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Production of NO(A 22 + , v =  0) by Electronic Energy 
Transfer between Cd(1P-i) and NO(X 2I I )
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Department of Chemistry, University of Utah, Salt Lake City, Utah 84112 (Received January 5, 1976) 

Publication costs assisted by the Petroleum Research Fund

The following energy transfer reaction, even though ~450-cm-1 endothermic, has been shown to occur readi
ly: CdOPi) + NO(X 2n) -*■ Cd(1So) + NO(A 2S+, v = 0). The NO y { 0 ,x )  fluorescence bands are sensitized 
when Cd vapor and NO(X 2W  in a flow tube at 290 °C are illuminated with 2288-A cadmium resonance ra
diation. By using NO y ( l , x )  band fluorescence (excited by direct absorption of the 2144-A Cd+ spectral line 
from the electrodeless discharge lamp) as an internal actinometric standard, the branching ratio for NO(A 
22 + , v = 0) p r o d u c t io n  in  t h e  o v era ll  q u e n c h in g  was d e te r m in e d  t o  be only ~0.04. Measurements of the sensi
tized y(0,;c) fluorescence intensity as a function of added NO and N2 pressures have resulted in the determi
nation of the absolute total cross section for quenching of Cd^Pi) by NO(X 2n): 92 A2. The energy-transfer 
cross section for the production of NO(A 2S+, v = 0), 3.4 A2, is much larger than would be predicted for a 
transition dipole-dipole interaction mechanism, using the theory of Gordon and Chiu. Possible mechanisms 
and favored exit channels are discussed for the efficient collisional quenching of Cd(1P1) by nitric oxide as 
well as by other molecules. Particular attention is given to the possibilities of strong long-range van der 
Waal’s attractive forces as well as intersecting charge-transfer potential surfaces. The surprising general im
portance of spin-forbidden exit channels resulting in the production of Cd(3Pj) is noted, and it is suggested 
that Cd(3Pj) production may be the dominant exit channel in the quenching of CdCP/) by NO(X 2II), since 
there are no spin restrictions.

Introduction

Electronic energy transfer reactions have been studied 
with increasing interest in the past few years,2-11 and are 
known to be important in such disparate areas as the dynamics 
of planetary atmospheres,12 photochemical air pollution,13 
combustion,14 trace-metal analysis,15 photosynthesis,16 and 
laser action.17’18 Fundamental studies by chemists and 
physicists are currently directed toward a more comprehensive 
understanding of the rates and the detailed collisional 
mechanisms of such reactions.2’3’10 There has been long
standing interest, for example, in near-resonant energy 
transfer, whereby an acceptor molecule has an electronic en
ergy level which can be populated by collision with a donor 
species in an excited state of similar energy.3-5’7-10’19’20

The photophysics of such transfer processes has been widely 
investigated for large organic molecules, particularly where 
transitions between ground and excited states of both donor 
and acceptor are allowed by optical selection rules, i.e., sin
glet-singlet energy transfer.3-10 Both a long-range transi

tion-dipole (Forster)20 mechanism and a shorter-range elec
tron exchange (Dexter)19 mechanism are applicable in rigid 
media. Lin21 and Lee3 have derived the analogous theoretical 
expressions for Forster- and Dexter-type energy transfer in 
the gas phase, and Lee and co-workers,3 as well sis others,10 are 
gathering extensive experimental evidence for both types of 
mechanisms.

Studies of electronic energy transfer between less complex 
species, such as excited atoms and/or diatomic molecules, have 
also been reported,4-9’11-22 but the collisional mechanisms 
responsible for such processes are not yet well established. The 
results of the elegant isotopic experiments of Melton and 
Klemperer5 on the electronic energy transfer aetween NO(A 
22+) and NO(X 2II) have been successfully interpreted by 
Gordon and Chiu23 using a Forster-like dipole-dipole theory 
derived from a theoretical treatment of rotational energy 
transfer.24 Fink, Wallach, and Moore4 have utilized a similar 
theory to explain the sudden rise in cross section for energy- 
transfer processes near resonance in the production of H2(B 
12 u+ , v', J ‘) in the collisional deactivation of excited argon
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atoms by H2. Jones and Bayes,6 however, have shown that 
energy transfer between 0 2(x Ag) and 0 2 occurs at nearly every 
collision, even though the metastability of the !Ag state rules' 
out any dipole-dipole interaction, and suggest that an electron 
exchange mechanism may explain the results in the 0 2 and 
perhaps even the NO case.

There are numerous cases of transfer of electronic energy 
from excited atoms to diatomic molecules in which pro
nounced resonance effects have not been observed,2’22 and 
potential-surface crossing mechanisms have sometimes been 
invoked.

Transfer of energy from the first singlet excited state of the 
cadmium atom, Cd^Pi), to NO(X 2n) to produce NO(A 22+, 
v = 0) is within k T  of exact resonance at ~550 K .25 As part of 
continuing investigations of the rates and mechanisms of 
collisional electronic energy dissipation of the low-lying ex
cited states of Hg, Cd, Zn, and Mg atoms,26 we report here the 
detection of NO(A 22+, v = 0) produced in such a transfer 
process and a determination of the absolute cross section. It 
is shown that the cross section is considerably larger than 
would be predicted on the basis of the Gordon-Chiu dipole- 
dipole theory, but is nevertheless small compared to the 
overall cross section for deactivation of Cdf^Pi) by NO.

Experimental Section
All measurements were conducted using a quartz flow tube 

which passed through a furnace (equipped with quartz access 
windows on the top and side for excitation and detection) 
maintained at 285-300 °C. The gas stream was saturated with 
cadmium vapor by passage over a Cd reservoir at the upstream 
end of the furnace. Gas pressures were measured using an oil 
manometer (Halocarbon Corp. Oil No. 13-21). Cadmium)1? !  
— 1So) resonance radiation at 2288 A was generated by mi
crowave discharge, at ~35 W net power, of sealed quartz tubes 
(~50 mm length, 9 mm o.d.) containing a few milligrams of 
cadmium metal (ROC/RIC Ultrapure, 99.9999%) and ~4 Torr 
of argon. Fluorescence from the flowing gas was collected with 
a quartz lens and dispersed onto Kodak 103a-0 plates using 
a Hilger medium quartz spectrograph. The plates were sen
sitized with sodium salicylate and prefogged to the linear re
gion of plate response to increase sensitivity and facilitate 
quantitative measurements of relative fluorescence intensities. 
The plate response factors at the wavelengths used for NO 
7 -band fluorescence measurements were determined by 
measuring plate optical densities as a function of exposure 
time to continuous radiation from a deuterium discharge 
lamp. The intensity of the D2 lamp was adjusted so that the 
exposure times for these measurements were comparable to 
the exposure times necessary to obtain NO 7  bands at roughly 
equivalent plate density. Relative fluorescence intensity at 
a particular wavelength was obtained from plate optical 
density:

I f  = 10 AD/° -  1  (A)

where I f  is the relative fluorescence intensity, AD is the plate 
optical density above background, and a is the plate response 
proportionality constant, which varied smoothly from 0 .8  to
1.2 over the 2400-3000-A range. Integrated band intensities 
were obtained by graphical integration, using eq A to obtain 
I f  for each wavelength increment. Correction for the de
creasing dispersion and increasing transmission of the spec
trograph with increasing wavelength is only necessary when 
comparing widely separated bands.

Volume flow rates were calculated by timing the pressure

rise in a calibrated volume. Linear flow rates were usually on 
the order of 100-300 cm/s.

The argon (U.S. Welding) and N2 (Matheson Prepurified 
Grade) were used without further purification. The nitric 
oxide (Linde Co.) was passed through a trap packed with silica 
gel and kept at —78 °C. Quantitative experiments with un
purified NO were difficult to perform because of rapid for
mation of a brownish film on the flow tube downstream from 
the cadmium reservoir (presumably CdO(s) formed by reaction 
of impurity N 0 2 with cadmium).

Results
When a stream of argon (~2 Torr) at 285-300 °C containing 

0.1-0.5 Torr of NO and cadmium vapor is irradiated with 
2288-Á cadmium resonance radiation, the NO 7  bands25 

corresponding to fluorescence from b o th  NO(A 22+, v =  1) and 
NO(A 22 +, v = 0) (hereafter referred to as 7 (1 ,x )  and 7 (0 ,x )  
bands, respectively) are observed with comparable intensity. 
When the experiment is repeated under the same conditions 
but with no cadmium metal in the stream (the cadmium metal 
was removed and the flow tube cleaned thoroughly, then 
preheated at 290 °C in a flow of argon for several hours), the 
7 (1 ,x) bands are again observed in fluorescence but the 7 (0 ,x )  
bands are completely absent. (See Figure 1 .) Subsequent 
addition of cadmium to the reservoir and repetition of the 
original experiment reproduces the relative intensities of the 
7 (0 ,x )  and 7 (1 ,x) bands.

If the experiment is run with the flow tube at room tem
perature, where the vapor pressure of cadmium is effectively 
zero, 7 (1 ,x )  bands but no y { 0 ,x )  bands are observed. Re
peating the experiment (at 285-300 °C) with a pyrex plate 
between the lamp and the furnace (wb'ch absorbs all radiation 
below 2900 A, but passes a significant fraction of 3261A (3Pi 
-*• 1So) resonance radiation) results in complete elimination 
of 7 -band fluorescence. Similar insertion of a NaCl plate 
(which blocks radiation below 2050 A) had no effect on either 
the 7 (1 ,x )  or 7 (0 ,*) band intensities.

These experiments can obviously be interpreted to indicate 
collisional electronic energy transfer from CdOPi) to NO(X 
2n3/2,1/2), producing NO(A 22+, v =  0). Production of NO(A 
22+, v = 1) results from direct excitation by the strong 2144-Á 
Cd+ spectral line from the lamp, which happens to be coin
cident with a particular rotational line in the 7 (1 ,0 ) transi
tion.5’9’27 Excitation of 7 (1 ,x )  bands by 2144-Á Cd+ radiati in 
has been observed previously by several workers, and our 
7 (1 ,x )  band profiles at moderate resolution are consistent with 
those observed by Carrington and Broida under similar 
pressure conditions and with a similar light source.9 Because 
rotational and vibrational relaxation by NO and Ar at these 
low pressures is slow compared to the radiative lifetime of 
NO(A 22+, v = l);5’9.28,29 ^ e  only rotational lines observed in 
the y ( l , x )  bands are those originating from the K  =  13 level 
of NO(A 22 +, v = l ) .9

The following processes are only ~510- and ~390-cm~1 
endothermic, respectively (reasonable estimates made from 
the P band-head energies):25

Cd)1?!) + NO(X 2IIi/2, v — 0) CdOSo)
+ NO(A 2 2 +, v = 0) (lai/2)

CdOPi) + NO(X 2n3/2, v =  0 ) -  Cd(1S0)
+ NO(A 22 +, v = 0) (la3/2)

To gain even further proof that processes la were occurring 
in the experimental system, and to estimate the overall rate 
of quenching of Cd(1PJ) by NO(X 2ni/2>3/2), experiments were

The Journal o f Physical Chemistry, Vol. 80, No. 18, 1976
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yCO,2)

The experiments re;lorted here, therefore. show concIu
sivelythat NO(A z~+, v = 0) is formed by coGsional energy
transfer frOID Cd(lP1) to NO(X 2IIl/Z,3IZ). It is important,
however, to determine whether this energy-transfer mecha
nism is the dominant process by which Cd(lP!) is quenched
by NO, and if not. to estimate the absolute cross section for
the overall quenching process as well as reactbn 1a.

We first describe a determination of the absolute rate
constant k 1 for the overall quenching process, then present
the results of experiments which establish be fraction of
quenching collisions of Cd(lP1) with NO which produce NO(A
z~+, v = 0), and therefore result in an abso~ute value for
k 1a•

Determination of the Rate Constant for Quenching of
Cd(lPd by NO(X 2111/2,312>. The experiments involving ad
dition of Nz can be treated quantitatively in terms of the fol
lowing processes:

~ ~
\ 1\
V· \
~

C: with Cd ~0}"
~. ~i(1;0000;'1')) ~\J \ {I \
~'fV~

y (1,3)

I !

(1)
kl

Cd(lPtl + NO ...... quenching

249248247244243242 245 245

WAVELENGTH (NM)

Figure 1. Microdensitometer traces of NO 'Y-band fluorescence. (A)
Flow tube temperature ~290 aC. No cajmium vapor present, PNO =
0.2 Torr; PAr = 1 Torr; spectrograph slit width 500 }J.. (B) Same condl·
tions as A, bot with Cd vapor present. (C) Same conditions as B, but with
10D-}J. silt width. Expc,sure times and detection efficiencies differ for
each case.

IV
"""NO.~ ) \
~ ~ ~

I ! ! , "! J

242 243 244 245 246 247 248 249

WAVELENGTH (NM)

Figure 2. Microdensitometer traces of NO 'Y-band fluorescence. Effect
of added N2: Slit width 500 }J.; flow tUbe temperature ~290 aC. (A) PAr
= 2.25 Torr, PNO = 0.38 Torr. (B) PAr =0.12 Torr. PNO =0.30 Torr, PN2=2.22 Torr. (C) PAr = 2.20 Torr, PNO =0.40 Torr. Measurements were
taken consecutively, with same photographic plate.

(2)

(3)

k2
Cd(lPIl + Nz ...... quenching

k3
Cd(lP1) + Ar ...... quenching

k..,o
NO(A 2~+, v = 0) - NO(X ZI1l/2.~/Z)

where I a is the r~te of absorption of resonance photons at the
concentration of Cd(lSc,) in the flow tube, k r i~ the effective
rate constant for first-order decay of Cd(lPJ) due to the
eventual escape of resonant photons from 6e flow tube
(substantially smaller than the natural fluorescent rate con
stant because of severe radiation imprisonment, see below),
k 1 is the overall rate constant for quenching of Cd(lP 1) by an
equilibrium mixture ofNO(X 2II3/Z) and NO(X zill/z) at the
temperature of the flow tube, and k-yO (5.0 X 1()6 3-1)28,29 is the
rate constant for sponta:leous radiative decay of NO(A 2~+).

Assuming that steady-state concentrations of Cd(lP1) and
NO(A z~+) exist under the irradiation conditions, the fol
lowing equation can be derived for treatment of the data for
the decreased 'Y(O,x) band intensity at any given NO pressure
when N2 is added:

1 1

[NO(A 2~+, v =0)) CcFo

- ~ (k 1 ) (1 + k r + k 2 [Nz) + k 3[Ar)) (B)
Ia k1• ktlNO) k1[NO) kJ[NO)

The variable F0 is used to represent the relative intensity of
the 'Y(0,2) band, chosen because of moderate intensity and the
absence of any interference from scattered atomic lines from
the lamp, and Co is the detection proportionality constant.

We now discuss the relative importance of thE terms in the
right side of eq B. The kz[Nz)lk 1[NOJ term is obviously large
at higher pressures (,.....,2 Torr) of Nz because Fo approaches
zero. Phillips and co-worl:ers,30 using a phase-shift technique,
have made direct n:easurements of kz and k3 at 553 K of 2..2
X 1011 and 4.2 X 109 'M-1 S-1, respectively. The validity of

y10,2)yll,3)

conducted by adding N2, a gas which is known to be quite ef
ficient26,30,31 in quenching Cd(lP1) but relatively ineffective
at pressures of a few torr in quenching NO(A z~+) in either
the v = 0 or v = 1 vibrational level.9,29 When increasing
amounts of Ar were replaced with N2, starting with 0.2 Torr
of NO in 2 Torr of Ar, the intensity of the 'Y(l,x) bands were
essentially unaffected, while the intensity ofthe 'Y(O,x) bands
could be reduced nearly to the limits of detection. The dra
matic selective reduction of the 'Y(O,2) band intensity on ad
dition of Nz is shown in Figure 2.
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their measurements is given further support by the reasonable 
agreement of their value for the rate constant for Cd(1Pi) 
quenching by H2, 1.6 X 1011 M - 1  s-1, with that estimated by 
Breckenridge and Callear31 in a resonance-radiation flash- 
photolysis study at 508 K, 2.1 X 1011 M “ 1 s_1. (No severe 
temperature dependence would be expected for such a rapid 
reaction.) This in fo r m a tio n , c o u p le d  w ith  a n  e s t im a te  fr o m  
the rough data that k 2/k\' »  0.5, shows that the term 
&3 [Ar]/&i[NO] is small and can be ignored to a first approxi
mation when [Ar] is <2 Torr and [NO] is >0.2 Torr.

The importance of the term fer/&i[NO] in the equation can 
be evaluated from experiments in which the NO pressure in 
pure argon is varied. The t (0,x) intensity increased sharply 
with NO pressure to about 0.1 Torr of NO, was roughly con
stant from 0.1 to 0.4 Torr of NO, then dropped off contin
uously at higher NO pressures. The decrease in y ( 0 ,x )  inten
sity at the higher NO pressures is undoubtedly due to the 
known self-quenching of NO(A 22 +) by NO(2II). The self
quenching half-pressure at ~400 K has been measured as 0.5 
Torr.® The apparent constancy of the y ( 0 ,x )  intensity in the
0 . 1-0.4 Torr of NO region may therefore result from the self
quenching of NO(A 22 +) roughly balancing the increasing 
production of NO(A 22+) from quenching of CdOPi) by 
NO:

NO(A 22 +) + NO(X 2n) ^  quenching (4)

In order to estimate k j k i  under our conditions, allowance 
must therefore be made for reaction 4. It has been shown by 
others5’29 that the self-quenching rate for NO(A 22 +, v = 1) 
is virtually identical with that for NG(A 22 +, v = 0) (both rates 
correspond to quenching at effectively every hard-sphere gas 
kinetic collision) .29 We have therefore used measurements of 
the self-quenching of NO(A z2+, v = 1) in our system to esti
mate the rate constant for self-quenching of NO(A 22+, v =
0) at 560 K.

Measurements of the absorption of 2144-Â light by NO, 
described in more detail below, indicated that the percent 
absorption was small and essentially linear over NO pressures 
from 0.00 to 0.80 Torr with a 2-cm path length. Assuming 
linear production of NO(A z2+, v =  1 ) and destruction only 
by 7 (1 ,x )  band fluorescence or by self-quenching, the fol
lowing equation should hold:

1  _ C l k y l  C l k 4

F i  h i m  h

where F 1 is the observed relative intensity of the 7 (1 ,3) bands, 
Ci is the detection proportionality constant, I ¿  is the rate of 
absorption of 2144-Â photons at unit [NO], and k y l (= k 7o) 
=  5.0 X 106 s- 1 . 28,29 From the slope-to-intercept ratio of a 
least-squares fit of the data to a plot of 1/F\ vs. l/[NO], a value 
of k 4 was obtained which corresponded to a self-quenching 
half-pressure of 0.63 Torr. This may be compared to values 
of ~0.6 Torr determined at room temperature,5,29 and ~0.5 
Torr at 400 ±  100 K. The cross sections for self-quenching of 
NO(A 22+, v = 0) and NO(A 22+, v =  1) are shown in Table
1.

We assume that NO(A 22 +, v = 0) is also being quenched 
by NO(X 2n) with a quenching half-pressure of 0.63 Torr 
under our conditions and use this information to extract the 
effective value of k r/k 1 from the observed variation of F 0 with 
[NO] described above. Assuming that when [NO] = 0.0-0.8 
Torr and [Ar] < 2.5 Torr the only process responsible for 
production of NO(A 22 +, v =  0 ) is (1) and that the only pro
cesses causing destruction of NO(A 22+, v = 0) are y(0,x) band

TABLE I: Cross Sections for the Quenching of NO(A 22 +) 
by NO(X 2n)

Cross sections, Â2

Ref Temp, K NO(A 22+, v = 0) NO(A 22+, v = 1)

29 300 34 37
5 300 37 42
9 400 ±  100 .55 ± 7

This work 565 ±  10 52

emission and (4), the 7 (0 ,2 ) band emission intensity should 
fit an equation of the following form:

__________ felaUNO]__________
Coikr + kdNOlHkyo + kANO]) (D)

With a value of k 4 corresponding to an NO quenching half
pressure of 0.63 Torr, a plot of F 0 vs. [NO] can only be fit to 
eq D adequately if a value of k i/ k T is chosen corresponding to 
a half-pressure of NO for quenching CdFPj) under these 
conditions of 0.04-0.07 Torr. A best fit is found at 0.050 Torr 
quenching half-pressure.

