X group above becomes -OCH3 and -OH, re-
spectively. These are reactions in which we feel that valid
comparisons are justified in that the reaction mechanisms
are the same and the heats of reaction are approximately
equal. The C-H bond strengths in CH30OCH3 are compara-
ble in magnitude and the C-H bond strength in methanol
is much weaker than the O-H bond strength.Thus, in the
methanol reaction, the abstractive reaction from the C-H
bonds will predominate as in the DME reaction.

In order to assess the relative influence of the -OCH3or
-OH group on the activated complexes formed, we have
studied the kinetic isotope effects in the reactions of H and
D atoms with CH30CH3and CH30H over a fairly extended
temperature range. The magnitude of the kinetic isotope
effect can be used to assess the extent of bond breaking and
bond formation in the activated complexes and thus is a
useful probe in comparing the reaction dynamics of these
two molecules in this particular type reaction.

In addition, it might be noted that there appear to be few
quantitative gas phase kinetic data available in the litera-
ture on the kinetics and mechanism of the reactions of hy-
drogen atoms with ethers or alcohols. Therefore, the kinet-
ic results reported here are an added contribution in that
respect. The kinetic parameters obtained in this work can
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be compared with other molecular systems, particularly the
reactions of H atoms with alkanes.

Experimental Section

The experimental studies were carried out using fast
flow methods. Atomic species were generated by a micro-
wave electrodless discharge of H2 or D2 in inert helium or
argon carrier gas. Most of the kinetic data were obtained by
esr studies of the decay rate of H or D atoms as functions of
the various reaction variables. In addition, a number of ex-
periments were carried out on a separate flow apparatus
using mass spectrometric detection to follow the consump-
tion rate of the stable reactant. The esr spectrometer em-
ployed was a Varian Model 4503 instrument equipped with
a Varian Model V-4535 large sample access cavity. A Var-
ian-MAT Model CH5 mass spectrometer was employed in
our mass spectrometric studies. It was coupled to the flow
apparatus through an all-glass inlet port, including a glass
leak into the ion source.

The details of the experimental procedures involved in
both the esr and mass spectrometric work have been dis-
cussed previously.1For the present purpose, it is sufficient
to state that the kinetic data are obtained under pseudo-
first-order conditions employing a large excess of the stable
reactant in the esr work, whereas a large excess of the
atomic species is employed in the mass spectrometric stud-
ies. The integrated first-order rate expressions then predict
a linear plot of the logarithm of the atomic or stable mole-
cule decay os. time of reaction. Such plots were obtained in
the present studies with excellent precision. An example of
these decay plots is shown in Figure 1 for the H + CH30H
reaction. The overall approach and procedure involved in
this work is virtually identical with the method developed
by Westenberg and de Haas in applying esr spectroscopy as
a tool in measuring atom-molecule reaction rates.2 The set-
up we employed was similar to the modified version of their
original apparatus as described in 1969.3
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Figure 1 Typical atom decay plots observed in the reaction of H +
CH30H at 491°K: () total pressure = 2.13 Torr, v = 1262 cm
sec-1, [CH30H] = 3.42 X 10-10 mol cc-1; (A) pressure = 1.78
Torr, v = 1523 cm sec-1, [CH30OH] = 6.68 X 10-10 mol cc-1; @)
pressure 1.78 Torr, v = 1530 cm sec-1, [CH30H] = 3.05 X 10-10
mol cc-1

Unfortunately, we were unable to obtain any kinetic data
on the reactions of H and D atoms with CH30H using mass
spectrometry to follow the CH30H concentration. Since
the reactant ratio required for the mass spectrometric work
is [atom] » CHB30H, the partial pressure of the CH30H is
extremely low. When the CH30H flow was diverted to a
bypass position, the mass peak at m/e 31, used to monitor
the CH30H concentration, decreased very slowly requiring
15-20 min to reach an equilibrium value. Thus, it was ap-
parent that quantities of the highly polar CH30H, signifi-
cant in comparison with that in the gas phase, must be ad-
sorbed on the walls of the flow tube. As such, we would be
unable to distinguish between the homogenous and heter-
ogenous contributions to the reaction rate. For this reason,
we were not successful in obtaining mass spectrometric
data on these reactions. This particular problem did not
seem to present any difficulties in the esr studies in which
the methanol concentrations involved are very much larger
than those employed in the mass spectrometric work. Ex-
perimentally we observed that diverting the CH30OH flow
to a bypass position, at temperatures above 298°K, re-
sulted in an increased H or D atom esr signal intensity, as
expected, and this signal remained constant with time. It is
also worth noting, that we did not encounter any complica-
tions arising from reaction products and/or surface effects
in either the DME or methanol esr studies. Flowing the
stable molecule through the reactor at a fixed injector posi-
tion, for a long period of time, resulted in an atom signal in-
tensity which remained constant with time. This observa-
tion can be contrasted with the experiences we have en-
countered in other systems, for example, the 0(3P) + CeH6
reaction, in which a slow decrease in atom intensity was
noted with prolonged flow of the stable reactant.4 In view
of the lack of any such complications, the precision of the
rate measurements obtained in the present study are suffi-
ciently good to obtain the data necessary to distinguish be-
tween the small differences in reactivity of H and D atoms
in reactions with these stable molecules.

The mass spectrometric studies require a knowledge of
the absolute atom concentrations in order to obtain the de-
sired specific rate constant. In this work, the hydrogen and
deuterium atom concentrations were determined using
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NO2as the titrant gas. A reaction stoichiometry of two hy-
drogen atoms per three molecules of NCU was employed.s
More recent kinetic investigations of H + N 02 have shown
it to be a complex reaction in which the exact reaction stoi-
chiometry depends on the nature of the wall conditioning
as well as the relative concentrations of NO2and H atoms.6
Since titrations in the present study were carried out in the
presence of a five or sixfold excess of NO2 the assumed
reaction stoichiometry of ANOZAH = 15 seems reliable,
particularly in view of the recent esr studies by Westenberg
and de Haas7 on this system. However, one should bear in
mind that any uncertainty in the atom concentration will
be reflected in the reporter rate constants.

Unfortunately, it is not possible to detect the presence of
hydrogen atoms using our mass spectrometric apparatus.
For that reason the mass spectrometric studies were limit-
ed to reaction mixtures containing an excess of atoms over
stable reactants. It would have been useful to follow the
formation of reactant products such as CH4 or C2H6 etc.
However, under the conditions of low DME or CH30H con-
centration involved in these studies, the background peaks
in the low mass ranges (arising from cracking of the poly-
phenyl diffusion pump oil) obscured our attempts at quan-
titative measurement of reaction products.

Results and Discussion

H (and D) + DME Reactions. The esr data obtained
from studies of H and D atoms with CH30OCH3 are shown
in Tables I and Il, respectively. The mass spectrometric re-
sults from these same reactions are shown in Table IlI.
Plots of these data in terms of an Arrhenius’ equation are
shown in Figure 2. It is apparent that, although the higher
temperature data fit an Arrhenius type plot, there is signif-
icant curvature obtained at the lowest temperatures. Dis-
cussion of this curvature along with possible reasons for its
existence is deferred until a later section.

Over the temperature range of 251-365°K, linear least-
squares treatment of the data gives values of (2.61 + 0.13)
x 1013 exp(—4700 + 50/RT) and (4.14 + 0.73) x 1013
exp(—4430 £ 100jRT) cm3 mol-1 sec-1 for the H + DME
and D + DME, respectively, based only on the esr data.
The higher preexponential factor for the D atom reaction is
contrary to theoretical predictions, however, we feel it is
consistent with the following mechanism proposed for this
system

H + CH3OCH3 —» h2 + ch,och3 (1)
H + CHjOCHj — » CH30CH3* )
CH30CH3* —* ch3 + OCH]j )

H + OCH3 —* CHg + OH (4
Mch2 + h2 (5)

followed by radical recombination reactions. A similar
mechanism would apply to the D + DME reactions with
the important addition that we must include reactions in-
volving isotope exchange with the methyl radicals

D + CE3 —* CH2D + H (6)

D + CHD —- CHDZ + H etc. (7)

Such exchange reactions are rapid processes and they have
been shown to occur under flow tube conditions in other
reactions in which methyl radicals are formed.89 As a result
of the occurrence of reactions 6 and 7, the mechanism pre-
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TABLE I: Experimental Results Obtained in the Esr Study of the H + CH3CH3Reaction

T, P, \/ I0D;c vis0 ¢ 1 3] k,a
°K Ton cm/sec mol/cc (DME)/(H2 c/mol sec
207 1.60 819 3.85 4.52 7.72 x 10s
1.69 791 8.29 9.41 8.06
2.63 504 13.59 9.85 9.24
2.67 512 9.09 6.67 8.52
fav.  8.38 x 108
211 2.40 615 1.89 1.60 1.17 x 109
3.61 394 2.76 1.54 0.95
2.41 606 6.89 5.76 0.81
5.40 264 5.59 1.99 0.76
kav 9.22 X 10s
231 1.42 901 3.21 4.26 1.60 x 109
1.46 888 4.76 6.30 1.40
2.52 520 8.08 6.18 1.95
1.50 884 6.15 8.15 1.58
1.63 x 109
251 2.34 653 3.05 2.69 2.64 x 109
2.34 653 3.13 2.76 2.84
2.32 659 4.78 4.25 2.48
2.39 640 6.07 5.25 2.46
2.45 671 8.24 7.46 2.45
fev  2.57 x 109
273 2.80 772 1.88 2.04 452 x 109
2.86 758 2.95 3.14 4.70
2.82 770 3.90 4.22 4.60
2.90 757 5,59 6.11 4.07
2.93 545 1.26 0.97 4.07
kav 4.39 x 109
293 1.80 731 0.63 0.74 8.17 x 107
2.75 478 0.96 0.74 8.62
1.79 740 1.26 1.50 9.96
2.05 767 2.26 3.82 9.51
2.05 736 1.66 2.70 9.43
2.05 738 2.11 2.20 8.83
2.05 810 9.27 1.06 11.13
kav  9.38 x 109
343 1.50 1230 0.46 0.91 3.54 x 10D
1.51 1220 0.79 1.53 2.45
151 1230 1.22 241 2.44
1.60 1210 2.14 3.55 2.45
2.51 779 1.02 1.09 2.51
ray  2.68 x 10D
365 1.60 1242 0.49 0.87 4.29 x 10
1.60 1245 0.65 1.22 342
1.66 1214 0.33 0.60 3.76
kar 3.82 x K)D

aSpecific rate-coefficients are uncorrected for any reaction stoichiometry.

diets a higher preexponential factor for the deuterium
atom reactions, as observed experimentally. It might be
mentioned, that H atom esr signals were observed in the D
+ DME studies with the H atoms arising, presumably,
from reactions such as (6) or (7).

Obviously, the above mechanism predicts that the A fac-
tors from both reactions are too high as a result of addi-
tional atom consumption after the initial abstraction reac-
tion. In order to obtain a measure of this stoichiometric
factor, the mass spectrometric results shown in Table Il
and Figure 2 are useful. Since we are monitoring the disap-
pearance of DME, the subsequent reactions of H or D
atoms will not influence the rate measurements as the atom
concentration is present in large excess. We are excluding
from consideration the reaction of CH3 with DME as the
specific rate constant for this reaction is, in all probability,
much smaller than the corresponding H (or D) + DME
reaction. For example, the rate constant for H + CH4is 6 X
107 cm3mol-1 sec-1 at 425°K6whereas that for CH3+ CH4
is 1 X 10s cm3mol-1 sec-1 at 425°K.10Furthermore, under
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the mass spectrometric conditions the ratio of atom/CH3is
exceedingly large and therefore abstraction by CH3radicals
from DME must be negligible compared to that by H or D
atoms. If OH(or OD) radicals are generated in this system,
we must consider the reaction of OH + DME — H20 +
CH20CH3 as it would be a reasonably fast reaction. How-
ever, under the mass spectrometric conditions, the concen-
tration of H2 or D2 is of the order of 200-400 times larger
than that of DME. AT 352°K, the midpoint in the mass
spectrometric studies, the reaction OH + H2—=H20 + H
has a reported specific rate constant of 1.06 X 1010 cm3
mol-1 sec-111 Therefore, even if the OH + DME reaction
has a specific rate constant as high as ~ 5 X 1011cm3 mol“1
sec-1, the reaction of OH + H2 would still predominate.
For these reasons, we feel that our mass spectrometric mea-
surements are reasonably free from stoichiometric factors
with respect to DME consumption. The specific rate con-
stant we obtain from linear least-squares treatment of the

mass spectrometric data is (1.3 £ 0.5) X 1013 exp(4600 +

200/RT) cm3mol-1 sec-1. The activation energy is in close
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TABLE II: Experimental Results Obtained in the Esr Study of the D + CH30CH3Reaction

T, P, v, 10“ [CH3OCH3], k,'ls
K Torr cm sec' 1 mol cc' 1 CH,OCH3[D?2] cm3mol' 1sec' 1
198 2.34 490 9.57 5.42 1.59 X 109
1.50 773 6.05 5.52 1.22
1.62 761 8.91 7.85 1.25
1.72 766 10.84 9.62 1.26
tv  1.33 X 109
211 2.40 592 2.42 3.69 1.99 X 109
2.40 593 3.65 5.58 2.00
2.40 54 4.96 7.60 1.70
2.43 602 7.47 11.6 2.04 R
fov  1.93 X 1B
230 1.40 903 7.22 342 4.13 X 109
141 930 4.88 5.26 4.80
141 886 2.57 2.64 3.48
2.28 563 4.44 2.90 4.38
nav  4.20 X 109
250 2.11 629 3.12 3.61 6.02 X 109
211 653 211 2.55 5.74
2.11 645 1.52 1.82 5.59
211 642 0.88 1.05 5.56
&av  5.73 X 109
273 2.84 763 0.85 1.48 1.03 X 10¢
2.89 745 2.28 3.88 1.19
2.90 747 1.61 2.75 1.69
2.84 752 1.17 2.00 1.52
2.83 749 0.51 0.87 0.92
Nav o 1.27 X 10¢
298 2.04 698 0.88 111 2.13 X 10
2.03 701 0.47 5.8 1.66
2.25 634 0.21 3.6 1.38
2.23 651 1.47 11.3 2.34
2.23 650 1.13 124 2.29
1.96 X 10
332 1.52 1184 0.25 0.78 6.92 X 10¢
2.20 818 0.36 0.78 4.94
1.59 1136 0.52 1.57 5.16
1.60 1127 0.38 114 5.18
kav. 5.55 X 10“
363 1.60 1202 0.30 0.94 7.56 X 10¢
1.60 1200 0.14 0.43 11.52
1.61 1193 0.20 0.62 9.19
161 1196 0.37 1.18 8.12

¢@av  9.10 X 10*

“ Specific rate coefficients are unccrrected for any reaction stoichiometry.

agreement with the esr result, whereas the preexponential
factor is approximately a factor of 2 lower than H + DME
from the esr work. However, such a difference in A factors
is expected in terms of the proposed reaction mechanism
and indicates that, on the average, an extra H atom is con-
sumed each time reaction 1 occurs. With respect to the D +
DME results, the A factor from the esr studies is approxi-
mately a factor of 3 higher than the mass spectrometric re-
sult and we feel this added difference can be accounted-for
satisfactorily by the occurrence of reactions 6 and/or 7.
Anumber of mass spectrometric experiments on the D +
DME reaction gave specific rate constants in close agree-
ment with the mass spectrometric H + DME studies, as
shown in Figure 2. This result is in accord with the pro-
posed mechanism. Of greater significance in the D + DME
work was the complete absence of any increase in the mass
peak at 47 which would indicate the formation of
CH2DOCHS. For that reason, we have concluded that the
lifetime of the chemically activated species formed in reac-
tion 2 must be short compared with collisional relaxation.
Thus atomic cracking predominates under our reaction
conditions of low total pressure and a flow mixture in
which the major components are helium and H2 or D2 (in-

efficient molecules from the energy transfer point of view).
As a result of the lack of detection of measurable amounts
of CH2DOCHS3, we have not included the collisional stabili-
zation reaction of excited CH3OCH3* or CH2DOCHZ2* in
the reaction mechanism.

The specific rate constants reported above were calculat-
ed using data above 251°K, above which temperature rea-
sonable linear Arrhenius’ plots were obtained. However,
definite curvature is observed in these Arrhenius’ plots at
low temperatures. It is tempting to ascribe this increased
reaction rate at low temperatures simply to a heterogenous
component of the reaction, having a lower activation ener-
gy, and thus, a more noticeable effect only at the lower
temperatures. However, with respect to this suggestion, it
is important to note that we did not observe any unusual
effects in taking the low-temperature esr data. For exam-
ple, if reactions of adsorbed DME molecules become more
significant at lower temperatures, we might have antici-
pated that diverting the DME to a bypass position would
result in a sluggish return of the hydrogen or deuterium
atom esr signal up to constant value. In point of fact, di-
verting the ether to a bypass position resulted in an essen-
tially instantaneous return of the atom signal to constant
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TABLE Ill: Experimental Results Obtained in the
Mass Spectrométrie Studies of the Reactions of H
and D Atoms with CH3OCH3

T, P, \ HV k,
°K Torr cmsec~1 [CH3OCH3] cm3mol-1 sec-1
H + CH3CH3
300 0.61 1744 40.8 7.55 X 109
0.61 1760 41.3 6.44
0.63 1689 30.1 4.92
knv 6.30 X 109
327 0.59 2482 46.0 1.42
0.61 2590 42.5 1.18
0.66 2219 30.1 1.66
0.66 2219 35.6 1.73
0.68 2120 30.5 1.17
&v 1.43 X 10D
385 0.69 2160 19.6 3.86 X 10D
0.43 2025 18.7 3.98
0.65 2079 16.5 3.89
tav. 3.91 X 10“
404 0.47 966 10.8 475 X 10D
0.62 2413 14.4 5.29
0.40 1065 15.3 5.38
0.48 1545 11.4 4.79
kav 5.05 X 10"
D + CH3OCH3
300 0.72 1849 32.8 6.95 X 109
0.89 2125 29.2 7.54
0.93 2150 28.7 7.49
hav 7.33 X 109
404 0.41 1275 12.8 3.95 X 10*
0.47 1083 15.2 4.81
0.69 1378 10.4 4.21

Ea, 4.32 X 10“

intensity, the time requirement being essentially the same
as that observed at higher temperatures. These observa-
tions, of course, do not rule out completely the possibility
of a heterogeneous reaction, but they do, in our estimation,
make this explanation seem somewhat less likely.

Actually, the curvature observed in these studies is of the
type usually attributed to quantum mechanical tunneling
in chemical reactions. There are different formulations for
estimating the importance of such tunneling in reactions,
and all methods have in common the fact that any such
tunneling contribution would become more noticeable,
from the experimental standpoint, at lower temperatures.
In order to obtain an estimate of the importance of such
tunneling, one needs, as a minimum, the potential energy
barrier height and The imaginary frequency along the reac-
tion coordinate leading to decomposition. This latter quan-
tity is obtained from a potential energy surface, usually
employing some semiempirical approach, such as the LEPS
method, to construct the surface. In view of the complexity
of the stable reactant in the present case, we did not carry
out any direct calculations based on an LEPS surface as
such calculations involve the use of a three-atom model in
constructing the potential energy surface. However, it is
possible to obtain a rough estimate of such tunneling cor-
rections by estimating a frequency for the assymetric
stretch along the reaction coordinate. This stretching mo-
tion involves, presumably, aH----H----C vibration lead-
ing to H2 formation. By analogy with other systems involv-
ing an assymetric H ee«H «+mC stretch (for example, H +
CH4r2), a frequency of 1400 i cm' 1 would represent a rea-
sonable lower limit. This value, when coupled with a bar-
rier height of 5.00 keal/mol, can lead to rather large tunnel-
ing corrections. For example, based on an unsymmetrical

The Journal of Physical Chemistry, Vol. 78, No. 26, 1974

J. F. Meagher. P. Kim, J. H. Lee, and R. B. Timmons

o 30 40 50

10*/ tCk)

Figure 2. Arrhenius plot of the data obtained in kinetic studies with
CH30CH3. (=) esr results of the D + CH30H reaction (uncorrected
for any reaction stoichiometry); (A) esr results of the H + CH30H
reaction (uncorrected for any reaction stoichiometry); (@) mass
spectrometric results from the H + CH3OCH3s reaction; (OJ) mass
spectrometric results from the D + CH3OCH3 reaction.

Eckart barrier we calculate a ratio of tunneling factors at
210 and 250°K of tzw/ttm ~ 3, using the procedures out-
lined by Johnston.13 The use of a higher imaginary fre-
quency along the reaction coordinate would result in slight-
ly higher tunneling ratios. Although this treatment is ob-
viously very qualitative, it does emphasize the point that,
at least from the theoretical standpoint, rather large tun-
neling corrections might be expected in the present case.

Actually, the H + DME reaction reported here is one of
the few studies involving a hydrogen atom transfer in
which the temperature range studied has been extended
down as low as 200°K. It is precisely under such conditions
of H atom transfer and low temperatures where one might
expect to observe quantum mechanical tunnel effects from
the experimental standpoint. In this connection it is impor-
tant to mention that the D + H2and H + D2 reactions rep-
resent one other system for which quantitative gas-phase
kinetic data are available at low temperatures.1415 In this
particular case, reliable, data now extend down to 167°K.5
Only very slight curvature of the Arrhenius plots is noted
and the experimental data are such as to discount the im-
portance of tunneling in these reactions. In view of these
results, plus the added reaction complexities in our present
study, it is clear that one cannot simply ascribe the ob-
served curvature to quantum mechanical tunneling pro-
cesses. However, the result obtained does emphasize the
need for additional low-temperature data on reactions in-
volving hydrogen atom transfer.

Finally, it might be acknowledged that transition state
theory predicts that over an extended temperature range
(and even in the absence of tunneling effects) one should
observe nonlinearity in an Arrhenius type plot. For exam-
ple, such an effect was observed recently in the reactions of
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CO + OH and H2 + OH.1 In such cases, the nonlinearity
results from the fact that the vibrational partition function
for the activated complex decreases somewhat faster than
that of the reactants, as the temperature increases, as a re-
sult of the lower vibrational frequencies present in the acti-
vated complex. However, this effect cannot be of much im-
portance at temperatures below 400°K, and thus, should
not be a factor in the present studies.

H (and D) + CH30H Reactions. The data obtained in
the esr studies of H and D atoms with CH30H are shown in
Tables IV and V, respectively. Arrhenius’ plots of these
data are shown in Figure 3. We were not able to extend the
CH30H studies to temperatures below 298°K. Unlike the
situation with DME, we did encounter an apparent prob-
lem with CH30H at temperatures below 298°K. Diverting
the CH30H to a bypass position at T < 298°K resulted in a
rather slow increase of the atom signal with time. This ef-
fect became more pronounced as the temperature was low-
ered. Thus, it appears that significant amounts of CH30H
are absorbed on the surface of the flow tube at lower tem-
peratures. Because of this difficulty, no attempt was made
to obtain kinetic data below room temperature. On the
other hand, the CH30OH reactions are somewhat slower
than the corresponding DME reactions, and for that rea-
son, we were able to extend the high temperature limit in
the methanol work up to 575°K.

Treatment of the data in Tables IV and V, in the usual
way, leads to the specific rate constant expressions of (1.80
+ 0.33) X 1013 exp(—5440 + 130/ET) and (2.82 + 0.40) X
1013 exp(—5200 + 100/RT) cm3 mol-1 sec-1 for the H +
CH30H and D + CH30H reactions, respectively. Unfortu-
nately, as explained above, we do not have available mass
spectrometric data on these reactions to help in determin-
ing the stoichiometric factors involved. That subsequent
reactions are indeed involved in this system is apparent in
view of the higher preexponential factor obtained in the D
+ CH30H reaction compared with the H + CH30H sys-
tem. By analogy with the proposed mechanism for the
DME reaction, the following mechanism is suggested for the
methanol reaction

H + CH3OH —> H2 + CH2H (8)
H + CHOH —* CH3 + OH 9)

Under the esr conditions of [CH30H] » H2, the likely fate
of the OH radical would be abstraction from CH30H to
form another CH20H radical. Thus, in principle, one might
initiate a chain reaction leading to the consumption of
many H atoms each time reaction 8 occurs. If this were the
case, the preexponential factor obtained in this present
study would be much too high. However, since the A factor
we obtain is in the more or less normal range for a H atom
abstraction reaction, we feel that subsequent consumption
of H atoms after the initiation reaction must be limited.
Additional support for this idea comes from the fact that
the atom decay plots, as shown in Figure 1, revealed excel-
lent linearity over substantial changes in the concentration
of H atoms. If a chain reaction were operative, one might
expect to see upward curvature of the atom decay plots. We
did not observe any such upward curvature in any of the
runs carried out in these studies.