We may now return to eq B with sufficient knowledge to 
determine k 2/k\ from measurements of F q w ith  and w ith o u t  
N2 present. From eq B, the ratio of 7 (0 ,2 ) intensity without 
N2 present, Fo([N2] = 0 ), to the 7 (0 ,2 ) intensity w ith  N2 

present, F0(N2), is:
Fq([N2] = 0)

F0(N2)
1 + Vfê NO] + fe2[N2]/fei[NO] + fe3[Ar]/fci[NO]

1 + M M N O ] + £3[Arj/MNO]
All quantities in the equation are known except k 2/ k1. (In
clusion of the term involving Ar quenching results in a maxi
mum change of 4% in calculated values of k 2lk \ .)  Equation 
B is valid at constant [NO] despite self-quenching. Corrections 
were made for small c h a n g es  in [NO] with and without N2 

present.
The data from the N2 addition runs is shown in Table II. 

Each experiment was conducted by measuring Fo([N2] = 0 ) 
under the specified conditions, then measuring F0(N2) with 
the listed pressure of N2 replacing a roughly equivalent 
pressure of Ar. The original Fo([N2] = 0) measurement was 
repeated immediately following to check reproducibility. 
Initial and final F0(N2) values are seen to be constant to within 
1 0 % in these experiments. The average calculated rate con
stant ratio is k 2/ki =  0.56 ±  0.04. From the value of k 2 = 2.2 
X 1011 M - 1  s_1 determined by Phillips and co-workers,30 the 
following absolute value is determined: k 1 = 3.9 X 1011 M- 1  

s_L This corresponds to a quenching cross section of ~92
A2.

It is appropriate here to rule out several possible sources of 
error. Vibrational deactivation of NO(A 22 +, v -  1) to NO(A 
2 2 +, v =  0) by Ar, N2, and even NO(X 2II) will occur to a neg
ligible extent under the conditions of these experiments.5,9’29 

Even the relatively efficient vibrational relaxation by NO(X 
2I1) has a rate constant less than 5% of the total self-quenching 
rate constant. N e t  quenching by Ar or N2 of either NO(A 22+, 
i> =  1) or NO(A 22 +, u =  0 ) is also completely negligible under 
our conditions.29

Another process which should be considered is the possible 
quenching of NO(A 22 +, v =  0,1) by Cd vapor. At the tem
perature of the flow tube the maximum Cd vapor pressure is 
~0.03 Torr. With an NO(A 22+) lifetime of 2.0 X 10- 7  s,
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TABLE II: Determination of k 2/ k l (See Text) a

Pressures, Torr

Expt NO N2 Ar FIb FOb h2/h l

A'
0.23 0.00 2.14 0.80 351
0.23 0.98 0.69 0.82 134 0.51
0.25 0.00 1.95 0.89- 355
0.43 0.00 1.91 1.19 346

B 0.40 1.08 0.57 1.21 150 0.59
0.43 0.00 2.10 1.21 370
0·10 0.00 2.31 1.12 3.52

C 0.37 1.27 0.81 Lio: .1.27 0.58
0.41 0.00 2.58 1.07 340
0.38 0.00 2.25 0.92 353

D 0.30 2.22 0.12 0.72 0.74 0.56
0.40 0.00 2.20 0.87 3.23

Av = 0.56 ± 0.04

a F1 and Foare the intensities of the 1(1,3) E:1ld 1(0,2) emission
bands, respectively. T = (565 ± 10) K b Arbitrary units.

quenching by Cd vapor would have to occur with a cross sec
tion greater than 200 A2 for even 10% reduction of the NO(A
2~+) concentration, and therefore is unlikely to cause any error
in the measurements. The effects of radiation trapping of
')'-band fluorescence (i.e., reabsorbance of a ')'-band photon
before reaching the cell wal}), considered in detail by some
workers,5 should be negligible with the dimensions of our re
action vessel and the pressure of NO used.32

As a final consistency check on the validity of the procedure
used to obtain kz/kI. it is possible to calculate the "effective"
lifetime of Cd(IP I ) under the severe radia:'ion trapping con
ditions of these experiments, and tberefore estimate k1from
the k r/.k I ratio already determined.

The Holstein theory has been shown to ~redictaccurately
the lifetime of Hg(3P1) under conditions of :ugh opacity.33 For
these very high opacity conditions in the ·case of the totally
allowed Cd(lPI -. ISO) transition, however, photons can ef
fectively only escape the vessel in the wing.> of the line-shape
profile, which is entirely dominated by the Lorentzian con
tribution due to Heisenberg (natural) line ":>roadening.34 The
modification by Walsh35 of Holste~n's theory to include si
multaneous Doppler, Heisenberg, and Lorentz (pressure)
broadening must therefore be employed. The effective lifetime
of Cd(lPd at 0.030 Torr of Cd vapor, under Doppler +
Heisenberg broadening conditions in an infinite cylinder of
1.1-cm radius (opacity =10700), is calculated via the Walsh
treatment to be 1.6 X 10-6 s. According to the theory, at such
high opacities the effective lifetime of Cd(lP I ) should vary
only as [Cd]1/2, minimizing the error due to the lack of precise
knowledge of the pressure of Cd vapor in the flow tube. From
the measured quenching half-pressure of NO of 0.050 Torr,
k l can therefore be estimated as 4.:= X 101: M-l S-I, in good
agreement with the value determined above of 3.9 X 1011 M-l
g- I .

Experimental confirmation of the use of the Walsh-Hol
stein theory for Cd(IP1) effective lifetime predictions can be
found in the phase-shift measurelLents of Phillips and co
workers30 of apparent Cd(lP1) fluorescence lifetimes. The
theory predicts a lifetime, for their conditions of vapor pres
sure and vessel geometry, of 1.0 X 10-6 s, while their experi
mental value was (1.3 ± 0.4) X 10-6 s.

The Cross Section for Production of NO(A 2~+, v = 0) by
Energy Transfer from Cd(lP1 ) to .VO(X 2IT). We now de
scribe a measurement of the fraction of all net quenching
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collisions of Cd(lP d with NO(X 2IT) which result in produc
tion of NO(A 2~+, v = 0), the branching ratio kIa/hI. The rate
constant k la is likely to be measurably smaller than k I ifonly
because of the endothermicity of (la) and the fact that (1)
occurs with a rate even greater than the hard-sphere collision
rate. The ratio k IJk 1was estimated by using the ')'(1,x) flu
orescence, excited by direct excitation from the 2144-A Cd+
line from the lamp, as an in situ actinometric standard. By
measuring the ratio ofthe ')'(0,2) and ')'(1,3) band intensities,
and knowing: (i) the fraction of the line intensities at 2144 and
2288 A absorbed by NO(X 2IT) lIDd Cd(lSo), respectively, (ii)
the ratio of 2144- to 2288-A linemtensities from the lamp, and
(iii) the relative 1'(1,3) and ')'(0,2) radiative transition proba
bilities, it is possible to calculate the-fraction of 2288-A pho
tons originally abEorbed by Cd(lPt> which finaJly produce
NO(A 2};+, v = 0). Under conditions where all Cd(lP l ) is
quenched by NO(X 2IT), this corresponds to be fraction of
quenching collisio:J.s which produce NO(A 2I:+, v = 0), or
k 1a/k 1. Values of k la/k 1 were obtained using the following
expression:

( k la) = (12144) (L2144) (P(1,3») (~) (E(O,2») (F)
k l • 12288 L 2288 P(0,2) Q E(I,3)

where 1 2144 and 1 2238 are the total intensities of the 2144- and
2288-A emission li:J.es from the lamp; L 2I44 is the fraction of
1 2144 absorbed by a certain pressure of NO in the flow tube;
L 2288 is the fraction of 12288 absorbed by Cd vapor in the flow
tube; P(1,3) and P(0,2) are the absolute total emission
strengths of the ')'(1,3) and 1'(0,2) bands; Q is the fraction of
the Cd(lP1) population which is quenched by NO at a par
ticular NO pressure; and E(0,2) and E(1,3) are the measured
integrated intensities of the ')'(0,2) and ,,(1,3) bands. The
')'(1,3) and ')'(0,2) bands were chosen because they are sepa
rated by only 30 A, minimizing errors due to variation~in net
detection efficie~cywith wavelength, and because there are
no interfering line emissions scattered from the lamp in this
wavelength region. Because the rate of reaction 4 is similar for
NO(A 2};+, v = 0) ·)r NO(A 2};+, v = 1), self-quenching has
negligible effect on E(0,2)/E(1,3).

The quantity 12144/12288 was determined uEing a Varian
AA-5 atomic absorption spectrometer with a mechanical
chopper and phase- sensitive detection. The observed inten
sities were corrected for a 20% difference in photomultiplier
response, using the manufacturer's specifications. Flow-tube
excitation conditions were simulated by runn~ng the lamp
source at exactly the same power, and passing the light, before
measurement, through the same quartz window at the same
geometry and temperature as in the flow-tube experiments.
These measurements were conducted immediately following
the experiments in which E(0,2)/E(l,3) were measured, to
minimize error due to lamp deterioration.

L 2I44 was calculated from absorption measurements of the
2144-A Cd+ line by NO, using the same lamp conditions and
the atomic absorption spectrometer describec. above. The
2.0-cm path length of the cell was assumed to approximate the
2.2-cm i.d. cylindrical flow tube, and measurements were made
with -2 Torr of argon present to simulate flow-tube condi
tions. For the lamp used for the flow-tube measurements of
E(0,2)/E(I,3), absorption of NO up to -1 Torr followed Beer's
law, with an absorption coefficient of 0.025 cm- l Torr-1 (log
convention) at roo:n temperature. These results indicated
weak absorption under our conditions (i.e., less :han 10% ab
sorption of the 2144-A line) and are apparently comparable
to those of Broida and Carrington for similar lamp and optical
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density conditions (see Figure 4 of ref 9). The absorption 
coefficient at the temperature of the flow-tube experiments 
was assumed to be a factor of 1.9 greater than at room tem
perature, with the following justification. Flow-tube experi
ments performed at 300 and 560 K indicated that the E ( l , x )  
intensities at the same NO c o n c e n tr a t io n s  were about a factor 
of 1.65 higher at 560 K. The experimental intensities were 
further corrected for the differences in NO(A 2S+, v -  1) 
self-quenching at 300 and 560 K (see Table I), resulting in the 
overall factor of 1.9. Thus for 0.3 Torr of NO at 560 K, for ex
ample, ¿ 2 1 4 4  = 0.065. The increase in absorptivity of the 
2144-A Cd+ spectral line by NO with temperature is expected, 
since the output line from the low-power, low-pressure dis
charge source is quite narrow and is absorbed at the edge of 
a 7 (1 ,0 ) rotational transition.5-9 The increased Doppler width 
of the 7(1,0) rotational transition at 560 K results in a greater 
effective absorption coefficient for the 2144-A line. It was 
found that specific absorption at r o o m  temperature could also 
be increased by using higher lamp discharge powers, pre
sumably because the 2144-A emission line is broadened into 
greater overlap with the center portion of the Doppler rota
tional line absorption profile.

¿2 2 8 8  was assumed to be 1.00 for all experiments. At such 
high opacities, all the 2288-A radiation should be absorbed 
by the cadmium vapor even if the lamp emission line is se
verely reversed, which it is almost certain to be (see ref 5 for 
a high-resolution spectrum of the Zn(JPi —► 1So) 2138-A 
emission line from a similar microwave lamp). However, this 
assumption was checked by measuring the absorption of a 
well-collimated beam of 2288-A radiation from our lamp by 
cadmium vapor (~2 Torr of Ar) in a 0.7-cm i.d. quartz tube, 
using the atomic absorption spectrometer. The 2288-A line 
intensity transmitted was first measured at room temperature, 
the cell was heated until the intensity dropped to zero, and was 
then cooled to room temperature to check that the original 
intensity could be reproduced. The transmitted 2288-A in
tensity was effectively reduced to zero at <210 °C, corre
sponding to an opacity at least 100 times less than the flow- 
tube conditions.

The P(l,3)/P(0,2) ratio was taken to be 0.30, corresponding 
to the ratio of the Franck-Condon factors for the 7(1,3) and 
7 (0 ,2 ) bands,32 corrected for the slight difference in intensity 
due to the fourth power wavelength dependence. Dependence 
of the electronic transition moment on the r-centroid has been 
shown to be negligible for these two transitions.36

The value of Q  for each pressure of NO was calculated using 
a quenching half-pressure of 0.050 Torr of NO.

£(0,2) and £(1,3) were obtained by graphical integration 
of each band for the same photographic plate exposure, using 
the plate response factor a  = 0.80 appropriate for the 2440- 
2480-A region.

Values of k xJ k \  determined in several experiments are 
shown in Table III. The average value is

k xJ k x = 0.034 ±  0.004

Thus, using our determined values of k x = 3.9 X 1011 M-1 s-1 , 
<ri = 92 A2:

k Xa =  1.4 X lO ^ M ^ s“1 <7ia = 3.4 A2 

Discussion

Although the cross section determined for energy transfer 
process la, 3.4 A2, is substantial for an endothermic process, 
the total cross section for quenching of CdGPi), a x =■ 92 A2, 
is much larger. We now discuss these cross sections with ref-

TABLE III: Determination of k xJ  k xa

NO pressure, 
Torr ¿2 14 4 Q £ (0 ,2)/£ (l,3) k xJ k \

0.078 0.017 0.61 13.1 0.033
0.168 0.037 0.77 9.3 0.036
0.23 0.050 0.82 7.7 0.036
0.33 0.072 0.87 4.7 0.030
0.41 0.088 0.91 5.8 0.043
0.55 0.117 0.92 4.9 0.044

Av = 0.037 ±  0.004

a See eq F and text.

erence to current theories of quenching and energy transfer, 
and to the efficiency and mechanisms of quenching of excited 
Cd atoms by other molecules. It is convenient first to consider 
mechanisms for energy transfer reaction la as a separate 
minor exit channel, and then to discuss the overall quenching 
process and the other exit channels which must account for 
most of the energy disposal.

D i p o l e -D i p o l e  M e c h a n is m  f o r  N O ( A  2S+) P r o d u c t io n . If 
the energy transfer in reaction la is caused by long-range in
teraction of the transition dipole moments of the respective 
Cd and NO electronic transitions, the expected cross section 
can be calculated using the first-order theory of Gordon and 
Chiu,23 developed to treat the data of Melton and Klemperer 
on analogous electronic energy transfer between isotopic NO 
molecules.5-32 A theory developed from essentially the same 
assumptions was published independently by Fink, Wallach, 
and Moore in their study of near-resonant energy transfer 
from Ar to H2.4

The probability of an exothermic electronic energy transfer 
transition can be expressed as:

4WV ( 1  +  2 X  +  %;rX2 + 7 rX 3) e ~ 2X  

9 h 2V 2b 4
where mi and M2 are the two transition dipole moments; b  is 
the impact parameter of the collision; V  is the geometric mean 
of the relative velocities before and after collision:

V =  (ViVf)1/2

where V; is the relative mean velocity and Vf = Vj(£f/£;)1/2, 
with £; = % k T , £f = £ ; + A£ , and A£  is the energy trans
ferred to translation (i.e., the energy off resonance); and X  =  
b A E / h V . A value b c is found which satisfies P ( b c) — £f/(£; 
+ £ f) = Pc, and the cross section is set equal to 2Pcx(6 c)2. The 
theory has been used to calculate cross sections which are 
consistent with those determined experimentally by Klem
perer and Melton for NO*-NO transfer,5 and is thought to be 
accurate to within a factor of 2 . The principal approximations 
are neglect of rotational fine structure and of higher multi
polar interactions.

We first calculate the expected cross sections for the rev e r s e  
of each of the endothermic processes lai/2 and la3/2, then use 
the principle of microscopic reversibility to calculate the cross 
sections of interest. The value of mi for NO 7 (0 ,0 ) was taken 
to be 0.19 D.23 The value of M2 = 4.4 D was calculated from the 
equation:37 m2 = 3/i/647r4?3r where v is the frequency of the 
transition in wave numbers, and r = 2.0 X 10- 9  s (the natural 
radiative lifetime of CdGPi) ) .38 The quantity AE was taken 
to be 390 cm- 1  for reaction la3/2 and 510 cm- 1  for reaction 
lai/2. The resulting cross sections calculated for dipole-dipole 
energy transfer for the reverse of reactions la3/2 and lai/2 are
3.2 and 2 .0  A2, respectively.

The Journal o f Physical Chemistry, Vol. 80, No. 18, 1976



Excited Singlet State Energy Transfer ~m Cadmium

The ratios of electronic partiticn functions for reactions
1a3/2 and 1al/2 are %and %. Because the rotational partition
functions for the Ifz and %muItipleu: of NO(X zIT) are identical
at the high temperature of the experiments, the ratio of ro
tational partition functions is Be(2IT)lBe(2~+) = 0.85. The
equilibrium constants for reactions 1a3/Z and lal/z as written
are calculated to be 0.053 and 0.077, respectively, at 560 K.
The cross sections predicted for transfer of energy by di
pole-dipole interaction for reactions 1a3/2 and lal/z are
therefore 0.17 and 0.15 Az, respectively, at this temperature.
Since 99% of the NO(X zIII/Z,3J2} states are in the V = 0 vi
bratiQnallevel even at this temperature, no error is introduced
by assuming that only the V = 0 level is thermally populated.
Because the observed cross section for production of NO(A
z~+) in the deactivation of Cd(IPI) by equilibrated NO
X(ZIII/Z,3/Z) is a factor of 20 larger; wother mechanism must
be responsible.

Direct Curve-Crossing Mechan:sm for NO(A z~+) Pro
duction. For a simple potential-surface crossing mechanism
to produce a cross section as large as 3.4 Az in an endothermic
energy-transfer process, the crossing probability must be
relatively large and the crossing point must not occur even
slightly up on a repulsive wall of one of the Cd(lPI) + NO(X
ZII) interaction surfaces. One or more of the surfaces which
correlate with Cd(IPI) + NO(X zIT) may cross the surface
correlating with Cd(lSo) + NO(A z~+) at relatively large
Cd-NO distances, where an amour:.t of energy essentially no
greater than the endothermicity of the reaction would be re
quired (or reaction la to proceed.

Because of the promotion of an electron from the 5s to the
5p orbital, the Cd(IPI) state should have an effective size some
25-30% larger than Cd(lSo).39 Thus the repulsive part of any
interaction potential between Cd(lPI) and any molecule AB
should in general set in at larger Cd-AB distances than the
repulsive part of the Cd(lSo)-AB ~nteraction potential. Al
though the internuclear distance of NO(A 2~+) is 1.06 A
compared to 1.15 A for ground-state NO(X ZIT) ,40 the A z~+

state is the first of a Rydberg series and the outer electron
occupies a diffuse outer (J orbital.41 It is difficult to predict,
therefore, whether the onset of the repulsive wall of the in
teraction of NO(A z~+) with any atom M will occur at greater
or smaller M-NO distances than that of NO(X zIT), although
it seems unlikely that the repulsive wall would lie at aM-NO
distance as much as 30% greater. It is possible, therefore, that
the repulsive portions of the NO(X ZIT)-Cd(ISO) interaction
potentials cross the NO(A z~+)-Cd(lPI) potential surface at
moderately large Cd-NO distances. For a surface intersection
at a Cd-NO distance of ~4 A, for instance, allowing for a
Boltzmann factor of ~.3, a successful crossing probability
of~.1 would be required to explain the 3.4-Az energy transfer
cross section (assuming two crossings per trajectory). Any
substantial attractive potential of Cd(IPI)-NO(X zIT) and/or
Cd(lSo)-NO(A z~+) could either enhance or inhibit the
probability of surface crossings, of course.

A very similar mechanism has been proposed by Fink,
Wallach, and Moore4to account for the relative efficiency of
endothermic production of certain Hz(B 1~+, v', J') states in
the quenching of excited argon atoms by Hz. Surface-crossing
probabilities on the order of 0.01 to 0.15 were calculated based
on a reasonable Ar-Hz intermolecdar crossing distance.