In the D + CH30H reaction mechanism, we must also in-
clude the exchange reaction 6, which would occur under our
reaction conditions. The net result of this exchange reac-
tion would be the consumption of additional D atoms and
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thus an apparent preexponential factor higher than the H
+ CH30H reaction, as observed experimentally.

Obviously, in view of these stoichiometric considerations
and the lack of available mass spectrometric results on the
CH30H reactions, we can only recommend a specific rate
constant expression for H + CH30H based on an assumed
stoichiometry for this reaction. If we assume a preexponen-
tial factor for the H + CH30H reaction of approximately
one-half that obtained in the H + DME work (based on
there being only one-half as many C-H bonds available),
we obtain a preexponential value of 6.5 X 1022cm3mob1
sec-1. Relative to the experimental value of 1.8 X 1013, this
would indicate the consumption of an additional two H
atoms per initiating reaction step. We feel that this is not
an unreasonable number in view of our flow conditions and
the results obtained in the DME reaction. Nevertheless, as
a result of this problem, we are unable to attach error limits
to the A factor of 6.5 X 1012cm3mol-1 sec-1.

Comparison of the DME and CHsOH Reactions and Ki-
netic Isotope Effects. As stated in the Introduction, one
basic objective in this work was to contrast the differences
in perturbation effects of the -OCH3 and -OH groups on
these reactions. This we hoped to accomplish through the
precise measurements of activation energies and Kinetic
isotope effects. From the results obtained, it is clear that
the activation energy for the DME reaction is approximate-
ly 700 cal lower than the corresponding CH30H reaction.
The lower value for the DME reaction, as opposed to the
CH30H system, parallels the probable difference in C-H
bond dissociation energies. For example, Cruickshank and
Benson16 report C-H bond energies 0of 93.8 + 1and 95.1 +
2 kcal mol-1 for DME and CH30H, respectively. Thus, it is
apparent that the replacement of the methyl group in
DME by an H atom and 3he resultant formation of the
highly polar CH30H molecule produces relatively little
change in the potential energy interactions involved in the
formation of the activated complexes in this case of H atom
attack.

That the activated complexes formed in the DME and
CH30H systems must be similar is seen more closely in the
comparison of kinetic isotope effects of H and D atoms
with these substrates. From the results obtained, it is clear
that the activation energy difference in the H and D atom
reactions with DME is essentially identical (within experi-
mental error) with the difference measured in the CH30OH
reactions. In the former case, an activation energy differ-
ence of 270 cal mol-1 was obtained and a value of 240 cal
mol-1 was obtained in the methanol studies. In making
comparisons of the relative reaction rates of H and D atoms
with a given substrate, one expects to find a lower activa-
tion energy for the D atom reaction. This results from the
fact that in this particular comparison the isotope effect
arises entirely from differences in the zero point energies in
the two activated complexes H eeeH eeeC-X and Deee
H e+«C-X. In view of the heavier mass of the D atoms, the
vibrational frequencies would be somewhat lower in the D
atom activated complex and this complex would have a
lower zero point energy than the corresponding complex in-
volved in the H atom reaction. Thus, one predicts a lower
activation energy for the D atom reaction and this agrees
with the experimental results in both the DME and
CH30H reactions. However, of considerably more signifi-
cance is the fact that the activation energy difference be-
tween H and D atoms is the same for these two molecules.
On this basis, one can conclude that the zero point energy
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TABLE IV: Experimental Results Obtained in the Esr Study of the H + CH3H Reaction

T,
°K

298

343

391

491

575

—

NEFEERLrNDN P WN e BWONR R NN W

N e

P,
0

22

V

cm/sec

1193
585
271
270
276

1221
1001
768
589
457

1295
993
673
577
576

1258
1262
1523
1530
1102

1760
1831
1739
1417

‘el he specific rate coefficients are uncorrected for any reaction stoichiometry.

TABLE V: Experimental Results Obtained in the Esr Study of the D + CH3OH Reaction

T,
°K

298

343

491

NN

NP e e

NN N

LSS IS NN

PN R R e

V

cm/sec

943
472
470
390

1155
757
417

1319
971
978
839
845

1591
1581
1271
1269
1292
1264

1725
1773
1791
1895
1509

10“ [CHOH], k,-
mol/cm3 [CH30H ]/ [Ho] cc/mol sec

8.72 2.76 3.46 X 109
17.8 2.90 2.29
27.1 1.55 2.40
9.94 0.57 1.38
17.6 1.02 2.20

Kav 2.35 X 109

8.37 2.38 8.32 X 109
10.2 2.25 7.28
13.5 2.42 6.45
17.8 2.72 5.54
22.9 2.95 5.45

Aav 6.51 X 109

8.73 2.41 1.18 X 10“
10.5 2.22 1.35
14.4 2.04 1.39
16.5 2.21 1.37
4.36 0.58 1.10

k., 1.28 X 10*

3.42 1.20 7.72 X 10"
6.68 2.35 7.62
4.83 2.05 8.16
3.05 1.30 8.68
4.23 1.30 6.68

fca,, (.77 X 10*

5.81 3.26 1.70 X 101
1.47 0.86 2.47
4.12 2.29 2.00
1.90 0.86 1.48

k., 1.91 X 10“
10“ [CH30OH ] K

mol/ec [CH30H]/[D?2] cc/mol sec

8.00 1.65 4.37 X 109
16.0 2.90 4.78
10.5 1.08 4.03
12.7 1.22 3.49

Kw 4.17 x 109

9.00 1.87 8.66 X 109
14.5 1.97 9.60
26.7 2.50 11.70

Aiv 9.99 X 109

7.28 1.39 229 X 10“
9.79 1.38 2.53
5.87 0.83 2.18
6.63 0.81 2.09
10.50 1.28 2.54

¢Tv 2.33 X 10“

4.96 1.05 10.5 X 10
1.59 0.53 9.60
1.97 0.63 9.61
1.97 0.63 9.50
6.05 1.89 14.7
3.55 1.09 11.4

k,v 10.9 X 10“

5.20 2.0 2.84 X 101
1.51 0.6 2.09
3.00 1.2 3.31
2.56 0.9 2.71
1.78 0.7 2.64

cav 2.72 X 101

The specific rate coefficients are uncorrected for reaction stoichiometry.

differences between these two sets of activated complexes
must be the same. Thus, we can assume that the force con-
stants involved in these reaction complexes are similar and,
from this, we conclude that the activated complexes
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formed in the H and D atom reactions with DME and
CH3O0H involve essentially the same extent of bond forma-
tion and bond breakage in each case. This is a strong indi-
cation that a negligible effect on reaction dynamics (as de-



Kinetics of Reactions of H and D with CH30CH3 and CH30H

IG/TCK)

Figure 3. Arrhenius plot of the data obtained in kinetic studies with
CH3OH; (=) esr results from the D + CH30H reaction; (i1 ) esr results
from the H + CH30H reaction. The data plotted in this figure are un-
corrected for any reaction stoichiometry.

fined with respect to the geometry and properties of the ac-
tivated complexes) is noted in going from DME to metha-
nol in this case of attack by hydrogen atoms.

Comparison with Other Reactions. We feel it is of inter-
est to compare, briefly, the results from the present studies
with other kinetic data, some of which had been reported
previously from our laboratory. Of particular interest are
the results obtained in the reactions of H and D atoms with
CH4 using the same technique as employed in the present
work.12 The kinetic isotope effect observed in the methane
reactions was larger than that obtained in the present
study with an activation energy difference of 500 cal mol-1
observed in comparing H and D atom reactions with CH4.
The larger isotope effect in the methane reactions is in ac-
cord with theoretical predictions. Ir. the case of the H +
CH4reaction, one has a nearly thermoneutral reaction and,
thus, one that leads to the formation of a reasonably sym-
metrical activated complex, as defined with respect to the
extent of bond breakage and bond formation in the transi-
tion state. In such a case, one can visualize the H atom
being transferred as remaining relatively motionless during
the symmetrical stretching vibration. Since the major con-
tributor to the zero point energy difference is this symmet-
rical stretching vibration, one then obtains a maximal ef-
fect of the mass difference in comparing the H and D atom
reaction rates. In the reactions with DME and CH30H we
have two exothermic processes (AH ~ —10 kcal/mol). In
these reactions the activated complexes are established
earlier along the reaction coordinate, that is, when the
bond order for the new H ¢e+H bond being formed is less
than the bond order of the C-H bond being broken. Under
this condition one anticipates a somewhat smaller differ-
ence in vibrational frequencies between H and D atom
complexes than observed in the CH4 reactions and this is
borne out in the experimental results obtained in this work.

The preexponential factor obtained in the H + DME
reaction of 1.3 X 1013cm3mol 1sec-1 is significantly lower
than the value of 6.25 X 1013 cm3 mol-1 sec-1 obtained in
the H + CH4studies.8 Calculated on a basis of per primary
C-H bond this difference would, of course, become some-
what larger. In terms of a simple collision theory approach
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this difference represents a lower reaction cross section for
the DME reaction than for the CH4 reaction. Or, alterna-
tively, one could invoke a larger steric factor in the case of
the DME reaction. In terms of the geometry of the reac-
tants there appears to be no obvious reason why a signifi-
cantly different steric factor would be required in contrast-
ing these two reactions. It would be valuable, at this point,
to have available other bimolecular reaction rate data for
comparison. The obvious reaction of H + C2H6 is not par-
ticularly useful in this respect in that the preexponential
factors reported vary over a fairly wide range.10 However,
the majority of the reported values lie in the range of 1 x
1014 cm3 mol-1 sec*1and, as such, we might again infer
that the preexponential factor for the DME reaction is
lower than anticipated.

Finally, it seems worthy noting that in similar studies on
0 (3P) atom reactions with DME and CH30H carried out in
our laboratories17 that, although the activation energies for
DME and CH30H observed were approximately the same
being 2.85 and 2.28 kcal mol-1, respectively, the methanol
activation energy is lower than that obtained for DME.
This is the reverse of the situation observed in the present
study of the H (and D) atom reactions with these same
compounds. The inversion of these activation energy dif-
ferences appears to be real, as it is outside the error limits
we have obtained in these studies. The reactions of 0(3P)
atoms have been discussed in terms of their being electro-
philic in nature whereas the H atom reactions are normally
taken to be neutral free-radical type processes. If these
ideas are accurate, the comparison of activation energy dif-
ferences might then indicate a higher electron density on
the CH3 group in CH30H as compared to DME, resulting
in a somewhat greater reactivity of methanol toward oxy-
gen atom attack as revealed by the lower activation energy.
As more Kinetic data become available on other comparable
systems involving 0(3P) and H atom reactions, it should be
of interest to determine if any generalization can be made
along these lines with respect to the nature of the relative
potential energy interactions involved in establishing the
activated complexes in such reactions.
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The acid-catalyzed hydrolysis of ethyl vinyl ether in 80% DMSO-20% water, by weight, has been investi-
gated. The Br~nsted catalysis law for a series of five monobasic carboxylic acids is compared with the
Br~nsted relation previously obtained in water. The present BrOnsted plot appears to show some curva-
ture; however, the paucity of points and the limited pK ha range do not allow this to be uniquely estab-
lished. The results strongly suggest there is no real change in mechanism upon changing the solvent from

pure water to aqueous DMSO.

In many mechanistic studies it is convenient to compare
results obtained in water with those from mixed aqueous-
organic solvents. This study was undertaken to see how
valid such comparisons are by studying a system, already
carefully studied in water, in 80% dimethyl sulfoxide
(DMSO0)-20% water, by weight.

The hydrolysis of ethyl vinyl ether in aqueous solutions
has been shown to be general-acid-catalyzed and a Br(/>nst-
ed fvis known.2 The reaction has also been studied in
DMSO-water mixtures using HCL as the catalyst.3 The
present paper reports the results of the hydrolysis of ethyl
vinyl ether in 80% DMSO using a series of carboxylic acids
as catalysts.

Experimental Section

DMSO (Aldrich Chemical Co.) and the water used for all
solutions were purified as previously described.4 All the
carboxylic acids were purified by distillation under vacu-
um. Ethyl vinyl ether was purified as described before.2Po-
tassium trifluoromethane sulfonate was prepared by the
method of Gramstad and Hazeldine5 (mp 250-2520;6 lit.
mp 230°).

Aqueous buffer solutions of the carboxylic acids were
prepared in the usual way.7 A weighed amount of the aque-
ous buffer solution was added to a known weight of DMSO
giving solutions with a buffer ratio 1:1, an ionic strength, p,
of 0.1 M and a solvent composition of 80% DMSO-20%
water, by weight. Differing buffer concentrations were pre-
pared by dilution of the parent buffer solution, maintain-
ing the ionic strength at 0.1 M by addition of 0.1 M potas-
sium trifluoromethane sulfonate in 80% DMSO-20% water.
Perchloric acid solutions in the solvent mixture were pre-
pared by adding the acid first to water, then adding this so-
lution to the DMSO. Adding perchloric acid directly to the
DMSO-water solution resulted in a violent reaction pro-
ducing a blue flash.

Acid dissociation constants for trifluoroacetic, dichloroa-
cetic, and cyanoacetic acids were measured in 80% DMSO-
20% water by the methods of Kolthoff and Chantooni.8 All
emf measurements were made on a Radiometer (Copenha-
gen) pH meter using a Radiometer G202 B standard glass
electrode. The cell was maintained at ambient temperature
(25 = 2°) by air conditioning. In 80% DMSO a response of
56 mV/pH unit was found using HC104 solutions, acetic
acid buffers, p-chlorophenol buffer, and 2,4,6-trimethyl-
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phenol buffer covering 13 pH units. The pK ha’s of the or-
ganic acids have been determined independently by
Baughman and Kreevoy.4

Kinetic measurements were made by the usual spectro-
photometric techniques in a thermostated cell, 25.0 + 0.2°.
For very slow reactions the reaction mixtures were kept in
a thermostated water bath. Aliquots were periodically
withdrawn, and optical density measurements made. It was
inconvenient to follow the slow reactions to completion;
thus, an “artificial” infinity point for each experiment was
prepared by adding a known amount of 1 M HCIO4 solu-
tion to an equivalent amount of reaction mixture. The in-
finity points were corrected for the dilutions.

Results

The pK ha values for trifluoroacetic acid, dichloroacetic
acid, and cyanoacetic acid at p —0.1 M in 80% DMSO were
determined to be 1.16 + 0.13, 348 + 0.02, and 4.92 + 0.01,
respectively. These values were obtained from measure-
ments on five buffer concentrations varied from 0.02 to 0.1
M. The errors cited are average deviations from the mean.
For dichloroacetic acid Baughman and Kreevoy4 obtained
an infinite dilution value of 3.87, and Ballash, et al.,9 ob-
tained 3.12 atp = 0.2 M.

A plot of pK ha (80% DMSO) against pK ha (water) for
dichloroacetic, chloroacetic, and acetic acids from the data
of Baughman and Kreevoy4 was linear.13 The present di-
chloroacetic and cyanoacetic acid pK ha’s (80% DMSO)
were both displaced from the Baughman-Kreevoy line by
about 0.4 unit. It was assumed that chloroacetic and formic
acid would have pK Ha’s for p = 0.1 M similarly displaced.
The calculated pK ha (80% DMSQ) for chloroacetic acid is
5.38 and for formic acid 6.42.

General-acid catalytic coefficients, /zha, were obtained
from the slopes of plots of (k\ - &h[H+]) against [HA] in
buffered solutions of constant ionic strength and nearly
constant [H+]. The method has previously been de-
scribed.11 A least-squares criterion was used to evaluate the
slopes, &ha, in each case forcing the line thru the origin.
These plots for chloroacetic and formic acid were quite
scattered, and the slopes are near the maximum one would
reasonably draw. The scatter was probably due to the small
percentage of reaction (<20%) that was followed and also
to the curvature of these plots at high HA concentration.
This curvature has been previously observed in 80%
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TABLE I: Catalytic Coefficients and Acid Dissociation Constants in 80% DMSO-20% H-O at 25°

Acid kn\ M~*" sec-1“ K Ua, M
cfXooh (6.35 + 0.02) X 10 3 (6.99 + 1.06) X 10
ClI.CHCOOH (5.65 £0.10) X 10 3 (3.28 £ 0.23) X 10-"
CNCH-COOH (1.09 + 0.03) X 10 (1.20 = 0.04) X 10-»*
CICH2COOH (5.15 +0.71) X 10-* 4.17 X 10-«C
HCOOH (7.63 £ 0.05) X 10-6 3.80 X 10
H + (5.67 £0.13) X 10~2 21.4d

“The reported uncertainties are 50% confidence limits. 6 This work at n =

0.1M. The uncertainties are 50% confidence

limits. cCalculated (see Result section). dCorrected for total moles of solvent.

Figure 1 Brnsted plot for hydrolysis of ethyl vinyl ether. Open cir-
cles are for a solvent of pure water. Closed circles are for 80%
DMS0O-20% H20 solvent. The solid line represents a Brc/insted
slope of 0.69.

DMSO0-20% water for the hydrolysis of diphertyldiazo-
methane.12 Table | gives the catalytic coefficients, their
50% confidence limits, and the dissociation constants, K n a -

The hydronium ion catalytic coefficient, kyi, defined as
fci/[H+], was determined from 13 measurements at an ionic
strength of 0.1 M in HC104to be (5.67 = 0.11) X 10*2 The
error quoted is the 50% confidence limit of the mean.

Discussion

Figure 1 compares the present results with those pre-
viously obtained in water.2-13 All the catalytic coefficients
have been reduced in 80% DMSO. However, the relation
among the rate constants is not much changed. The dimi-
nution in the catalytic power of H+ for A-Se?2 reactions has
been reported previously.314 It has been suggestedis that
only acids of similar structural and charge type should be
compared. In going from one solvent system to another it
may be safe only to compare the same acids. The Brt/msted
slope defined by formic, chloroacetic. and cyanoacetic acids
in 80% DMSO is greater (~0.78) than the Br~nsted slope
defined by those acids in HD (—6.71). If this difference is
real, then it could be attributed to a solvent effect on either
the Marcus theory16 term Aor the term AF RY or both.

From the data presented it is not possible to isolate the ef-
fect to a single term nor to postulate the magnitude of the
effect on the individual terms.

The Brnsted plot for carboxylic acids in 80% DMSO ap-
pears to show some curvature. Due to the uncertainty in
the kna and K. values for formic and chloroacetic acids,
the small number of points, and the limited range of
pKna's, it cannot be unequivocably established that the
curvature is real. However, it is reasonable compared to
other recent observations.17 The curvature is not visible in
water, but the accessible range of pK » a s is smaller.

The results shown in Figure 1 suggest that the deviation
of the H+ point from Br”nsted curves for oxygen acids,
which has been frequently commented on,1 may be due,
in large part, to the curvature of these plots which has not
been generally recognized.

These results strongly suggest that no qualitative or sub-
stantial quantitative change in the mechanism of acid ca-
talysis occurs on changing the solvent from pure water to
aqueous DMSO. This is unlike recent observations18-19that
changes in solvent lead to quantitative and qualitative
changes in mechanism.
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The pulse radiolysis of N20 saturated solutions of HCN and CN- has been studied in the pH region 3.7-14.
Spectra of three different species were identified. In acid and neutral solutions OH adds to the HCN triple
bond and forms the HC(OH)=N radical with Xrex 240 nm and c240 550 M -1 cm-1. This radical disappears
according to a second-order rate law with 2k = 1.5 x 109 M -1 sec-1. At pH 10.6 OH adds to CN- with a
rate of k (OH + CN-) = 7.1 X 109 M-1 sec-1 to form HOC=N-. This adduct protonates and rearranges to
the formamide radical CONH2 with Xrax <225 nm and «25 1400 M~1cm-1. The second-order rate con-
stant for disappearance of the CONH2radical is 2k = 6.2 X 109M -1 sec-1. At pH 14, O- reacts with CN-
with a rate constant of k (O- {-CN-) = 2.6 X 108M -1 sec-1. The adduct rearranges in the same way as at
lower pH to produce (CONH)- with Xrex 245 nm and €45 2200 M -1 cm-1. The (CONH)- decays in a sec-
ond-order rate 2k = 2.2 X 109 M-1 sec-1. The formamide radical is in acid-base equilibrium with pK

(CONH2—CONH- + H+) = 12.25,

Introduction

The nature of the radicals produced in the radiolysis of
the halides2 7 and some pseudo halides8-10 have been ex-
tensively investigated. The halides as well as SCN-, SH-,
and SeH- produce X2 radical ions from reactions with
OH. In some cases indirect evidence for the production of
intermediate species XOH- as precursors to X2 was
found.5-7’10 With thiocyanate, the spectrum and the de-
cay kinetics of the SCNOH- intermediate were observed.8
The lifetime of SCNOH- depends on SCN- concentration
in such a way that the higher the SCN- concentration the
shorter the lifetime of the intermediate. In a recent publi-
cation by Ogura, et al.,11 on the steady-state radiolysis of
HCN and CN- in aqueous solutions it has been deduced
from the behavior of the halides and SCN- that CN is
formed by the reaction

OH + CN" —* CN + OH" ()]
followed by
CN + CN' —v (CN)2 7))

This assumption was examined by us recently using
steady-state esr techniques.12 We could find no evidence
for the formation of CN or (CN)2- radicals but we found
that the reaction of OH with CN- leads to the production
of the formamide radical.

H °\
OH + CN' --m *C= N (€)
HO
X*C=N"'+ H,0 —>I_Q‘ ‘C=NH + OH' (9
HO o~

*C=NH — 2~ C —NH, B

The same radical was produced by OH attack on form-
amide and similar radical yields were obtained. We con-

cluded12that the main path of reaction of the OH radicals
with CN- is addition to the carbon-nitrogen triple bond as
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given in reaction 3, rather than an electron transfer reac-
tion as suggested by Ogura, et al. 1 With HCN the OH rad-
ical also adds to the triple bond but the radical formed does
not rearrange as in the case of CN- .

OH + HCN —* H(OH)CN (6)

From changes in the esr spectrum of the radical produced
in reaction 6 we concluded that this radical has a pK of ~5.

H(OH)CN H(0)CN + H* @

In the present work we tried to identify the absorption
spectra of the various species produced in the pulse radiol-
ysis of HCN and CN-, and to measure their formation and
decay kinetics. The identity of the species was compared to
those found by esr.12 Since the time resolution of the pres-
ent pulse experiments is shorter than that of the esr experi-
ments by about three orders of magnitude, one might ex-
pect different intermediate species in the short time scale.
Of specific interest would be the identification of the
species and kinetics of the rearrangement given in reaction
5. As will be shown below, the rearrangement is too fast to
be observed in the microsecond time scale.

Experimental Section

KCN, KOH, Na2HP04, NaH2P 04, and HC104 were all
Baker Analyzed reagents. Solutions were prepared with
doubly distilled water and all were bubbled with Baker ni-
trous oxide for at least 0.5 hr. When HCN solutions were
desired the water was deoxygenated by bubbling N20 be-
fore addition of the KCN. After addition of the KCN and
adjusting the pH with the phosphate buffers the rate of gas
flow was restricted to prevent removal of the HCN.

Samples were irradiated in a fused silica cell 2 cm long
with the light passing through the cell once. Although in
some cases it was desirable to increase the absorption of
the intermediates, no attempt has been made to increase
the light path, because the amount of stray light severely
increased at short wavelengths even with the use of only
one multiplication of the path. Optical densities were cor-
rected for stray light for X<240 nm. In no case was the cor-
rection more than 12% The optical arrangement has been



Pulse Radiolysis of HCN and CN  Solutions

described elsewhere.13 Pulses of 2.8-MeV electrons of 0.5-
2-fisec duration from a Van de Graaff generator were used.
The electron beam current in the irradiation pulse was
monitored by a secondary emission chamber4 connected to
an integration circuit as described by Bansal and Fessen-
den.15Absorbed doses were in the range of 1-5 krads.

Results and Discussion

Rates of Reactions of Hydroxyl Radicals with CN~. The
reactions of CN- with OH and O- were measured in N20
saturated solutions at pH 10.6 and 14, respectively. Kraljic
and Trumborel6 have previously measured the rate con-
stant of the OH radical with “cyanide” at pH 9. In their
measurement the system was poorly defined because the
pH was too close to the pK of HCN where HCN and CN*
coexist in comparable concentrations (pK = 9.317). Be-
cause the extinction coefficient of the radical produced by
the OH attack on CN- is relatively small (see the spectrum
below) derivation of the rate constant from formation
curves was not satisfactory. We used the competition meth-
od taking the reaction of OH with SCN- as a standard. The
rate of reaction of CN- with OH was measured at pH 10.6
(borate buffer) by following the absorption of (SCN)2- at
480 nm as a function of (CN- )/(SCN-). At this pH the sys-
tem is well defined because most of the cyanide is ionized
and most of the hydroxyl radicals are un-ionized. The ex-
pression describing the competition between reaction 3 and
the reaction of OH with SON” is

D4 = fei,(C\)
D kscli- (SON)

where Ho is the maximum optical density of (SCN)2 in
the absence of CN-, D is the maximum optical density of
(SCN)2 when CN- is present, and k scn- is the rate con-
stant of the overall reaction between OH and SCN-. A plot
of DD as a function of (CN-)/(SCN-) is given in Figure
1. Values of Do and D were normalized to a common pulse
current. From the slope of Figure 1 the ratio kpjkson =
0.69 is obtained. To determine k 3, k sen- should be known.
There is some controversy in the literature concerning the
value of fcscN- Willson, et al., 18 have pointed out that the
high value published by Baxendale, et al.,9 for ~ scn- leads
in all examined cases to significantly higher rate constants
than the values obtained by other methods. Taking fescN-
= 1.03 X 1010M~1 sec-1 as suggested by Willson, et al.,18
one arrives at k% = 7.1 X 109M -1 sec-1. This value is high-
er by about a factor of 2 from the previous value measured
by Kraljic and Trumbore.16 (They used for standardization
the rate constant of the oxidation reaction of ferrocyanide
by OH radical k oh + F(GN)&% = 1 X 1010 M -1 sec-1 in ac-
cordance with the determination by Willson, et al.,18 and
therefore comparison of the rate constant is appropriate.)
The difference in the values obtained by us and by Kraljic
and Trumborel6 might originate from differences in pH. In
their work more than 60% of the “cyanide” is present as
HCN while in the present work only ~5% of the solute is in
the acid form. This result would imply a smaller rate con-
stant for the reaction of OH with HCN. No attempt was
made to measure the rate constants of OH with HCN, be-
cause of the difficulties arising on determining the HCN
concentration at pH values below the pK of HCN.

The radical produced from the reaction of O- with CN~
absorbs relatively strongly in the uv region and therefore
formation curves could be measured directly at 250 nm. On
pulse radiolysis of KCN solutions at 1 M KOH, exponen-
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Figure 1. Competition of thiocyanate and cyanide for the hydroxyl
radical: (SCN-) = 10-3 M, pH 10.6 (borate buffer), N20 saturated,
absorption of (SCN)2- was followed at 480 nm.

Figure 2. The dependence of the pseudo-first-order rate constant of
the reaction of O- with CN- on (CN-), at 1 M KOH, N20 saturated
solutions.

tial growth curves were obtained from which pseudo-first-
order rate constants k,\sa were calculated. A plot of &sd
as a function of (CN-) is given in Figure 2. From the slope
ko-+CN- = 3.0 X 108 M -1 sec-1 was calculated. This
value should be corrected for the contribution of OH reac-
tion. Even at pH 14, where the un-ionized OH radicals are
only 0.6% of the total hydroxyl radicals, the contribution of
reaction 3 is not negligible. With pKoH = 11.819 the cor-
rected rate constant would reduce to ko- +cn- = 2.6 X 108
M -1 sec-1. It is assumed that the radicals produced at pH
10.6 and 14 are essentially the same species except for their
ionization state. This assumption was confirmed in experi-
ments with nitromethane as a trapping agent.12 It was
shown there12 that the esr spectrum observed in strongly
basic solution is the same as that at lower pH except for the
absence of one proton splitting. It is concluded that the
radical ion 0=C-NH- is formed in the highly alkaline so-
lutions in a similar mechanism described above for the for-
mation of 0=C-NH2 and most probably is in resonance
with -0-C=NH. In both pH regions (slightly and highly
alkaline) the first step is OH or O- addition to the cyanide
triple bond, followed by lactim-lactam rearrangement to
produce the formamide radical. In none of the experiments

The Journal of Physical Chemistry, Vol. 78, No. 26, 1974



2662

Figure 3. Spectra of species in N20 saturated solution produce in
pulse radiolysis of HCN, CN-, and HCONH2 at different pH's: A, 3
mM HCN, pH 7.0; V, 3 mM HCN, pH 3.7; =, 5 mM KCN, pH 10.6;
O, 5 mM HCONH2, neutral; 0, 1 mM KCN in 1 M KOH. The dotted
line is the spectrum obtained by Hayon, et al.,2'1 from neutral form-
amide solution. Extinction coefficients were calculated using the
thiocyanate as a relative dosimeter taking9 6na><scN)2- = 7600 M-1
cm-1.

could either spectral or kinetic evidence for the existence of
the precursors of the formamide radical be found, reflect-
ing the short lifetime of the initially produced form of the
OH adduct.

Spectra of Radicals. The spectra of the radicals pro-
duced in the pulse radiolysis of N2 saturated solutions of
HCN and CN- at different pH’s are given in Figure 3. For
the evaluation of the extinction coefficients it was assumed
that all radicals in the N20 saturated solutions were pro-
duced with a yield equal to Ge + Goh- Extinction coeffi-
cients were determined by comparing absorptions of the
radical to that of the thiocyanate radical, taking9
(maXSON)2 = 7600 M~I cm-1 and G(scn)2~- = Ge+ Goh-

Below pH 9.3 where HCN is present, OH adds to the tri-
ple bond to form HC(OH)N radicals. The esr spectrum of
this radical has been observed previously2 and a pK of ~5
was estimated for the dissociation of the hydroxyl proton
(reaction 7). The optical spectra of the radicals produced in
HCN solutions at pH 3.7 and 7 were found to be identical
within the experimental accuracy (triangles in Figure 3),
with a maximum absorption at ~240 nm, and erex of 550
M-1 cm-1. The assignment of the optical spectrum at pH
3.7 and 7.0 to the HC(OH)N radicals, as detected by esr,12
might not necessarily be correct since the time resolution of
the esr experiment was of the order of 500 /usee and the op-
tical spectra were detected at a few microseconds after the
pulse. The possibility of hydrogen abstraction to form CN
radical instead of OH adduct should be considered. If this
is the case then CN radicals could be scavenged by nitro-
methane at the pH region 9-10 where HCN is still present
and nitromethane reacts as a scavenger. No evidence for
the formation of the adduct CNCH2N02- was found using
esr techniques. (A radical believed to be -CN was produced
on allowing -S0,r to react with cyanide and was scavenged
by nitromethane at the pH region 9-10.2) This argument
and the spectral considerations (see below) lead us to as-
sume that the spectrum given in Figure 3at pH 3.7 and 7.0
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belong to the OH adducts HC(OH)N and possibly to
HC(0-)N. Interestingly enough, Ogura, et al.,n found a
pH dependence of G (-HCN) in the steady-state radiolysis
of HCN. G (—HCN) changes from 2.8 at pH <3.5to 5.8 at
pH >6. It seems likely that the acid-base equilibrium of
HC(OH)N causes this dependence of G(—HCN) on the
pH.
It should be mentioned that the absorption spectrum of
the radical formed from the reaction of H with HCN in the
N2 saturated solutions was neglected. Therefore, some
uncertainty exists concerning the spectrum of the OH ad-
duct to HCN. But if the absorption of HZCN is not much
different than that of HC(OH)N then the uncertainty in
the spectrum would not exceed 10% SINCE G hcioh)n/G h2cn
= 10.

At pH 10.6 (N20 saturated) where most of the cyanide is
ionized, a different spectrum than that discussed above was
obtained. As seen in Figure 3 (circles) a weak maximum is
observed in the region of 320 nm but no further maximum
was found down to 225 nm. It is believed that the reaction
of OH with CN- produces CONH2 radicals as given in
reactions 3-5. For comparison the spectrum of the radicals
produced from reaction of OH with formamide was also
measured and is given in Figure 3 (open circles). It is evi-
dent that the same spectrum is obtained confirming our
previous results that the same radicals are produced under
attack of OH on either CN- or HCONH212 The spectrum
obtained by Hayon, et al., 21 in pulse radiolysis of N2 sat-
urated solutions of formamide is also given in Figure 3
(broken line). The extinction coefficients given by them2L
are higher than those measured in the present work by
about a factor of 2. In their work2L they claim that OH can
abstract hydrogen at two positions.

HCONH + HD )
HCONH2 + OH
conh2+ hd 9)

The absorption below 250 nm was attributed to the radical
with the free electron on the nitrogen while the absorption
at 320 nm was assumed to be due to the CONH2 radical.2L
According to our experiments the same two bands at 320
nm and below 250 nm were obtained by reactions of OH
with either formamide or cyanide. Since there is little
doubt as to the identification of the radicals produced in
the CN- solutions assigning them to CONH2, and since the
same spectrum is obtained with formamide, we believe that
the absorption below 250 nm belongs also to CONH2 and
that HCONH is not formed as a major product from reac-
tion of OH with formamide. In their work2L it is not clear
how the extinction coefficient of CONH2 was calculated
since the relative distribution of OH between reactions 8
and 9 was not known to them, and therefore the concentra-
tion of each radical was not known. If they had assumed
production of one radical only, as we did, their extinction
coefficient should be corrected downward. Supposing that
they took 50% of the OH radicals reacting through reaction
9, then the correction would be by a factor of 2 and the two
sets of results would be identical.

The possibility of an electron transfer reaction (reaction
1) as suggested by Ogura, et al, 11 should be considered on
the basis of the spectral findings. If such a reaction takes
place it would probably lead to the formation of (CN)2~ ac-
cording to reaction 2. (CN)2 was previously produced by
allowing ea+ to react with (CN)2and the absorption spec-
trum shows2 maximum absorption at 290 nm with trex



Pulse Radiolysis of HCN and CN  Solutions

TABLE I: Second-Order Rate Constants of the
Radicals Produced in the Radiolysis of N,0 Saturated
Solutions of HCN, CN-, and HCONH3at Different pH’s

Solute pH Radical 2k, Af.1 sec-:
HCN 3.7 HC(OH)N 1.5 X 109
HCN 7.0 HC(0-)Ns 1.3 X 1090
CN- 10-11 conh. 6.2 X 109
HCONH." 7 CONH, 5.5 X 109
CN- 13.8 CONH- 2.2 X 109

“Hayon, et al.,"1measured the same decay assuming the
absorption belongs to HCONH at ~245 nm and obtained
2k ~ 1 .10.10 Ifan exs of 800 is taken according to the present
work a rate constant of ~5 X 109 Iff-1 sec-: would be
obtained, in very good agreement with our value. INo
evidence was found in this work for the existence of the
ionized form.

pH

Figure 4. The effect of pH on the absorption of the formamide radi-
cal at 260 nm, obtained by pulse radiolysis of 2 mM KCN solution
saturated with N20. The curve is calculated for pK = 12.25 of the
reaction CONH2 CONH- + H+.

2100 M -1 cm-1. The spectrum measured by us at pH 10.7
on allowing OH to react with CN- does not show any ab-
sorption at 290 nm, and therefore rules out the electron
transfer reaction.

In the very alkaline pH region the absorption spectrum
obtained from reaction of O- with CN- is significantly dif-
ferent from that obtained at pH 10.6 (see Figure 3). In this
case a well-defined maximum at 245 nm was obtained with
emax 2200 M~ 1 cm-1. This spectrum is attributed to
(NHCO)- which is in acid-base equilibrium with NH2CO.

NHXO + OH' s=* (NHCO)' + HD (10)

The big difference in the extinction coefficients between
NH:2CO and (HNCO)- at 260 nm enabled determination of
the pK of this radical. In Figure 4 the initial absorption of
the radical is plotted as a function of pH. Each point is the
average of four measurements and all values were normal-
ized to a common dose. The solid line is a calculated line
assuming extinction coefficients of 180 and 2150 M -1 cm-«=
at 260 nm for NHoCO and (NHCO)-, respectively, and pK
= 12.25.
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Decay Kinetics of the Radicals. All radicals mentioned
above, which were formed by allowing OH to react with
HCN, CN-, and HCONHZ2 disappeared to stable products
by second-order rate laws. The decay rate constants at dif-
ferent pH’s are summarized in Table I. The rates were
measured at 250 nm, and the extinction coefficients were
taken from the spectra in Figure 3. In all cases the radicals
decay to absorbing products. The OH adduct formed by al-
lowing OH to react with HCN is presented in the table as
the ionized and the un-ionized forms. It should be empha-
sized that in this work no evidence was found for this disso-
ciation since the absorption spectra and the second-order
decay rate constants at pH 3.7 and 7 were identical within
the experimental accuracy.

The radical formed from CN- has the same decay rate
constant as that formed from HCONH2 confirming our
previous conclusion1? that the same radical is formed from
CN- and HCONH2and which is different from the radical
formed from HCN.

Conclusions

CN- ions react with OH radicals in an addition reaction
and not by electron transfer. Contrary to the halides and
some pseudo halides where X2- is formed, CN- does not
form (CN)2- in its reaction with OH. The radical formed
by OH addition to CN- is identical with that formed by
hydrogen abstraction from formamide. The abstraction
found with the formamide was of the hydrogen on the car-
bon only, no evidence for abstraction of the hydrogen on
the nitrogen was found. The precursor to CONH2 obtained
by reaction of OH with CN- (reactions 3 and 4) could not
be observed in the nsec time scale.

Although esr evidence was found12 for the acid-base
equilibrium of the radical H(OH)C=N H(0-)C=N +
H+ no kinetic or spectral evidence for this equilibrium
could be found. On the other hand different spectra and
decay rates were found for the acid and base forms of the
formamide radical CONH2 (CONH)- + H+and a pK =
12.25 was determined.
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Comparative measurements have been made of the thermal decompositions of the three crystalline modifi-
cations of copper(ll) formate. Curves of fractional decomposition with time were sigmoid shaped and the
significant differences in behavior observed have been tentatively ascribed to variations in the crystal lat-
tices and sizes and shapes of reactant particles. Decomposition was accompanied by sublimation of copper
metal but such volatility was reduced and the reaction rate was accelerated by pelleting the reactant crys-
tallites. From examination of electron micrographs it was concluded that salt crystals underwent disinte-
gration during decomposition and the appearance of the product particles suggested that sintering had oc-
curred. There is evidence that the reaction involved the formation of an unstable volatile intermediate,
probably copper(l) formate, and a detailed reaction scheme is proposed.

Introduction

The Kinetics of the thermal decomposition of metal car-
boxylates may be influenced by the method of reactant
preparation and the conditions under which the constitu-
ent water of crystallization is removed. Such pretreatment
determines particle sizes, surface textures, and, in some in-
stances, the crystal lattices of the reactant particles and, in
consequence, influences the development and advance of
the reaction interface during a subsequent decomposition
reaction which proceeds by a mechanism involving the nu-
cleation and growth of a product phase. While the impor-
tance of such effects has long been accepted, there have
been few quantitative investigations of the effect of reac-
tant structure upon the rate of salt breakdown. It was con-
sidered appropriate, therefore, to make comparative kinet-
ic and microscopic studies of the thermal decompositions
of the three crystallographic modificationsl of anhydrous
copper(ll) formate. The chemical compositions of these
three reactants (and probably also the products) are identi-
cal, though the lattices, habits, and defect structures of the
reactant phases are different. Unlike nickel formate,2 the
copper salt does retain a lattice on dehydration.1 The
structures of the hydrates and of the anhydrous prepara-
tion are known. The tetrahydrate2 consists of infinite poly-
meric-like layers of copper and formate ions with anti-anti
bridging of copper ions by the formate ions. There is un-
likely to be significant modification of these layers during
dehydration.45 The dihydrate6 consists of three-dimen-
sional chains of copper ions bridged by formate ions in an
anti-syn and anti-anti arrangement, while the anhydrous
preparation7 has a dimer structure of copper ions with
anti-syn bridging by formate ions. Although the detailed
structures of the dehydrated salts are not known, their X-
ray powder diffraction patterns are distinctly different.1

It is, of course, possible that the decompositions of all
three anhydrous solids may, however, proceed through an
identical rate-determining step, if decomposition involves
the catalytic breakdown8 of an ion, or molecule, chemi-
sorbed at the surface of a product metal particle. These
three compounds, therefore, should constitute an appropri-
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ate system for direct measurement of the influence of
structure on reactivity.

In a previous study of the decompositions of copper(Il)
formate, Schuffenecker, et al,,9 concluded that reaction
proceeded through a branching chain mechanism with the
possible intermediate formation of copper(l) formate. Erof-
eev and Kravchuk10 reported that there was a progressive
change in the composition of the product gases (H2+ CCD)
during the early stages of reaction, and also that5the acti-
vation energies for decomposition of two of the crystalline
modifications of salt were slightly different. The Kinetics
and mechanism of dehydration of copper(ll) formate tet-
rahydrate have been studied in detail,4 and the enthalpies
of formation of four copper(ll) formates have been re-
ported.1l

Experimental Section

Salt Preparation and Analyses. A single batch of each
of the three crystal modifications was prepared by methods
based on those described by Martin, et al. 'm12 All water of
crystallization was then removed from the hydrates to give
the following “anhydrous” preparations.

Anhydrous Copper {Il) Formate Tetrahydrate (ACFT).
Basic copper carbonate was added slowly to a slight excess
of dilute (20%) formic acid and the solution was filtered.
The blue crystals which subsequently separated were brief-
ly washed with water and dehydrated for 150 min at 373 K
under vacuum (~10-5 Torr).

Anhydrous Copper (1) Formate Dihydrate (ACFD).
Basic copper carbonate was added to concentrated (90%)
formic acid until neutralization was almost complete. This
solution was filtered into a large excess of ether and the
light blue precipitate which separated was filtered and de-
hydrated for 120 min at 373 K under vacuum (~10~5Torr).

Anhydrous Copper (11) Formate (ACF). Asmall quanti-
ty of basic copper carbonate was added to excess concen-
trated (90%) formic acid and the blue-green solution was
filtered. The crystals which separated on boiling the fil-
trate for several hours were dried.



Thermal Decomposition of Copper(ll) Formate

TABLE I: Analytical Data for Composition of
Reactant Samples

Theor
ACFT ACPD ACF (HC02ZCu
%C* 15.3 15.1 15.4 15.6
%H> 1.31 151 1.27 1.31
%Cu6 415 41.3 41.8 41.4

_ “Microchemical combustion analysis. bAtomic absorp-
tion analysis.

Reactant samples were stored in a desiccator before use.
X-Ray powder diffraction patterns obtained from all three
preparations were in good agreement with data reported by
Martin and Waterman.1 Chemical analyses of the salts are
given in Table I.

Kinetic Measurements. Two techniques13 were used to
study the kinetics of the decomposition under isothermal
(1 K) conditions. During accumulatory runs the pressure
of gaseous products evolved in a constant volume system
was measured at time intervals. The system was initially
evacuated for 2 hr at 10-5 Torr and a 193 K trap was main-
tained between the heated reactant sample and the
McLeod pressure gauge. During differential runs the vola-
tile products were withdrawn from the reaction vessel at
known times for analysis by gas-solid chromatography.

Electron Microscopy. Replicas of the surface of samples
of reactants, products, and reactant, partially decomposed
to a known extent, were prepared by a two-stage carbon
replication technique,13 shadowed with gold and palladium
at cot™ 2 and photographed using an Akashi TRS-80
transmission microscope.

Results

Decomposition Products. The following observations
apply equally to all three reactants. The major gaseous
product was carbon dioxide. This was identified by gas
chromatography and estimated from pressure measure-
ments, in a known volume, using 80 and 193 K traps, as 1.9
% 0.1 mol of CO2 (mol of salt decomposed)-1. No carbon
monoxide was detected and the gas not condensed at 80 K
was hydrogen in a yield of 0.8 + 0.1 mol of H2 (mol of salt
decomposed)-1. These observations confirm14 that the
overall decomposition may be satisfactorily represented as

(HCOj)2Cu — » Cu + H2 + 2COz

Decomposition under accumulatory conditions was ac-
companied by sublimation of up to 25% of the constituent
copper. Attempts to identify the volatile intermediate by
mass spectrometric measurements were unsuccessful. This
is ascribed to the rapid rate of decomposition of the volatile
species, since copper was deposited on the vessel walls only
in the immediate vicinity of the heated reactant sample.

Decomposition Kinetics. Typical fractional decomposi-
tion (0)-time curves for the isothermal decomposition of
all three microcrystalline reactant preparations were sig-
moid with relatively short induction and acceleratory peri-
ods. Representative data for the reaction of ACF under ac-
cumulatory conditions at various temperatures are shown
in Figure 1. Plots for the decomposition of the three differ-
ent salts at the same temperature are compared in Figure 2
The shapes of the «-time curves and also the rates of reac-
tions are significantly different. The acceleratory period of
the decompositions was found to obey the power law

al" = kit - t0 @)
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Figure 1 Typical «-time curves for the isothermal decomposition of
ACF at four different temperatures. Behavior was somewhat irrepro-
ducible a > 0.8.

Figure 2. Comparable «-time plots for the thermal decomposition
reactions of the three crystalline modifications of copper(ll) formate
at 445 + 1 K. The increase in reaction rate which resulted from pel-
leting is shown for ACF.

In the latter stages of reaction, data fitted the equation

1- (- a)lin=k'it- f0) @)
Equation 2 is the contracting area formula when n =2 and
the contracting volume formula when n = 3. (0 is the in-
duction period, including the “warm-up” time, and t0' is
the time at which the contracting envelope is established.
The principal kinetic observations for the decomposition of
the three salts under accumulatory conditions (with a 193
K trap) are summarized in Table II.

ACFT. The rate of decomposition of ACFT decreased
appreciably at a ~0.25 (see Figure 2) and no single equa-
tion which provided a kinetic description of the whole reac-
tion could be found. During the acceleratory period, a-time
data fitted eq 1 with n =2, for 0.01 <a < 0.25 and subse-
quently eq 2 was obeyed, again with n = 2.

ACFD. The kinetic analysis of the reaction of ACFD was
similarity considered in two parts, again because of the ap-
preciable reduction in reaction rate at a ~ 0.3 (Figure 2).
For this solid, eq 1, with r. = 3, held for 0.02 < a < 0.13; the
rate of reaction was almost constant 0.13 < a < 0.20 and no
satisfactory kinetic obedience was found for the interval
0.20 < a < 0.49. In the latter stages of the decomposition
eq 2 with n —3 applied and the activation energy was in-
creased by about 30 kj mol-1 (Table I1).
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TABLE H: Summary of Principal Kinetic Data for the Decomposition Reactions of Three Different Crystal

Forms of Anhydrous Copper(ll) Formate

Value of n
Salt (£0.2)
Accélératory ACFT 2.0
period ACFD 3.0
(eq 1) ACF 3.0
Deceleratory ACFT 2.0
period ACFD 3.0
(eq 2) ACF 3.0

ACF. Unlike the other two solids, there was no decrease
in reaction rate for ACF at a ~ 0.3 (Figure 1) but in the
final stages (a > 0.8) there was somewhat irreproducible
behavior, including a period of almost constant reaction
rate. Kinetic behavior over the greater part of reaction was
satisfactorily expressed by eq 1and 2, both withn =3,

The kinetics of hydrogen formation with all three salts,
decomposed under accumulatory conditions with an 80 K
trap, were identical within experimental accuracy, with the
above observations for total gas (H2 + C02) evolution. In
contrast, the evolution of carbon dioxide, as studied in the
differential apparatus, showed appreciable differences
from the characteristic behavior under accumulatory con-
ditions. For ACFT the decomposition under differential
conditions was more rapid (by a factor of 1.4), and the a-
time plot was almost linear for 0.1 < a < 0.5, but the acti-
vation energy remained unchanged. The differential de-
composition of ACFD was closely comparable with its be-
havior under accumulatory conditions, until the later stag-
es (a > 0.8) when there was an appreciable enhanced rate
of carbon dioxide evolution. Throughout the differential
decomposition of ACF the rate of gas formation was re-
duced (by a factor of 0.5) in comparison with the accumula-
tory reaction.