Collisional Mechanism and Exit Channels for Quenching
of Cd(lPl ) by NO(X zIT). The fact that the quenching cross
section for reaction 1 is roughly twice the cross section for a
reasonable estimate of a Cd(IPd + NO(X zIT) hard-sphere
collision indicates that some kind of long-range attractive
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forces exist between these two species. This, ccupled with the
fact that there must be several exit channel surfaces with
probability density overlapping the Cd(lP1)-NO(X 2II) in
teraction region, suggests that a kinetically parallel energy
transfer reaction la occurring via a separatsfong-range sur
face-crossing mechanism may be a drasticsimplication of the
real mechanism. The following additional exit channels must
account for most of the energy disposal in readion 1:

Cd(lP l ) + NO(X ZII) -+ Cd(3PJ) + NO(X zII)* (lb)

-+ Cd(lSO) + NO(a 4IIj)* (lc)

-+ Cd(ISO) + NO(X zIT)* (ld)

where the asterisk indicates vibrational-rotational excitation
of unspecified distribution. Populations of be J states of
Cd(3PJ) and the NO electronic states are also left unspecified

· for simplicity. The energies of the 3PO, 3P l , 3Pz, and IPI states
of cadmium are 86.0, 87.6,90.9, and 124.8 kcal/mol above that

'ofCd(ISo), and the energy of NO(A 4IIj) above ground-state
NO(X zIIIJ2} is ~108 kcal/mol.42

No matter which exi: channel is dominant, there must be
some interaction between Cd(lP1) and NO (besides the di
pole-dipole effect) whi·~h is effective even for ::ollisidns with
relatively large impact parameters, ~5 A. We consider first
the possibility that charge-transfer surfaces cc.rrelating with

· Cd+ + NO-, or Cd- + NO+, could intersect the.Cd(lPI)-·
NO(X 2II) surfaces at relatively large Cd-NO distances. Ifsci,
electron transfer would take place, with subsequent electro-

· static attraction into the intermolecular reg~on where' Il,et
surface crossings to exit channels la-ld could occur with high
efficiency before redissociation of the Cd-NO complex to
Cd(IPI) + NO(X .zIT) (i.e., a variation of the well-known
\'harpoon" mechanism).43 A similar mechanism has been
utilizedS!-lccessfully44 in interpreting some ql:.enching reac
tions of 'eiectrOIlically excited alkali metal atoms, which of
course have extremely low ionization poter:tials. Such a
mechanism is also reasonable for the Cd(lP l )-NO case be
cause of the moderately low ionization potential of Cd(lPI)'
82 kcal/mol, and the slig~1tlypositive electron affinity of NO(X
zIT), ~ +1 kcal/mol.45 A simple Coulombic cak:ulation indi
cates that the Cd+-NO- potential surface will cross the
Cd(lP l ) + NO(X zIT) asymptotic surface at a Cd-NO distance
of 4.1 A.1f every collision with impact parameter less than 4.1
A leads to net curve crossing and quenching, E. cross section
of 50 Az would result, as compared to the experimental value
of ~90 Az. A polarizibility contribution46 to the Cd+-NO
potential could increase the crossing-point distance, but a very
large polarizibility of 50 A3 would be necessary to bring the
approximate theory into agreement with experiment. Within
the absolute uncertainty of the cross section, however, an ionic
curve-crossing mechanism for Cd(lPd quend:ing by NO(X
zIT) is probably viable.

The other charge-transfer surface, Cd--NO+, will be less
important because of the higher ionization potential of NO
vs. Cd, 213 vs. 207 kcal/mol, and the lack of a stable negative
ion for Cd. Recent work47 on shape resonances in Mg, Zn, Cd,
and Hg indicates the existence of unstable low-lying negative
ion states due to temporary electron occupatic.n of the p or
bital of the metal atom, however. The asympt·)tic energy of
Cd- + NO+ could therefore be on the order of only 15 kcal/
mol higher than that cof Cd+ + NO-. Thus, although the
Cd+-NO- curve would dominate with regard to ,~ollisions with
the highest impact parameters, the Cd--NO'" curve could
contribute significantly to the quenching process by providing
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another grid of vibrational-state potential surface intersec
tions for efficient surface crossing.44-46

Ionic surface crossing cannot properly account for the large 
Cd^Pi) quenching cross sections of molecules such as re
butane (a  =  270 A2),30 however, because the electron affinity 
of the quencher is likely quite negative,48 and the ionic surface 
crosses the neutral surface at Cd-quencher distances much 
too small to yield such large cross sections. The measured cross 
sections for quenching of Cd(1P1) by various molecules do 
show a reasonable correlation with C g van der Waal’s pa
rameters,2 similar to that pointed out by Setser and co
workers for quenching of metafe table argon atoms. Thus 
long-range van der Waal’s dispersion interactions may play 
an important role in the quenching of CdQPi) by NO(X 2n) 
as well as by other molecules. Lijnse44 has successfully ex
plained the temperature dependence of the cross sections for 
quenching of excited alkali atoms by N2 and CO by including 
the van der Waal’s long-range interaction in his modification 
of the ionic surface crossing mechanism.

A recent theoretical calculation49 of Cg parameters for 
long-range interactions of Hg(3Pi) and HgQPi) with the inert 
gases has indicated that the Cfi parameters for HgQPi) are a 
factor of 3.6-4.4 greater than those for ground-state HgPSo). 
In contrast the analogous C 6 parameters for the Hg(3Pi) are 
only a factor of 1.5-1.9 greater than those for Hg(1So). Much 
of the difference between the singlet and triplet states of the 
sp excited configuration was shown to be due to a “correlation” 
effect arising from the differences in symmetry properties of 
the spatial parts of the wave functions. Analogous but some
what smaller values of the Cg parameters would be expected 
for CdQPi) and Cd(3Pi), so that long-range van der Waal’s 
attraction could play a general role in the mechanism of 
quenching of CdQPi).

The cross sections for quenching of the equilibrated 
Cd(3P0,i) states are usually smaller, and exhibit much wider 
variations from quencher to quencher,' than those for 
CdQPi).26 For example, the cross sections30 for quenching of 
CdOPi) by N2, NH3, C02, propene, and re-butane are 50, 58, 
150, 234, and 267 A2, respectively, while the same cross sec
tions26 at the same temperature for Cd(3P0>i) are 0.024, 0.14, 
38,185, and 0.008 A2. Similar trends are found for HgGPx) and 
Hg(3Pi) quenching cross sections,50 although the HgQPi) 
values have not yet been put on an absolute scale. For both 
HgOPi) and Od('Pi), a major exit channel, unexpectedly, is 
the (usually) spin-forbidden production of Hg(3P.y) or 
Cd(3Py),26,50-51 detected readily only when the 3Pj states are 
not themselves rapidly deactivated by the quenching mole
cule. It appears, therefore (though more detailed theoretical 
and experimental studies are obviously needed), that 
quenching of the 4Pi states may result from general long-range 
attractive forces as well as generally efficient mechanisms (still 
unknown) by which the 4Pi states are coupled into exit 
channel surfaces correlating with the 3Py states (analogous 
to (lb)). Quenching cross sections for the 3Py states are usually 
smaller because of less effective long-range interactions and 
show wider variations in magnitude because the coupling of 
the 3Pj states into exit channel surfaces correlating with the 
ground-state 'So atom is apparently not generally efficient, 
so that larger cross sections result from specific chemical 
(exchange) interactions. Studies of the T j  and 3Pj states of 
the lighter atoms zinc and (especially) magnesium may lead 
to a better general understanding of these quenching phe
nomena.26

In the case of quenching of CdQPi) by NO(X 2n), the pro
duction of Cd(3Pj), reaction lb, does not even violate the rule

of overall conservation of spin angular momentum and con
sequently is expected to be particularly efficient. (Note that 
channel lc is spin forbidden.) Unfortunately, Cd(3Pj) is also 
quenched rapidly by NO(X 2II), so that quantitative estima
tion, or even detection, of the exit channel lb is difficult, even 
using time-resolved techniques.26

Because of the likely existence of Cd+NO~ and Cd^NO+ 
potential surfaces, as well as the surfaces correlating with 
product channels la-ld, in the Cd(1Pj)-NO(X 2n) interaction 
region, multiple crossing sites and severe perturbations are 
undoubtedly present. As a crude approximation, it is of in
terest then to inquire which exit channels would predominate 
if there are no special kinetic curve-crossing restrictions, i.e., 
if the exit channels were populated statistically. We have 
therefore performed a density-of-states52 calculation for 
Channels la-ld , using known spectroscopic informa
tion.40,41

The calculation was performed using the vibrating-rotor 
density function,52 with effective electronic degeneracies of 
2, 54, 12, and 6 for channels la through Id, respectively. An 
energy equal to % k T  at 560 K was added to the maximum 
electronic energy available in order to include channel la in 
the calculation. Energies of the Cd(3Pj) and NO(X 2II) mul- 
tiplets were approximated as the energies of Cd(3Pi) and
NO(X 2n 1/z).

This information theory analysis52 shows that channels la, 
lb, lc, and Id would be populated statistically to the extent 
of 0.0015, 30, 3, and 67%. The measured efficiency of channel 
la is therefore much greater than any statistical mechanism 
could allow (as expected), and even if the exit channels lb-ld  
are populated statistically, (lb) would be a major exit channel 
and predominate over (lc).
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It has been demonstrated that NO(A 22+) is produced by energy transfer from Zni’Pj), and that the produc
tion of the v — 1 vibrational level predominates over the v = 0 level by a ratio of 10 to 1: Zn(xPj ) + NO(X 2n) 
—*■ Zn(1So) + NO(A 22 +, v = 0,1). The NO y ( 0 ,x )  and y ( l , x )  fluorescence bands are sensitized when Zn vapor 
and NO(X 2I1 ) in a flow tube at ~425 °C are illuminated with 2138-Â zinc resonance radiation. The prefer
ence for the near-resonant v = 1  exit channel is interpreted in terms of a mechanism involving the long-range 
interaction of transition dipoles, using the theory of Gordon and Chiu. Attempts to explain the necessarily 
large cross section for energy transfer as well as the ratio of observed vibrational level populations, using sev
eral other electronic-to-vibrational energy transfer models, were relatively unsuccessful. A minor parallel 
mechanism is likely, however, since the dipole-dipole theory predicts a larger exit-channel ratio than is ob
served experimentally.

Introduction

The production of NO(A 22 +) by energy transfer from 
CdGPi) has been discussed in the preceding paper.2 The 
quenching of Zn(xPi) by NO(X 2n) provides a potentially 
more interesting case study, because the Z n (LP 1 -»  XS0) atomic 
line at 2138 Â falls between rotational lines on the short- 
wavelength side of the NO 7 (1 ,0) band.3’4 Efficient production 
of NO(A 22+, v = 1 ) by energy transfer from Zn(xPi) would 
therefore be predicted on the basis of near-resonant dipole- 
dipole theory.2-6 Measurements of 7 (1 ,x) and 7 (0 ,x) band 
intensities could provide interesting information concerning 
the actual energy-transfer mechanism. Higher resolution of 
the bands at low pressure would result in initial NO(A 22 +, 
v = 1 ) rotational populations, possibly confirming the expected 
near-resonant dependence of dipole-dipole energy transfer.6

We report here an initial study of this energy transfer process, 
in which it is indeed shown that NO(A 22 +) is produced in the 
quenching of Zn(xPi) by NO(X 2n), and that production of 
the v = 1  vibrational level greatly predominates over that of 
the v = 0 level:

¿0
Zn(xPi) + NO(X 2n) —-► Zn(xS0) + NO(A 22+, v =  0) (0) 

Zn(xPi) + NO(X 2n) Zn(xS0) + NO(A 2E+, v = 1 ) (1 ) 

Experimental Section
The general experimental apparatus and procedures have 

been described.2 The Zn lamps require a higher temperature
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to achieve 2138-Á intensity comparable to that of the 2288-Á 
intensity from Cd electrodeless discharge lamps. At the higher 
oven temperatures needed to produce sufficient Zn vapor in 
the flow tube ( T  >  400 C), the uncertainty in the actual gas 
temperature is greater because operating conditions are near 
the limit of the oven capabilities.

Results
When a stream of Zn vapor and NO (0.2-0.7 Torr) in argon 

(~2 Torr) at ~425 °C is subjected to 2138 Á (TPi -*  'S0) zinc 
resonance radiation from the electrodeless discharge lamp, 
both the 7 (1 ,x) and y(0 ,x) fluorescence bands of NO are ob
served. When the experiment is then repeated under the same 
conditions, but with no zinc in the system (the flow tube was 
cleaned thoroughly with acid, then preheated several hours 
at ~450 °C with argon flowing), both the y(0,x) bands and 
7 ( 1  ,x) bands are completely absent on the photographic plate. 
With Zn in the flow tube, the 7 -band fluorescence intensity 
increases dramatically between about 390 and 420 °C, with 
little increase observed if the temperature is raised even fur
ther. Within an experimental error of ~15%, the ratios of 
7 (1 ,x) to 7 (0 ,x) band intensities do not vary with NO pressure 
or flow tube temperature above 420 °C. When the Ar is re
placed by N2, b o th  7 (0 ,x) and 7 (1 ,x) band intensities are 
markedly and uniformly reduced. All these observations are 
consistent with the production of both NO(A 22+, v -  1) and 
NO(A 22 +, v = 0) in the quenching of Zn^Pj) by NO(X
2n).

Unfortunately, quantitative experiments are more difficult 
to perform with ZnOPj) than with CdTPi) with the present 
experimental system, for two main reasons. First of all, there 
is apparently no quantitative information available on cross 
sections for quenching of ZnTPi) ,7^10 although natural life
time measurements have been made.11 We assume, therefore, 
that N2 does quench Zn(]Pj) efficiently, analogous to the 
CdOPi) case,2’12 but have made no attempt at this stage to 
estimate absolute cross sections for either the energy-transfer 
channel leading to NO(A 22 +) formation or for the total 
quenching of Zn^Pi) by NO. From the known cross section 
for NO(A 22 +) production by Cd(’Pi) in the same system, 
however, and the fact that the resonance lamp line intensities 
and excitation conditions are similar, it can be shown that the 
cross section for NO(A 22 +) production by energy transfer 
from Zn(xPi) must be at least 1 Á2.

The other source of difficulty in the present system is that 
pure NO apparently reacts with zinc vapor at these high 
temperatures to yield ZnO(s), which coats the detection por
tion of the flow tube and causes rapid and continuous atten
uation of the NO 7 -band fluorescence intensity. The ZnO(s) 
deposition should have negligible effect on measurements of 
relative emission intensities of contiguous bands such as the 
7 (1 ,3 ) and 7 (0 ,2 ) bands, however, which are only separated 
by 30 Á. We have therefore concentrated in this paper on the 
measurement and interpretation of the primary yield of the 
v = 1 level vs. the v =  0 level of NO(A 22+) in the energy- 
transfer process. Several measurements of the 7 (1 ,3 ) vs. the 
7 (0 ,2 ) integrated band intensities at different NO pressures 
have yielded an intensity ratio of (3.1 ±  0.5):1. Normalization 
using the relative emission strengths2 (essentially the 
Franck-Condon factors) for the two bands yields the following 
interesting result. The initial population of the v = 1 level is 
found to be a factor of 10.3 greater than that of the v = 0 level 
of NO(A 22+) in the energy transfer process, so that

k j k 0 = 10.3 ±  1.7

It is appropriate here to discuss any possible systematic 
errors in the above determination, particularly since there is 
such a striking predominance of the near-resonant exit 
channel. As far as we can determine, only one source of pos
sible experimental error causes any real concern, and argu
ments can be made to show that the effect is negligible. Even 
with the best ultrapure zinc available, the zinc discharge lamps 
emit Cd 2288-A and Cd+ 2144-A radiation, albeit at reduced 
intensity compared to cadmium lamps. Because the absorp
tion coefficient by Cd vapor is so large, however, it is possible 
that 2288-A radiation is absorbed appreciably even by the very 
small amounts of cadmium vapor impurity from the zinc in 
the heated flow tube. If so, some portion of the y(0,x) band 
intensity may result from sensitization by CdflPi) ,2 and the 
fei/feo ratio of 10.3 would have to be considered a lower limit. 
While a larger k i/ k o  ratio would only help the arguments 
presented below that a dipole-dipole mechanism appears to 
be the most reasonable way of explaining our data, experi
mental and theoretical evidence shows that the effect of the 
2288-A line from the lamp is negligible.

The cadmium impurity in the zinc cannot be greater than 
about one part in 10 000, and is probably less. It is likely that 
under the conditions of detection of the ZnflPi) sensitized 7  

bands, the opacity with regard to transmittance of 2138-A 
radiation is similar to that for 2288-A radiation in the Cd 
vapor flow system described earlier,2 i.e., 10 000. If so, the 
opacity with regard to absorption of 2288-A radiation by im
purity cadmium in the zinc system could still be as high as 1.0, 
causing legitimate concern about CdflPi) production and the 
resultant NO(A 22 +, v = 0) sensitization. However, even with 
an opacity of 3.0, the effective (imprisoned) lifetime of CdflPj) 
will be less than 10 ns,13 so that quenching of Cd(xPi) by 
NO(X 2n) at 0.16 Torr of NO should be inefficient (quenching 
half-pressure >5 Torr). At the very least, the absence of any 
variation in the ratio of 7 (1 ,3 ) to 7 (0 ,2 ) fluorescence intensity 
when the NO pressure was raised from 0.16 to 0.68 Torr (and 
when N2 addition reduced the absolute magnitudes of the 
bands) would certainly not be expected. It appears, therefore, 
that the 2288-A emission from the zinc lamps is too weak to 
cause appreciable error in any case.

Finally, an experiment was done in which the conditions 
necessary for Cdi’Pj) sensitized production of the NO 7 (0 ,x) 
bands were created in the flow tube (vapor pressure of cad
mium at 290 °C, ~0.3 Torr of NO, 2 Torr of Ar).2 Strong 7 (0 ,x) 
bands were again observed with cadmium lamp excitation, but 
immediate exposure of the flow tube to zinc lamp excitation 
for the same period of time produced no detectable NO 7 (0 ,x) 
band emission.

No evidence of NO /3-band emission was observed in these 
experiments, even though ZnflPj) has sufficient electronic 
energy to populate NO(B 2IT, v = 0,1). Because the lifetime 
of NO(B 2II,) is ~12 times longer than NO(A 22+), self
quenching would reduce markedly the detection efficiency for 
NO /3-band emission.3

Discussion

The highly preferential formation of the v = 1 vibrational 
level of NO(A 22+) vs. the v = 0 level in the energy transfer 
from ZnTPj) is certainly suggestive of some kind of near- 
resonant coupling, and dipole-dipole interaction could be 
responsible. We show here that the dipole-dipole interaction 
does appear to offer the best explanation of such a favorable 
population of the v = 1  level, although some portion of the v 
=  0 (and possibly the v = 1 ) population likely results from
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some other parallel mechanism. Considered first are the
predictions of the Gordon~Chiudipole-dipole theory.2~We
then discuss other models for electronic-to-vibrational energy
transfer, in an attempt to fit the ~ =' 1 to v = 0 population ratio
to any other reasonable model of the collisional transfer pro
cess.

Dipole-Dipole. Use of the Gordon-Chiu theory has been
discussed previously.2The cross section for reaction 0 can be
calculated in the same fashion as before, with the off-reso
nance energy, !1E "" 2600 em-I, resulting in the computed
cross section 0-0 = 0040 A2. (The radiative lifetime of Zn(lP1)

W8& taken to be 1.4 X 10-9 S.14) Because the Zn(lPI) electronic
energy corresponds to a frequency which falls within the ro
tational band structl1l'e of the NO ')'(1,0) band, an accurate
theoretical calculation of the overall cross section cannot be
made without considering each of the rotational fuie energies
and transition moments, then doing a collective sum over each
rotational transition cross section weighted by the relative
Boltzmann population of the particular rotational level of
ground-state NO(X 2ll1/2) or ~O(X 2ll3/2).6 For present
purposes, however, such a calculation is unwarranted since
we are interested only in showing that the dipole-dipole
theory predicts a much greater cross section for reaction 1 than
reaction O. Elementary considerations of the Boltzmann ro
tational population, of the NO 'Y(1,0) rotational band struc
ture, and of the dependence of the dipole-dipole cross section
on !1E indicate that if we choose an average effective off-res
onance energy (j.E) "'" 150 em-I, the calculated overall cross
section will be correct to within a :actor of 2. The estimated
cross section ~ computed to be 0"1 "" 17 A2, leading to the
predicted ratio*t/ko = 43. Even though this ratio cannot be
directly reconciled with the smaller experimental value of 10.3,
the dipole-dipole ~odel, as expec:ed, correctly predicts the
predominant production of the v = 1 state. A minor competing
collision mechan,ism in which the v "" 0 level is the favored exit
channel could easily rationalize the difference between the
predicted and ob~erved population ratios.

Franck-Condoh: If the electroniC energy is transferred in
a manner similar to absorption of light energy of the appro
priate wavelength (i.e., without regard to the amount of energy
converted to translation), the ratio kt/kowould simply be the
ratio of the Franck-Condon factors for the NO 1'(1,0) and NO
1'(0;0) band, ot 0.26/0.16 "" 1.6. This model is obviously in
correct, as might be expected in view of much data which are
inconsistent with such a hypothes:s. 15

We now consider more sophisticated models which also
utilize the Fran~k-Condonprinciple, but with reference to the
process ofsud~n switching of potential surfaces in some re
gion of the atom:-diatomic interaction potential (i.e., at some
point in a collision where the internuclear separation of the
diatomic has been changed due to interaction with the excited
atom). Tne models use adjustable parameters to fit observed
vibrational population distributions.

Golden Rule (Berry). 16 For the E-to-V energy transfer
process

A* + BC(v "" 0) ---+ (A-BC)* ---+ A + BC(v)

the (ABC)* complex may be characterized as a diatomic BC
oscillator perturbed ("clothed") by the presence of the A atom.
If the B-C separation R! in the complex is known, the force
constant k1 of the clothed oscillator may be calculated using
Badger's ruleP At that point in :he collision when RBC "" R!,
the potential curve for the clothed oscillator is switched off,
and the potential curve for the pre-duct BC state is switched
on. With this "sudden approximation" the relative proba-
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bilities for the differen.t product levels may he calculated using
a simple golden rule expression:

211"
Pv "" -I (Olv)/2 Pv(E)

h .

The overlap integrals (Olv) are taken between the zeroth level
of the clothed oscillator and various levels v of. the product
oscillator. The statistical level densities P. depend on E, the
total energy released. Use of the sudden approximation
implies that no exchange with the translatiOlUih:ontinu,um
can occur during the second half of the collision, which i~ re
garded as instantaneou.s.

Golden rule calculati~l1Swere p~rformed for the p(ocesses
oand 1. This ratio Pt/Powas evaluated for a series of clothed
NO oscillator separations. Agreement with the observed·ratio
kdko= 10.3 was found for RNo! >2.2 A, whiclrmay bfi cqro
pared to the equilibrium distances 1.15 and 1.06 Afor th~.x
2ll and A 2~+ states, respectively. Because the Franck-oon
don factors for such a crossing are calculated to be ~10t:48.

however, the absolute surface-crossing probability would be
much toq low to account for the l8!ge'rninimum cross section
determined experimentally. Even. adding an amount of
translational energy equal to %kT to. the available energy
(which improves the density-of-states ptobability of v "" 1 vs.
v "" 0), RNo! must equal 1.50 A. before kdko "" 9.6, with
Franck-Condon factors which are still on the order of only
10-13. Values of kt/kofor calculations with several values of
RNo! are shown in Table 1. Note that for more reasonable
RNOt distances, the k1/koratios are less t,1lan one, so that such
a parallel energy transfer path could ~en account for the
lowering of the experimental kdkovalue from that predicted
by dipole-dipole theory. The Franck-Condon factors are also
more reasonable for a moderate cross sectioo; for example, the
calculated Franck-Condon factors are sfill....{l.OO2 even when
R! == 1.26 A.

Impulsive "Half-Collision" Model (Simons ).18 The im
pulsive "half-collision" model combines both classical and
quantum theory in the treatment of translation-to-vibration
coupling of an atom with a diatomic oscillator. In contrast to
the golden rule calculation, the excitation energy ofthe inci
dent atom is partitioned between BC vibration and relative
translation of the recoiling particles.

The formation of an initial complex (ABC)* is postulated,
followed by a crossing to a repulsive surface which correlates
with the product states of A and BC. The model allows for a
change in the BC equilibrium internuclear distance in going
to the new electronic state of the complex (which is repulsive
only with respect to A + BC). This leads to a set of Franck
Condon factors for overlap of free BC with the BC oscillator
(RBc = Rt) as located in the repulsive ABC complex which
determine an initial distribution over the levels "i".

Oscillators initially in a given state "i" will be found in a
range of states "i" after recoil. The recoil transition proba
bilities Pi - f are calculated using a quantum mechanical ex
pression given in ref 18. The average energy transferred into
vibration, a parameter used in the calculation of Pi - f , is found
classically from

1
(t::.E) = -If(w)iZ

2J,L

where w is the oscillator frequenCY,!L its reduced mass, and f(w)
the Fourier transform of the repulsive (normally exponential)
force between A and BC during recoil. The final distribution
is calculated by summing the probabilities Pi~f over initial
states i, each weighted by the appropriate Franck-Condon
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TABLE I: Experimental Determination of k\lk() and 
Predictions of Theoretical Models (See Text)

k l/ k 0

Experimental (this work) 10.3 ± 1.7
Dipole-dipole model (Gordon-Chiu) 43 ± 21
Franck-Condon model 1.6
Single ionic curve-crossing 1.8, 2.5

model (see text)

Golden rule model (Berry)

e, cm-1 fit, A

2546 1 .0 0 0.024
2546 1.06 0.00
2546 1.15 0.048
2546 1.37 0.68
2546 2.20 8.9
3275 1.50 9.6

Impulsive half-collision model (Simons)

fit, A L,Â

1.0 0 0.12 4.7

1.08 0.12 1.0
1.15 0.12 0.0
1.21 0.12 0.760
1.37 0.12 10.1
1.37 0.20 10.1

factor, ft* is treated as a variable parameter (along with the 
exponential range parameter L )  to give the best agreement 
with experiment.18

This model provides a more plausible fit of the data, be
cause for fei/feo = 10.1, PC ~  1.37 A, and since the Franck- 
Condon overlap is in this case between the intermediate state 
and NO(X 2II), the absolute Franck-Condon factor for v = 1 
production has a more reasonable value of 0.001. With a 
Franck-Condon factor as large as this, a cross section on the 
order of 1 A2 might just be possible if the surface-crossing 
probability were high, but the model would seem to be in
consistent with a cross section larger than 1 A2.

The energy released in the process ZnCPi) + NO(X 2n) —*• 
Zn(1So) + NO(A 2S+) is the difference between the electronic 
terms for Zn(’Pi) and NO(A 2S+), or about 2600 cm-1. This 
corresponds to an average energy transferred (AE )  of less 
than 10~4 vibrational quanta. The energy transferred during 
recoil therefore has a negligible effect on the final distribution, 
which is determined solely by the Franck-Condon factors.

We have also made a direct comparison of the impulsive 
“half-collision” model and the golden rule model using recent 
experimental data19 for the quenching of Hg(3Po) by CO:

Hg(3P0) + CO HgOSo) + COW

The golden rule expression with R q o 1 -  1-32 A gives a good 
fit16 of the CO vibrational distribution. It is also important 
to note that the average Franck-Condon factor for COG =
2-9) calculated using the “golden rule” model and P* = 1.32 
A is ~0.1, which is consistent with a cross section of 2 A2 for 
quenching of Hg(3Po) by CO.19

On the other hand, the “impulsive half-collision” model 
overestimates the width of the COW distribution curve for 
all values P1. The exponential range parameter L  was easily 
adjusted to fit the peak of the experimental distribution, but

the best fit of the width of the distribution was obtained with 
PI unchanged from free CO, so the Franck-Condon part of 
the model in th is  case only worsens the possible fit compared 
to a purely impulsive recoil model. We therefore believe that 
the use of the “impulsive half-collision” model for E-to-V 
energy transfer should be viewed with some skepticism in its 
present form, although the model has been applied success
fully to bimolecular exchange reactions20 and to photodisso
ciation.18

C h a r g e -T r a n s fe r  S u r fa c e  C ro ss in g . A general mechanism 
involving thé intersection of potential surfaces which correlate 
asymptotically with M+ +  XY-  has been used successfully to 
treat quenching of excited alkali atoms M* by certain 
quenchers XY.21-22 The model can also be used to predict the 
vibrational distribution of product XY*.22 A series of repulsive 
potential curves M + XY W (parallel at large P) is constructed 
up to the energy allowed by M* + XYG = 0). Another set of 
attractive curves M+ + XY~W (also parallel at very large P) 
is constructed, assuming a Coulombic (+ adjustable polariz
ability) attractive force, all of which cross both the M* + XY(u 
= 0) repulsive curve(s) as well as all the M + XYW  curves. A 
complicated grid of surface crossings leading to products M 
+ XYW  is therefore constructed, and an incoming M* + XY  
is allowed to proceed statistically through this maize of 
crossings until there is a net exit as some M + XY W state. 
Crossing probabilities are calculated using a Landau-Zener 
model. The transition matrix element is a product of an 
electronic component (derived from the Hasted-Chong cor
relation) and the vibrational overlap at the crossing point 
(obtained from estimated Franck-Condon factors). The likely 
importance of Cd+-NO_ charge-transfer surface intersections 
in the quenching of CdPPi) by NO(X 2II) has been discussed 
in the previous paper,2 and there is no reason to believe that 
such surfaces will be any less important in the Zn(JPi) + 
NO(X 2I1) case, since the ionization potentials of ZnOPi) and 
CdCPi) are 83 and 82 kcal/mol, respectively.

The surface grid for the process Zn^Pi) + NO(X 2n) * 
Zn(1So) + NO(A2 2+, v = 0,1) is much simpler, with only four 
or six grid points being important (neglecting the fact that 
Zni'P]) + NO(X 2II) can correlate with several repulsive 
states). All the other possible product exit channels must be 
included, however, for the model to be correct.2 We therefore 
make no attempt to perform a detailed calculation using this 
model, but we do note that in the case of quenching of excited 
alkali atoms by N2, the near-resonant channel is always much 
lower in probability than other N2W  exit-channel levels.22

We have performed a calculation using the Simons “half
collision” model,17 but with Zn+-NO~ as the intermediate 
complex, neglecting the repulsive half-collision. Spectroscopic 
information for NO-  was taken from experimental data (TV 
= 1.26 A , o>e ~ 1500 cm x).23 For such a single-crossing model, 
then, we calculate ki/kç, =  2.5. This corresponds to neglecting 
differences in the electronic part of the transition matrix el
ement and also ignoring the other grid points of the crossings 
Zn+-NO- W, where v > 0, but inclusion of these factors would 
undoubtedly favor net production of NO(A 2S+, v =  0).22 A 
similar calculation using the Berry “golden rule” model (using 
actual NO-  data instead of relying on Badger’s rule), yields 
k i/ k 0 =  1.8. A simple charge-transfer model cannot therefore 
rationalize the experimental ratio of k i/ k 0 = 10.3.

Summary

We have demonstrated that NO(A 22+) can be produced 
by energy transfer from Zn^Px), and that the production of 
the v = 1 vibrational level, reaction 1, predominates over that
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of the v = 0 level, reaction 0: kd~ = 10.3 ± 1.7. The over
whelming preference for the near-resonant exit channel is
likely due to a mechanism involving the long-l"ange interaction
of transition dipoles (dipole4iipole theory), but a minor
parallel surface-crossing mechani3m is probably involved,
since.-dipole-dipole theory predicts a larger kJlkoratio than
is determined experimentally.

Further work is planned with a more sophisticated fluo
rescence apparatus, and attempts will be made to obtain the
initial rotational distributions in the v = (I and v = 1 levels of
NO(A 2};+), as well as absolute cross sections for each exit
channel ana the overall process of quenching of Zn(lP1) by
NO(X 2II). Such information is necessary to provide further
evidence concerning the dipole-dipole mechanism.

The shape of~e 'Y(l,x) bands sensitized by Zn(IP1) are
apparently blue-shaded more thaI:. expected on the basis of
a Boltzmann population, indicating a preferentially high
initial rotational level distribution, which would be predicted
since the Zn 2138-A line lies closest to transitions terminating
in higher rotational levels of NO(A 2~+, ... = 1)3,4,24 (i.e., R 1

(22%), QI (29%), sR21 (17 %), etc.), but definite confirmation
must await successful high-resoluLon experiments.
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Radiation chemical studies have been carried out on n -and sec-butyl chlorides using low-temperature pulse 
radiolysis and matrix isolation techniques. The pulse radiolysis of n-butyl chloride at 133 K yields the same 
absorption spectrum as observed for 7 -irradiated n-butyl chloride at 77 K. The initial spectrum has a peak 
at 520 nm, however, the peak shifts to 450 nm within 80 ps. The absorption decay behavior indicated that the 
initial spectrum is due to a long-lived species with a peak at 450 nm as well as a short-lived species with a 
peak at about 550 nm. The effects of additives on both species suggest that the long- and shogt-lived species 
are butene cations and n-butyl chloride cations, respectively. The spectra of butene-1, cis-butene-2, and 
t r a n s -butene-2 cations obtained using a matrix isolation technique also show peaks in the vicinity of 450 nm. 
In a solution of 0.031 mol % biphenyl at 133 K, a significant amount of biphenyl cations is produced simulta
neously with pulse irradiation, although they are also produced slowly by charge transfer between biphenyl 
molecules and n-butyl chloride and butene cations. Addition of biphenyl to n-butyl chloride at 77 K reduces 
the formation of both butene and n-butyl chloride cations by the same ratio, and is accompanied by the for
mation of biphenyl cations. Therefore, butene and n-butyl chloride cations must originate from a common 
precursor, which reacts with biphenyl forming its cation. The nature of the precursor is discussed on the 
basis of the observed results. It is probably a vibrationally excited n-butyl chloride cation. Radiolysis of s e c -  
butyl chloride gives results similar to n-butyl chloride.

Introduction

Molecular radical cations of aromatic compounds are effi
ciently produced in the radiolysis of their alkyl halide solu
tions in both solid1 -2 and liquid3-4 phases. The formation 
mechanism of solute cations in solids at 77 K has been con
cisely discussed in a recent review by Hamill.6 The first step 
of the radiolysis is the formation of solvent caitions. Although 
molecular diffusion is hindered in solids, positive charges of 
solvent cations definitely migrate and finally localize on solute 
molecules. The high yield of solute cations for even 0.1 mol % 
solutions indicates that positive charges must migrate over 
many solvent molecules. However, fundamental under
standing of carriers of migrating positive charges, or holes, has 
not advanced appreciably since the innovative studies by 
Hamill and his colleague.1 ’5

The mechanism of the formation of solute cations in liquids 
has not yet been investigated carefully, although the formation 
is well established by several pulse radiolysis studies.3-4’6 One 
of the studies4 demonstrated that the rates of the formation 
of aromatic hydrocarbon cations in 1 ,2 -dichloroethane are 
much faster than those one could expect from a diffusion- 
controlled reaction.

Steady 7 -irradiation of solid pure n-butyl chloride at 77 K 
produces a broad absorption spectrum with a peak at 520 nm.1 

This spectrum must be caused by either cations or products 
formed by reactions of cations because addition of cation 
scavengers such as alcohols and amines reduces the spectrum 
significantly. Thus, it is interesting to elucidate the relation
ship between these cationic species and the formation of solute 
cations when a solute is added.

In the present paper solvent cations and the formation 
mechanism of solute cations have been studied for n-butyl 
chloride and less extensively for sec-butyl chloride using 
low-temperature pulse radiolysis and matrix isolation tech
niques. We conclude from the effects of scavengers that the 
spectrum of irradiated pure n-butyl chloride is due to n-butyl

chloride cations and butene cations. Furthermore, the effect 
of biphenyl on the spectrum of irradiated solid n-butyl chlo
ride at 77 K suggests that both n-butyl chloride and butene 
cations originate from a common precursor, which produces 
a biphenyl cation on encounters with biphenyl. In a n-butyl 
chloride solution of biphenyl at 133 K, solute cations are 
formed in a rapid process which occurs simultaneously with 
pulse irradiation and in a slow process which occurs concur
rently with the decays of n-butyl chloride and butene cations. 
The former process may be the same as that occurs in a solu
tion at 77 K; the latter is ascribed to charge transfer from n- 
butyl and butene cations to biphenyl. The nature of the pre
cursor is discussed in the light of the observed results.

Experimental Section

The pulse radiolysis methods in our laboratory and the 
low-temperature apparatus for pulse radiolysis have been 
described in detail in previous papers.7- 9 The source of elec
tron pulses was a Mitsubishi Van de Graaff accelerator. The 
energy was 2.7-2.8 MeV; the width was selected among 0.5, 
1, 2 , and 5 ps. The current was adjusted in the range up to 200 
mA to give suitable intensities of transient absorptions for 
observation. Two different types (denoted by A and B) of 
apparatus were used for pulse radiolysis at low temperatures. 
The diagram and device have also shown in previous papers.8-9 

The temperature was variable down to 120 K for the A type 
and was constant at approximately 100 K for the B type. Di
mensions of an optical cell for the A type (optical cell A) were
1 .2  cm in the direction of the electron beam and 2 .2  cm in the 
direction of the analyzing light beam; those for the B type 
(optical cell B) were 1.0 cm in both directions. Analyzing light 
beams passed twice through an optical cell. The optical de
tection system used here was exactly the same as described 
previously.7-9

In the matrix isolation experiment samples were sealed in 
an optical cell with a thickness of 1.5 mm and irradiated at 77
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K with -y rays from 13 OOO-Ci BOCo at a dose rate of 41 000 rads
min-I. The absorption spectra of irradiated samples were
measured at 77 K on a Cary spectrometer Mode114R.

Butyl chlorides and bromides from Wako Pure Chemical
Industries were repeatedly shaken with concentrated sulfuric
acid and washed ",ith water and a solution of sodium bicar
bonate. Then the butyl halides were shaken with a solution
of sodium hydroxide, washed with water, dried with calcium
chloride, and fractionally distilled. Biphenyl (zone refined)
from Tokyo Kasei Co. and butenes from Takachiho Shoji Co.
were used without further purification. All samples were
sealed in vacuo.
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Figure 1. Transient absorption spectra for rH>uly1 chloride irradiated
at 133 K with 2-p.s pulses at 180 mA.21 The spectra were determined
at 2 p.s (A), 80 1J.S (8), and 305 p.s (C) after the pulse. Opt.c:al cell A was
used.

Figure 2. Decay curves of absorptions for n-butyl chloride irradiated
at 133 K with 2-p.s pulses at 180 rnA.

Figure 3. Transient absorption spectra for a n-butyl chloride solution
of 0.055 mol % biphenyl irradiated at 133 K with 2-/lS pulses at 180
rnA. These spectra were determined immediately (A) and at 55 p.s (B)
after the pulses. Optical cell A was used.

the species observed at longer wavelengths. The difference in
reactivity is reflected on the spectra of solutions. In a solution
of 0.11 mol % n-butyl bromide an absorption peak is initially
located at 500 nm as shown in Figure 5. The peak shifts to 450

Results

Pulse irradiation of n-butyl chloride at low temperatures
produces intellSliotransient absorptions throughout the visible
and uv regions. Figure 1 presents time-resolved spectra of
n-butyl chloride irradiated' at 133 K. The spectrum deter
mined at 2 1J.S after the pulse has a peak at 520 nm and re
sembles the spectrum of -y-irradiated solid n-butyl chloride
at 77 K (see Figure 7). The peak, however, shifts to 450 nm
within approximately 80 JlS and thereafter remains at the same
wavelength. The observed spectral change indicates that the
initial spectrum is caused by several absorbing species with
different lifetimes. A detailed analysis of the decay beh\lvior
of the absorption at each wavelength makes it possible to
specify the absorbing species. Figure 2 shows the decay curves
of absorptions at 600, 525, 450, and 310 nm. Absorptions at
wavelengths above 600 run d~sappear within 150 JlS in a similar
manner, and therefore they are ascribed to a single absorbing
species. The absorptions oelow 600 nm consist of two com
ponents, one with the same lifetime as the above mentioned
species and the other wit& a longer lifetime. The former is, no
doubt, due to the same species that absorbs light above 600
nm; the latter is due to a species with an absorption maximum
at 450 nm. In decay curves below 350 nm there is a contribu
tion due to another absorbing species.with a lifetime much
longer'than those of the other two species, although its ab
sorption is negligibly small in the early spectrum in Figure 1.
This long-lived absmption is observable at room temperature
in the presence of !lieth-anol, and therefore ascribed to a neu
tral radical. The species was not subject to further study be
cause it is probably a radical.

Figure 3 presents the spectra obtained at 133 K on the pulse
radiolysis of a n-butyl chloride solution of 0.055 mol % bi
phenyl. The initial spectrum comprises the absorption due
to biphenyl cations and those observed for pure n-butyl
chloride. The subsequent spectrum. however, involves only
biphenyl cations. Comparison of the decay curves in the
presence and absence of biphenyl shows that biphenyl reduces
the lifetimes of both short- and long-lived species produced
from n-butyl chloride. Furthermore, their decays are con
current with the formation ~f a certain portion of biphenyl
cations, as explained later in detail. This fact suggests that
both short-.and long-lived specie:: a=e definitely cations and
produce biphenyl cations by reactions with biphenyl.