Effect of Pelleting. The initial rates of decomposition,
under accumulatory conditions, of fragments of pellets
formed by compression (20 MN m~2 for 5 min) of reactant
preparations were always greater than those for the un-
treated powder samples (Figure 2). Pelleting also markedly
reduced the quantity of copper sublimed. This increase in
reaction rate was greatest for the decomposition of ACFT
(by a factor of 6) but neither the shape of the a- time curve
nor the activation energy was appreciably changed. Incor-
poration of platinum metal in a pellet exerted no detecta-
ble influence on reaction rate; a similar (negative) result
has been observed for nickel formate.15 Pelleting increased
the rate of reaction of ACFD (by a factor of 1.5). The shape
of the a-time plot was changed, the decrease in rate at a ~
0.25 was absent but the reaction became deceleratory for a
> 0.5 and the rate diminished subsequently to a value com-
parable with that of the uncompressed material. Pelleting
of ACF increased the reaction rate (by a factor of 2) for 0.2
< a < 0.7 (Figure 2) but after a ~ 0.8 the deceleratory pro-
cess was comparable with that of the uncompacted reac-
tant.

Successive interruptions of the decomposition of ACFD
under accumulatory conditions, with transfer of the par-
tially decomposed material to a clean sample tube, showed,
by the repeated formation of a copper mirror, that decom-
position was accompanied by sublimation to at least a =
0.5. Admission of carbon dioxide, at 0.14 Torr, to the reac-
tion vessel prior to the commencement of a decomposition
exerted no detectable influence on the subsequent kinetic
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Activation )
Range of a energy, E, Temp interv
obeyed +10 kJ mol"1
0.0t00.25 115 432-506
0.01-0.13 115 446-477
0.02-0.35 120 440-485
0.25-0.90 115 432-506
0.49-0.95 146 446-477
0.30-0.75 132 440-485
m r;*

Figure 3. Typical electron micrograph of the residue from the com-
pleted decomposition of ACF, showing the important features of the
structure of the product phase (X 21,300).

behavior. Two accumulatory runs on ACFD at 458 K were
interrupted at a =0.1 and at 0.25, and the partially decom-
posed salt was exposed to water vapor. On recommencing
decomposition there was a further induction period, com-
parable with the initial process, and the rate of the con-
tinuing decomposition was similar to that following the de-
crease in the reaction rate at a = 0.3.

Electron Microscopy. The three anhydrous copper for-
mate preparations (a = 0.00) exhibited some variation in
sizes and shapes of crystallites and these materials did not
tend to adhere to the replica. Surfaces were approximately
planar but included irregularities such as step edges, which
were sometimes parallel, and a small concentration of sur-
face cracks and pits. The relative absence of acute angular
boundary features suggested that surfaces were developed
during preparation from solution and that no extensive dis-
integration occurred during dehydration, handling, and
storage.

The textures of the solid products from the completed
decomposition (a = 1.00) of all three reactants were closely
comparable. The residual particles in each case consisted of
smaller crystallites aggregated into assemblages of about
the size of the original reactant crystals. The sizes of the
approximately spherical constituents of such assemblages
showed considerable variation, from <10 nm to >10 gm,
but there was a marked preponderance of approximate



Thermal Decomposition of Copper(ll) Formate

Figure 4. Pits and (probably) particles of product at the surfaces of
crystals of partially decomposed (a = 0.12) ACFD (X 14,200).

Figure 5. Pitting (—200 nm diameter) of the surface of partially de-
composed (a = 0.18) ACF. There was no evidence of superficial
product particle formation (X 35,500).

spheres of diameters ~30 nm, ~0.3 yum and ~3 jim. The
surfaces of larger particles often included rounded protub-
erances, such as could be expected to arise during coales-
cence, intergrowth, or sintering of groups of smaller con-
stituents. Most of these features, recorded during examina-
tion of some 50 photographs, are seen in the electron mi-
crograph of the residue from ACF, Figure 3. Particles of
product did tend to adhere to the replica.

Surface textures of the three reactants showed some in-
dividual characteristic changes during the course of the de-
composition.

ACFT. No distinctive textural changes occurred during
this reaction but textural variations from specimen to spec-
imen increased the difficulties of interpretation. Initially (a
= 0.02, 0.05, and 0.21) there was some pitting (with pits
~100 nm diameter) and parallel surface cracking but there
was no evidence that any product formation occurred on
crystal surfaces. At a =0.41 fragments of material tended
to adhere to the replica and there was some crystal disinte-
gration. For a > 0.5 extensive product formation on many
crystallite surfaces became apparent.
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Figure 6. Typical surface features of different fragments from a sin-
gle pellet of ACFD, following decomposition to « = 0.39 (a, X
14.200) during the initial rapid rate of reaction and a = 0.66 (b, X
14.200) after the reaction became deceleratory.

ACFD. At a = 0.03 the surface texture was indistin-
guishable from that of reactant and this included surface
pits (of ~200 nm diameter) disposed in approximately cir-
cular groups (~2 nm diameter). At a = 0.12 particles which
adhered to the replica were present in such pits (Figure 4).
This is interpreted as evidence of surface nucleation. From
critical examination of these photographs it was concluded
that such surface reaction can represent only a small pro-
portion of the decomposition which had occurred. At a =
0.3 the surfaces of some crystallites were indistinguishable
from the product texture, others were apparently not
changed at all, and yet others contained regions with both
characteristic appearances.

ACF. At a = 0.08 there were numerous pits (of 20-100
nm in diameter and spaced at 0.4-1 nm intervals) on the
surfaces. These pits were occasionally aligned to form a
surface crack. At a = 0.18 (Figure 5) the diameter of the
pits had increased, typically to ~200 nm, but there was no
evidence of superficial product formation. At a = 057
many surfaces retained this pitted appearance while others
were indistinguishable from product. A similar description
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is applicable to reactant decomposed to a = 0.77, although
the proportion of product present was relatively greater.

ACFD Pellet. The surface of a partially decomposed pel-
let (at a = 0.39, which is toward completion of the initial
relatively rapid period of reaction) was coherent, there was
no evidence of disintegration or product formation (Figure
6a). The surface of a different fragment of the same pellet
decomposed further (a = 0.66, which is after the point at
which the reaction became deceleratory) had disintegrated
and much of the surface had the appearance of the residual
product (Figure 6b).

Discussion

Many features of the kinetic behavior described above
are characteristic of those solid-phase decompositions
which proceed through the nucléation and growth of parti-
cles of a solid phase. The a-time plots are sigmoid shaped,
and eq 1and 2 are obeyed, although there were decreases in
the rate of decomposition of ACFT at a ~ 0.25 and of
ACFD at a ~ 0.3 and the behavior of ACF a > 0.8 was less
straightforward. The nucléation and growth model does
not, however, represent a complete description of the
changes occurring, since there was evidence of concurrent
sublimation and sintering of the product metal. According-
ly, to account for these and other observations we propose
that the mechanism of decomposition of copper(ll) formate
may be described by the interlinked pattern of rate pro-
cesses diagrammatically represented by Scheme I.

Scheme I: Mechanism for Thermal Decomposition of Copper(ll)
Formate

Nucleotion

? HCOZ: u’ ]
cu cu
volatile \ (sublimate)
\ atoms/
cu HeOo Fu
metar |
(rcoaz;u- atoms / (volatile)
/7 solid ' t
~reactant -
[ —» H_+ CO cu

22 g .

sol'd \ . .
huclei) /adsorbed on] nuclei)

\ nucleus

growth of nuclei

Central in this reaction mechanism is the formation of a
volatile, unstable intermediate, tentatively identified as
copper(l) formate16 (see below). This may decompose (i) in
the gas phase to yield copper sublimate, (ii) catalytically on
metallic copper with consequent growth of nuclei (or, per-
haps, sublimate), or (iii) at or near the salt surface, where
the copper evolved may react to yield more volatile inter-
mediate9

(HC022Cu (solid) + Cu (adsorbed) — *m
2HCO02Cu (volatile)

While this reaction iii may predominate at external surfac-
es, some at least of the copper derived from decomposition
at confined spaces within the reactant (internal pores and
cracks) undoubtedly undergoes coalescence to form metal
nuclei which grow by reaction ii above.

The participation of the unstable volatile reaction inter-
mediate explains the observed variations in kinetic behav-
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ior which result from alteration of such variables as reac-
tant structure, reactant pretreatment (e.g., pelleting), ex-
tent of reaction (a), and decomposition under accumulato-
ry or differential conditions. Such alterations in the experi-
mental system may change the relative proportions of reac-
tions which proceed through the different routes indicated
by the scheme and consequently modify the overall Kinet-
ics.

Interpretation of these Kinetic results must include due
consideration of the microscopic observations. There is
strong evidence from the electron micrographs that for a <
0.3 there was no development of particles of product phase
at the surfaces of the original crystallites. In the only possi-
ble exception (ACFD, Figure 4), the particles detected rep-
resented only a small proportion of the reaction and these
did not appreciably increase in size or in number with in-
crease in a. The only significant change in the textures of
crystallite surfaces at low a was etch pit formation; this will
be discussed below. Further decomposition resulted in dis-
integration of the crystallites with the appearance of rela-
tively large rounded product particles. The sizes of many
such product particles indicate their development through
a growth process and the irregularity of the shapes and
sizes strongly suggests that many of the particles were
formed by coalescence of smaller spheres of product. We
conclude, therefore, that reaction commenced at internal
surfaces and that metallic nuclei, so generated, grew
through catalytic decomposition of the volatile intermedi-
ate. Growth of these internal nuclei eventually caused dis-
integration of crystallite surfaces. When copper was depos-
ited at points of contact of two such nuclei a sintered ap-
pearance was produced. Melting of the metal does not
occur at the decomposition temperature, but the mobility
of the copper arises from that of the intermediate assumed.
Nickel formate also yielded spherical particles of metal on
decomposition15 but there was no indication of a volatile
intermediate and sintering was less extensive.

On this model it is envisaged that during the initial stag-
es of reaction much of the volatile intermediate is retained
in the immediate vicinity of the internal nuclei. According-
ly, decomposition is autocatalytic and the a-time plot is ac-
celeratory. As the decomposition proceeds the crystallites
disintegrate, and allow the volatile intermediate to diffuse
from the crystallite interior and to decompose on external
surfaces or to yield sublimate. The consequent reduction in
the effective concentration of the autocatalytic intermedi-
ate results in a decrease in the reaction rate. The observed
variations in kinetic behavior are very satisfactorily ex-
plained by this model. The reduction in the jslopes of the
a-time curves for ACFT and for ACFD at a ~ 0.3 (Figure
2) occurs during the onset of surface disintegration. This
was confirmed by examination of the electron micrographs,
and the reduction may thus be ascribed to loss of the un-
stable intermediate from the reaction sites. Breakdown of
the crystal surfaces of ACF occurred at larger values of a
and became more and more marked between 0.57 < a <
0.77. Consequently the autocatalytic behavior persisted rel-
atively longer, but there was clear evidence of distortion of
the sigmoid curve for a > 0.7 and irreproducibility during
the final stages of reaction is attributed to crystallite disin-
tegration.

Pelleting of reactant reduced the external surface area of
the solid and the observed increase in reaction rate is
(again) ascribed to the relative immobility of the volatile
species, within voids of the pellet, as shown by the reduced
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quantity of sublimate. This initially increased rate of reac-
tion subsequently returned toward values characteristic of
decomposition of uncompressed salt once the pellet had
broken down and the crystallite surfaces had disintegrated
(Figure 6a and b).

The kinetic observations summarized in Table Il are
consistent with the above mechanism. For a < 0.3 the auto-
catalytic reactions were satisfactorily described by the
power law. The value of n =3 observed during the decom-
positions of ACFD and ACF is interpreted as the rapid
completion of the initial nucleaticn process followed by
three-dimensional growth, through the erosion of approxi-
mately spherical volumes within reactant crystallites. The
behavior of ACFT presents an interesting contrast. The
value of n = 2 indicates that growth is predominantly a
two-dimensional process, possibly through the develop-
ment of disk-like voids, such a process is appropriate with-
in the lattice of this solid which possesses a laminar struc-
ture.3The activation energies measured for the earlier part
of the decomposition (a < 0.3) of all three salts were virtu-
ally identical (115-120 kj mol-1) and thus independent of
lattice structure. A similar result was obtained by Erofeev
and Kravchuk5 for ACFT and ACF under similar condi-
tions over the same temperature range. Their Kinetic anal-
yses were based on application of the Avrami-Erofeev
equation

[-In (1 - a)]l/ = k"(t - <0 3

over as wide a range of a as possible, with values of n of
from 3to 5. Their reported activation energies were 99 and
91 kJ mol-1 for ACFT and ACF, respectively. The unambi-
guous identification of the energy barrier with a particular
rate limiting step is difficult, but possible reactions include
the interaction of copper with the salt to yield the volatile
intermediate and the decomposition of this intermediate.

The establishment of detailed reaction models for the
deceleratory process (a > 0.3) was more difficult. The con-
tracting area model for the ACFT decomposition (eq 2, n =
2) was not directly supported by the electron micrographs,
as features attributable to the decomposition reaction
could not be unambiguously identified. The indications
were that this relatively slow reaction (see Figure 2) pro-
ceeded by the continued development of initial nuclei.
Obedience of the decomposition of ACFD to the contract-
ing volujne model (eq 2, n =3) is supported by the electron
micrographs. The relatively high activation energy is as-
cribed to a temperature dependent change in the extent of
participation of the volatile intermediate in the autocataly-
tic process. (The influence of temperature dependent vari-
ations of the concentrations of reaction intermediates on
the activation energies of catalytic reactions has been dis-
cussed elsewherel?) Kinetic analyses of the decomposition
of ACF beyond a ~ 0.3 were not satisfactory, due to uncer-
tainty in the yield which corresponded to completion of the
sigmoid curve, and irreproducibility when a > 0.8. The evi-
dence was that the initial reaction continued up to a ~ 0.8
accompanied by progressive disintegration of increasing
numbers of particles.

The original goals of this research were not directly
achieved because of the complex kinetic behavior. The ki-
netic analyses above do, however, show distinct differences
in the behavior of the various preparations of anhydrous
copper(Il) formate (Figure 2 and Table I1). Although reac-
tion was not exclusively confined to a salt-product inter-
face but involved at least one volatile intermediate, it must
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be presumed, with additional evidence from electron mi-
croscopy and pelleting studies, that these differences in ki-
netic behavior arise from the influences of variations in
particle sizes,5 shapes, porosity, and distribution of imper-
fections.

The volatile reaction intermediate(s) could not be posi-
tively characterized in the present work, due to the rapid
rate of decomposition in the gas phase. It is concluded
(with previous workers918), however, that the most proba-
ble identity of such a species is copper(l) formate, since it
has been shown that this carboxylate is very unstable ther-
mally, and that an acceptable mass spectrum is very diffi-
cult to obtain.16 These characteristics are also those of the
intermediate postulated in Scheme | for the decomposition
of copper(ll) formate. Moreover, there were indications
that the same volatile species may also participate in the
copper-catalyzed decompcsition of formic acid, since ex-
periments19 have shown that this reaction may be accom-
panied by volatilization of metal. This observation is signif-
icant here since copper(lli formate may yield formic acid
during pyrolysis.9 Yields of formic acid in the present work
were, however, always <10%and we conclude that this in-
termediate, if produced in appreciable amounts, must un-
dergo catalytic breakdown on the copper metal product.
This is an alternative reaction pathway which could be in-
corporated in Scheme 1. It was not possible, however, to
make meaningful calculations of the rate of breakdown of
such acid on the copper metal due to the scatter of reported
kinetic data.2

The pitting of external surfaces during reaction (particu-
larly ACF, Figure 5), without the concurrent formation of
product particles, is evidence for the occurrence of the sur-
face disproportionation step included in Scheme 1. Metal
atoms may be present on the reactant surface as the result
of a nucleation step, or be deposited as sublimate, following
the decomposition of a volatile intermediate which has es-
caped, together with the products, from the internal cavi-
ties formed during decomposition. Metal deposited on the
surface reacts with the salt at preferred surface sites and
etch pits are formed. Similarly, subsurface reaction may
commence at specific regions of distorted lattice.

The present study extends the previous work by Schuf-
fenecker, et al.,9 and Erofeev and Kravchuk5to include a
wider range of reactants and by the application of electron
microscopy to the study of these solids. We suggest that the
autocatalytic properties cf the unstable intermediate, dis-
cussed in Scheme |, offer a more comprehensive and gener-
ally applicable explanation of decomposition, sublimation,
and sintering processes than the chain-branching model.9
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A CujCuO electrode in KN03NaN03melts at 350° has been found to respond reversibly to the electroac-
tive species O2, COg, and C032~ according to the equation CuO + COs2‘ —Cu + C02+ O2+ 2e. Standard
potentials with respect to a silver electrode are reported for pure and mixed solvents. If CO32- is the only
active species of interest, the electrode system can be used exposed to the ambient atmosphere which pro-
vides the necessary equilibrium concentrations of 0 3and CO2

Introduction

Alkali metal carbonates have played an important role in
the chemistry of molten salts.23 Due to their basic charac-
teristics, they have been employed in neutralization reac-
tions4 and in potentiometric5and voltammetriclstudies in
molten nitrates. In the present work the electroactive
species, the Nernst equation for the electrode reaction and
the standard potential have been determined for the cop-
perl copper oxide electrode in pure and mixed potassium
and sodium nitrate melts containing carbonate.

Experimental Section

Reagent grade chemicals were used throughout. The
KNO3 and NaNO03 were dried in vacuo at 130° for 24 hr,
then stored at 110°. K2CO3and Na2C0 3were dried at 110°
for 24 hr prior to use. AgNO3was kept in a desiccator con-
taining silica gel. The gases CO2, 02 and N2 were of high
purity grade and were dried by passing through silica gel. A
99.8% copper wire, 22 gauge, and a 99.9% silver wire, 18
gauge, were used as electrode materials.

The potentiometric measurements were made in a 100-
ml three-neck Pyrex flask. When KNO03 or NaNO03 was
used as the solvent, 125.0 g of the salt was used. When
equimolar KNO3NaNO03 was the solvent, 56.66 g of
NaNO03 and 67.46 g of KNO3 were mixed together. The
flask containing the solvent was placed in a constant tem-
perature molten salt bath7at 350°. The solvent, upon melt-
ing, was purged with dry N2 for several hours to ensure
dryness. The temperature of the bath was regulated by a
Bayley Model 253 controller to +0.1° and measured with a
calibrated iron-constantan thermocouple. The indicating
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copper| copper oxide electrode was prepared by placing a
section of copper wire, which was coiled at one end, into ap-
proximately 50 g of KNO03at 350° for 24 hr. A black film of
CuO formed on the electrode surface.8 The reference elec-
trode consisted of a silver wire dipping into a 2.4 wt %solu-
tion of AgNO3 in the molten solvent. The reference elec-
trode was contained in a 10-mm glass sealing tube whose
end was a Pyrex frit of medium porosity. This frit sepa-
rated the two electrode compartments. It was flamed and
partially sealed to reduce diffusion. The electrodes were
positioned in the side necks of the flask.

The emf of the cell was measured to within 0.1 mV by
the use of a Leeds and Northrup Type K-3 potentiometer
in combination with a Keithley Model 601 electrometer as
null detector. This model has an input impedance of 104
ohm on the millivolt range. The emf was followed for sever-
al hours until a series of readings showed only random fluc-
tuations of about 1 mV and no net drift. The last five or six
readings were then averaged. Micropolarization tests, con-
sisting of momentarily short circuiting the cell and observ-
ing the potential rise back to its equilibrium value, con-
firmed reversibility of the electrodes. Potentials were cor-
rected for asymmetry of the frits.

The melts were saturated with mixtures of N2, 02, and
CO02 of known composition. The N2 flow was adjusted to
give a constant total flow rate in all runs while the propor-
tions of 02 and CO02 were varied. The gas mixtures were
prepared by passing the individual gases from cylinders
through Si02towers and calibrated flowmeters into a mix-
ing chamber and then through the melt at atmospheric
pressure. The exiting gas formed an atmosphere over the
surface of the melt. Glass wool packed into the necks of the
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Figure 1 Plot of emf of Cu|CuO electrode against logarithm of COs
pressure in atm In KNO3at 350°.

electrode vessel prevented back diffusion of laboratory air.
After several hours of saturation, a slow stream of the gas
mixture was continued over the top of the melt throughout
the emf readings. In some experiments, water vapor was in-
troduced into compressed air by passing the air through a
saturated KNO3 solution at room temperature. Runs were
also made in which the melt was allowed to equilibrate with
the ambient laboratory atmosphere after being purged with
dry nitrogen.

Results

It has already been shown9that, under the conditions of
this research, carbonate ion is stable and does not undergo
dissociation or decomposition in molten KNO3 or NaNOs
at 350°.

Preliminary experiments showed that the Cu|CuO elec-
trode was sensitive not only to CO32- but also to O2 and
CO2 from the atmosphere. A systematic study of the emf
dependence on the concentrations of these electroactive
species was therefore carried out as already described.
Some 40 measurements were made in all, divided into nine
series in each of which two of the concentrations were held
constant while the third was varied over its experimentally
feasible range. The ranges were as follows: 02, 0.17 to 0.80
atm; C02 0.05 to 0.55 atm; CO32- 2.5 X 10“3to 11 X 10“3
m. Typical graphs are shown in Figures 1-3 plotted accord-
ing to the Nernst equation. The Cu| CuO electrode was an-
odic with respect to the silver. Straight lines were fitted to
the nine series of data using a standard least-squares com-
puter program. The average value of n in the Nernst slope
2.3RT/nF was found to be 2.08 + 0.13.

It is clear that the data fit a Nernst equation of the form

E = 2.303RT , PcoZFo?2

- cuco 2F  logTcorT @
where E °' is taken with respect to the 2.4 wt %silver|silver
ion reference electrode and includes the Henry’s law con-
stants for the solubilities of 0 2and CO2 As is usual in this
area, partial pressures in atmospheres and molalities have
been used for activities. The equation for the electrode
reaction is therefore

Cud + C03 —* Cu + CO, + 02+ 2" (2
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Figure 2. Plot of emf of Cu|CuO electrode against logarithm of 02
pressure in atm in KNO3at 350°.

108 102 |

Figure 3. Plot of emf of Cu|CuO electrode against logarithm of
C032- concentration in molal units in KNO3 at 350°.

The average value of EQ from all the data points was 489.7
+72mV.

When the partial pressure of C02 exceeded about 0.6
atm, the emf data were no longer reproducible and the
Nernst plots curved upward indicating n values as high as
16. The solvent in the CuJCuO electrode compartment
gradually turned blue at the highest CO2pressures.

While the above data were obtained using carefully pre-
pared atmospheres, it was also observed that the nitrate
melts equilibrated rapidly (ca. 30 min) with the ambient
laboratory atmosphere after purging with N2 to dryness.
Stable, reproducible values of the emf were obtained over
intervals of several months, which depended only on the
CO.)2- concentration. Purging the melt with air passed
through saturated aqueous KNO3solution had no effect on
the subsequent steady emf value.
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Figure 4. Plot of relative standard potential of Cul CuO electrode at
350° in KNO3-NaNO03 melts containing C0 32- against mole fraction
of NaNO03.

Several series of runs, involving 20 data points, were
made in which the melt was exposed to laboratory air and
the COs2- concentration varied. Least-square lines, similar
to Figure 3, gave an average value of 2.04 +0.11 for the n
factor in the Nernst slope. Substituting the known values
of E 0" and of the oxygen content of air into eq 1 gave a
value of 1.33 X 10-3 atm for the pressure of C02. This is
within the expected range for recirculated laboratory air.
Thus the Cu|CuO electrode can also be used in a routine
manner in carbonate containing nitrate melts without the
elaboration of preparing an accurately known CO:10: at-
mosphere.

The experiments in an equimolar KNOs-NaNOs melt
and in pure NaNOa were done in equilibrium with air and
by varying the C032- concentration. The average value of
the Nernst n factor was found to be 1.95 £ 0.05. Using the
partial pressures of 02 and of C0O2 which were found to
apply in KNOs the E 0"values were found to be 353.7 + 1.2
mV in KNOa~NaNOs and 275.6 £ 3.9 mV in NaNOa- Fig-
ure 4 shows a graph of the relative standard potentials
plotted against the mole fraction of NaNOa.

Discussion

Shams El Din and Gergess reported the use of a copper|
copper oxide electrode in the potentiometric titration of
K2Cr207 with Naz20:2 in molten KNOs at 350°. This elec-
trode was defined as an electrode of the second kind since
it responded reversibly to changes in the activity of oxide
ion produced from the thermal decomposition of Na20 2
While it is not stated in the report, the atmosphere over the
melt probably was room air. Conte and Cassadioo in their
study on the anodic polarization of a copper electrode in
equimolar NaN0s-KN0Os at 250° proposed that passiva-
tion of the electrode occurred at the oxidation potential of
oxide ion by the oxidation of Cu20 to CuO. At 300°, the
oxide on the copper electrode was CuO. There are no other
reports on the use of copper electrodes in molten nitrates.

The present results show that the Cu|CuO electrode is a
stable reproducible system responsive to C032-, 02, and

The Journal ol Physical Chemistry, Vol. 78, No. 26, 1974

A. G. Keenan and Carlos G. Fernandez

C02in fused solvent mixtures ranging from pure KNOa to
pure NaNOQa. If CO32* is the only electroactive species of
interest, the cell may be used open to the atmosphere using
an E 0" value appropriate to the particular ambient atmo-
sphere present. Variations in atmospheric humidity have
no effect. The electrode reaction throughout the range of
solvents is given by eq 2 with the corresponding Nernst ex-
pression eq 1.

The relative standard potential, E 0" in eq 1, varies with
the solvent as shown in Figure 4. Kust1l reported a similar
variation for the Pt)02 electrode in KNOa-NaN03
mixtures at 360° and attributed it to the different solvating
powers of the cations. Duke and Schlegel12 observed that
both the equilibrium and rate constants for the reaction of
Cr2072- with BrO:U varied with the cation ratio in KNOa-
NaNO03mixtures. Shams El Din,13et al., attributed the ob-
served variation in the Kg of Ag0 in KNOs-NaNCU
mixtures to a difference in the acidic character of the cat-
ions. In the present case, since E°* contains the Henry’s
law constants for the solubilities of 0 2and C02, changes in
these constants with solvents may be responsible for the
observed variations in E 0". No data are available to check
this.

The erratic results at high C02 pressures are undoubted-
ly due to dissolution of copper as some form of carbonato
complex. A spectrophotometric study of this complex is
currently underway. Shams El Din and Gerges8 reported
that their Cu|CuO electrode was attacked by acids such as
NaP03 and NaH2P04 with copper going into solution. A
similar observation has been reported by Delarue in molten
chlorides.4

It was found in the present work that the Cu)Cu0|C032-
electrode system in nitrates could also be set up by using
oxalate as a source of carbonate. It has already been shown9
that oxalate reacts according to the equation

COj2 + N0O3 —»COgZ + CO, + NCy (3

The CO02 equilibrates rapidly with the ambient pressure
and the N03- has no effect on the electrode potential. In
most cases the use of oxalate, however, would have no ad-
vantage over the direct addition of carbonate.
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It is shown that under certain conditions the dependence of the glass transition temperature T gon heating
or cooling rate |<] is given to a high degree of approximation by d In|g|/dTs = Ah */RT,2 or alternatively
by d In\q |/d(I/T g) = —Ah */R, where T ris a temperature in the middle of the transition range and Ah *is
the activation enthalpy for the relaxation times controlling the structural enthalpy or volume relaxation.
The conditions necessary for the validity of these relations are that the structural relaxation be describable
by a temperature-independent distribution of relaxation times and that the glass be cooled from a starting
temperature well above the transition region and subsequently reheated at the same rate starting from a
temperature well below the transition region. Experimental measurements of Tgus. |g| are presented for
As25e3, B103, potassium silicate, and borosilicate crown glasses. Ah* is found to be equal within experi-
mental error to the activation enthalpy for the shear viscosity.

Introduction

Changes in macroscopic properties of liquids, such as the
enthalpy or the volume, induced by isobaric changes in
temperature are of two types.1 The first type may be
termed a solid- or glass-like response and on ordinary ex-
perimental time scales occurs instantaneously. The second
type of response arises from changes in the structure or
configuration of the liquid. The time scale on which this
structural response occurs is highly temperature dependent
and at sufficiently low temperatures becomes so long that a
rapid temperature change can “freeze in” the liquid struc-
ture. It is this last process that is ordinarily understood to
be involved in the formation of a glass from a supercooled
liquid.

In Figure 1are shown schematic plots of enthalpy H and
heat capacity Cp for isobaric cooling and subsequent re-
heating at a constant rate of a glass-forming liquid.2 The
temperature range during cooling in which the rate of
structural relaxation in the liquid starts to become suffi-
ciently slow that the H-T and CRT curves depart from
the equilibrium liquid curves is the beginning of the glass
transition or transformation region. The temperature range
in which the structural relaxation becomes so slow that it
effectively ceases on the experimental time scale marks the
end of the transition region and the beginning of glass-like
behavior. Irrespective of the direction of temperature
change, the direction of the structural relaxation process is
always toward equilibrium. Consequently on reheating the
glass the H-T and CpT curves follow paths different
from those for the prior cooling, as shown in Figure 1 and
explained previously by a number of workers.311

The glass transition temperature, Tg, is defined as some
characteristic temperature on the H-T or CRT curve in
the transition region during heating or cooling at a constant
rate, for example, the temperature of intersection of the ex-
trapolated liquid and glass H-T curves during cooling, the
extrapolated temperature of onset of rapid increase of the
Cp-T curve during heating, or the temperature of inflec-

tion in the region of rapid rise of the Cp-T curve during
heating. Because the “break” in the Cp-T curve is more
pronounced during heating than during cooling and proba-
bly because constant heating rate experiments are easier to
realize than constant cooling rate experiments, the majori-
ty of investigators in the past have reported T gvalues de-
termined from heating curves.

Experimentally, it is found35 14 that T gshows a depen-
dence on the heating or cooling rate, higher values of Tg
being observed for faster heating or cooling rates, as shown
in Figure 1 The reason for this is not difficult to see if one
notes that isobaric heating or cooling at a constant rate is
the limit as AT —a0 of a series of instantaneous, small tem-
perature changes AT, each of which is following by an iso-
thermal hold of time duration

At = AT/q ®
where q is the heating or cooling rate
g = dT/dt = AT/At )

We may define at any stage of the process a relaxation time
r by the equation

{BH/BYT =-(H - HJ/t &)

where (H —H ) is the departure of the enthalpy H from
the equilibrium liquid value, He, at the temperature of in-
terest. r decreases with increasing temperature. The three
temperature regions of Figure 1then correspond roughly to
the conditions
liquid At » T (4a)

transition region At ~ T (4b)
glass At « r (4c)

From eq 1it is evident that if the heating or cooling rate g
is increased in magnitude, then the relaxation time r must
be correspondingly smaller for eq 4b to hold, and the tran-
sition region is shifted to a higher temperature.
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Figure 1. Enthalpy and heat capacity vs. temperature plots tor a
glass cooled and then reheated through the transition region at dif-
ferent rates. Temperatures TA and TB are a pair of corresponding
temperatures in eq 15.

From the above discussion it is also evident that the de-
pendence of T gon heating or cooling rate q yields informa-
tion on the temperature dependence of the kinetic parame-
ter r. The essential features of a treatment which can relate
the dependence of T gon q to the temperature dependence
of t for T g’s determined from cooling curves were present-
ed some years ago by Ritland.6 More recently McMillan8
and Rasmussen and MacKenziel2 attempted to obtain this
information from the T g’ determined from heating curves.
However, it was pointed out in a communication from this
laboratory15that the temperature dependence of tassessed
from heating curve Tg’s depends on the thermal history re-
ceived by the glasses during the prior cool through the
transition region and is apt to differ from the true tempera-
ture dependence. It is the purpose of the present paper to
consider the conditions under which the temperature de-
pendence of . can be assessed correctly from the depen-
dence of T gon either heating or cooling rate and to present
experimental evidence in support of our conclusions.

Dependence of Tgon Heating or Cooling Rate

We begin with a set of assumptions about the kinetic and
thermodynamic parameters controlling the evolution of the
enthalpy during the structural relaxation process.

(1)  Following an instantaneous, isobaric change in tem-

perature from an initial equilibrium state, the system ex-
hibits at time zero an enthalpy Ho, but in time the enthal-
py relaxes isothermally to a new equilibrium value, He, at
the new temperature. We assume that this isothermal re-
laxation may be described as a sum of n independent pro-
cesseslfi-11

(AH/a0T = ¢ (dHi/d)T ®)
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HI may be thought of as the enthalpy associated with some
order parameter31617 which changes during the structural
relaxation; there are n distinct order parameters labeled
12, ... t, ... n. It should be noted, however, that eq 5 is
strictly phenomenological and that there need exist no one-
to-one correspondence between the order parameters
which give an adequate description of the macroscopic pro-
cess and the elementary or microscopic processes actually
taking place on a molecular level. The rate of isothermal
change of HI is given by a time and temperature dependent
relaxation time, r,

(9H,/dt)T = -(Ht - Hei)/T{ (6)
Combination of eq 5 and 6 and integration gives for iso-
thermal relaxation

H=He+ (Hh- /gX>, exp j7 d/'fr,) )

where g, is a weighting coefficient for each order parameter

S, = (HOi - Hei)/(HO- He)

and is subject to the normalization condition 2, =ing, = 1.

(2) The difference between the equilibrium liquid and
glass heat capacities, (Cpe—Cpg) (see Figure 1), is assumed
to be constant over the experimental range of T g. As shown
below experimentally, the variation in Ts produced by
changes in q of, e.g., a factor of 102, is comparatively small,
and over this range this assumption is valid to a high de-
gree of approximation for most glasses.

(3) At constant pressure the dependence of relaxation
time .. on temperature and structure is assumed to be of
the form

T, = fl; exp(~bT) exp[-c(W - tfe)] (8)
b and c are constants and the relaxation times differ only
in their preexponential terms a,. Equation 8, along with eq
5-7, corresponds to a condition frequently designated as
“thermorheologically simple behavior” or as a “tempera-
ture independent distribution of relaxation times.”

The relaxation time expression of Sharanov and Vol’ken-
shtein9 is identical with that of eq 8, as is the relaxation
time expression of Tool18

T, = « exp(-b'T) exp{-c’Tt)
where b' and ¢' are constants, if one notes that the fictive
temperature T fis defined by
H~He—(@Cpr- CJ(Tj- T
The relaxation time expression of Narayanaswamy7
Ti = ai exp(XAh*/RT) exp[(l - x)Ah*/RTf]

where a””, Ah*, and x (0 <x < 1) are constants, is also of
the form of eq 8 in any region centered at a temperature Tr
in which 1/T and 1/Tf may be approximated by the first
two terms in their Taylor’s series expansions about Tr

UT « UTr- (T - TY/Tr2 O

and similarly for 1/Tf. An activation enthalpy, Ah*, may
be defined which expresses the temperature dependences
of the logarithms of the relaxation times of eq 8 both for
constant departure from equilibrium (constant (H —He)
or constant (Tf—T)) and for the linear regime where (H —
He) is so small that the second exponential in eq 8 differs
negligibly from unity

9T (In tA)J (H.«e) 81 (e T =

-b -Ah*/RT1 $-Ah*/RTr2 (10)
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where R is the ideal gas constant. The approximation in eq
10 is valid in a temperature region around Trwhere eq 9 is
valid.

We now note that under isobaric conditions the enthalpy
is a function of temperature and time9

H = H(T,I
and

AH/AT s the total observed heat capacity, Cp. (¢<H/dT)t
is the heat capacity observed when the temperature is
changed instantaneously (t is constant, so that the system
has no time to undergo structural relaxation) and hence is
the glass heat capacity, Cpg Making these notation
changes and substituting for the other terms from eq 2, 5,
and 6, eq 11 becomes on rearrangement

} V (g| - Hei) = A
(cs - CRY o< - o1
In the last expression of eq 12 the minus sign applies for
heating (q is positive) and the plus sign for cooling (q is
negative).

Let us consider first the case in which the structural en-
thalpy relaxation (eq 5-7) is controlled by a single order
parameter and hence by a single relaxation time r of the
form of eq 8. Substituting for r in eq 12 and noting that |q]
may be written exp(In |q |) we get

Cp- C) =
H- H,
a exp[-c(tf - ffe)]
From eq 13 and Figure 1it is evident that for two heat ca-

pacity curves, A and B, produced during cooling at respec-
tive rates |q4 and |q K the condition will hold that

(0 —CRA | \= (CP—QiaLT, (14)

at all pairs of corresponding temperatures T Aand T b cho-
sen according to the criterion

-In \gA\ + bTA= -In |r/B] + bTB (15)
provided that the condition

H~HeAl = (H- HeB 16

( Al = ( Bl 5 (16)

exp(-In & + bT) (13)

is also satisfied. Since Cp determines the rate at which the
enthalpy changes during the rate cool, it is further evident
that eq 16 will be valid for all pairs of corresponding tem-
peratures, Ta and Thb, if it can be satisfied for any one
pair, TV and TV. Let us choose TV and 7V in the range
above the transition region where the enthalpy and heat
capacity curves A and B of Figure 1 follow the equilibrium
liquid H-T and Cp-T curves. If we return to the picture of
a constant cooling rate corresponding to a series of small
instantaneous temperature jumps AT followed by isother-
mal holds of duration At = AT/q, then immediately fol-
lowing the jumps which bring us respectively to tempera-
tures T a and T B we have
(I - HeAl = (H- HeB|
‘al 1bi

= - (Cre - CpYAT

since just prior to the jumps the system was in equilibrium
and (H —//,,) was zero. From this it follows that eq 14-16
become experimentally self-fulfilling for heat capacity cool-
ing curves which commence at any temperature well above
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the transition region. (These arguments are presented in
greater detail in Ritland’s paper.6)

If after cooling at a rate of magnitude |c/] one reverses
the direction of temperature change and reheats the glass
at the same rate, eq 13 will also describe the subsequent ev-
olution of (Cp- Cpg) on reheating if one switches from the
plus sign to the minus sign in eq 13 at the temperature at
which the reheating commences. Further, eq 14-16 will
continue to apply to a pair of heat capacity heating curves
such as A and B in Figure 1if the direction of temperature
change is reversed at a pair of respective corresponding
temperatures TA" and TB' chosen according to eq 15.
Suppose that these two temperatures T A" and TB' are
chosen to lie below the transition region. Since below the
transition region no structural relaxation takes place and
the heating and cooling heat capacity curves superimpose,
one could cool through temperatures T A" or T B" at respec-
tive rates |qA or |qB to any arbitrary lower temperature
and return to them via reheating at the same rates without
altering the glass structure Consequently, for eq 14-16 to
be valid for heating curves it is necessary only that the di-
rection of temperature change be reversed somewhere
below the transition region.

The derivation of eq 13-16 is easily extended to the case
for which more than one order parameter and associated
relaxation time r, are required to account for the structur-
al relaxation. If the assumptions listed previously allow for
an adequate description of the structural relaxation, then
associated with each order parameter will be a correspond-
ing relaxational heat capacity of the form of eq 13

A - ' -
expl-e(// - FE] _ exp(-In 1€ + bT) (17)

The total relaxational heat capacity at any temperature is
merely the sum of these

(QO-crg)=§:i(Cp<- C o) (18)

Equations 14-16 apply to each of the individual (Cp, —
Cpgl) and hence apply also to their sum.

To complete our derivation of the dependence of Tgon
|91 we need only note that for a given heating or cooling
rate Tgis defined as the tsmperature at which some par-
ticular value of the relaxational heat capacity, (Cp —Cpg),
is observed. Consequently, we may rewrite eq 15 as

-In |FA] + bTRA = -In |r/B] + bTB
so that we have, using eq 1C

d Iani-é‘ = b~ Ah*/RTr2 (19
where Tr is now some temperature in the middle of the
transition region. Alternatively, using eq 9 to relate to Tg
to Tr, we may write eq 19 in the form

d In 1K1,/d(/Tg « -Ah*/R (20)

In addition to the assumptions made in eq 5-9, it should be
recalled that eq 19 and 20 are valid only for T gs measured
from heat capacity cooling curves in which the cooling was
started well above the transition region or from heat capac-
ity heating curves obtained by reheating the glass from a
temperature well below the transition region after it has
been previously cooled through the transition region at a
rate |q| equal to the heating rate.
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Figure 2. Differential scanning calorimeter traces for heating of
As2Se3 glass through the transition region at various rates after
cooling the glass through the transition region at the same respec-
tive rates.

Figure 3. Log |gl vs. Tg plots for As2Se3 glass. Slopes of lines
were calculated from eq 19 using Ah' = 70 kcal/mol and T, = 460

Experimental Results and Discussion

To test eq 19 and 20 we have carried out measurements
of Tgus. |g| for three glasses: As2Se3, B20 3 and 23 mol %
K20 —7 mol % Si02 The Tg measurements were per-
formed on a Perkin-Elmer DSC-2 differential scanning cal-
orimeter, whose output is proportional to the heat capacity,
as a function of heating rate after first cooling the glasses
through the transition region at a rate equal to the heating
rate. For each glass a temperature calibration was per-
formed at each heating rate using an appropriate melting
point standard. Excessive baseline curvature and loss of in-
strument sensitivity limited the heating rates investigated
to 1.25 or 2.5 K/min on the low side; temperature gradients
in the sample which prevented accurate temperature deter-
minations limited the heating rates to 20 or 40 K/min on
the high side.

Actypical set of DSC outputs for different heating rates is
shown for As2Se3glass in Figure 2. Tgwas determined for
three characteristic points on each curve as shown in Fig-
ure 2: the extrapolated onset of the heat capacity break
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Figure 4. Log |q\ vs. Tg plots for B203 glass. Slopes of lines were
calculated from eq 19 using Ah' =92 kcal/mol and Tr = 570 K.

Figure 5. Log |q\ vs. Tg plots for 23 mol % K20-77 mol % Si02
glass. Slopes of lines were calculated from eq 19 using Ah' = 101
kcal/mol and Tr = 800 K.

(designated T gl), the inflection point in the rapidly rising
part of the heat capacity curve (designated Tg), and the
heat capacity maximum (designated T gi).

In Figures 3-5 are shown semilogarithmic plots of heat-
ing rate |g| vs. Tgl, T and Tgi for the three glasses. As
expected from eq 19 if the assumptions of eq 5-9 are valid,
the three plots for each glass are linear and parallel within
the scatter of the data.

It is generally accepted that the molecular motions in-
volved in the structural relaxation are roughly of the same
sort as those involved in viscous flow. A number of stud-
ies3,i6,171920 Of isothermal volume or enthalpy relaxation of
glasses in the transition region have shown that the activa-
tion enthalpy Ah * for the volume or enthalpy relaxation is
generally the same within experimental error as the activa-
tion enthalpy for the shear viscosity, ns. The shear viscosi-
ties of each of the three glasses of Figures 3-5 exhibit Ar-
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Figure 6. Log |q\ V8. Tg for borosilicate crown glass. Slope of line
was calculated from eq 19 using Aft* = 147 kcal/mol and T, =
805 K.

rhenius behavior (constant Ah *) in the glass transition re-
gion (ris = 109 to 1014 P). The lines shown in Figures 3-5
were drawn with slopes calculated from eq 19 using Ah*
values for the shear viscosities in the transition region: 70
kcal/mol for As2Ses,21-23 92 kcal/mol for B2032425 and 101
kcal/mol for 0.23K20-0.77Si02 glass.26 Within the scatter
of the data the calculated slopes agree with the experimen-
tal slopes of the log |g| vs. T gplots, showing that for the
present examples the activation enthalpy controlling the
enthalpy structural relaxation is essentially the same as the
activation enthalpy for viscous flow.

As a final illustration of the good agreement between
Ah * values for shear viscosity and those assessed from the
dependence of Tgon \q\, we show in Figure 6 a plot of log
I vs. Tgfor a borosilicate crown glass using the data of
Ritland6 and covering some 2.5 orders of magnitude in |q|.
Here T gwas taken to be the extrapolated point of intersec-
tion of the equilibrium liquid and glass density vs. temper-
ature curves for cooling at various rates. The line through
the data was drawn with a slope calculated from the shear
viscosity Ah* value of 147 kcal/mol obtained from Macedo
and Napolitano’ high-precision viscosity measurements4
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in the transition region of a glass sample from the same
blank. The agreement between the experimental and calcu-
lated slopes in Figure 6 is very good.
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Tetragonal energy matrices were constructed for d4and dé6 electronic configurations with full configuration
interaction in the limit of zero spin-orbit perturbation in a strong field scheme in which cubic orientation
was maintained. The necessary matrix elements were obtained with the explicit use of the symmetry
adapted wave functions. Applications of the energy levels to optical spectra and magnetic cross overs of d4

and d6tetragonal systems were discussed.

Introduction

Although there has been a great surge of activity in re-
cent years in the development of semiempirical and semi-
quantitative molecular orbital approximations for transi-
tion-metal compounds, it is well known that they can do no
better than the complete symmetry based parametric lig-
and field approximation if the study is limited to the mo-
lecular electronic energy levels resulting from the d orbitals
of the transition-metal ion.1 Despite this fact, progress in
deriving and employing complete ligand field energy levels
for the interpretation of the electronic spectra of transi-
tion-metal systems of symmetry lower than cubic has not
been rapid. This is understandable because when the sym-
metry is lowered from cubic, the number of ligand field pa-
rameters increases and the interpretation of the electronic
energy levels becomes somewhat difficult particularly if the
expected splittings of all the cubic bands concomitant with
the noncubic symmetry are not realized in the experimen-
tal spectra. However, our recent work2 showed that it is
still possible to make a definitive study of the electronic
spectra of trigonal and tetragonal (or quadrate) systems in
the case of d37 and d28 electronic configurations with the
ligand field energy levels if full configuration interaction
and spin-orbit perturbation are included. The ligand field
and electron correlation parameters obtained by such a
study can be successfully employed in understanding co-
valency in complexes and n and irantibonding characteris-
tics of ligands.3

We are currently carrying out similar studies on d46 non-
cubic systems. We present in this report the derivation of
energy levels in tetragonal ligand fields with full configura-
tion interaction but neglecting spin-orbit perturbation. Ex-
tensions of the theory to trigonal and other noncubic ligand
fields and applications to experimental electronic spectra
will be presented in the future reports. The reason for first
carrying out the calculations in the limit of zero spin-orbit
perturbation is explained below.

The cobalt(l1l) ion perhaps is the most prolific in form-
ing six-coordinate octahedral complexes among all transi-
tion-metal ions. Many of the octahedral cobalt(I11) com-
plexes are also substituted resulting in tetragonal and tri-
gonal symmetry. The tetragonally and trigonally substitut-
ed octahedral Co(lll) systems do show the expected split-
tings of cubic bands.4 Our immediate interest is in the thor-
ough interpretation of these spectra. With the exception of
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a few complexes (halides and perhaps some mixed halides)
all are of magnetically low spin, which means that the
ground state is a spin singlet. The spin-allowed bands in
the spectra of these systems are thus singlet-singlet transi-
tions. The spin-singlet levels do not split up under spin-
orbit perturbation. Spin-orbit interaction can only have
second-order effects through configurational interaction
with the same symmetry levels arising from spin-triplet
and spin-quintet levels. This is the reason why we derived
the energy levels first in the limit of zero spin-orbit pertur-
bation. Spin-orbit interaction becomes more important in
the analysis of the intercombination bands and may be-
come important in the interpretation of the spectra of
high-spin cobalt(lll) and iron(Il), and of both high-spin
and low-spin manganese(l1l) compounds. It is definitely
necessary to include spin-orbit perturbation in the study of
any of the corresponding 4d and 5d transition-metal sys-
tems.