The two'species produced from n-butyl chloride differ re
markably from each other in reactivity toward butene-l and
n-butyl bromide. Several decay curves and the absorption
spectra in the presence of these compounds are shown in
Figures 4 ·lIJ1d 5. The decay rates of absorptions at longer
wavelengths increase with increasing concentration of bu
tene-I or n-butyl bromide. On the other hand, the decay rate
of the absorption at 450 nm scarcely changes on addition of
these compound with the exception of the component due to
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Figure 4. Decay curves obtained at 133 K for pure rr-butyl chloride and 
its solutions: of n-butyl bromide (series A) and butene-1 (series B). The 
concentration of butene-1  was calculated on the assumption that all 
butene-1 added was dissolved into n-butyl chloride. Series A and B were 
under different pulse conditions. Optical cell A was used.

nm after 55 ms. In a solution of 1.1 mol % n-butyl bromide or 
0.3 mol % butene-1, however, the peak is located in the vicinity 
of 450 nm even at 2 ms after the pulse. The absorbing species 
at longer wavelengths may be scavenged efficiently in these 
solutions before determination of the spectra. There seems 
to be an intense absorption band below 400 nm in an irradi
ated concentrated solution of n-butyl bromide. The identi
fication has not been made at this moment.

C4H8+ is the most abundant in the mass spectrum of n- 
butyl chloride bombarded with 75-V electrons. 10 Therefore, 
we consider that a butene cation is one of the cations produced 
in the radiolysis of n-butyl chloride. The mass spectrometric 
study, however, cannot indicate whether butene- 1  or butene-2  

cations are produced, although experimental results11 suggest 
the occurrence of 1,3 elimination of HC1 from n-C4HgCl+ 
rather than 1 ,2  elimination.

1,3 elimination might result in the formation of c is -  or 
t r a n s -butene-2 cations. For the purpose of obtaining the 
spectra of all butene cations, n-butyl chloride solutions of 
butene-1 , m-butene-2 , and t r a n s -butene-2  were irradiated 
with 7  rays at 77 K. In these solutions holes are expected to 
be trapped by butenes forming their cations. As seen in Figure 
6  all spectra have peaks at around 440 nm and almost similar 
spectral shapes. It is important that the spectra of butene 
cations obtained here resemble the spectrum of the long-lived 
species produced in the pulse radiolysis of n-butyl chloride 
at 133 K. This fact strongly supports an assignment of the 
long-lived species to a butene cation. The spectra of butene 
solutions imply the existence of large bands below 300 nm. 
These bands correspond to species other than butene cations,

WAVELENGTH (™»>
Figure 5. Transient absorption spectra obtained at 133 K for n-butyl 
chloride solutions of n-butyl bromide and butene-1. Circles and solid 
circles show the spectra determined at 2 and 55 ms after the pulse for 
0 . 1 1  mol % n-butyl bromide solution, respectively; triangles and 
squares show the spectra determined at 2 ms after die pulse for 1 .1  mol 
% n-butyl bromide and about 0.3 mol % butene-1 solutions, respec
tively. The spectrum for butene-1 was under different pulse conditions 
from those used for n-butyl bromide. Optical cell A was used.

Figure 6 . Absorption spectra for n-butyl chloride solutions of 2 mol % 
c/s-butene-2 (A), 2 mol % butene-1 (B), and 2 mol % frans-butene-2 
(C), and for pure n-butyl chloride (D). Spectrum B' was measured after 
illumination of spectrum B with a tungsten lamp for 1 min. 12 The base 
line of each spectrum is indicated by an arrow. All samples were irra
diated at 77 K with 7  rays to a dose of 2.1 X 105 rads. The concentra
tions of butenes were calculated on the assumption that butenes were 
completely dissolved into n-butyl chloride.

probably to neutral radicals. The pulse radiolysis of a n-butyl 
chloride solution of butene-1 at 133 K showed that absorptions 
around 300 nm decay much more slowly than the absorption 
at 450 nm does. Small peaks around 600 nm observed for c is -  
and t r a n s -butene-2 in Figure 6 may be ascribed to dimer 
cations of these butenes.13’17

The pulse radiolysis of n-butyl chloride at 133 K gives a 
broad spectrum due to both short- and long-lived species. The
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decay behavior of the short-lived species is directly shown in 
decay curves at long wavelengths, for example, at 625 nm 
where there is no contribution due to the long-lived species. 
The decay curve fits neither first- nor second-order kinetics, 
indicating that the decay may be caused by a combination of 
several different reactions. The decay curvp at 450 nm can be 
resolved into a long-lived component which approximately 
fits first-order kinetics, and a short-lived component which 
exhibits the same decay as observed at 625 nm. However, 
first-order kinetics is applicable to only an initial half of the 
whole decay of the long-lived' component. Therefore, the 
corresponding species disappears in a complicated mecha
nism, too. As mentioned before, the long-lived component is 
caused by butene cations. The intensity of the component at 
2  ns after the pulse can be estimated to be 60% of the total 
optical density. Figure 7b presents the initial spectrum for 
pulse-irradiated n  -butyl chloride as well as the spectrum of 
butene- 1  cations obtained in the matrix isolation experiment. 
(Since all butene cations have almost similar spectral shapes, 
the spectrum of butene- 1  cations has been tentatively used 
in Figure 7b as that of the long-lived species.) The intensity 
of the spectrum of butene- 1  cations is normalized to 60% of 
the initial spectrum at 450 nm. The difference between both 
spectra corresponds to the spectrum of the short-lived species, 
which has a peak at 550 nm.

The results obtained here correlate well with findings in the 
photobleaching experiment.1 Illumination of 7 -irradiated 
solid n -butyl chloride at 77 K with a tungsten lamp remark
ably reduces the absorption at longer wavelengths and results 
in a peak at 450 nm as shown in Figure 7a. The bleached 
component corresponds to the species with a shorter lifetime 
in pulse radiolysis; the remaining absorption corresponds to 
the species with a longer lifetime as it also has a peak at 450 
nm. The difference between the spectra before and after il
lumination gives an absorption with a maximum at 550 nm, 
which agrees with the spectrum of the species with a short 
lifetime in pulse radiolysis.

The previous study has demonstrated1 that 7  irradiation 
of a n  -butyl chloride solution of biphenyl at 77 K results in the 
formation of biphenyl cations. At concentrations lower than 
0.15 mol %, irradiation gives the absorption of biphenyl cations 
as well as the absorption observed for pure solid n -butyl 
chloride. Figures 8  and 9 present the results obtained with 
0.052 and 0.095 mol % solutions. These spectra apparently 
involve biphenyl cations and the absorbing species originating 
from fi-butyl chloride. It must be emphasized in Figures 8 and 
9 that the spectral component originating from n -butyl 
chloride decreases without change in shape with increasing 
concentration of biphenyl. Illumination of the spectra in 
Figures 8 and 9 with a tungsten lamp reduced the component 
originating from n-butyl chloride and enhanced appreciably 
the component due to biphenyl cations. Such an enhancement 
was observed more clearly when iraTis-stilbene was used as 
a solute.

The pulse radiolysis of n -butyl chloride solution of 0.052 
mol % biphenyl was carried out at 100 K in order to obtain 
information on the formation process of biphenyl cations in 
the solid phase. Figure 10 shows the rate curves of absorptions 
at 520 and 700 nm. The absorption at 520 nm is almost entirely 
due to the absorbing species arising from the solvent; the ab
sorption at 700 nm is mainly due to biphenyl cations. The 
absorptions at both wavelengths grow simultaneously with 
pulse irradiation and show neither a growth nor decay after 
the pulse. All the species observed at 100 K are produced 
within 1  ixs.

Figure 7. (a) Absorption spectra for 7 -irradiated solid /J-butyl chloride 
before (A) and after (B) photoillumination as well as the difference 
spectrum (C).1 (b) Total absorption spectrum (A) as well as the spectra 
of long-lived (B) and short-lived (C) species when n-butyl chloride was 
irradiated at 133 K with electron pulses. Since the long-lived species 
was identified with a butene cation, the spectrum of the butene-1  cation 
was used for B (see text).

Figure 8. Absorption spectrum of a 7 -irradiated solid n-butyl chloride 
solution of 0.052 mol % biphenyl (A), spectrum of a biphenyl cation 
(B), and spectrum of the component produced from n-butyl chloride (C). 
The dose was 2.1 X 10s rads.

As shown in Figure 3 the initial spectrum of a n-butyl 
chloride solution of biphenyl at 133 K consists of both ab
sorptions of biphenyl cations and of species arising from the 
solvent. In addition the spectral shape seems similar to that 
observed at 77 K for the solid solution at similar concentra
tions. As shown in Figure 10, the formation process of biphenyl 
cations apparently consists of the rapid portion simultaneous 
with the pulse irradiation and a slow component concurrent 
with the decays of the absorptions at 450 and 520 nm. We 
ascribe the rapid formation to the same mechanism that oc
curs in a solid solution. The slow formation can be simply in
terpreted in terms of reactions between biphenyl and the 
species with long and short lifetimes produced from n -butyl 
chloride. The resemblance of the decay behavior of the ab
sorptions at 450 and 520 nm suggests that both species react 
with biphenyl at a similar rate.

The results obtained with s e c -butyl chloride are essentially 
the same as for n -butyl chloride. The pulse radiolysis of s e c -  
butyl chloride at 123 K gives the spectra shown in Figure 11. 
Although the shift is rather small compared with that in the 
case of 71-butyl chloride, several independent observations
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Figure 9. Absorption spectrum of a 7 -irradiated solid n-butyl chloride 
solution of 0,095 mol % biphenyl (A) and spectrum of the component 
produced from n-butyl chloride (B). The dose was 2.1 X 105 rads.

Figure 10. Decay curves for n-butyl chloride solutions of biphenyl at 
100 (A) and 133 K (B). Dotted line shows the correction for the ab
sorption due to a species produced from n-butyl chloride. Apparatus 
A and B were used for series B and A, respectively.

Figure 11. Absorption spectra for sec-butyl chloride irradiated at 123 
K with 2-fxs pulses at 110 mA. The spectra were determined at 2 (A), 
55 (B), and 110 (C) s after the pulse. Apparatus A and optical cell A 
were used.

confirmed that the peak shifts from 480 to 440 nm with time. 
Decay curves of absorptions at various wavelengths indicate 
the presence of two absorbing species with peaks at 440 and 
540 nm. This finding is consistent with the photobleaching 
experiment on 7 -irradiated solid s e c -butyl chloride. The 
spectrum determined at 1 1 0  /as after the pulse has a small peak ** 
at 650 nm, as seen in Figure 11. The peak probably arises from - 
impurities because the s e c -butyl chloride used without puri,-( 
fication gives a more intense absorption a t  the same waveip||jS'
length. »

*
Discussion

A number of studies5’14’15 on the radiation chemistry of alkyl 
halides supports the occurrence of dissociative attachment 
of secondary electrons to alkyl halides. Therefore, the only 
initial negative species expected in irradiated n-butyl chloride 
should be chloride anions which absorb far-uv light. Cl2~ could 
be formed at a later stage by the réaction between CD and Cl.
The absorption maximum of Cl2~ is, however, located at 350 
nm and is different from the spectra in Figure 1 . The process 
of dissociative attachment also yields a n-butyl radical. In 
addition, dissociation of excited molecules and abstraction 
of H or Cl by atomic species yield various radicals including 
n-butyl radicals. Such alkyl radicals; even if with a chlorine 
atom as a substituent, usually absorb below 400 nm. In fact, 
we observed absorbing species whjfch may correspond to 
neutral radicals below 350 nm.

The results obtained with n-butyl chloride solutions of bi
phenyl indicate that the absorptions in the uv and visible re
gions are cationic. We conclude from the effects of butene-1 
and n-butyl bromide on the absorptions that the absorbing 
species are n-butyl chloride and butene cations. The former 
has a peak at 550 nm with a short lifetime and the latter has 
a peak at 450 nm with a long lifetime. The primary process of 
the radiolysis of n-butyl chloride is as follows

n-C4H9C l------<- n-C4H9Cl+,
C4H8+, CD, n-C4H9, HCl, etc. (1 )

The ionization potentials of n-C4H9Cl, C4Hg-l, n-C4H9Br, and 
biphenyl (C12H10) in the gas phase are 10.7, 9.58,10.13, and 
8.27 eV, respectively.16 We assume that the order of ionization 
potentials for these compounds will also apply to liquid and 
solid phases. Therefore, the following charge transfers are 
expected to occur:

n-C4H9Cl+ + Ci2H10 — n-C4H9Cl + C12H10+ (2)

C4H8-1 + + C12H10 -  C4H8- 1  + C12H10+ (3)

These reactions can account for the reduction of the lifetimes 
of absorptions at 520 and 450 nm and the concurrent growth 
of the absorption at 700 nm in the presence of biphenyl. The 
7  irradiation of solid n-butyl chloride solutions of butenes at 
77 K gives spectra with peaks at 440 nm. On the basis of nu
merous previous studies using a matrix isolation technique, 
the observed spectra are concluded to be due to butene cat
ions. One of olefin cations, a cyclohexene cation, was found 
to have an absorption band at 430 nm.17 Satisfactory agree
ment between the subsequent spectrum in the pulse radiolysis 
(Figure 1) and the spectra in the matrix isolation experiment 
provides strong evidence for the assignment of the 450-nm 
band to butene cations. Since all butene cations have almost 
similar spectral shapes, we cannot specify the kind of butene 
cations produced in the radiolysis at the present moment. In 
the case where c is -  or t r a n s -butene-2  cations are produced, 
electron transfer such as reaction 3 will occur in the presence
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of biphenyl. The nonreactivity of the absorption at 450 nm 
toward butene- 1  or n-butyl bormide is understandable be
cause charge transfer reproduces butene cations or, energet
ically, it cannot take place.

In contrast with the absorption due to butene cations, the 
absorptions above 600 nm are very reactive toward butene- 1  

and n-butyl bromide. We can ascribe the results to the fol
lowing reactions

n-C4H9C r  + C4H8- 1  — n-C4H9Cl + C4H8-1+ (4)

n-C4H9Cl+ + n-C4H9Br — n-C4H9Cl + n-C4H9Br+ (5)

— n-C4H9Cl-Br + C4H9+ (6 )

where n-C4H9Cl-Br represents a charge transfer complex 
between n-C4H9Cl and Br. Our pulse radiolysis and matrix 
isolation studies on n-butyl bromide show that irradiated 
n-butyl bromide gives absorption bands at 375 and 580 nm 
at low temperatures. Previous studies14’15-1» as well as our 
results18 suggest that the band at 375 nm is assigned to a 
charge transfer complex and that at 580 nm to a n-butyl 
bromide cation. Upon adding n-butyl bromide to n-butyl 
chloride, the absorptions around 580 nm were not observed 
but those below 400 nm were clearly enhanced. Therefore, we 
think reaction 6  is more acceptable as a reaction between n- 
C4H9C1+ and n-C4H9Br. A detailed study on butyl bromide 
will be published shortly.

It is interesting that cations produced in the radiolysis of 
n-butyl chloride, sec-butyl chloride, n-butyl bromide, and 
s e c -butyl bromide have some correlation with the mass 
spectra of these compounds. 10 Relative abundances of C4 ions 
in their mass spectra are as follows:n-butyl chloride, C4H8+ 
(100), C4H9+ (7), and C4H9C1+ (0.7); 'sec-butyl chloride, C4H8+ 
(100), C4H9+ (8 8 ), and C4H9C1+ (0 .6 ); n-butyl bromide, C4H9+ 
(100), C4H8+ (13), and C4H9Br+ (13); sec-butyl bromide, 
C4H9+ (100), C4H8+ (5), and C4H9Br+ (0.3). The numbers in 
parentheses indicate relative abundances normalized to the 
most prominent ion. Major ions are explained by either the 
loss of HX or the loss of X  from parent ions. The former pro
cess predominates in chlorides and the latter is favored in 
bromides. The abundances of parent ions are extremely low 
owing to fragmentation. The radiolysis of liquids or solids, as 
is generally accepted, rapid deactivation of excited parent ions 
by surrounding molecules may result in an enhancement in 
yields of parent ions. The peaks at around 450 nm obtained 
with n - and sec  -butyl chlorides are butene cations arising from 
the loss of HC1 from parent ions. In contrast with chlorides, 
no peaks are observed for n- and sec-butyl bromides around 
450 nm. 18 This fact suggests that butyl carbonium ions are 
probably formed instead of butene ions.

It is conceivable in solid n-butyl chloride that the positive 
charge is transferred from a ground-state n-butyl chloride 
cation to a neighboring neutral n-butyl chloride molecule and 
is eventually trapped by a solute molecule. This mechanism 
is, however, ruled out in solutions at 100 K because the ab
sorptions due to n-butyl chloride and biphenyl cations show 
neither growth nor decay after the pulse. All biphenyl cations 
are formed during pulse irradiation even at this temperature. 
The broad spectrum produced from pure n-butyl chloride at 
77 K is caused by both n-butyl chloride and butene cations. 
Upon adding biphenyl, only its intensity decreases without 
any change in spectral shape (Figures 8 and 9), although the 
spectrum of biphenyl cations overlaps. In other words the 
concentrations of n-butyl chloride and butene cations de
crease by the same ratio with increasing concentration of bi
phenyl. This result indicates that both cations originate from

a common precursor, which reacts with biphenyl forming its 
cation. The reaction scheme can be written as follows:

n-C4H9Cl ------*• precursor — i—*- n-C4H9Cl+

C4Ha+ +  HC1 (7)

— —  ------ C12H10+ +  n-C4H9Cl

The hole proposed by Hamill probably corresponds to the 
precursor in this scheme. We presume that the precursor, 
evidently cationic, is a presolvated n-butyl chloride cation, 
or vibrationally or electronically excited n-butyl chloride 
cation.

In a n-butyl chloride solution of biphenyl at 133 K we ob
served rapid formation of a significant amount of biphenyl 
cations. Furthermore, the initial spectrum for the pulse-ir
radiated solution was similar to that of the 7 -irradiated solid 
solution at the same concentration. These findings suggest 
that the rapid formation at 133 K occurs according to the same 
mechanism as in the solid phase at 77 K. Since the rate of the 
solvation process of ions increases remarkably depending on 
temperature, the amount of biphenyl cations formed should 
decrease at a higher temperature if the precursor is a presol
vated cation. The possibility of the presolvated cation is ex
cluded because of similar formation efficiency of biphenyl 
cations at both temperatures. Shank and Dorfman4 showed 
that the rate of the formation of biphenyl cations in 1 ,2 -di- 
chloroethane at 25 °C is much faster than that expected from 
a diffusion-controlled reaction. They suggested that the for
mation involves an electron jump process, even in liquid
1 ,2 -dichloroethane at this temperature.

A recent mass spectrometric study11 reports that electron 
impact of alkyl chlorides usually produces metastable ions 
which decompose into hydrogen chloride and olefin ions. Such 
metastable ions aTe considered to be vibrationally excited 
n-butyl chloride-ions.1 1 ’20 In fact, the ionization potential of 
n-butyl chloride16 and the appearance potential of its meta
stable ion11 were determined to be 10.67 and 11.0 eV, re
spectively. The difference is comparable to vibrational exci
tation energy. Generally speaking, ionization of molecules by 
electrons yields vibrationally excited ions according to the 
Franck-Condon principle. If the incident electron gives ad
ditional energy to the molecule, the resulting ion may be in a 
higher excited state. The ionization in irradiated n-butyl 
chloride is caused by secondary electrons with various 
amounts of energy leading to the formation of vibrationally 
excited ions. These ions transfer positive charges and energy 
to neighboring neutral molecules. The migration may be a 
succession of such transfers. During migration, vibrationally 
excited n-butyl chloride ions either decompose into butene 
cations and HC1, or transfer charges to solute molecules on 
encounters. When the excited ions are deactivated below a 
certain level, the ions are trapped in a solid or liquid, and/or 
are then solvated. The ions stabilized in this manner cause the 
absorption with a peak at 550 nm. Experimental results in
dicate that photoillumination of the 550-nm band reproduces 
the precursor of a solute cation, although the efficiency has 
not yet been determined. The photoexcitation of a n-butyl 
chloride cation may either lead to the formation of a vibra
tionally excited cation via an electronically excited one, or 
promote electron transfer from a neighboring neutral mole
cule. The latter process results in the formation of a n-butyl 
chloride cation in the Franck-Condon state. In conclusion, 
it is quite probable that the precursor is a vibrationally excited 
n-butyl chloride cation although the possibility of an elec
tronically excited cation cannot be excluded.

The Journal o f Physical Chemistry, Vol. 80, No. 18, 1976



1974 J. Kirchnerova, P. G. Farre! , and J. T. Edward

References and Notes

(1) T. Shida and V¥. H. Hamill, J. Chem. Phys., 44, 4372 (1966).
(2) T. Shida and S..lwata, J. Am. Chem. Soc., 95, 3473 (1973).
(3) S. Arai, H. Uetiâ, R. F. Firestone, and L. M. Dorfman, J. Chem. Phys., 50, 

1072 (1969)'
(4) N. E. Shank and L. M. Dorfman, J. Chem. Phys., 52, 4441 (1970).
(5) W. H. Hamill, "Radical Ions” , E. T. Kaiser and L. Kevan, Ed„ Interscience, 

New York, N.Y., 1968, pp 321-416.
(6 ) H. Ueda, Bull. Chem. Soc. Jpn., 41, 2578 (1968).
(7) A. Klra, S. Arai, and M. Imamura, Rep. Inst. Phys. Chem. Res., 47, 139 

(1971).
(8 ) S. Arai, S. Tagawa, and M. Imamura, J. Phys. Chem., 78, 519 (1974).
(9) S. Arai, M. Hoshino, and M. Imamura, J. Phys. Chem., 79, 702 (1975).

(10) F. W. McLafferty, Anal. Chem., 34, 2 (1962).
(11) K. C. Kim, J. H. Beynon, and R, G. Cooks, J. Chem. Phys., 61, 1305 

(1974).

( 12) Small absorptions due to Incomplete scavenging of holes by butene were 
seen at long wavelengths in the spectra for all butene solutions. The ab
sorptions were removed by photoillumination.

(13) S. Aral, unpublished results.
(14) R. F. C. Claridge and J. E. Willard, J. Am. Chem. Soc.,.8 8 , 2404 (1966).
(15) R. F. C. Claridge and J. E. Willard, J. Am. Chem. Soc., 89, 510 (1967).
(16) J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron, K. Draxl, and

F. H. Field, Natl. Stand. Ref. Data Ser., Natl. Bur. Stand., No. 26 (1969).
(17) B. Badger and B. Brocklehurst, Trans Faraday Soc., 65, 2575 (1969).
(18) S. Arai, to be submitted for publication.
(19) R. E. Buhler, Radiat. Res. Rev., 4, 233 (1973).
(20) S. Ikuta, K. Yoshlhara, and T. Shlokawa, Bull. Chen. Soc. Jpn, In press.
(21) The previous measurement showed that a t-ps pulse at 100 mA gives a 

dose of 9000 rads to an aqueous system at room temperature. This result 
leads to ~ 3 .2  X 10* rads for a 2-ps pulse at 180 mA. However, an alumi
num window and heat Insulation material may reduce the dose in low- 
temperature pulse radiolysis. ■

Dielectric Increments and the Conformations of Amino Acids and Betaines in Water

J. Kirchnerova, P. G. Farrell,* and J. T. Edward

Department of Chemistry, McGill University, Montreal, Canada H3C 3G1 (Received February 12, 1976) 

Publication costs assisted by the National Research Council of Canada

Molar dielectric increments at 25 °C for several aliphatic amino acids and betaines have been determined 
from the dielectric constants of their dilute aqueous solutions. These have been used to examine the predic
tions of various theories, particularly with regard to dipole moments and the corresponding intercharge dis
tances. The calculated intercharge distances of zwitterionic molecules possessing flexible aliphatic chains 
imply that, in water, the average molecular conformation corresponds to some coiling of the chain.

Introduction

Dielectric measurements made upon aqueous solutions 
of aminocarboxylic acids were of especial importance in the 
early studies of the nature of these compounds, and provided 
unequivocal evidence for their zwitterionic structure in water.1 
The dielectric increments (5) of amino acids, peptides, and 
other zwitterionic compounds have been extensively used to 
derive values of their dipole moments (p ) , often calculated 
from Kirkwood’s theory for a spherical unpolarizable point 
dipole.2 In its simplified form, Kirkwood’s theory leads to an 
expression for u (= 3.3 <51/2) and the values obtained using this 
simple relationship have been interpreted in terms of pre
dominantly randomly coiled conformations of the molecular 
chains.3,4

More recently, Buckingham5 has developed a theory which 
permits the calculation of p  values for polar solutes in polar 
solvents, assuming that the solutes are polarizable, ellipsoidal 
molecules. For spherical molecules, this theory becomes for
mally identical with the earlier theory of Onsager.2’6 Buck
ingham has shown his theory to be successful for the calcula
tion of dipole moments of a number of pure polar liquids, bi
nary mixtures, and aqueous solutions of two aminocarboxylic 
acids.7

A more extended study of dielectric increments for the 
homologous series of a,o>-aminocarboxylic acids together with 
some rigid or pseudorigid amino acids was recently reported.8 
Dipole moments for these compounds were also calculated 
using both Kirkwood’s and Buckingham’s theories9 and em

pirical correction factors for these theories were obtained by 
comparing the theoretical and calculated dipole moments for
4-aminobicyclo[2.2.2]octanoic acid. When applied to the di
pole moments of flexible molecules, these correction factors 
gave intercharge distances indicating a fully extended con
formation of the aliphatic chain in water. These results were 
in sharp contrast with both earlier conclusions for amino acids 
based on dielectric constant measurements and the confor
mations of long-chain aliphatic molecules in water.10-12

In order to further examine the validity of these conclusions 
regarding the conformations of aliphatic amino acids, and to 
test the limitations of the three available theories of dielectric 
polarization, we have measured the dielectric increments for 
a number of a-amino acids, taurine, 3-aminopropanesulfonic 
acid, and five a,a>-aminocarboxylic acid betaines. Literature 
data for other zwitterionic compounds with rigid, symmetrical 
structures1’13 have also been examined in the light of these 
theories.

Dielectric increments may be directly related to dipole 
moments through the derivatives of the orientational polar
ization with respect to concentration. Those relationships have 
been obtained and used to show that the dielectric increments 
for a-amino acids, and therefore their calculated dipole mo
ments in water, depend strongly on partial molar volumes.

Buckingham’s theory5 has been shown to reproduce well 
the intercharge distances of zwitterions possessing pseudorigid 
structures. This theory has been used, therefore, to obtain 
intercharge distances for flexible aliphatic a,w-zwitterions in 
water. These intercharge distances suggest that the average
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conformation of such molecules corresponds to some coiling 
of the chain.

Experimental Section

M a te r ia ls . The a,co-aminocarboxylic acids and the two 
aminosulfonic acids were commercial products of the best 
quality available. They were repeatedly recrystallized from 
deionized water, or a mixture of deionized water and metha
nol, until their 0.1 M aqueous solutions had acceptable specific 
conductivities (<5 X 10-6 ft“1 cm-1). Betaines of the a,o>- 
aminocarboxylic acids were prepared by méthylation of the 
acids with methyl iodide, following standard literature pro
cedures.14 The neutral zwitteriôriic betaines were obtained 
by passing aqueous solutions of the hydriodides over a 
weak-base resin (Fisher Rexyn 201), followed by evaporation 
of the solveht. The betaines were crystallized from ethanol- 
ether and analyzed for complete méthylation by NMR. They 
were then repeatedly recrystallized from small portions of 
deionized water-methanol to give 0.05 M solutions of ac
ceptable conductivity.

W a te r . Doubly distilled water was freshly deionized by 
passing it over a mixed-bed resin (Rexyn 1300); the resulting 
conductivity was less than 10-6 fi-1 cm-1.

C a lib r a tio n  S o lv e n ts . Acetone (Fisher Spectroanalyzed) 
was dried before use over Linde molecular sieves (Type AA). 
Nitrobenzene (Fisher certified) was twice fractionally crys
tallized; before use it was dried in the same way as the ace
tone.

M e a s u r e m e n ts . All measurements were made at 25 ±  0.02 
°C. Densities were determined using a Precision density 
meter, Type DMA 02C. Refractive indices were determined 
using a thermostatted Abbé refractometer. Dielectric constant 
values were obtained from capacitance data, measured using 
a dipolmeter, Type DM01 (Wissenschaftlich-Technische 
Werkstätten) fitted with a water-jacketed cell (Type 
MFL3/S), which functions in the dielectric constant range 
21-120. Care was taken to ensure thermal equilibrium of the 
cell before measurements were taken. A calibration plot ob
tained using water, nitrobenzene, and acetone was used to 
calculate the unknown dielectric constants, e, of the solutions. 
In addition to capacitance measurements, specific conduc
tivities of the solutions were also determined.

Results
D ie le c t r i c  I n c r e m e n ts . These were evaluated from the 

linear variations of dielectric constants, e, with concentration 
and are listed in Table I. (Table I also includes literature 
data.1’13) For the sulfonic acids and the betaines these 5 values 
are represented in Figure 1, as a function of the number of 
methylene groups, n , separating the charged ends. For com
parison, this figure also includes data for some a,w-amino- 
carboxylic acids. From this figure it can be seen that the 
variation of ô with n  for the betaines parallels that for the 
a,a)-aminocarboxylic acids and it is possible that a similar 
trend would be observed for the sulfonic acids. This suggests 
that the different charged end groups induce no significant 
differences in the conformations of the aliphatic chains of 
these zwitterions. It is particularly noteworthy that the ô 
values for n  = 1 appear to be constant. However, the nature 
of the acid group is presumably responsible for the appreciable 
differences between the absolute values of <5 for sulfonic acids 
and carboxylic acids for a given value of n.

O r ie n ta t io n a l  P o la r iz a t io n . Kirkwood’s model of a mole
cule as an unpolarizable point dipole leads to eq 1 for the 
orientational polarization2

U — 1)(2< + 1) 
9« r a )

where C; is the concentration of the component i in mol/cm3, 
ct\ is the corresponding molecular polarizability, Mi is the mo
lecular dipole moment of i in solution, including any en
hancement due to the reaction field, and gi is a correlation 
factor to allow for coupling between the orientations of the 
given dipole and those of surrounding molecules. For nonas- 
sociated liquids the value of g, is generally close to unity.

By taking into account the total local field acting on the 
polarizable spherical moleculq Fröhlich15 derived a slightly 
different expression, viz.

(« — n 2) (  2e +  n 2) 

~3e E  C f ^ h i

= 1 ®
where m  refers to the dipole moment in the gas phase and h\ 
= [(«¡2 + 2)/3]2. This is often referred to as the Kirkwood- 
Frohlich equation.

Onsager’s theory6 was modified by Buckingham5 to include 
an ellipsoidal cavity containing the solute molecule, thus al
lowing for the influence of molecular shape on the static di
electric constant of a liquid in terms of a shape factor, Ay.

(3)

where

and

(2e + 1)[1 — A, + n;2Aj] 
3[i(l -  A;) + nMJ

r.B = t [ l  — A ;  +  Mi2Aj] 

[e(l -  Ai) +  Ui2Ai]

Note that Buckingham’s g;B factor does not correspond to 
Kirkwood’s correlation factor, denoted by gi. For Bucking
ham’s theory to be strictly applicable to associated liquids, 
Kirkwood’s gi factor should be taken into account; then for 
spherical molecules, where Ai = %, eq 2 and 3 would become 
equivalent.

D ip o l e  M o m e n ts . For binary solutions the derivatives of 
eq 1-3 with respect to molar concentration lead, at infinite 
dilution, to expressions for the dipole moment of the solute 
in terms of the dielectric increment, <5. Thus for aqueous so
lutions at 25 °C eq 1-3 yield eq 4-6, respectively, where sub
script 1 refers to solvent and subscript 2 to solute.

M2* = M2g21/2 = 3.297 + 0.078(V2

(5PlK 11/2
-  0.058 -  0.058R2) (4)

8x 2 J
R 2 is the molar refraction of the solute and 5P1K/8x2 repre
sents the change of the orientation polarization of water, 
caused by the solute. From the Kirkwood-Frohlich equation 
M2* may be expressed as

M2* = M2g21/2
9.89 f 39.8Vg è»

n 22 + 2 1 ° 1000 ò x 2

/  8PlKF\ 11/2
+ 0.078 ( V 2 -  0.092 j (5)

Finally Buckingham’s equation leads to
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TABLE I: Dielectric Increments, d, Partial Molar Volumes, V 2, Squares of the Estimated Refractive Indexes, n22, and 
Maximum Intercharge Distances, Rmax, Calculated from Known Bond Lengths and Angles for Amino Acids and 
Betaines

Compound S V 2, ml n 22 R  Âu max> A

1 Glycine 24“ 43.3 2.177 2 .9 5

2 Sarcosine 23.4“ 52.6 2.166 2 .9 5

3 a-Alanine 23.5“ 60.6 2.166 2 .9 5

.. 4 Serine 22.5“ 60.3 2.122 2 .9 5

5 a-Aminoisobutyric acid 21.8“ 77.2 2.159 2 .9 5  •«
6 Valine 23.3“ 91.3 2.154 2 .9 5  •
7 Leucine 22.6“ 107.5 2.151 2 .9 5

8 Norleucine 20.3“ 108.4 2.151 2 .9 5

9 Phenylalanine 16.9“ 121.2 2.376 2 .9 5

10 Proline 21.0*’ 81.0 2.1/34 2 .9 5

11 Hydroxyproline 22.06 84.4 2.282 2 .9 5

12 1-Aminocyclopentanecarboxylic acid 20.8C 93.9 2.207 2 .9 5

13 4,4-Diphenylbetaine 1 5 5 b 240d 2.362 10 .5 3

14 p-Me3+NC6H5CH=CBrCOO- 102b 218d 2.292 8 .4 5

15 p-Me3+NC6H5CH=CHCOO- 100 b 192.6d 2.281 8 .4 5

16 p-Sulfanilic acid betaine 7 3 b 162d 2.259 6 .4 3

17 p-Benzbetaine 7 2 b 141.3 2.264 6.36
18 4-Aminobicyclo[2.2.2]octanoic acid 71.6“ 125 2.227 6.10
19 Glycinebetaine 21.8“ 98 2.052 2.95
20 4-Aminobutanoic acid betaine 44.4“ 122.9 2.057 5.45
21' 5-Aminovaleric acid betaine 60 6 138 2.064 6.93
22 6-Aminohexanoic acid betaine 73.5“ 155 2.069 7.96
2¡3 7-Aminoheptanoic acid betaine 89.2“ 171 2.075 9.38
24 Taurine 40.4“ 71.7 2.180 4,45
25 3-Aminopropanesulfonic acid 56.8“ 87.1 2.170 5.51
26 d-Alanine 33“ 58.7 2.166 4.32
27 4-Aminobutyric acid 53“ 73.4d 2.159 . 5.45
28 5-Aminovaleric acid 63“ 87.9 2.154 6.93
29 6-Aminohexanoic acid 82“ 102.6d 2.151 7.96
30 7-Aminoheptanoic acid 93“ 117.3d 2.148 9.38
31 8-Aminooctanoic acid 109“ 132.0d 2.146 10.48
32 9-Aminononanoic acid 131“ 146.7d 2.144 11.86
33 10-Aminodecanoic acid 153“ 162 2.143 12.99

“ This work. h Reference 1. c Reference 8. d Estimated. “ Average of the best available values.

n
Figure 1. The variation of the dielectric increment, 5, with the number 
of -CH2-  groups, n, separating the charged functions: (A) aminosulfonic 
acids, this work; ( • )  betaines, this work; (O) aminocarboxylic acids, 
the average values obtained from the literature data.8,13

p2 = 4.945 (1 ~ A 2)

[1 + (n.22 -  1)A2]
S -

1.45V2 Sn 
1000 ôxo

+  0.0758 N 1 + 0.0255
n 22A 2 \
I - A 2 )

¿PjE-l ] 1/2
- 0 . 0 9 5 - ^  1

&x 2 J
(6)

To calculate the numerical values in eq 4-6 the following data 
for water at 25 °C were used: V i = ,  18.07 cm®, e = 78.54, n { 2 =  
1.7756, PiK = 313.35 cm3, P 1KF = 196.82 cm3, Ax = 0.340, and 
PiB = 192.22 cm3;26 by assuming a water molecule to be 
spherical Ai = 0.333, and then PiB = P!KF.

Partial molar volumes, V 2, have been taken from the liter
ature,3 where available, or were calculated from measured 
densities; in few cases estimates were used. Molar refractivi- 
ties, R 2, were estimated from the data tabulated by Vogel.16 
From these values of P2, and estimated molar volumes,17 the 
squares of indices of refraction were calculated (Table I).

The refractive index of a solution is usually related to those 
of its components7’13 by

n2 = n i2 +  (n22 -  n x2) x 2 (7)

although our own studies, and those of others,8 suggest that 
a better approximation is

n 2 = ni2 + (re22 -  rci2)02 = ni2 + ( n 22 -  n i 2) x 2 (8) 

Thus 5n/ 8x2 can be approximated by
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TABLE II: Dielectric Increments, Molar Volumes, Refractive Indexes and the Calculated Values of dPx/dx2 (Eq 5) for
Several Polar and Nonpolar Solutes in Water

Compound 5“ V2,c ml n22c 0.0758V2 d P ifd x i

Methyl alcohol -1.4 40.7 1.770 3.1 1.87 50.6
Ethyl alcohol -2.6 58.7 1.848 4.5 1.66 114.9
teri-Butyl alcohol -6.3 94.9 1.919 7.2 1.66 -26.7
Acetone -3.2 74.1 1.839 5.6 2.69 -56.8
Aniline -7.6 91.5 2.508 6.9 1.51 -241.5
'Phenol -6.6 83.1 2.380 6.3 1.45 -171.0
Pyridine -4.2 80.9 2.272 6.1 2.37 84.7
Acetonitrile -1.7 52.8 1.800 4.0 3.44 -312.0
Nitromethane -2.0 54.0 1.903 4.1 3.56 -402.9
Methyl acetate -5 79.8 1.853 6.1 1.66 9.7
Dioxane —7.7fc 69 2.016 5.2 0 -347.1
Pyrazine -6.4 82.5d 2.278d 6.3 0 -13.9
2-Methylpyrazine -7.3 99.5d 2.252d 7.5 0 27.8
2,6-Dimethylpyrazine -8.5 U6.5d 2.233d 8.8 0 41.7
Quinoxaline -9.3 116.2d 2.684d 8.8 0 -69.4
2-Methylquinoxaline -11.1 133.2d 2.608d 10.1 0 -138.9
l,4-Diazabicyclo[2.2.2]octane -7.4 116.4d 2.201d 8.8 0 194.4
0 Reference 12. h J. B. Hasted, G. H. Haggis, and P. Hutton, T ran s. F a ra d a y  S oc., 47,577 (1951).c From the data in J. A. Riddick 

and W. B. Bunger, “Techniques of Chemistry, Vol. 11. Organic Solvents”, 3d ed, Wiley, New York, N.Y., 1970. d Estimated values.

5rr / o o\ ^2 —  = (ra22 -  ni2) —  
bx 2 V

where V is the average molar volume of a solution. However, 
it is evident that in eq 6 the term including 5n/5x2 is negligi
ble.

The shape factor A2 represents the dimensions of an ellip
soid containing the molecule and is a function of the axial 
ratios, c/a and b/a, where a >  b  >  c . Values of A 2 were ob
tained from the published data of Osborn.18 For the a-amino 
acids and those zwitterions having pseudorigid structures, 
intercharge distances, R , and the lengths of the major axes of 
the ellipsoids circumscribing the molecules were calculated 
using known bond lengths, angles,19 and van der Waals radii.17 
The positive charge was assumed to be located on the nitrogen 
atom of the alkylammonium group, and the negative charge 
to be symmetrically between the oxygen atoms in the plane 
containing these atoms and in line with the methylene-car
boxyl bond or methylene-sulfonate bond.

For the a,w-zwitterionic molecules, values of R max and the 
lengths of the major axes (a) were determined as described 
above, assuming full chain extension. A2min values27 for these 
compounds were then determined using these a values to
gether with partial molar volumes in water (to obtain values 
for the lengths of the minor axes, b =  (6V2/IV7ra)1/2).

To evaluate the quantity b P ]B/bx2 Buckingham used di
electric data for acetone-water mixtures and obtained a value 
of 85.3 cm3.7 He then assumed that the value of b P x/bx2 is 
constant for different solutes.

Using eq 5 and known values of dielectric decrements,13 etc. 
we have calculated values of b P -J b x2 for several polar and 
nonpolar nonelectrolytes and these are shown in Table II. 
Inspection of this table shows that the value of b P J b x 2 de
pends strongly on the character of the solute. Thus, among 
polar solutes b P J b x 2 is positive for methanol, ethanol, pyri
dine, and methyl acetate, whereas it is negative for all others 
in Table II. The negative values range from -26.7 for t e r t -  
butyl alcohol to -402.9 for nitromethane. For nonpolar so
lutes, b P J b x 2 shows a range of both positive and negative 
values which undoubtedly reflects the effects of these solutes 
on the structure of water.20

It is, however, difficult to use these data to predict b P x/bx2 
for amino acids. Inspection of eq 5 and 6 indicates that, for 
molecules with large dipole moments, any \bPx/bx2 \ < 300 cm2 
will have no significant effect on the calculated dipole mo
ments. As the zwitterionic molecules studied will have large 
dipole moments and the values of b P J b x 2 of Table II are in 
general relatively small, we have assumed that these terms can 
be ignored (i.e., 0) for the purposes of calculation.