Theory

We chose to develop the theory in strong field represen-
tation, maintaining cubic orientation. Energy levels derived
in strong field method more closely approximate to the ac-
tual experimental situtations, and cubic disposition is
needed because the systems under consideration are only
slightly deviated from cubic symmetry. This means that
the axial component of the ligand field is added as a minor
perturbation to the strong field cubic energy levels. Thus,
the energy levels of this report are applicable to the study
of the substituted octahedral and five coordinate square
pyramidal complexes (D4h and C41 symmetries) and
slightly distorted cubic (octahedral, tetrahedral, and cubic)
systems. Cubic parentage loses its significance if the distor-
tion is large or in the limit of square planar geometry and
hence energy levels derived in a representation which dia-
gonalizes the total ligand field characterize systems of this
type more closely. Derivation of energy levels in such a
scheme had been carried out by Otsuka in the limit of zero
spin-orbit perturbation.5

As pointed above, the zero order functions for carrying
out tetragonal perturbation are the symmetry adapted
strong field four-electron wave functions in cubic symme-
try. These functions can be made symmetry adapted rela-
tive to quadrate symmetry bv the decomposition that A,c,
Eac - Aft AX,Ebc- Bft Tlac- Aft T2 -* B2Qand
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Tib,cC Thec *Eab™ The procedure for constructing the
cubic functions using parent functions of three, one, and
two electrons has been described by Sugano, Tanabe, and
Kamimura,67 hence will not be detailed here. It is impor-
tant to note that in order to utilize the matrix elements of
Coulomb interaction given by these authors, it is necessary
to maintain the phases prescribed by them for the base
functions. The derived wave functions are listed in the Ap-
pendix.8 We have used the notation that (xy) = f, (zx) = 1,
(yz) = £ (z2) =6,and (x2 —y 2) = e Only one component
of the doubly degenerate EQ representation is included in
this listing for the spin singlets and spin triplets. The un-
listed component in these cases can be obtained by the
C3(z") symmetry operation.2 The C3(z') symmetry opera-
tion cyclically permutes f, 77 and £ and mixes 6and eas fol-
lows: C3(z)0 = -0/2)0 - (v"3/2)g; and C3(z')t = —1/2)6
+ (x/3/2)6. The wave functions of dé electronic configura-
tion can be promptly derived from the d4 functions by con-
sidering the four electrons as holes.

The ligand field perturbation has been carried out with
the set of Dg, Dt, and Ds parameters.2®In this scheme of
parameters, Dqg retains exactly the same definition as in
the cubic case while Dt and Ds parameters describe the
addend axial component of the ligand field. Although these
parameters are defined on the basis of tetragonal ligand
field potential, they can still be treated as symmetry based
parameters as shown previously.23 It should be noted that
in an alternate scheme of generalized symmetry parameters
which can be developed by insisting that the center of grav-
ity be maintained among the split tetragonal levels, the
definition of Dg cannot be same as in the cubic case.5With
our set of ligand field parameters, the nonzero one-electron
matrix elements in strong field representation become (g|c)
= 6Dg - 2Ds + Dt, 0> = 6Dq + 2Ds + 6Dt, <jjf> =
—4Dq —2Ds + Dt, and (7M7) = (E|f) = —4Dq + Ds —
4Dt. The resulting energy matrices including coulombic re-
pulsion matrix elements are given in Table 1.8 We have also
calculated the matrix elements of the Coulomb interaction
directly using the wave functions of the Appendix and veri-
fied those of Sugano, Tanabe, and Kamimura.6& The cor-
responding energy matrices of dé electronic configuration
can be obtained by simply reversing the sign of Dg, Dt, and
Ds parameters and adding a constant (9A - 145 + 7C)
term to all diagonal elements of the given matrices. The
common [n(n - 1)/2]A, where n is of dn, i.e., 6A for d4
has been omitted in the diagonal elements of the matrices
of Table I.

Results

Let us consider spin-allowed transitions in the tetragon-
ally distorted or substituted octahedral systems. In the case
of high-spin d4, all are of quintet-quintet transitions. The
energies of quintet levels, including configuration interac-
tion, are simply the one-electron energies with signs of Dg,
Dt, and Ds reversed since high-spin d4 is equivalent to one
hole in the d orbitals. Ground state can be 5Bi or 5Ai de-
pending upon whether (45s + 5D ) is negative or positive.
(See also Figure 1.) The other two excited states are 5B2
and 5E. Thus, three spin-allowed transitions are expect-
ed/ 011 In the case of low-spin d4systems, the spin-allowed
transitions are of triplet-triplet type. The ground state can
be either the 3A2 or 32 component of 3Tic(t24) depending
upon whether (3Ds - 55f) is positive or negative. Thus,
the condition for magnetic cross over which is simple in the
case of octahedral systems (namely, change in ground state

-(ADst5 )

0,6)

10 Oy (10 Dy+ Ds+10 DY)

Figure 1. Tetragonal splittings of one-electron cubic t2and e levels.

from high spin to low spin takes place if 10Dq > (6B +
5C)) becomes complicated in the corresponding tetragonal
systems, because of the alternate possibility for the ground
state for both high-spin and low-spin complexes.12 If 5Ai is
the ground state of high-spin system, magnetic cross over
takes place to 3A2if 10Dq > (6B +5C) or to E if (10Dg —
3Ds + 5Dt) > (B + 5C). On the other hand, if Bx is the
ground state of spin-free system, magnetic cross over takes
place to 3A2if (10Dq + 4Ds +5Dt) > (6B + 5C) orto 3E
if (10Dg + Ds + 10Dt) > (65 + 5C). Low-spin d4systems
will have a number of triplet excited levels arising from
(t2%) configuration resulting in a number of spin-allowed
triplet-triplet transitions the positions of which are greatly
affected by configuration interaction. This situation is ex-
pected in the case of cubic systems also.13

High-spin d6 complexes are similar to the high-spin d4
systems in that once again the spin-allowed transitions are
among the quintet levels. The energy levels here are re-
versed and the ground state is either 5B2 or 5= depending
upon whether (3Ds —5Dt) is positive or negative. (See
also Figure 1)) The other two excited states are 54] and 5B1
Thus, once again three spin-allowed transitions are expect-
ed.11 The energies of these quintets are just the one-elec-
tron energies, including configuration interaction. Singlet,
1AIG[1AXc(t2H)], is the ground state in the case of low-spin
d6. The magnetic cross over in octahedral systems takes
place when 20Dg > (55 + 8C). The condition for magnetic
cross over when the ligand field is tetragonal12 depends on
whether 5B2 or 5E is the ground state in spin-free system. If
5B2 is the ground state, cross over occurs when (20Dq —
2Ds + 15Dt) > (55 +8C). Change in ground state from 5
to JAI takes place if (20Dg + Ds + 105f) > (55 + 8C). Al-
though there are a number of singlet excited states for
spin-allowed transitions to occur in low-spin d6, usually,
only the singlets arising from the first excited (t25%) config-
uration are uncovered in the spectra of Co(lll) complexes.
This configuration in octahedral symmetry gives rise to two
spin singlets, LTi and X2, which are expected to split in
tetragonal systems into 1A2 & and 1B2, 1E, respectively.
The magnitude of these splittings, neglecting configuration
interaction,M4 are (4A2 —rE) = —355f/4 and (1B2 —I) =
(6Ds —b5t/4). As noted before, these splittings are exactly
same as for the similar splitting of the two lowest energy
quartets, 4T 2and 4Ti, of d3configuration. Not only are the
splittings same, but the actual differences between the en-
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ergy of a cubic band and each of its tetragonal components
are same in d3 and d® systems. This means that the spectral
fitting procedure?2:3 used in the case of d3 tetragonal sys-
tems applies to d6 tetragonal systems also. It is interesting
to note that the two lowest energy spin-forbidden transi-
tions, 3T; and 3T of to%, in df systems are also predicted
to give rise to the same amount of tetragonal splittings.
Thus, the energy differences, (3A; — 3E) and (°Bz — °E), re-
spectively, are given by —35Dt /4 and (6Ds — 5Dt /4), ex-
cluding configuration interaction.

Finally, applications to distorted tetrahedral systems are
similar. Thus, the conclusions arrived at in the case of
high-spin octahedral d* and d® systems apply equally to
tetrahedral d® and d4, respectively. The actual parameters,
of course, will differ.

Supplementary and Miniprint Material Available. An
Appendix containing quadrate wave functions will appear
following these pages in the microfilm edition of this vol-
ume of the journal. Photocopies of thé supplementary ma-
terial and full-sized photocopies of the miniprint material
(Table I) from this paper only or microfiche (105 X 148
mm, 24X reduction, negatives) containing all of the supple-
mentary material for the papers in this issue may be ob-
tained from the Journals Department, American Chemical
Society, 1155 16th St., N.-W., Washington, D. C. 20036.
Remit check or money order for $4.00 for photocopy or
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Approximate Molecular Orbital Study of Organic Positron and Positronium Complexes
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A study has been made to determine the possibility for the existence of positron and positronium com-
plexes with a selected number of organic molecules. The CNDO/2 approximation is used for all electronic
integrals and for electron-positron Coulomb integrals. The core Hamiltonian matrix elements for the posi-
tron were estimated by combining the Wolfsberg-Helmholtz and Cusachs-Cusachs approximations. This
approach shows that the positron should become bound to the molecules; using the same criteria the for-
mation of stable positronium complexes is more improbable. The calculated binding energies are strongly
dependent on the value of the Wolfsberg-Helmholtz proportionality constant for positrons.

Introduction

Experimental observations on the rates of two-photon
positron (e+) annihilation and on the attendant angular
correlation curves for the y photons have led a number of
investigators to postulate the existence of stable positron
complexes with atoms, ions, and molecules.1‘7 Theoretical
calculations of the stability of e+ complexes with atoms and
atomic ions, and of the positron lifetimes in these com-

plexes, have generally been rewarding.38-u T"g most ex_

tensive theoretical work in this area has been done by
Schrader and coworkers: a 1970 paper12 provides a general
nonrelativistic self-consistent-field theory of one-positron,
many-electron systems and explains the approximations
involved in most of the earlier work; a more recent paper
describes a variational treatment of e+H” which incorpo-
rates interparticle coordinates in the wave function.11 The
most accurate result of Navin, Schrader, and Lebedall in-
dicates that e+H” is 0.794 eV more stable than separated
positronium and hydrogen atoms. This means that the pos-
itron binding energy (positron affinity) of the hydride ion
is of the order of 6.8 eV. Earlier calculations indicated posi-
tron affinities of the order of 2 eV for CI“ and alkali
atoms.39

This paper is concerned with the existence of e+ com-
plexes with relatively large organic compounds. For large
compounds, containing many electrons, a variational treat-
ment similar to that1l for e+H_ is presently intractable,
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and it is necessary to retreat to some form of the self-con-
sistent-field theory.12 We take the natural approach of
employing the Born-Oppenheimer separation and the Har-
tree-Fock approximation. The former implies that we treat
the nuclei as fixed point charges, and the latter, that we
treat the positron on an equal basis with the electrons, cal-
culating only average coulombic interactions between all
light particles. In general this approach should give reason-
able results. The necessary corrections for more accurate
calculations will arise from short-range interparticle poten-
tials, and should be amenable to treatment by an extension
of Sinanoglu’s theory of purely electronic correlation ef-
fects.10 The positron-electron correlation effects are ex-
pected to be extremely important in the prediction of e+
annihilation rates, so we have not tried to calculate these;
we are concerned here only with the stability of the e+ com-
plexes.

We make use of the approximate all-valence-electron
self-consistent-field theory developed by Pople and co-
workers,14 the so-called CNDO/2 approximation. We seek
positronic and electronic molecular orbitals and express
both as linear combinations of the same set of Slater-type
atomic orbitals.14'55 This has the advantage of providing a
basis for estimating the necessary integrals over positron
coordinates without a great deal of computation. For all
electronic matrix elements, the CNDO/2 approximations
and the parametrization suggested by Pople and Beveridge
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were retained. The positronic matrix elements of the core
Hamiltonian were estimated by comparison with the corre-
sponding electronic integrals. The latter were approximate-
ly decomposed into kinetic and potential energy parts
using the virial theorem. A sign change of the potential
part provided the approximation for the one-center posi-
tron matrix elements. For the two-center core matrix ele-
ments, these considerations were combined with the
Wolfsberg-Helmholtz approximation16 and the formula-
tion given by Cusachs and Cusachs.17 All Coulomb inte-
grals were evaluated using the CNDO/2 approximations,
but accounting of course for the positive charge of the posi-
tron. It is recognized that these procedures only provide
first approximations. In particular, the virial theorem is not
strictly applicable to the electronic integrals involving Sla-
ter-type orbitals, and the Slater-type orbitals provide im-
proper cusp behavior for the positron wave functions. Such
shortcomings will have to be remedied in future work.

This paper deals primarily with e+ complexes with
closed shell molecules. By making use also of the lowest un-
occupied electronic molecular orbital, we obtain a first ap-
proximation for the binding energies of e+ complexes with
molecular anions. (These are alternatively referred to as
positronium-molecule complexes.) Our general conclusions
are that both types of complexes, e+M and e+M-, are
probably stable, and therefore future, more accurate, work
is certainly warranted.

Hartree-Fock Theory

The total Hamiltonian, in atomic units, for a one-posi-
tron 2n- electron system is given by
= + Vet + ZS.p (1)
n (X<v M

where (using atomic units)
*eoed) = -V /2 - Z Zjrw
a

Vo) = -v//2+ ZaZ«/"«

§ Ilv ilv

§ tip — AUp

The subscripts & and v are used to indicate electron
terms, p indicates positron terms, and a refers to nuclei.
The superscripts (-) and (+) will be used with electron and
positron terms, respectively, for clarity. The core Hamilto-
nian terms include the kinetic energies and coulombic in-
teractions with all nuclei of the molecule. For a system con-
taining 2n electrons, and one positron, the wave function is

&= ip{/>)[(2m)'1_1/2det |N1)i/i22) . . . *,,(2<)] (2)
where each function, tpi, is a product of a molecular orbital,
$t and a spin wave function, either a or j3 The positron
spin is arbitrary. Since we are dealing with a closed-shell
electronic system, each occupied electronic orbital occurs
twice, being associated once with spin function a and once
with 0. We make the usual assumptions of orthonormality

AIlA =1 A |A - 6, ®
The energy expectation value is
M r i
= = 'K N
e = —(4:|Z(lVore(,k>+W 5412/)+

<d'|Voreji> + (MigupU) (4
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Using the fact that the electronic part of \p consists of n
doubly occupied orbitals, this can be written in terms of
summations over those molecular orbitals

E = 2Ztf;(>+ 2 IZ<]_(2J{(->- K{-) +V &+

2ZV 1)

Here, 1 pp(+) and Japi (+-) are respectively the positron-core
and positron-electron contributions

a c)= A iv ore(tla (e)
*)s () 'r|p~|| )

and Hu(~\ and K i j are the purely electronic core
interactions, Coulomb and exchange integrals involving the
molecular orbitals indicated by the subscripts. The molecu-
lar orbitals are expanded as linear combinations of the
atomic valence-shell orbitals [x*j

H = En:jx.Cui qp= ng.qu )]

If we introduce charge-density and bond-order matrices for
both electrons and the positron

n 1 1,
lpnv (-) = 9\/|"’f ni p‘W P[xv<+)——/~» 7 >/<PJ]

V' up  yfvp

the energy can be written in terms of integrals over atomic
orbitals

E = Z AZAAI1+
m
@2) M% Ny apW PO [XDXX(Q2)| r1-1|x")xaR)) -

V2OR@IBIPANE) + Z AZAA -
Z A (A*AXAAAINZIXXAXA)) P

U, WX, 0

Again, the first two terms are identical with those arising in
the simple closed shell electronic case,14 and the latter two
are caused by the positron

A =<A)IVae>> (D
Minimizing the energy with respect to variations in the

electronic and positronic orbitals leads to two sets of Har-
tree-Fock equations

F('A = e.0{
FEA = eA

where the electron and positron Fock operators are defined
as

(12)

F{) = hoore(-' + Zfej/-> - A’D + Jp) (13)

and
F® = hcoveM + 2Z'lj<>

Jj and Kj are the usual electronic Coulomb and exchange
operators associated with the;th molecular orbital; Jp{+]
is the positronic Coulomb operator

iy = - F A [I/ripgpp) o
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and Jji+]is the operator providing the Coulomb potential
seen by a positron due to an electron in the jth orbital

JfH rp) = ~F<®*(rj)[l/ripd>j(vi) dT;
For computational purposes, it is convenient to express the
energy as

E= (12)V

PtU

+ Fj->) +

(1/2 (14)
where all matrix elements are in the basis set of atomic or-
bitals. It should also be noted that in forming the wave
function (2) from the self-consistent solutions to eq 12 we
consistently employ the Aufbau principle. That is, the 2n
electrons are put into the n lowest lying electronic orbitals,
and the positron is assumed to occupy the positron orbital
of lowest orbital energy, tp.

Approximations and Parametrization

By using the zero-differential overlap approximation, the
multicentered interaction integrals are simplified so that

(XVXAIR2 ' [ X%0%) = (XY U2 | XuXv)8ul&yva —

y (15)
and the Fock matrix elements become
F —H () - VP <v
Fi*' =<l 9 M* )
F r» = - (@/2)Pury ~ + {16)
_ A
sg_F\\ Vnx X YUX
Fj-}=Hj-" - (L/2)P*-)yw (n* v

One of the CNDO approximations is to reduce Coulomb in-
tegrals toone per atom pair, i.e., =yab, where is lo-
cated on atom A and x,, on atom B.

It should be noted that the electron Fock matrix con-
tains a contribution of the form, — and that this
term is absent in the corresponding F M#X This exchange
term arises from the two-electron repulsions; since our sys-
tem contains only one positron, this term does not appear
in the positron matrix.

Equations 12 can now be solved by iterative techniques
and the electron and positron wave functions can be ob-
tained in which the electronic orbitals have been altered by
the presence of the positron, and the positron orbital has
been altered by the electrons.

The diagonal positron core matrix elements are approxi-
mated as

+ g,JAz ByAB (x, on atom A) (17)
U is an atomic term containing the kinetic energy and
potential energy of the positron in the field of the A th core;
the second term describes the positron interactions with
the other atomic cores.

The CNDO/2 parameterization as described by Pople
and Beveridge'5is used for all electron terms. However, for
the positron no data such as ionization potentials and posi-
tron affinities are available. In order to parametrize the
positron Fock terms we relate them to the corresponding
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electronic integrals as follows. For kinetic energy (T) and
potential energy (V) matrix elements

T = Tj-> and C = -vj" (18)
so that
5, o 1,y (=

Applying the virial theorem
=-(1/2)

T —V,, 0 1Y)

=-ynr- (20)
we see that

Uulily = — (1)
Treatment of the off-diagonal core terms is not as direct.
Because of the empirical nature of the bonding parameters,
dyiBO( ), used by Pople and Beveridge, no direct conversion
to Fab(l+) was found. Therefore, we decided to combine the
Wolfsberg-Helmholtz approximation16 with the ideas of

Cusachs and Cusachs.17 For the electronic core Hamilto-
nian matrix, we have

=Tj'1+ Vj-} (22a)
= + Hw'-")/2 (22b)
= 51711(2 h |S + H j—’\/2 (220)
The analogous expressions for the positron are
Hl &= Tj*" + Fu/ ¥ (233)
s e+ S(y(ffl, > + tfw(+)/2 (23b)

The terms in eq 23a are now treated by the method of Cu-
sachs and Cusachs

3 sdsd(ru/ &+ rwe)r

M*> =gsjv.uw + Vj*>)/2
and substituting eq 18 into the analog of eq 19 yields
iU (&= (3/2)F"cH = 3T
This gives directly
3 (3)SW2 + [sw|)(//,MH) + Hj”)/2 (23c)

Values typically usedi8 for the Wolfsberg-Helmholtz

in eq 22b range from 1.75 to 2.0, and comparison with eq
22c¢ shows that this corresponds to a range of |[S M between
0 and 0.25. When these values are employed in eq 23c and
the result equated to eq 23b, it appears that k (+) should be
in the range %to %

Our computer program was developed by modifying the
CNDO program listed by Pople and Beveridge.15 Along
with the other approximations already described, we em-
ployed eq 23b for //L)(+, and varied k (+) over the indicated
range.

Results

Using this formalism, we have studied the stability of
positron complexes of benzene and a number of substituted
benzene derivatives. In the process of carrying out the iter-
ations to self-consistency, two slight problems arose. A
number of calculations, especially with the larger values of
k (+), oscillated rather than converging directly to an energy
minimum. The oscillations were successfully eliminated by
taking the modified density matrices and averaging the
new calculated matrices with the old ones on each iteration.
Also, for some of the symmetric molecules, the symmetry
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TABLE I: Positron and Positronium Binding Energies (au)'
B2 = v KB = K

Compound 9] BE (¢4 e+site"” BE (Ps) —&& BE (et) e +site" BE (Ps)
Benzene 0.0082 0.0031 C-H -0.2197 +0.2840 +0.2831 C-H +0.0597
Toluene 0.1877 0.1427 a-C-H -0.0608 +0.4717 +0.4270 a-C-H +0.2225
Fluorobenzene 0.2083  0.1030 RIC H ~0.0809h  +0.4426 +0.3451  P-C-H +0.1582"
Aniline 0.3375 0.2736 H +0.1184"  +0.6528 +0.5890 N-H +0.4339"
Benzonitrile 0.0780 0.0371 m-C-H -0.1726 +0.3671 +0.3194 C N +0.1573
Benzaldehyde 0.2256 0.1234 Ca éb%ny - 0.0002 +0.4686 +0.3757 Carbonyl +0.2533

C-H

Nitrobenzene 0.0608  0.0200 m-C-H -0.1512 +0.4268 +0.3250 p-C-H +0.1740
p-Benzoquinone 0.0213 0.0131 C-H -0.0232 +0.3137 +0.3084 C-H +0.2802

“ Greater than 90% of the e+charge density occurs here. bLUMO of the positronium complex is a a orbital; in all other

cases it isa worbital. '1 au = 27.21 eV = 627.71 kcal/mol.

Figure 1. Variation in positron binding energy of nitrobenzene with
k *\ Koopman's theorem estimate (O) and change in energy directly
calculated using eq 14 (A) for complex.

was lost during the iteration process. We believe that this
resulted from round-off errors in the positron density ma-
trix, where the elements are generally quite small. To elim-
inate the need for symmetry projection, we restricted our
solutions to the symmetric cases by symmetrizing the mo-
lecular orbitals at each iteration.

The important results are listed in Table | for the two
limiting values of k (+) mentioned previously. All calcula-
tions indicated that the positron should be bound by these
molecules. Two approximations for the positron binding
energies are given: (—ep) is the negative of the positron or-
bital energy, and provides a Koopmans’ theorem19 esti-
mate; the other entry (BE) was a direct calculation of the
binding energy as the difference between the total energy
of the neutral molecule and that of the positron-molecule
complex. The two estimates are fairly comparable to one
another, but the former is always of greater magnitude
than the latter. The calculated positron binding energy de-
pends critically on the value used for fc(+). This is illus-
trated graphically in Figure 1, which shows the two esti-
mates of the positron affinity of nitrobenzene as a function
of k (+). Corresponding to this, the number of bound posi-
tronium orbitals also increased with k (+). For the majority
of the complexes, we found one or two bound orbitals for
k (1) = % and six to eight for k (+) = %

Also indicated in Table I are the locations of maximum
positron density found for the several complexes. The posi-

TABLE II: Calculated Total Charge Densities for
Aniline and Positron-Aniline Complex

(k(+>= VO
eC%igzl;\r e Charge density in complex
Atom molecule Electron Positron
N 5.214 5.342 0.194
Hn 0.939 1.041 0.399
C subst 3.770 3.789 0.002
Cortho 4.010 3.971 0.001
“Wortho 1.057 1.032 0.001
C meta 3.912 3.897 0.000
sHmeta 1.066 1.014 0.000
§: para 3.982 3.942 0.000
para 1.064 1.016 0.000
€ 04
*02-
H---- G-------- C-------- C
H-----C c G G N—H

Figure 2. Profiles of electronic total charge and x charge for aniline,
before (-) and after (----) positron addition. The position of the high-
est positron density (not to scale) is indicated in the N-H bond.

tron was always found to be essentially localized in a single
bond (or in equivalent bonds when this was required by
symmetry). The position at which the positron was found
varies widely through the series of molecules, and for some
cases the .positron’s location was seen to change as k <) was
varied. We have not been able so far to reconcile these find-
ings consistently with chemical intuition. For example, if
the complex formation is considered to be an example of
electrophilic attack, one might expect the positron to locate
in the meta position of nitrobenzene. This was observed for
kf) = 9% but when k () was taken as % the positron
moved to the para position. Similar shifts were observed
for benzonitrile, but for the larger k i+>the positron local-
ized on the cyanide group. A number of additional points
could be made, but at the present level of approximation
extended discussion is probably not justified.
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It is of some interest to note that the positron was always
found to be most stable in a arather than a x molecular or-
bital. This is in fact expected if one looks at the positron’s
Fock matrix elements. In our approximations, all diagonal
elements, F/v(+>, are positive, but the minimum values al-
ways occur for the hydrogen Is orbitals. This situation
could easily be expected to change if different approxima-
tions are employed.