Intercharge distances (R  =  /x/4.803 X 10~18 A) have been 
calculated using eq 4-6 and the results are shown in Table
III.

Discussion

P a r t ia l  M o la r  V o lu m es . An examination of either eq 4 or 
5 suggests that there should be an approximately linear cor
relation between the measured 5 values and the partial molar 
volumes for molecules having identical dipole moments. A 
similar relationship is predicted by eq 6 when the term in
volving A  2 is constant. If one ignores both the polar effects of 
the side chains, and any changes in geometry induced by them, 
then the «.«-aminocarboxylic acids provide a series of mole
cules whose dipole moments should be effectively constant. 
The major contribution to the observed dipole moments for 
these zwitterions derives from the separated charges and the 
dielectric increments for some typical a,a-aminocarboxylic 
acids (Table I) suggests that the assumption of a constant 
value for their dipole moments would not be unreasonable. 
In Figure 2 we have therefore plotted values of 5 vs. V 2 for the 
a-aminocarboxylic acids and it can be seen that there is a 
general dependence of these properties upon each other. 
However, no distinct linear relationship between these 
quantities can be deduced from the data presented and the 
scatter around a linear function is presumably due to both the 
differing shapes of these amino acids, and the different effects 
of their side chains on the structure of water. The majority of 
the compounds listed in Table I do not approximate to 
spheres, but to ellipsoids of varying size and hence of varying 
A  2 factors. This effect will probably outweigh any effects of 
the side chains upon the water structure.
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TABLE III: Shape Factors, A 2, and the Intercharge Distances Calculated from Dielectric Increments for Amino Acids 
and Betaines a

Compd R k R k f A2min R b a 2' R  B C R

1 3.56 2.56 0.270 2.98 0.240 3.25
2 3.66 2.63 0.275 3.09 b b
3 3.62 2.60 0.310 2.77 0.260 3.25
4 3.55 2.58 0.315 2.71 0.270 3.15
5 3.58 2.58 0.340 2.56 0.274 3.09
6 3.76 2.71 0.310 2.88 0.290 3.15
7 3.79 2.74 0.310 2.90 0.280 3.25
8 3.65 2.63 0.270 2.80 0.250 3.35
9 3.49 2.39 0.280 2.74 0.260 3.01

10 3.58 2.58 0.290 2.85 0.270 ■ 3.13
11 3.66 2.56 0.290 2.84 0.275 3.08
12 3.52 2.51 0.315 2.70 0.295 2.97
13 9.05 6.22 0115 10.30 b B
14 7.42 5.18 0.130 8.31
15 7.35 5.15 0.130 8.30
16 6.34 4.46 0.190 6.16
17 6.25 4.39 0.190 6.11
18 6.18 4.18 0.230 5.58 0.195 6.14
19 3.72 2.75 0.285 3.06 b b
20 5.04 3.72 0.233 4.65 4.49
21 5.76 4.25 0.180 5.95 5.43
22 6.34 4.67 0.170 6.68 6.00
23 6.95 5.11 0.150 7.40 6.74
24 4.64 3.33 0.235 4.20 0.200 . . 4.65 4.65
25 5.46 3.92 0.215 5.13 0.187 5.59 5.59
26 4.27 3.07 0.230 3.88 0.200 . 4.23 4.23
27 5.15 3.71 0.210 4.97 0.185 5.41 5.41
28 5.72 4.13 0.180 5.70 0.158 6.24 5.98
29 6.35 4.59 0.170 6.55 0.145 7.07 6.88
30 6.95 5.02 0.148 7.61 0.130 7.97 7.28
31 7.50 5.42 0.138 8.34 0.118 8.83 8.01
32 8.58 6.21 0.125 9.39 0.110 9.80 8.86
33 8.83 6.39 0.114 10.38 0.105 10.67 9.78

0 Compound numbering is as in Table I. 6 No hydration by dielectrically inactive water molecules assumed, i.e., the values of A 2' 
— A% and R b c =  R b -

24

22

5

20 

18

40 80 I20
p a r t ia l m o la r vo lum e

Figure 2. Dielectric increments of a-amino acids, 5, as a function of 
their partial molar volume, V2. The numbers correspond to compounds 
listed in Table I.

I n te r c h a r g e  D is ta n c e s . As was noted above, the Kirkwood 
and Kirkwood-Frohlich equations for the calculation of dipole

moments differ only by the inclusion of any enhancement due 
to the entire reaction field in the former. Therefore for solutes 
with the correlation factor g 2 equal to unity, the dipole mo
ments of s p h e r i c a l  molecules calculated using eq 4 (¿2*) are 
expected to be greater than the corresponding gas phase or 
“theoretical” dipole moments.

Dipole moments for these molecules calculated from eq 5 
should thus give gas phase values, and hence intercharge 
distances in agreement with those calculated from known 
bond lengths, bond angles, etc., i.e., the molecular structure. 
However, for molecules whose shapes are nonspherical, e.g., 
ellipsoidal, then the Kirkwood-Frohlich equation will give 
underestimated values of g 2*, and therefore of R .

In column 3 of Table III, Ukf values derived from dipole 
moments calculated using eq 5 are shown. Comparison of 
these Ukf values with the R max values of Table I shows that 
they are all less than their corresponding Umax, as was pre
dicted above for nonspherical zwitterions. As the R max values 
were calculated from the known molecular geometries, and 
the values of (Rmax ~ R k f ) for both rigid and “pseudorigid” 
molecules are of the same order as those for molecules whose 
charged groups are separated by a flexible chain, then the R k f  
values would not give reliable estimates of intercharge dis
tances. Thus these R k f  values should not be used to estimate 
the conformations of flexible-chain molecules.

Calculated intercharge distances obtained using eq 4 (ftK) 
are also shown in Table III (column 2), where it can be seen 
that the derived values for the a,a-ammocarboxylic acids are
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considerably greater than their corresponding Rmax values 
(Table I). Assuming that these molecules may be considered 
spherical, then these derived values are also in accord with the 
predictions above. For molecules having fixed intercharge 
distances of 4.4—6.4 A Kirkwood’s equation leads to R k  values 
in agreement with those calculated from bond length and 
angles. However, in the case of flexible zwitterions with 
maximum intercharge distances (Rmax) in the above range, 
the derived R k  values are shorter than Rmax. Thus, although 
jF?k  values are not the best estimates of intercharge distances, 
they da not support the idea that flexible chain molecules exist 
in their fully extended conformations.

The values of R calculated using eq 6 (RB) are given in 
column 5 of-Table III. Inspection of these values shows that, 
for rigid symmetrical betaines, R b values are in very good 
agreement with Rmax, whereas those for rigid amino acids are 
slightly less than Rnlax values.

Dielectric studies of aqueous solutions of electrolytes led 
Hasted to conclude that the molecules of water hydrating 
small positive ions are dielectrically inactive.21'22 Thus, in the 
treatment of dielectric data, hydrated cations should be 
considered as species having low dielectric constants. Hasted 
estimated21 that the unsubstituted ammonium ion is solvated 
by four, dielectrically inactive, water molecules, while the 
monoalkylammonium cations and /1-alanine are solvated by 
two water molecules and tetraalkylammonium cations are 
unsolvated. He found that carboxyl groups were not solvated 
by irrotationally bound water molecules. Assuming that the 
+NH3 groups of all amino acids are similarly solvated by two 
molecules of dielectrically inactive water, "hen this will have 
a very significant effect upon the calculated dipole moments 
and hence intercharge distances for these molecules.

If we consider that the amino group is hydrated by two 
molecules of water, each having a molar volume of 18 ml, then 
the molar volume of this hydrated species becomes V2' (= V2 
+ 36 ml). The major axis (a') of the ellipsoid circumscribing 
such a molecule is then m a x im a lly  increased by the van der 
Waals radius of a water molecule. Thus, modified shape fac
tors A  2 will be obtained, as shown in column 6 of Table III. 
Use of these A {  values in eq 6 will then lead to modified values 
of the intercharge distances, R Bc, as shown in column 7 of 
Table III. These R b c values for rigid amino acids are generally 
in excellent agreement with the calculated Rmax values, al
though some variation is observed for the a-amino acids. In 
view of the asymmetry of the a-amino acids studied (Table
I), and expected differences in the effects of the side chains 
on the structure of water (which have not been considered), 
the observed variations of Rbc are acceptable.

Assuming that the hydration of the +NH3 group occurs via 
interaction with the oxygen atom of a water molecule it is 
conceivable that the maximum of three water molecules could 
be irrotationally bound to the alkylammonium ion and we 
have therefore examined the effect of changing hydration 
upon the calculated R  bc values for glycine, 10-aminodecanoic 
acid, and 4-aminobicyclo[2.2.2]octanoic acid. It can be seen 
from the data presented in Table IV that the hydration 
number has only a minor effect upon Rb for 10-aminodecanoic 
acid, i.e., Rb — Rbc, whereas values of Rb for the other amino 
acids of Table IV are considerably affected by hydration. This 
is especially true for glycine in which the relative volume 
change is very large.

The assumption of two irrotationally bound water mole
cules per +NH3 group leads to R b c values which are in closest 
agreement with Rmax, although the relative changes in Rbc 
with varying number of such bound solvent molecules are

TABLE IV: The Effect of the Assumed Number of Water 
Molecules Hydrating the - +NH3 Group on the Calculated 
Intercharge Distance Rbc for Selected Amino Acids

R B c

No. of H20  molecules

Compd Rb 1 2 3

1 2.98 3.40 3.25 3.28
33 10.38 10.79 10.67 10.55
18 5.58 6.25 6.14 5.95

small. The good agreement between Rmax and Rb values for 
rigid betaines or RBC values for rigid amino acids suggests that 
Buckingham’s theory, including hydration, provides a good 
interpretation of the large dielectric increments of polar 
molecules in polar solvents.

This agreement can be argued to justify the use of eq 6 to 
interpret the dielectric increments of flexible betaines and 
amino acids in terms of their conformations. A comparison of 
the values of RB for betaines and RBC for amino acids (Table
III) with their corresponding Rmax values (Table I) suggests 
that the dielectric increments of the flexible zwitterions are 
not compatible with their existence in fully extended con
formations, in contrast to our previous suggestion.8 However, 
the calculation of RB and Rbc values depends upon values of 
A 2 and it was pointed out above that A2min values, based upon 
fully extended chains, were used to derive R values. Hence 
these R values are, of necessity, maximum values. Further
more, the hydration of the ammonium ions is assumed to in
crease the total volume of the ellipsoid containing the mole
cule, and to extend the major axis of the ellipsoid. Thus the 
values of Rb and Rbc may not approximate real average mo
lecular lengths and an alternative check on these derived 
values is desirable.

One can assume that for an ellipsoidal cavity the major axis 
a and the intercharge distance within the molecule R can be 
related by a = R  + d, where d  depends on the size of the 
charged groups but is independent of chain length. Also, the 
shape factor for the ellipsoid A2 can be approximated by a 
linear equation of the form

A 2 = -0.09 + 0.36 -  
a

Then for known values of V2 (= irb2a/G), and d, the corre
sponding values of R (R) can be found by iteration. These 
values of R for flexible betaines and amino acids are listed in 
column 8 of Table III.

The values of R for the amino acids with three or less -CH2-  
groups separating the charged functions suggest that these 
molecules exist in their fully extended conformation. However, 
the R values for the longer chain amino acids and betaines 
become increasingly shorter than Rmax. While these final 
values of R are also greater than R values corresponding to the 
average length of a molecule with a random coil conforma
tion,3'48 they are perfectly compatible with a restricted C-C 
bond rotation coil conformation.23 With respect to the rota
tional barriers known for methylene groups24 such a confor
mation seems to be the most realistic. The different R values 
found for amino acids and betaines of the same chain length 
might be real, but more likely they reflect the imperfections 
of the theory.

Thus the interpretation of dielectric increment data for 
a,co-amino acids in water suggests that these substances do
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not exist in their most extended forms, as was previously 
proposed,8 but possess average intercharge distances implying 
some slight coiling of the aliphatic chains.
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An iterative procedure is described that permits analysis of sedimentation equilibrium distributions ob
tained with heterogeneously associating systems, account being taken of the dependence of each activity 
coefficient on the composition of the solution, which varies with radial distance. The procedure is illustrated 
with treatment of distributions simulated for a system of the type A + B ^  C, and comment is made on its 
applicability to systems involving higher order complexes.

Sedimentation equilibrium offers a potentially powerful 
approach to the study of a wide range of interacting systems 
involving heterogeneous association between dissimilar 
macromolecules. The analysis of such results is difficult be
cause the composition of the solution and hence the activity 
coefficient 7 ; of each species i varies with radial distance r. The 
purpose of this communication is to examine this problem and 
to present a simple method of analysis, which should prove 
useful in correlating a series of equilibrium experiments en
compassing a wide range of composition variation.

General Theory

Consider the sedimentation equilibrium of the system A + 
B ^  C where the following relationships pertain:

o\{r i )  =  û i (r 2) e x p j0 ;M i( r i2 -  r 22)] (la)

<t>i = (1 — T>ip)u)2/2 R T  (lb)

K  = -  Cĉ  Tc(r) (ic)
aA(r)aB(r) cA(r)cB(r) 7A(r)7B(r)

ct i(r ) denotes the activity of species i (i = A, B, C), character
ized by molecular weight M; and partial specific volume v ,. It 
will be assumed that no volume change occurs on reaction so 
that K  is independent of r and v ç  = (MAiJA + MBtiB)/(MA + 
M b ). The latter relation does not imply that all 0) are identical 
but rather permits calculation of v c  from measurements ob
tained from separate studies on the individual reactants. The 
composition dependence of the activity coefficients is given 
by
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YA ( r )  

Y bW

_ i c A ( r )  , cB(r) , cc(r)
= eXP(aAA M 7  + aAB M ^  + 0AC

_ f cB(r) , c A (r )  , cc(r)l
= exp aBB —r r ~  + « ab — r ~  + «BC , ,

( Mb Ma Mc J

(2a)

(2b)

Yc(r) = exp

■;> where only terms involving second virial coefficients (denoted 
' by a )  have been retained: Ci(r)/M-, is the molar concentration 

of species i, which has been substituted for the molal con
centration. The expression for composition dependence of 
activity coefficients embodied in eq 2 is that used recently by 
Ogston and Winzor1 and is formally identical with similar 
relations presented previously.2-4

It is possible, with the Use of eq 1 and 2, to form a set of 
nonlinear simultaneous equations for the total concentration 
c(r), and to attempt a solution in terms of the nine unknowns 
(all Cj and ay values);5-7 but this puts unrealistic demands on 
experimental precision even though a AA and « bb may be de
termined from separate studies on the individual reactants. 
It is not surprising, therefore, that other suggested procedures 
of analysis have invoked certain simplifying assumptions; in 
particular, that yc/(yaYb) = 1 and that activity coefficients 
may be expressed in terms of constituent concentrations and 
a lesser number of nonideality coefficients.8 The former as
sumption may be shown from eq 2 not to have general validity, 
while the second leads to the experimental determination of 
quantities that are neither constants nor thermodynamically 
meaningful parameters.1 The present work considers an al
ternative approach of assigning values to the six virial coef
ficients in eq 2 on the basis of molecular covolume and charge 
contributions. It too is not without criticism because of the 
various assumptions that are necessary for calculating covo
lumes, but seems to be a more realistic approach when the 
major aim is the determination of K ,  with account taken of the 
actual composition variation with radial distance.

In this work each species is considered as a rigid, impene
trable sphere, whereupon the covolume of species i and j is 
given by9

47r/V(rj + rj)3 
3000

(3)

where r \and r , are the radii of the hydrated species, which may 
be calculated either by standard procedures on the basis of 
anhydrous molecular weights, anhydrous partial specific 
volumes and appropriate degrees of hydration, or from the 
translational frictional coefficients (in the case of A and B).10 
The corresponding virial coefficeint ay is given by1

where Z\ and Z } are the net charges on the respective species 
and I  the ionic strength of the supporting uniunivalent elec
trolyte. In relation to eq 4, values of a AA and ubb predicted 
from it may be compared with experimental values obtained 
from separate studies on the individual reactants. Such 
comparisons, together with other preliminary studies on A and 
B, may indicate ellipsoidal shapes for either or both of the 
reactants whereupon expressions alternative to eq 3 are 
available for the calculation of covolumes.1’11'12

Simulation of Sedimentation Equilibrium 
Distributions

It is now possible to simulate a sedimentation equilibrium

distribution in terms of the total weight concentration c ( r )  as 
a function of radial distance, a form available to the experi
menter from Rayleigh optics, provided it is assumed that the 
specific refractive increments of all species i are identical. This 
assumption was not invoked in other treatments13 and may 
indeed not prove to be a limiting assumption in the present 
analysis. In the first step, values are assigned to the activity 
of each species aj(rm) at the meniscus,,and eq la  and lb are 
employed to calculate the activity distribution of each species. 
In the second step, the values of Oj(r) at each r  are substituted 
for Ci(r) in eq 2, together with appropriate molecular weights 
and the numerical values of the calculated virial-coefficients, 
to yield a first approximation of each Y^r). Division of cq(r) 
by this estimate of 7 i(r) yields a first estimate of each c,(r), 
which may be substituted in eq 2 to yield a second estimate ̂  
of Yi(r): division of the original <Zj(r) by this second estimate 
of Yi(r) gives an improved estimate of Cj(r). It will be shown 
later that on iteration this procedure converges rapidly to yield 
constant Cj(r) values at each r , which may then be summed to 
give c(r). 1

The results of such simulations are shown ir. Figure 1 for 
the parameters listed in the caption. In this connection the 
initial loading concentrations ca° and cB° were found by 
trapezoidal integration from meniscus to base of plots of c;(r) 
vs. r2 to yield 2 (Q i )cen/dh, where (Qdceii is the amount of 
species i in the cell of thickness h  and sector angle 6. Since
(Q A)totai/(0h) = (Q A)ceil/(Oh) + M A ( Q c ) ce\ i/ (M c8h ) and ca°
= 2(QA)totai/i0h(rb2 — rn2)), it follows that c A°  may be calcu
lated, with similar reasoning applying to the calculation of 
CB°.14 It is noted that a procedure has been described14’15 for 
the simulation of c ( r )  vs. r plots that utilizes directly ca° and 
cB° together with expressions for conservation of mass, but 
this applies only to id e a l  systems; it was for this reason that 
values of aj(rm) were initially selected, and the loading con
centrations deduced thereafter.

Two points in relation to Figure 1 merit comment. First, it 
is seen from Figure la that the total activity distribution is 
virtually identical with the total concentration distribution; 
indeed, a maximum difference of 0.007 g/1. at rb was found, 
corresponding to an 8-fj.m  fringe displacement. This implies 
that within experimental error of measurement, nonideality 
effects could be neglected in analyzing this distribution. On 
the other hand, in Figure lb where c(rb) is some tenfold 
greater than in Figure la, the difference between concentra
tion and activity distributions over the entire range of r is 
quite pronounced, varying from 260 to 980 /¿m in terms of 
fringe displacement. Clearly, if the c ( r )  vs. r distributions 
shown in Figures la and lb (both of which are realistic from 
the viewpoint of fringe density) are to be correlated, it is vital 
that nonideality effects be considered explicitly in relation to 
Figure lb.

At first sight it may appear that only experiments designed 
to cover a low concentration range (where nonideality effects 
may be neglected) are required for the determination of K .  
However, in order to verify that a single equilibrium constant 
suffices to describe the interaction it is necessary to encompass 
a wide range of composition,16 and, therefore, we now turn to 
the correlation of the c(r) vs. r plots shown in Figure 1, viewed 
as “experimental” concentration distributions.