Addition of the positron to a molecule is of course ex-
pected to cause some shifting of electronic charge density.
As a typical case, we list in Table Il the calculated total
atomic charge densities for the aniline molecule and its
positron complex. The atomic charge density is obtained by
summing the diagonal elements of the electronic charge-
density and bond-order matrix (see eq 9) over all the va-
lence orbitals for each atom. The same data are shown
graphically in slightly different form in Figure 2. This
shows profiles of net x charge and net total charge before
and after positron addition. The net total charge is the dif-
ference between the calculated charge density and the
atomic core charge. The net x charge is the x-orbital densi-
ty minus one. The figure is intended to show electron
buildup at the various atoms; the numbers between the
atoms are not meaningful. In all cases, the electron density
is enhanced in the vicinity of the positron, as expected
from the mutual attraction. The largest changes seen in the
electron density upon positron addition were about 0.1 e,
and most changes were appreciably less.

The positron densities listed in Table Il illustrate the
high degree of localization found for the positron as indi-
cated earlier. In this case, more than 99% of the total posi-
tron density is located in the NH2group.

It is possible to estimate positronium binding energies
for the molecules considered. This is done by considering
the following cycle of processes, in which M denotes a neu-
tral molecule, and Ps indicates the positronium atom
(ete~)

Ps + M P PsM
G8eVv-105a EA <)
e* + e" + M -_-ﬁé-;é:: e*M + e"

Thus, the positronium binding energy is approximately
BE (Ps) = BE (et) + EA (etM) - 0.25 au (24)

Here, BE (e+) is the molecular positron affinity discussed
earlier, EA (e+M) is the electron affinity of the positron-
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molecule complex, obtained by Koopmans theorem from
the orbital energy of the first unoccupied electronic orbital
in the complex, and the last term is the dissociation energy
of the ground state of the hydrogen-like positronium
atom.20 The values obtained from eq 24 are listed in Table
| for each molecule.

These calculations do not unambiguously show whether
these molecules form stable positronium complexes. For all
but aniline, the PsM complex was found to be unstable
with respect to dissociation to Ps + M when k (+) = % But
with fcetl = 9% all positronium-molecule complexes were
found to be stable. The fact that our calculated positro-
nium binding energies range from small negative to small
positive values is actually gratifying because recent experi-
mental studies suggest21’2 that the heats of complexation
are negative and of the order of several kcal/mole.
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Equivalent conductances of ammonium and mono-, di-, and triethylammonium tetraphenylborates in 3-
methyl-2-oxazolidone and 3-tert- butyl-2-oxazolidone have been determined over broad concentration
ranges (4-218 X 10~4m ) at 25°. For each salt, data from two independent sets of measurements were com-
bined and evaluated by the Fernandez-Prini expanded forms of the Pitts and Fuoss-Hsia equations. Anal-
yses of data by these equations yielded the same values for the limiting equivalent conductances of the
salts and further indicated that all of the salts, excepting the completely dissociated diethylammonium te-
traphenylborates, were very slightly associated in the two 3-alkyl-2-oxazolidones. Values of limiting ionic
equivalent conductances, estimated using the tri(isoamyl)butylammonium tetraphenylborate method, in-
terestingly reveal for both solvents that the diethylammonium ion has the highest An+ value. The absence
of a definite trend in the A0+ values for the ammonium through tetraethylammonium series in each of the
two 3-alkyl-2-oxazolidones indicates specific ion-solvent interactions in these systems.

Introduction

Recently several 3-substituted 2-oxazolidones, including
3-tert- butyl-2-oxazolidone (3fBu20x) and 3-methyl-2-
oxazolidone (3Me20x), were found to have very promising
potential as new electrolytic solvents.1 Since electrolytic
conductance measurements are one of the most accurate
techniques for determination of ion-solvent interactions in
solution, an initial investigation of the conductance behav-
ior of a series of electrolytes in 3fBu20x and 3Me20x was
undertaken. Partially substituted ammonium salts were
chosen for study since there have been relatively few con-
ductance investigations2-6 of these types of electrolytes.

Experimental Section

The synthesis and purification of 3fBu20x and 3Me20x
have been described previously.1The procedure and appa-
ratus used in the present investigation also have been de-
scribed in detail.7 The easily prepared and very soluble te-
traphenylborate salts of ammonium, ethylammonium,
diethylammonium, and triethylammonium were prepared
by mixing aqueous equimolar solutions of sodium tetra-
phenylborate (Baker Analyzed Reagent) and ammonium
bromide (Baker Analyzed Reagent), ethylamine hydro-
bromide, diethylamine hydrochloride, and triethylamine
hydrobromide (all Eastman chemicals), respectively. The
precipitates were recrystallized from acetone-ether
mixtures. Conductivity water, obtained by passing labora-
tory distilled water through IWT (lllinois Water Treat-
ment Co.) ion-exchange resin, was used in the salt prepara-
tions. All salts were ground finely and dried in vacuo prior
to use.

Results and Discussion

All data were evaluated with computer programs8 writ-
ten in Fortran TV for an IBM 360/65 computer system. All
electrolyte solution concentrations and conductances ap-
pear in the microfilm edition of this volume of the journal.9
For each salt two independent sets of measurements were
made and the data from both sets were combined and eval-

uated by the Fernandez-Prini expanded formsl0 of the
Pitts1l and Fuoss-Hsial2equations. Neglecting any viscosi-
ty corrections in the data evaluation, the expanded Pitts
and Fuoss-Hsia equations are expressed as

A = A0 —S(Cy)1"2 + E Cy log Cy +
J,Cy -J 2(Cy)32 - KACypA (1)

in which S = akQ+ 5 E = A0D- E2Ji = oA, + a2,
and J 2 = asAO + <d. In these equations all symbols have
their usual meanings. For the data analysis a range of d
values was selected13 and values of Ao, K a, and d corre-
sponding to a minimum standard deviation, crA, were cho-
sen as the best fit set of parameters for the system. Initial
Ao values used in the expanded equations were those ob-
tained from the evaluation of data by the Fuoss-Onsager
equation for unassociated electrolytes.14 Conductance pa-
rameters were calculated each 0.5 A throughout the range
of d values 2.0-20.0 A The conductance parameters ob-
tained from the expanded Pitts and Fuoss-Hsia equations
are listed in Table I; the equivalent conductances of the
ammonium and partially substituted ammonium ions are
presented in Table II.

The absence of a definite trend in the limiting equivalent
conductances within the ammonium through tetraethylam -
monium ion series in 3tBu20x and 3Me20x indicates spe-
cific ion-solvent interactions in these systems. Interesting-
ly in both solvents, as in N- methylacetamide,4 nitrometh-
ane,s and ethanolamine,6the diethylammonium ion has the
highest Ao+ value in the series. As Table | reveals, whereas
most salts are determined to be very slightly associated
electrolytes in the 2-oxazolidones, the diethylammonium
salt is an unassociated electrolyte in 3fBu20x and
3Me20x. Also of interest is the observation that in
3i Bu20x larger values of d and K Aare obtained from the
expanded Fuoss-Hsia equation than from the expanded
Pitts equation; in 3Me20x the reverse trend is observed.
Both expanded equations yield the same values for the
electrolyte limiting equivalent conductances. The expand-
ed equations appear to provide a complete description of
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TABLE |I: Conductance Parameters from Expanded Pitts and Fuoss-Hsia Equations for Partially Substituted

Ammonium Salts in 2-Oxazolidones at 25°

Expanded Pitts evaluation

Expanded Fuoss-Hsia evaluation

Salt KFO d aA Ag K a d aA AD K k
3iBu20xp
NH.BPhi 11.86-133.3 (13) 7.5 0.019 7.92 1.3 8.5 0.019 7.92 2.1
Et.NHsBPh., 6.582-169.4 (19) 4.0 0.014 8.55 0.3 6.0 0.014 8.55 1.6
Et,NH, BPh4 15.97-143.2 (13) 115 0.031 9.70 12.0 0.031 9.70
EtiNHBPh.i 4.002-218.2 (20) 6.0 0.027 9.28 1.8 7.5 0.027 9.28 2.8
3Me20x6
EtNH.BPh., 5.791-104.1 (15) 13.0 0.024 20.47 0.5 125 0.025 20.47
Et >NH»BPh4 12.50-68.95 (16) 16.5 0.015 22.66 0.3 14.5 0.016 22.66
EtiNHBPhi 5.322-85.93 (15) 13.0 0.024 21.83 1.9 12.0 0.024 21.83 1.2

“The number in parentheses indicates the number of data points included in the analysis. bDensity, viscosity, and di-
electric constant are as follows: 3fBu20x 1.0501 g/ml, 0.05628 P, 57.6; 3Me20x 1.1702 g/ml, 0.02450 P, 77.5 (ref 1).

TABLE 11: lonic Limiting Equivalent Conductances
in 2-Oxazolidones at 25° a-e

Cation X0+(3iBu20x) X0+(3Me20x)
n h 4+ 4.52 12.07e
EtNH3+ 5.15 11.93
EtiNHT 6.30 14.12
EUNH + 5.88 13.29
EtN + 6.097 13.71e

aBased on ADvalues from the expanded Pitts and Fuoss-
Hsia equations. bDetermined with TABBPh4as a reference
electrolyte. X(BPh4~) = 3.40 in 3fBu20x5and X)(BPh4~)
= 8.54 in 3Me20x.7e EtNH 3+ = ethylammonium, EtNNH 2+
= diethylammonium, EtNH + = triethylammonium,
EtN + = tetraethylammonium, TAB+ = tri(isoamyl)-
butylammonium, BPh4~ = tetraphenylborate. dReference
15.eReference 7.

the behavior of partially substituted ammonium salts in
the 2-oxazolidones. Application of the recently expanded
conductance equations to data for other partially substitut-
ed ammonium salt-nonaqueous solvent systems should be
of interest in future investigations.
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Conductance measurements for a series of tetraalkylammonium salts in 3-tert- butyl-2-oxazolidone
(31 Bu20x), a recently synthesized nonaqueous solvent of exceptionally high purity, were made over a rela-
tively wide concentration range (2-200 X 10~4 M) at 25°. All conductance data were evaluated by the
Fuoss-Onsager equations for associated and unassociated electrolytes and by the expanded Pitts and
Fuoss-Hsia equations. From the Fuoss-Onsager data analysis, which yielded unrealistically small ion size
parameters, all of the tetramethyl- through tetrahexylammonium tetraphenylborates, perchlorates, bro-
mides, nitrates, and picrates were found to be unassociated electrolytes in 3t Bu20x. From the expanded
Pitts and Fuoss-Hsia equations with values of the ion size parameter ranging from 3 to 9 A, small associa-
tion constants ranging from 0.4 to 9.2 M~ 1 were obtained for these electrolytes. Association within the salt
series decreased in the order nitrates > bromides > perchlorates > tetraphenylborates. The same values of
the electrolyte limiting equivalent conductance were obtained from the two expanded equations; however,
these Ao values were slightly smaller than the values obtained from the Fuoss-Onsager equations. lonic
limiting equivalent conductances were obtained by using triisoamylbutylammonium tetraphenylborate as
a reference electrolyte. Generally, the limiting equivalent conductances of the tetraalkylammonium ions
decreased as the crystallographic radii of these ions increased; but surprisingly, the Xot value of the
tetraethylammonium ion was higher than that of the tétraméthylammonium ion in 3f Bu20x.

Introduction

Frequent use of nonaqueous solvents as media for chemi-
cal reactions has created an increasing interest in the prop-
erties of electrolytes in solution. Electrolyte behavior in so-
lution can be determined directly from fundamental elec-
trochemical investigations. Measurement of electrolyte
conductance is one of the most accurate techniques for de-
termination of ion-solvent interactions in solution.

The Fuoss-Onsager equations2 have been used exten-
sively for the evaluation of conductance data; however,
these equations often yield unrealistically small ion size pa-
rameters. This shortcoming has led to considerable interest
in the analysis of conductance data by the relatively recent
Fernandez-Prini expanded forms3 of the Pitts4 and Fuoss-
Hsia5 equations.

Recently 3-tert- butyl-2-oxazolidone (31Bu20x), a new
nonaqueous solvent of very low specific conductance (3-8
X 10' 9 ohm-1 cm-1), moderate dielectric constant (57.6),
and relatively high viscosity (5.63 cP), was found to have
promising potential as a new electrolytic solvent.® Since
tetralkylammonium salts are very soluble in many non-
aqueous solvents and also form systematic series contain-
ing cations of relatively large crystallographic size and low
charge density, these electrolytes often serve as theoretical
models in solution chemistry. Therefore, an initial investi-
gation of the conductance behavior of a series of tetraalk-
ylammonium salts in 31Bu20x was undertaken.

Experimental Section

The synthesis and purification of 3-tert- butyl-2-oxazoli-
done have been described previously.6 Recrystallization of
the salts and the apparatus also have been described pre-
viously.7 Aqueous potassium chloride solutions ranging in
concentration from 6.0 X 10-5 to 6.0 X 10-3 M were used in

the determination of the cell constants. The constants,
0.7402 + 0.0011 and 0.3181 + 0.0005 cm*“ 1-were calculated
from the conductance equation of Lind, Zwolenik, and
Fuoss.8 Procedures used in the present study have been de-
scribed in detail.7’9

Results and Discussion

All conductance data were evaluated by the Fuoss-
Onsager equations2 for unassociated and associated elec-
trolytes and by the expanded equations3 of Pitts4 and
Fuoss-Hsia.5 All data were evaluated with computer pro-
gramsl0 written in Fortran IV for an IBM 360/65 computer
system. Values of the density, viscosity, and dielectric con-
stant of 3-tert- butyl-2-oxazolidone at 25° which were used
in all calculations were 1.0501 g/ml, 0.05628 P, and 57.6, re-
spectively.6 All electrolyte solution concentrations and con-
ductances appear in the microfilm edition of this volume of
the journal.ll

The Fuoss-Onsager method of evaluation yielded values
of Ao, K a, and aj from the equation

A = A0 —S(Cy)i/2 +
ECy log Cy + JCy - KACyfA (1)

in whichS = aAo +3E =E1A0 —E2, and J = §$Ag+
<. In these equations all symbols have their usual meaning.
The physical properties of 31Bu20x at 25° lead to values of
0.3645, 11.19, 1.337, and 6.010 for the coefficients a, (1 E X,
and E2, respectively. The coefficients al and 02 are func-
tions of both the solvent physical properties and the ion
size parameter. For unassociated electrolytes 7 = { and Ka
= 0; for associated electrolytes 7 < 1and K a> 0. As in nu-
merous other conductance studies, the viscosity term F Ao
was omitted in the present Fuoss-Onsager data evaluation.
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TABLE I: Fuoss -Onsager Conductance Parameters for Tetraalkylammonium Salts

in 3-iert-Butyl-2-oxazolidone at 25°

Salt 10'Km 1040

MeNBPh4 0.71 5.464-78.61 (8)
1.6 88.13-202.6 (7)

5,464-202.6 (15)

MeMNPi 5.6 5.216-95.90 (6)
4.9 49 .67-163.8 (6)

5,216-163.8 (12)

ELNCia, 3.5 9.964-91.04 (6)
8.2 21,.76-179.6 (6)

9.964-179.6 (12)
EtANNOs 5.6 13.09-128.0 (9)
PrJSTBPhi 8,.8 16..65-88.40 (7)
PriNCICh 6..7 6..436-101.1 (7)
PiyNBr 35 13.30-99.80 (7)
8.2 21 .28-181.5 (7)

13 .30-181.5 (14)
BuJNTBPhi 12.0 56 .59-165.3 (7)
BmNCICh 35 15.13-78.60 (5)
8.2 63 .45-162.1 (5)

15.13-162.1 (10)

Bu,NBr 35 10 .52-142.1 (11)
Bu,,NNO;, 5.8 17 .82-206.2 (8)
PemNCICb 3.5 2.287-60.38 (7)
8.2 9.923-122.4 (7)

2.287-122.4 (14)

PemNBr 8.2 2.875-151.1 (8)
HexNBr 3.5 6.668-59.49 (5)
8.2 19.91-103.0 (5)

6.668-103.0 (10)

TABBPtn 5.6 2.773-82.08 (8)
6.6 9 .535-176.4 (8)

2.773-176.4 (16)

aA A aj
0.003 9.25 + 0.012 4.2 + 0.22
0.004 9.21 zb 0..021 2.9 + 0.14
0 .009 9.34 + 0.023 2.2 +0.17
0.004 12 .29 + 0.011 2.9 + 0.13
0.004 12 43 + 0.014 2.3 +0.09
0.009 12.32 + 0.025 2.9 + 0.18
0. 006 15.07 zb 0. 022 2.5 + 0.22
0.004 15 .16 zb 0.015 1.9 + 0.07
0.005 15 .12 zb 0 .012 2.1+ 0.06
0..004 15.94 zb 0..012 0.8 + 0.05
0.002 8.12 bz 0. 008 3.4 +0.14
0.002 13..74 + 0..006 2.0+ 0.06
0.003 13 .20 + 0. Oil 0.6 £+ 0.06
0.006 13 .20 + 0..020 0.5+ 0.05
0.004 13 .20 zb 0 .009 05 +0.03
0.002 7 .50 zb 0 .009 2.8 £0.08
0.004 13.08 + 0.014 2.1 = 0.17
0.004 13 .13 zb 0.016 1.9 + 0.09
0.004 13 .09 =t 0.011 2.1 +0.08
0.003 12 .54 + 0.010 0.9 £ 0.05
0.002 13 .92 + 0.006 1.1+ 0.02
0.004 12 .71 + 0..015 2.7 + 0.25
0.005 12 .76 z0 0.018 2.3 zb0.15
0.005 12 .73 zb 0.012 2.6 zb0.12
0.008 12 .29 zb 0.018 0.5 zb 0.06
0.001 11 .87 + 0.002 1.52z00.03
0.005 11 .84 zb 0.018 1.3 zb0.15
0.007 11 .89 z» 0..018 1.0 zbo..14
0.002 6.84 + 0. 006 4.6 zbo. 12
0.017 6 .88 zb 0..005 3.4+ 0..16
0.004 6.88 7z 0..010 3.4 zbo .11

Solvent specific conductance. bThe number in parentheses indicates the number of data points.

Including viscosity corrections in conductance data analy-
ses leads to unchanged A0values and essentially unchanged
Ka and aj values. Initial AO values used in the Fuoss-
Onsager equations were those obtained from the Shed-
lovsky Ao’ us. C method of analysis.12 For all salts the use
of data weighted by C or Cy led to a smaller standard de-
viation oA for individual conductance values than did un-
weighted data. Evaluation of data for all salts as associated
electrolytes led to negative association constants and to de-
grees of dissociation greater than unity. Therefore, from
the Fuoss-Onsager evaluation all salts were considered to
be unassociated electrolytes.

The conductance parameters obtained from the Fuoss-
Onsager evaluation of data for all salts are presented in
Table 1. For some salts two independent sets of measure-
ments were made and the data from each set were evalu-
ated by the Fuoss-Onsager method. For these salts the two
sets of measurements then were combined and treated as
one set of data. Included in Table I are the electrolyte lim-
iting equivalent conductances obtained after combining
these data sets.

As Table | reveals, exceedingly small values of “the con-
tact distance” aj were obtained for the salts in 3t Bu20x.
These values, which are physically meaningless, indicated
the need for additional methods of data evaluation. Cur-
rently, the Fernandez-Prini expanded forms of the Pitts
and Fuoss-Hsia equations are of interest in the evaluation
of conductance data. In these expanded equations an addi-
tional concentration term is included and the ion size pa-
rameter is defined as “a distance of closest approach.” Ne-
glecting any viscosity corrections in the data evaluation,
the expanded Pitts and Fuoss-Hsia equations are ex-
pressed as
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A = A0- S(Cy)i/2 + ECylog Cy +
J,Cy - J2(Cy)32 - KhCyfA (2

The coefficients S and E are defined as in eq 1; the coeffi-
cients J i and J 2, which are functions of the solvent physi-
cal properties and the ion size parameter, have different
values in the Pitts and the Fuoss-Hsia equations.3*5

In the expanded Pitts and Fuoss-Hsia analyses of data
several procedures exist for the determination of conduc-
tance parameters. A value of d, the distance of closest ap-
proach of the ions, can be assignedl3 and corresponding
values of Ao and k \ can be calculated or a range of d
values can be selected4 and values of Ao, k A and d corre-
sponding to the minimum standard deviation, 0A, can be
chosen as the best fit set of parameters for the system.

This latter procedure was used in the present investiga-
tion. Initial values of A0 used in the expanded equations
were the Fuoss-Onsager A0 values obtained after combin-
ing the data sets (Table I). All experimental equivalent
conductance datall relating to concentrations in the range
of 2-200 X 10~4 M were used in the expanded Pitts and
Fuoss-Hsia analyses. This approach appeared reasonable
since conductance data for comparable or broader concen-

.tration ranges have been analyzed in terms of the same ex-

panded equations by other investigators.3-14 As previously
discussed 515 the expanded Pitts and Fuoss-Hsia methods
of analysis require data from relatively wide concentration
ranges, such as those used in the present study.
Conductance parameters were calculated at each 0.5 A
throughout the range of ¢ values 2.0-20.0 A. Typical Pitts
and Fuoss-Hsia plots are presented in Figures 1 and 2. As
these figures indicate the association constants are a func-
tion of the d values. The best fit d values (and correspond-
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TABLE Il: Expanded Pitts and Expanded Fuoss-Hsia Conductance Parameters for
Tetraalkylammonium Salts in 3-ferf-Butyl-2-oxazolidone at 25°

Pitts evaluation

Salt d <A %)
MeNBPh4 6.5 0.040 9.27
MejNPi 6.0 0.033 12.25
ELNCICh 6.0 0.021 15.05
ELNNO, 7.5 0.014 15.93
PrANBPh4 6.0 0.006 8.10
PraNC104 6.0 0.008 13.72
PraNBr 7.0 0.013 13.21
BuANBPh4 3.0 0.006 7.48
BuNC104 3.0 0.013 13.08
BuNBr 2.5 0.009 12.58
BuJVNCV 5.7 0.002 13.91
PenANC104 7.0 0.020 12.68
PenJMBTr" 7.0 0.025 12.30
HexANBr 8.5 0.020 11.86
TABBPhI 7.0 0.007 6.81

See text for discussion.

Figure 1. Plots of the expanded Pitts equation tor tetraalkylammon-
ium bromides in 3-fert-butyl-2-oxazolidone.

ing Ao and K a values) are dependent on the concentration
range included in the data analysis. For example, evalua-
tion of data for Et4NC104 in 3iBu20x within the concen-
tration range 9.964-179.6 X 10~4 M produced the results
listed in Table Il. Narrowing the concentration range to
upper limits of 152.8, 91.04, and 66.60 X 10-4 M resulted in
best fit d values of 6.0, 10.5, and 13.0 A, respectively, in the
Pitts evaluation of data and to best fit values of 8.0, 11.5,
and 16.0 A, respectively, in the Fuoss-Hsia data evaluation.

As Figures 1and 2 indicate and as previously observed,!4
the values of <A often remain essentially constant over a
relatively wide range of d values. Therefore, any set of pa-
rameters within this minimum <fArange may be considered
as an “acceptable” set of values.14 The conductance param-
eters presented in Table Il correspond to the minimum trA
evaluated to four significant figures. Very sharp minima in
the <A us. d plots were obtained for only one electrolyte,

2691
Fuoss-Hsia evaluation
K a d <A 2o K k
2.80 8.0 0.040 9.27 3.80
1.47 7.5 0.033 12.26 2.54
2.73 8.0 0.021 15.05 3.87
6.48 9.0 0.014 15 .94 7.51
1.87 7.5 0.006 8.10 2.83
3.78 8.0 0.008 13.72 4.94
7.81 9.0 0.013 13.20 8.76
0.44 3.5 0.006 7.48 0.28
1.90 5.5 0.013 13.09 3.54
4.84 5.0 0.009 12.58 6.55
5.49 7.7 0.002 13.92 6.65
2.64 9.0 0.020 12.67 3.69
8.24 9.0 0.025 12.30 9.24
6.50 10.0 0.020 11.86 7.32
0.63 8.0 0.007 6.81 1.40

Figure 2. Plots of the expanded Fuoss Hsia equation for tetraalk-
ylammonium bromides in 3-ferf-butyl-2-oxazolidone.

tetrabutylammonium nitrate, in 3i Bu20x. For this salt the
data were evaluated in 0.1-A intervals.

For example, in the expanded Pitts analysis of data for
PendNBr (Figure 1) <A values of 0.02513, 0.02490, 0.02492,
and 0.02524, correspond to d values of 6.5, 7.0, 7.5, and 8.0
A, respectively. In the expanded Fuoss-Hsia analysis for
this salt (Figure 2) uA values of 0.02510, 0.02498, and
0.02535 correspond to d values of 8.5, 9.0, and 9.5 A, re-
spectively. Therefore, conductance parameters for
PendNBr in Table 11 are listed at d =7.0 in the Pitts evalu-
ation and at d = 9.0 in the Fuoss-Hsia evaluation. For
BUANNO3, ah. values of €00530, 0.00227, and 0.00282 cor-
responded to d values of 5.0, 5.5, and 6.0 A, respectively, in
the Pitts analysis; in the Fuoss-Hsia analysis <€A values of
0.00621, 0.00241, and 0.00347 corresponded to d values of
7.0, 7.5, and 8.0, respectively. Réévaluation of the data at
0.1-A intervals within these ranges yielded a minimum <A
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TABLE I1I: lonic Limiting Equivalent Conductances

in 3-icri-Butyl-2-oxazolidone at 25°“~c
Cation X, + Anion )
Me.N + 5.87 no 3- 9.84
Et.,N + 6.09 ClO., 8.96
Pr,N 1 4.74 Br~ 8.49
BudN + 4.10 Pi- 6.39
Pen.,N + 3.76 B Ph4- 3.40
Hex.,N + 3.37
TAB 1 3.40

«Based on a, values from the expanded Pitts and Fuoss-
Hsia evaluation of data. b Determined with TABBPh4as a
reference electrolyte. rMe = methyl, Et = ethyl, Pr =
«-propyl, Bu = «-butyl, Pen = «-pentyl, Hex = «-hexyl,
Pi = picrate.

of 0.00164 at d = 5.7 in the Pitts evaluation and a mini-
mum aA of 0.00163 atd = 7.7 in the Fuoss-Hsia analysis.
With the exception of the tetrabutylammonium salts in
31Bu20x, both expanded equations gave best fit parame-
ters at contact distances greater than the Bjerrum critical

distance g which is 4.86 Afor 3iBu20x at 25°. Figures 1

and 2 and Table Il indicate that larger association con-
stants and contact distances for tetraalkylammonium salts
in 3tBu20x are obtained from the expanded Fuoss-Hsia
equation than from the expanded Pitts equation. These
same observations have been made for other electrolyte
systems.3b’l4a

As expected and as Table Il indicates, electrolyte associ-
ation decreases in the order NO;s- > Br_ > C104” >
BPh4'. Both expanded equations yielded the same values
of the electrolyte limiting equivalent conductance. Gener-
ally, these Ao values were, at most, 0.07 unit less than the
average A0 values obtained from the Fuoss-Onsager equa-
tions.

lonic limiting equivalent conductances often are ob-
tained indirectly by using triisoamylbutylammonium tetra-
phenylborate (TABBPh4) as a reference electrolyte. Values
of A— are obtained by assuming that the limiting equiva-
lent conductance of the triisoamylbutylammonium ion,
shown to be equal to that of the tetraphenylborate ion in
methanol,16 is the same as that of the tetraphenylborate
ion in other nonaqueous solvents. Evaluation of the validi-
ty of using any reference electrolyte in a nonaqueous sol-
vent requires a direct measurement of transference num-
bers in that solvent. However, since the purpose of the
present investigation is the determination of relative solva-
tion effects within a tetraalkylammonium salt series, the
set of ionic limiting equivalent conductances, which is pre-
sented in Table I, was obtained by assuming A)(TAB+) =
Ao(BPh4-) in 3iBu20x. Addition of cationic and anionic
limiting equivalent conductances which reproduces most
salt limiting equivalent conductances in Table Il within
0.3% indicates the reliability of the data. Another indica-
tion of the precision of the measurements can be obtained
from the differences AORANNOS - AO(R4ANCIOA4),
AO(RANCIO4), - AO(R4ANBPh4), and AOR4NBr) -
Ao(RANBPh4). These values and their ranges are 0.86 +
0.03, 5.61 + 0.01, and 5.10 + 0.00, respectively.

Generally, as expected, the limiting equivalent conduc-
tances of the tetraalkylammonium ions decrease as the
crystallographic radii of these ions increase. The limiting
equivalent conductance of the Et4N + ion, however, is high-
er than that of the Me4N + ion in 3f Bu20x. This anomalous
behavior of the tetraethylammonium ion has been observed
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in conductance studies of tetraalkylammonium salts in
other nonaqueous solvents, such as 1-propanol,l7 2-propa-
nol,18 and 1-butanol.19 Of interest in the solvent 3tBu20x
is the order of decreasing A0+ values within the series
Bu4N+ > Pen4dN+ > TAB+. In another derivative of 2-oxa-
zolidone, 3-methyl-2-oxazolidone (3Me20x),7 values of Aot
decrease in the order Bu4N+ > TAB+ > Pen4N+. Also in
3Me20x, as in several other heterocyclic aprotic solvents,
such as ethylene carbonate20 and prcpylene carbonate,2t
the limiting equivalent conductance of the bromide ion is
greater than that of the perchlorate ion. However, in
3tBu20x A9CIO 4~) > Ao(Br"). These reversals in the order
of ionic limiting equivalent conductances in 3t Bu20x may
be attributed to specific ion-solvent interactions in this
medium.

A more complete description of electrolyte behavior in
3-tert- butyl-2-oxazolidone has been provided by the ex-
panded Pitts and Fuoss-Hsia equations than by the Fuoss-
Onsager equations. The promising potential of 3f Bu20x as
an electrolytic solvent has been verified in the present
study.
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Heats of Transport of Gases. lll. Thermoosmosis of Ternary Gaseous Mixtures
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Thermoosmosis of ternary mixtures of oxygen, ethylene, and carbon dioxide has been investigated. The
thermoosmotic pressure, AP, and heat of transport, Q*, for various values of temperature difference, AT,
are reported. It is found that Q* = 2c; [Q*]°, in agreement with earlier studies on binary mixtures, where
¢, is the mass fraction and [Q*]° is the heat of transport of pure component i.

Introduction

Recently Rastogi and coworkersl-3 reported the ther-
moosmotic pressures of oxygen, ethylene, carbon dioxide,
nitrogen, hydrogen sulfide, and mixtures of oxygen and
carbon dioxide across unglazed porcelain. Linear phe-
nomenological equations obtained on the basis of thermo-
dynamics of irreversible processes were shown to be appli-
cable within the range of investigation. The heats of trans-
port of the mixtures were found to vary linearly with con-
centration. However, it is difficult to say whether this
would also be true for ternary mixtures since no data have
been available up to now.

In the present paper thermoosmosis of ternary mixtures
of oxygen, ethylene, and carbon dioxide have been studied,
and heats of transport of mixtures have been estimated
using thermodynamics of irreversible processes.

Theoretical

We consider two compartments, filled with a multicom-
ponent mixture, separated by a membrane having pores
whose diameters are small enough to avoid purely viscous
flow. The two compartments are kept at two different tem-
peratures Ti and T 2 Following the methods of nonequilib-
rium thermodynamics,4 the rate of entropy production can
be written as

0 =J*xa+ . @

where Ju and JK are the energy flow and mass flow of the
k th component, respectively. The corresponding forces are

given by
= —AWlIT) = aTITj 2

Xk=-M TJ + (m*ATI/T]j) 3)
where AT and Apk denote the difference in temperature
and chemical potential, respectively, on the two sides of the
membrane. Tm is the mean temperature, given by
(TiT2)V2 Equation 3 can be written explicitly by using
the equation

ARk = - S,AT + (f™) AG &
i=1 \°ci 7 T,P,Cj
where the c¢;’s are the quantities of the type ¢,

excluding c- itself, c; is the arithmatic mean5 of the mass
fraction of component i in the two compartments, v* and
Sk are the partial specific volume and partial specific entro-
py of component k.

For a multicomponent system, the linear phenomenolog-
ical equations are given by

J{=£ + Liu*u (6)
fe=I

Ju= £Pu*Xk + Luxu )
f

where L is the phenomenological coefficient. We define the
energy of transfer Uk * as follows

Liu= 1]LikU* 8
Ji = £ L ikKXk+ U*XJ 9
<]
From eq 2, 3, and 9, we obtain
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j t = L;IX VKAP/Tm +

y' (hme\ AT L Qe AT/ TW (10)
Asci rreg T

Equation 10 represents the general equation for flow. In
the case of a steady state such that the flow of matter is
zero, we have

7—1 SM*

* .
k*P/Tm I|E:i aci 1., g T

+ QKAT/Tm 0
1)

For a three component system, we will have the following

relations in the steady state

Q*at

A AcCi 0 12

PAP + o)) tpg™d t T (42)
. *AT

[iM 2 + Q 0 (@13

AP+ {9e2 1 xp.0™ m ®
QAT

A 0 14

VAP + (), T,P,cha * (14)

According to the Gibbs-Duhem relation
CjAp, + C2Ap2 + GAJ3 =0 (15)

Now multiplying eq 12, 13, and 14 by c]
tively, and adding, we obtain

and Cs respec-

(r,r, + C22 + Cc3i3)AP + Ag +
T,P,c>

. EN AS +

Q@ (in) 1o A2+ CB{aCS%, o

(ciQi* + 2Q* Tm= o (16)
Using eq 15 and 16 we obtain
(AP/ADAMNAO = -Q*/vTm a7

for Q* = ciQ1* + GQ2*+ c3Q3*and v - C\W\ + e2b2 +
csus. Since nis a linear function of Tm a straight line
should be obtained by plotting AP against AT/Tn®, pro-
vided Q* is independent of the mean temperature.

When AT is large, eq 17 would be transformed as

(AP/AT),]H2=/3=0 = —Q* T jv T xT2 (18)

Equation 18 would also be valid when ¢c2 = 0 and c3 = 0.
On solving eq 12-14 for Acl and Ac2 and keeping AT
fixed, we obtain
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TABLE I: Heats of Transport of Pure Component
Heats of transport [Qi*]°, cal/g

P, Carbon
cm Oxygen Ethylene dioxide
5.4 -1.15 £ 0.01 -1.04 x0.01 -0.78 + 0.03
9.3 -0.83 +0.05 -0.82 = 0.02 -0.42 +£0.01
11.0 -0.67 £+ 0.04 -0.61 = 0.02 -0.45 £ 0.02
17.7 -0.44 +x0.04 -0.43 +£0.02 -0.27 +0.01

TABLE I1: Heat of Transport of Ternary Mixtures“

Mass fraction

Q*, callg
Oxy- Eth- Carbon™ -
gen ylene  dioxide Expt.l Using eq 21
0.601 0.223 0.176 -0.97 =ho ot -1.06 = 0.1
0.480 0.250 0.270 -0.8 *0.02 -1 .02%0.1
0.324 0.254 0.422 -0 .80 * 0.02 0 .97 = 0..08
0.092 0.188 0.720 -0 .70 + 0.02 -0 .86 = 0.08
0.085 0.05s0 0.865 -0 65 % 0.02 0o .83 = 0.08

“Pressure = 5.4 cm, mean temperature = 59°.

TABLE Ill: Heat of Transport of Ternary Mixtures*

Mass fraction

Qo+, callg
Oxy- Eth-  Carbon
gen ylene dioxide Exptl Using eq 21
0.669 0.111 0.220 -0.68 £0.03 -0.74 x0.05
0.617 0.189 0.194 -0.72 £+ 0.05 -0.75 *0.05
0.337 0.185 0.478 -0.66 *0.02 -0.63 + 0.04
0.180 0.149 0.671 -0.57 £0.01 -0.56 *0.04

“Pressure = 9.2 cm, mean temperature =x Q0

TABLE IV: Heat of Transport of Ternary Mixtures®

Mass fraction

Q*, call/g
Oxy- Eth- Carbon
gen ylene dioxide Expt.l Using eq 21
0.689 0.107 0.204 -0.62 £0.02 -0.64 +0.04
0.608 0.152 0.240 -0.61 £0.01 -0.63 * 0.04
0.475 0.146 0.379 -0.58 £0.01 -0.59 +0.04
0.343 0.186 0.471 -0.56 £0.01 -0.56 +0.04

1Pressure = 11.0 cm, mean temperature = 50°.

In deriving the above equations the condition c1 + c2 + C3
= 1 has been used.

Experimental and Results

Thermoosmotic pressures for gaseous mixtures of differ-
ent composition were measured using the experimental
procedure described previously.12 The gases were intro-
duced successively and their partial pressure noted, which
gave the mass fraction of each component. The thermoos-
motic pressure AP and the corresponding AT were mea-
sured for different mean temperatures at a fixed pressure.
The measurements were repeated for different pressures.
Q* was calculated using eq 18 knowing the experimental
values of AP, AT, and T m The means of several values of
Q* calculated for different mean temperatures are record-
ed in the Tables I-V. We shall call this Q* the experimen-
tal Q*. The uncertainty in Q* due to uncertainty in AP
and AT would not exceed £0.05 cal/g. The experimental
Q=* values for different mean temperatures at a fixed pres-
sure do not deviate more than +0.05 cal/g from the mean
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TABLE V: Heat of Transport of Ternary Mixtures”

Mass fraction

Q*, callg
Oxy- Eth- Carbon
gen ylene dioxide Exptl Using eq 21
0.738 0.110 0.152 -0.42 + 0.02 -0.42 £0.03
0.622- 0.168 0.210 -0.40 + 0.01 -0.41 +0.03
0.572 0.175 0.253 -0.39 £ 0.01 -0.40 % 0.03
0.365 0.203 0.432 -0.37 + 0.01 -0.37 % 0.03

»Pressure = 17.7 cm, mean temperature = 49°. Experi-
mental data show that eq 21 is satisfied within experimental
error although Knudsen conditions do not obtain. This
shows that the three components migrate independently of
each other as was found in the case of binary mixtures.
The dusty gas model theory of Mason7'8 predicts eq 21
only for Knudsen gases. The deviation from Knudsen con-
ditions in the present case may affect Q* values to such an
extent that it may not be possible to detect the deviations
from eq 21 at the present level of experimental accuracy
or else the dusty gas model may be a poor approximation.
More work is needed to settle this point.

Figure 1. Thermoosmotic pressure of ternary gaseous mixtures: (O)
oxygen; (©) ethylene; (®) carbon dioxide; () ternary mixture con-
taining oxygen, ethylene, and carbon dioxide: C02 = 0.617, CCxh4=
0.189, Cc02= 0.194; (@) CO2 = 0.337, CCh4 = 0.185, CcO2 =
0.478; (G) C02 = 0.180,- C 02n4= 0.149, C002= 0.671.

Q™* recorded in Tables | V and therefore are within experi-
mental error. This shows that Q* is independent of tem-
perature. This is further confirmed by the fact that when
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AP is plotted against AT/Tn2 a straight line is obtained
(Figure 1).

Discussion

Results recorded in Tables 1-V show that the data satis-
fy eq 18. It is known that for a Knudsen gas, [Q;*]° =
—RT/2M. The experimental values of [Qj*]° for oxygen,
ethylene, and carbon dioxide recorded in Table I do not
agree with this expression showing thereby that the present
case does not conform to Knudsen behavior. The observed
pressure dependence of the heat of transport supports this
conclusion. The values of the heat of transport for a terna-
ry mixture Q* are recorced in Tables I11-V along with the
values of Q* calculated from the relation

Q* = X/utQi*]0 @D

where [Qi*]° is the heat of transport of pure component i.
The experimental and theoretical values of Q* for mixtures
recorded in columns 4 and 5 of Tables 11-V are in agree-
ment within experimental error. The uncertainty in the
calculated value of Q* in Table 11 was larger because of the
low partial pressures used.
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On the Carcinogenicity of Bis(chloromethyl) Ether
and Chloromethyl Methyl Ether

Publication costs assisted by Polaroid Corporation

Sir: Recently a paper dealing with the hydrolysis of bis-
(chloromethyl) ether (bis-CME) appeared in this journal.l
Although we find the chemistry described in this paper to
be a contribution to science, we are deeply concerned over
the introductory paragraph of this article. References are
given documenting the cancer-causing properties of bis-
CME. It is also stated that bis-CME is an impurity con-
tained in the commonly used chloromethylating agent,
chloromethyl methyl ether (CMME). Thus the inference is
that CMME is only to be feared if bis-CME is present as an
impurity.

We wish to point out that current regulations of the Oc-
cupational Safety and Health Administration (OSHA) list
both CMME as well as bis-CME as carcinogens and very
strict precautions are required when dealing with both of
these compounds. The regulations state that although
there is confusion in some of the testing due to the pres-
ence of bis-CME in CMME, nonetheless purified CMME
has also been shown to have carcinogenic potential in ani-
mals.2

We thus feel that this latter reference and regulation
should also have been given in the introductory paragraph
of the paper.
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Scavenging of Electrons in 3-Methylpentane Glass at
77 K

Sir: When molecules which can react with electrons to
form stable negative ions are present in an organic matrix
during irradiation, they scavenge the electrons in competi-
tion with physical trapping and neutralization.

It has been found that after irradiation of such a system,
the concentration of trapped electrons, et-, decreases and
that of negative ions increases.l-5 Transfer of et- to bi-
phenyl, Bph, in 7-irradiated 3-methylpentane (3MP) glass,
for example, has been observed using spectrophotomet-
ricl-3 and pulse radiolysis4’5 techniques. We report here ex-
periments which provide new information concerning these
phenomena.

The Journal of Physical Chemistry, Vol. 78. No. 26, 1974

Deaerated 3MP glass containing 1 mM Bph was 7 -irra-
diated to 8 X 1021 eV |.-1 at 77 K. The concentrations of et-
(at 1550 nm) and biphenyl anions, Bph'* (at 408 nm), were
measured at 77 K, using a Beckman DK-2A spectropho-
tometer. The measurements were done either by repetitive
scanning of the complete spectrum of the sample from 2700
to 360 nm (case I) or at 30-min intervals (case Il). The re-
sults of these experiments for Bph- are shown in Figure la.
In case I, growth of Bph- absorption is observed whereas in
case Il the Bph- concentration remains practically un-
changed. When the irradiated sample is kept in the dark
for 30 min in a 77 K cell compartment and then again
subjected to illumination for 30 min by a spectrophotomet-
ric lamp set at 1000 nm, the growth of Bph- is again ob-
served. No appreciable influence of such treatment on elec-
tron decay in pure 3MP glass has been observed. The re-
sults of the above experiments strongly suggest that after
irradiation Bph reacts mainly with photobleached elec-
trons. If so, the bleaching effect should be particularly im-

Figure 1 (a) The dependence of Bph- concentration on time after
7 -irradiation of 3MP glass containing 1 mM Bph, 5-mm cell: (O) re-
petitive scanning of the complete spectrum (case I); (X) spectropho-
tometric analysis performed every 30 min (case ll). (b) [Bph-]-1 as
a function of [Bph]-1 in 3MP glass at 77 K: the pulse radiolysis ex-
periments, 5-mm cell, 4-nm monochromator bandwidth.
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portant in pulse radiolysis experiments at 77 K, since the
intensity of analyzing light in these measurements is very
high compared with that used in standard spectrophotome-
try.

In our pulse radiolysis experiments we have used a 13-
MeV linear accelerator, type LAE-139 (USSR made). The
degassed samples were positioned in a special shielded
dewar (with Spectrosil windows) filled with liquid nitrogen.
The dose in a single 2.5-/usec pulse was ~35 Krads. An EMI
9558Q photomultiplier in conjunction with a 556 Tektronix
oscilloscope has been used as detection equipment.6 In
order to minimize the possibility of optical bleaching by
the 450-W Xe lamp, the appropriate blue filter (maximum
at 420 nm and 80 nm-half-bandwidth) and 1-cm cell filled
with water were placed between the lamp and the sample
cell. The above combination® allowed us to observe the
Bph- absorption at 405 nm whereas the ir light did not
reach the sample. Additionally, the neutralizing filters have
been used to decrease the intensity of analyzing light.

Using such precautions we have observed no growth of
Bph™ absorption at 405 nm for 3MP glass containing ~1
and ~3.9 mM Bph, in the time range from 10-5 to 5 sec.

The linear dependence of the reciprocal of Bph- absorp-
tion, taken at 10 ¢¢sec after the pulse, against the reciprocal
of Bph concentration (Figure Ib) seems to support our con-
clusion that Bph reacts mainly with mobile or photode-
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trapped electrons. Taking into account the slope of this de-
pendence (Figure Ib) we are able to calculate the ratio of
the rate constants of electron trapping (k t) and scavenging
by Bph (ks); k j k &= 3.5 X 10-3. The results of our experi-
ments indicate that some of the previously reported data
on trapped electron scavenging may be essentially affected
by electron bleaching under the influence of analyzing light
and in fact cannot be referred to trapped electron reac-
tions.
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Additions and Corrections

ADDITIONS AND CORRECTIONS

1964, Volume 68

R. M. Wallace and S. M. Katz: A Method for the Deter-
mination of Rank in the Analysis of Absorption Spectra of
Multicomponent Systems.

Page 3891. The third term in eq 2 should read

We wish to thank Laszlo Bodoni for bringing this error
to our attention.—Richard M. Wallace

1973, Volume 77

J. A. Ghormley, R. L. Ellsworth, and C. J. Hochana-

del: Reaction of Excited Oxygen Atoms with Nitrous
Oxide. Rate Constants for Reaction of Ozone wiMi Nitric
Oxide and with Nitrogen Dioxide.

Page 1345. In the right-hand column, line 15, the correct
expression for k 6is ke = 2.303 slope/(2[03]0 —[N02]o> giv-
ing the value kg = 1.9 + 0.3 X 104 M~1 sec-1. We thank
Earl D. Morris, Jr., of the Ford Motor Company for calling
the error to our attention.—C. J. Hochanadel

Kazuo Kikuchi and Koshiro Yoshioka: Electric Bire-
fringence of Potassium Polystyrenesulfonate in Aqueous
Solution as a Function of Molecular Weight, Concentra-
tion, and Field Strength.

Page 2106. In the right-hand column, the sentence below
eq 30 (line 2) should read as follows: “Equation 30 is the
same as the expression for the saturated induced dipole
moment.”—Kaoshiro Yoshioka

The Journal of Physical Chemistry, Vol. 78, No. 26, 1974

Anders Lund and Larry Kevan: Free Radical Forma-
tion in Hydrocarbon Crystals by y Irradiation. Anisotropic
Hyperfine Couplings in CH3CH(CH2)33CH3 and Relative
Radical Yields in Single Crystal Hexatriacontane.

Page 2180. We have found that the crystal provided to us
in this work was n- C20H42 instead of n-C36H74. We have
confirmed this by its melting point. Fortunately, the even
alkanes crystalize in a similar way (see ref 5 in paper), so
the epr analysis and conclusions are unchanged except for
the length of the radicals studied,

Kenneth S. Pitzer and Guillermo Mayorga: Thermo-
dynamics of Electrolytes. Il. Activity and Osmotic Coeffi-
cients for Strong Electrolytes with One or Both lons Uni-
valent.

Page 2301. In Table 11l the parameters for the tetraalk-
ylammonium chlorides and bromides (but not the fluorides
or iodides) should be increased as follows: for /2(0\
+0.02815; for d(1), +0.0542; for C*, +0.00211. For (Et)4-
NI corrected constants are _d0 = —0.179, d(}) = —0.571,
and C* = 0.0412.

Page 2303. Sign errors should be corrected by reversing
the sign of E in eq 12, the signs of the last two terms in eq
13, and the sign preceding 2m in eq 15.—Kenneth S. Pitzer
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John D. Petersen and Peter C. Ford: Photochemistry
of Rhodium(l1l) Complexes. Ligand Field Excitation of
Hexaamminerhodium(l11) and Characteristics of Nonradi-
ative Deactivation Paths.

Page 1146. The caption for Figure 1, “Spectrum of
Ru(NH3)63+ .. .,” should read “Spectrum of Rh(NH?3)63+

—Peter C. Ford
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