Interpretation of Experimental Sedimentation 
Equilibrium Distributions

From an experimentally determined distribution covering 
a low concentration range, typified in the present work by 
Figure la, it is possible to determine OA(r) (A being the species
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Figure 1. Simulated sedimentation equilibrium distributions for a system 
A +  B ^  C with Ma = 15 000, MB = 45 000, Mc =  60 000, (1 -  v,p) 
= 0.27 for all species, and K = 8.9 l./g. Both experiments were visu
alized as being conducted with T = 298.2 ° A, /•„*= 6.85 cm, and rb = 
7.15 cm: (a) ai = 1.780 X 103 rad/s,_cA° = Cb° = 0.135 g/l.; (b) <o = 
8.564 X 102 rad/s, cA° = 3.129 g/l., cBd = 3.034 g/l. The solid curves 
describe the total activity distributions for (a) a(rm) = 0.0625 g/l., aB(rm) 
= 0.009 g/l., ac (rm) =  0.005 g/l.; and (b) aA(rm) = 2.000 g/l., aB(rm) 
= 0.135 g/l., ac (rm) = 2.400 g/l. Points denote the total weight-con
centration distributions calculated from eq 2 and the following second 
virial coefficients (M-1): aAA = 145, aBB = 433, aCc — 578, aAB = 263, 
aAC = 313, aBC = 502. These in turn were calculated from eq 3 and 
4 on the basis of zero charge for all species and rA = 19.3 A, rB = 27.8 
A, rc  = 30.6 A.

with lowest M ¡(1 -  v ,p ) )  by application of the Qa(t) function 
described by Nichol and co-workers.17’18 If the reasonable 
approximation is made that a A(r) = ca(t) for this experiment, 
K  follows from eq 17 of ref 18; implicit in this equation is the 
assumption that the system is ideal, which permits tractable 
formulation of the conservation of mass equations in terms 
of the initial loading concentrations c a °  and c b °  (known to the 
experimenter). A check on the value of K  and on the negligible 
contribution of nonideality effects may be made by simulating 
the c(r) vs. r distribution14’15 and comparing it with the ex
perimental pattern. In addition, since the simulation gives the 
distribution of each c;(r), it is possible to show from eq 2 that 
the values of In 7 ;(r) are, indeed, negligibly small.

We are now required to test the applicability of this single 
value of K  to the distribution shown in Figure lb. While ap
plication of the Qa (t ) function again gives aA(r) at all radial 
distances,18 including rm, it is no longer possible to assume 
corresponding values of aB(rm) and ac(rm), as was done in the 
construction of Figure lb, nor to utilize the known values of 
c a °  and c b °  to estimate species concentrations at the menis-

Figure 2. Plots of c(r) obtained from Figure 1b as functions of fiA(r) = 
c(r) exp|</)AMA(rF2 — r2)j/c(rF) for different reference positions: (a) rF 
= 6.85 cm, c(rF) = 4.320 g/l.; (b) rF =  7.00 cm, c(rF) = 5.994 g/l.; (c) 
rF = 7.15 cm, c{rF) = 8.576 g/l.

cus.19 We can, however, select a value of anirm) and, with the 
knowledge of a A(rm) and K ,  calculate the corresponding value 
of a c ( r m). Equation 2 may now be applied iteratively as de
scribed above to yield the apparent c(rTO) based on the selected 
aB(rm). Correct values of as(rm) and ac(rm) are thereby lo
cated readily by continuing the selection until the experi
mentally observed value of c(rm) is obtained. The complete 
activity distributions of A, B, and C may now be calculated 
using eq la and lb, and be corrected to concentration distri
butions by the iterative procedure based on eq 2. Consistency 
between the two experiments on the basis of the assumed 
model and characteristic equilibrium constant K  would be 
reflected by superposition of the calculated and experimental 
concentration distributions.

The feasibility of this approach will now be demonstrated. 
Figure 2  shows a plot of Q a C1-) v s . c(r) derived from the con
centration distribution shown in Figure lb. Three (e(rp), rp )  
points were selected for the determination of ilA(r) values, 
whose extrapolated magnitudes at infinite dilution (= 
a A (r p )/ c (r p ) )  led, via eq la, to estimates of 1.961,1.970, and
2.000 g/l. for aA(rm). Use of the average value of 1.976 g/l. for 
a A( r m) and 8.9 l./g for K  (the value obtained from Figure la) 
yielded values of 0.137 g/l. for OB(rm) and 2.411 g/l. for ac(rm). 
Table I summarizes values of a;(r) computed from these me
niscus values, together with the corresponding c;(r) obtained 
by the iterative procedure based on eq 2. The last two columns 
of Table I compare the calculated and “experimental” c ( r )  
values, the standard deviation obtained from the sums of 
squares of residuals over the entire range of r being equivalent 
to a fringe displacement of approximately 6 ^m, an entirely 
satisfactory result. The remaining point of interest concerns 
the convergence of the iterative procedure, which is illustrated 
in Table II for r b, where nonideality effects are most extreme. 
Clearly, the convergence is rapid and leads to final estimates
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TABLE I: Analysis of the Sedimentation Equilibrium Distribution Shown in Figure lb

r, cm

Species activities, g/1. Species concn, g/1. Total concn, g/1.-

a.\(r) Qb(f) ac (r) ca (r ) cb(t) cc (r) Calcd Obsd

6.85 1.976 0.137 2.411 1.916 0.130 2.264 4.310 4.320
6.88 2.025 0.148 2.661 1.960 0.140 2.490 4.590 4.599
6.91 2.076 0.159 2.939 2.006 0.150 2.741 4 .89  7 4.905
6.94 2.129 0.171 3.246 2.053 0.161 3.016 5.230 5.237
6.97 2.182 0.185 3.588 2.100 0.173 3.321 5.594 5.599
7.00 2.238 0.199 3.967 2.149 0.186 3.655 5.990 5.994
7.03 2.295 0.215 4.388 2.198 0.200 4.024 6.422 6.426
7.06 2̂.354 0.232 4.855 2.248 0.215 4.430 6.893 6.894
7.09 2.414 0.250 5.375 2.299 0.230 4.877 7.406 7.406
7.12 2.477 0.270' 5.953 2.352 0.247 5.369 7.968 7.967
7.15 2.541 0.291 • 6.596 2.404 0.265 5.911 8.580 8.576

TABLE II: Convergence of the Iterative Procedure for 
Estimating Activity Coefficients a

Activity Coeff

Estimates of 7i(fb)

First Second Third Fourth

7 A 1.062 1.057 1.057 1.057
7 B 1.106 1.098 1.098 1.098
7 C 1.127 1.115 1.116 1.116

a Data refer to the cell base, where effects of nonideality are 
most pronounced.

of the activity coefficients which individually differ signifi
cantly from unity. It could, however, be noted that the ratio 
7 c / ( Y a 7 b ) differs from unity by only 3.8%, a finding that lends 
some support to this basic assumption invoked in an earlier 
suggested procedure of analysis.8 This is particularly relevant 
since the present numerical example sets the second term of 
eq 4 equal to zero and thereby emphasizes the covolume 
contribution to nonideality. It has already been established20 
that in the reverse extreme (t/y «  Z;Zj/2/), the assumption 
7 c / ( 7 a 7 b ) — 1 is quite reasonable.

Systems with Higher Order Complexes

The analysis of sedimentation equilibrium distributions 
obtained with heterogeneously associating systems involving 
stoichiometries in addition to 1:1 is undeniably more com
plicated, and requires consideration of several models in 
relation to a series of sedimentation equilibrium distributions; 
but even in these cases the present approach offers advantage. 
In the first place, for any selected model it is a simple matter 
to write the array of expressions analogous to eq 2 expressing 
the composition dependence of activity coefficients of all 
postulated species, and to calculate reasonable estimates of 
the second virial coefficients; indeed, as the system becomes 
more complicated the need for so doing becomes more com
pelling. Secondly, such an array may readily be programmed 
to permit the iteration procedure to be executed by computer. 
Thirdly, the present method makes full use of ability to define 
the thermodynamic activity of the smallest species at each 
radial distance, independently of the model being examined.18

This means that evaluation of all a;(rm) is still possible solely 
by examining a range of aB(rm) in relation to the experimental 
c ( r m), even though several complexes and their respective 
association constants have been postulated. Fourthly, on the 
basis of the a;(rm), plots of c(r) vs. r may readily be con
structed for the various models and be compared directly with 
the experimental concentration distribution, a potentially 
more accurate comparison than is possible in procedures based 
on differentiation to yield molecular weight averages. These 
simulated c ( r )  vs. r plots will have taken into account the 
composition dependence of activity coefficients for each model 
examined, which is essential if a distinction is to be made 
between models on the basis of a series of sedimentation 
equilibrium experiments that are necessarily conducted over 
a wide range of composition. There is, however, no doubt that 
the analysis in terms of available experimental precision 
continues to be a difficult problem for systems containing a 
large number of complexes.
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Light scattering methods have been used to determine the pattern of association of a series of antiacetylchp- 
line drugs in aqueous solution. The intensity of the light scattered from solutions of propantheline bromide, 
methantheline bromide, and methixene hydrochloride increased continuously with concentration, with no 
significant inflection attributable to a critical micelle concentration. The scattering behavior of these com
pounds was not consistent with the mass action model of micellization. It could be adequately reproduced 
using a nonmicellar, stepwise association model in which the products of each stage of the association were 
present in solution in significant amounts, giving a highly polydisperse system. A micellar pattern of associa
tion was established for oxyphenonium bromide, tricyclamol chloride, glycopyrronium bromide,'dicyclomine 
hydrochloride, and penthienate bromide. The micellar properties of these compounds have been deter
mined. The mode of association has been related to the nature of the hydrophobic region of the molecule.

The influence of the nature of the hydrophobic group on 
the pattern of association of amphipathic molecules has re
cently been discussed.1 It has been suggested that micellar 
aggregation is most readily achieved by molecules possessing 
flexible hydrocarbon chains which allow cooperativity of 
aggregation. Molecules with planar aromatic groups, which 
are roughly symmetrical with respect to their hydrophobicity, 
may associate by face-to-face stacking in a stepwise associa
tion pattern. A significant distinction between the two types 
of association is in the size distribution of the products of as
sociation. In micellar association there is a predominance of 
micelles of an energetically preferred size, while in the stepwise 
association model the products of association are generally 
multimers with a broad size distribution.

In previous studies of aggregation of drug molecules in 
aqueous solution we have shown that compounds with a di- 
phenylmethane hydrophobic group associate in a micellar 
pattern.2“4 Diphenylmethane is nonplanar and rotation 
around the central C atom hinders any monomeric stacking. 
In contrast, some compounds with a hydrophobic region es
sentially composed of a single phenyl ring may aggregate by 
a stepwise association process when associated with a large 
counterion such as the maleate ion.5’6

In the present study, the modes of association of a series of 
antiacetylcholine drugs have been determined by fitting the 
light scattering data using mass action and stepwise associa
tion models.

Experimental Section
M a te r ia ls . The following compounds were used: oxyphe

nonium bromide (la) (Ciba Laboratories), tricyclamol chloride 
(lb) (Lilly Research Centre), dicyclomine hydrochloride (II) 
(Richardson-Merrill Ltd.), glycopyrronium bromide (Ilia) (A. 
H. Robins and Co. Ltd.), penthienate bromide (Illb) (Win- 
throp Laboratories), propantheline bromide (IVa) and 
methantheline bromide (IVb) (G. D. Searle and Co. Ltd.), 
methixene hydrochloride (IVc) (Wander Pharmaceuticals). 
With the exception of oxyphenonium bromide and methixene 
hydrochloride, the above compounds are subject to the purity 
requirements of either the British Pharmacoepia or the 
United States National Formulary and, as such, contain not 
less than 98.0% of the specified compound. The remaining 
compounds were of equivalent purity according to information 
from the suppliers. All compounds were used as received.

Ib:R, =<CH,),

IVa: X = 0,Rj = COO(CH2)2— N— [CH(CH;1)2]2

CH3

IVb: X = 0, R, = COO(CH2)2— N— (C2H5)2

CH.j

IVc:X = S,Ri

CH,

L ig h t  s c a t t e r in g  m e a s u r e m e n ts  were made at 303 K with 
a Fica 42000 photogoniodiffusometer (A.R.L. Ltd.) using a 
wavelength of 546 nm. Aqueous solutions were clarified by
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ultrafiltration through 0.1 -p m  Miliipore filters until the ratio 
of the light scattering at angles of 30 and 150° did not exceed
1 .1 0 . The refractive index increments (d n / d m ) were measured 
at 546 nm using a differential refractometer. The following 
values (kg mol-1) were obtained: oxyphenonium bromide (la) 
0.0660, tricyclamol chloride (lb) 0.0574, dicyclomine hydro
chloride (II) 0.0516, glycopyrronium bromide (Ilia) 0.0616, 
penthienate bromide (Illb) 0.0631, propantheline bromide 
(IVa) 0.0740, methantheline bromide (IVb) 0.0694, methixene 
hydrochloride (IVc) 0.0692.

Results
Light scattering results are presented in Figures 1, 2, and 

3 as plots of scattering at 90°, S 90, as a function of molal con
centration, m . All of the compounds studied showed some 
degree of aggregation, with scattering intensities in excess of 
those calculated for monomers. Tiyo apparently different 
patterns of association were evident. The scattering curves 
of la, lb, Ilia, and II (Figure 1) and Illb (Figure 3) showed 
abrupt changes of slope over narrow, well-defined concen
tration regions. At concentrations below the critical concen
tration, the scattering of such compounds did not deviate 
significantly from that calculated for unassociated monomers. 
In contrast, IVa, IVb, and IVc (Figures 2 and 3) showed a 
continuous increase in scattering with no apparent disconti
nuity which could be attributed to a critical micelle concen
tration (cmc).

According to the mass action theory of micellization, the 
micellar equilibrium constant, K m, may be approximated 
to

m ([X i  -p[M P +])w[ X i w~P

,\Lrj+ and X~ represent the micellar species and counterions, 
respectively, N  is the micellar aggregation number, and p is 
the number of charges per micelle. The scattering intensities 
from micellar and monomeric species, designated Sgomic and 
Sgomon, respectively, were calculated as described previously5 

from equations proposed by Anacker and Westwell.7

A 1mmic/K 90mic A + Bnim ic (2)

where K l = 2tr2n 2(d n / d m )2V °/ L \ 4; n  is the refractive index 
of the solution; V° is the volume of solution containing 1 kg 
of water; L  is the Avogadro’s number; A is the wavelength of 
incident light, and m mic is the molality of the micellar species 
(in terms of monomeric units) as determined from eq 1. The 
second virial coefficient, B , was calculated from

B  =  pA[(l + p ) N ~ 1 — A](2mmon) - 1  (3)

where mmon is the molality of monomer. The approximation 
A = N ~ x was made to simplify the calculations. Sgomic was 
calculated from Asomic using the instrumental calibration 
constant. ScMymm was estimated from eq 3 assuming a zero 
value of B . The total scattering intensity, S 90, was then a 
summation of S g o m ic ,  S 90m o n ,  and the intensity of the light 
scattered by the solvent.

Theoretical scattering curves were generated using eq 1-3 
for a range of combinations of K m, N ,  and p  in an attempt to 
reproduce the experimental scattering curves and thereby 
distinguish micellar and nonmicellar aggregation patterns. 
The scattering behavior of all the compounds included in 
Figure 1  and also of penthienate bromide (Figure 3) could be 
adequately described using the mass action equations, con
firming the micellar behavior of these compounds. The con-

Figure 1. Variation of the scattering ratio, S90, with concentration for 
(O) la, (X) II, (□) Ilia, and (A) lb. Continuous lines represent theoretical 
scattering as predicted by mass action equations using values of N, a, 
and Km given in Table I.

Figure 2. Concentration dependence of the scattering ratio, S90, for 
( • )  IVa and (O) IVb. Continuous lines represent theoretical scattering 
as predicted by mass action equations using N =  13, a  = 0.2, and Km 
= 1067 for IVa and N =  10. a  = 0.2, and Km = 1047 for IVb.

tinuous lines of these figures are those calculated using K m, 
N ,  and a  (= p / N ) values shown in Table I. The standard free 
energies of micellization, AGm, per mole of monomeric sur
factant calculated from

AGm = - ( R T / N )  In K m (4)

are given in Table I. Despite extensive calculation using a wide 
range of combinations of the mass action parameters, it was 
not possible to generate the scattering curves of IVa, IVb, or 
IVc. The continuous lines of Figures 2 and 3 represent the best 
fit of data. In order to reproduce the appreciaole scatter at 
high concentrations, high values of K m and N  were required 
(see legends to Figures 2 and 3) and such values produced 
abrupt inflections in the curves. The discrepancy between the 
experimental and calculated data in the region of these in
flections was too great to be accounted for by experimental 
error. The AGm values calculated from eq 4 using the best fit 
mass action parameters were —29.9, —27.3, and —34.8 kJ 
mol- 1  for propantheline, methantheline, and methixene, re
spectively. These values are considerably higher than the free 
energy values calculated for the micellization of phenothiazine 
derivatives8 to which these molecules bear some resem
blance.
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Figure 3. Concentration dependence of the scattering ratio, S90, for 
(O) IVc and ( • )  lllb. Continuous lines represent theoretical scattering 
as predicted by mass actions using N = 14, a  = 0.2, and Km =  1022 
for IVc and N =  6, a  = 0.2, and Km =  5 X 1021 for lllb.

TABLE I: Micellar Properties of Antiacetylcholine Drugs

cmc, A G m, b
Compd mol kg 1 N ° a a K am kj mol 1

la 0.108 10.0 0.18 1 X 1044 -25.5
lb 0.150 5.7 0.26 5 X IQ20 -21.1
Ilia 0.189 5.4 0.16 5 X IO20 -22.2
II 0.050 9.5 0.20 1 X 1Q48 -29.3
l l l b 0.220 6.0 0.20 5 X 1021 -21.0

a Values giving best fit of experimental data using mass action 
equations. b Calculated using eq 4.

A model of association assuming the stepwise addition of 
monomers was used in an attempt to reproduce the apparently 
nonmicellar scattering behaviour of IVa and IVb and IVc. The 
analytical treatment was that of Steiner.9 This treatment does 
not necessitate the assumption of equal aggregation constants 
for each stage of the association, which is thought unlikely in 
aggregating systems in which small ionic aggregates are 
formed. It does, however, ignore the interactions between the 
charged aggregates, w h ich  b e c o m e  in c r e a s in g ly  s ig n ifica n t  
with increase in solution concentration. Stepwise equilibrium 
constants, K n , were evaluated from eq 5 in a manner de
scribed previously.5

[ ( M J x M )  -  1 ]/ (x c/ M ) = 4iV2

+ 9 K 2K s( x c / M ) . .  . +  N 2  (  n  K n )  (x c / M )N ~2 ( 5 )
\ N =  2 /

A/w and M  are the apparent weight-average aggregate weights 
and monomer molecular weight respectively, c is the weight 
concentration (g dm-3), and N  is the aggregation number, x  
is the weight fraction of compound existing as monomer, as 
determined from graphical integration of the light scattering 
data, according to

TABLE II: Stepwise Association Constants, Limiting 
Aggregation Numbers, and Free Energies of Association 
of Antiacetylcholine Drugs

Equilibrium constants, 
dm3 mol-1

Compd K 2 k 3 K  4 l kJ mol 1

IVb 2.8 33 4 12 -15.7
IVa 12.5 76 25 14 -18.0
IVc 50 149 67 >20 -20.3

0 Calculated using eq 7.

I n x  =  J '  [(M/Mw) — l]d In c (6)

Values of K n  are given in Table II. Because o f  th e  cumulative 
nature of the errors in the evaluation of K n , only the lower K n  
values are q u o te d . E r r o r  in  K n  a r is in g  fr o m  a n e g le c t  o f  in
teractions between the charged aggregates is also least sig
nificant for these lower values. Application of eq 5 and 6 to the 
data for IVa and IVb suggested that the aggregates attained 
a limiting size, with a characteristic aggregation number, l. 
(See Table II.) It was not possible to determine a value of l for 
IVc even though K n  values up to N  =  20 were evaluated.

The average free energy change per monomer, AGm, for the 
formation of the iVmer was calculated from1

&Gm =-(RT/N) In ( U K N)  (7)

values o f  A G m (Table I I )  a re  in  r e a s o n a b le  a g r e e m e n t  w ith  
similar values calculated for several phenothiazine deriva
tives.8

Discussion

The effect which the structure of the hydrophobic group 
has on the mode of aggregation is clearly shown by the light 
scattering data presented here. The hydrophobic ring struc
tures of IVa, IVb, and IVc are sufficiently planar and rigid to 
allow a stepwise stacking of monomers. The molecules are not 
symmetrical with respect to their charge distribution and it 
is probable that the monomers associate with their cationic 
h ea d  g r o u p s  s ta c k e d  in  an  a l te r n a te  m a n n e r  as has been sug
gested from NMR studies of the phenothiazines.10 The re
maining compounds studied have flexible nonplanar hydro- 
phobic regions and it is significant that these molecules as
sociate in a micellar pattern.

The effect on the micellar properties of modifications of the 
chemical structure of the hydrophobic groups may be assessed 
by comparisons with previous studies4 on diphenylmethane 
derivatives with similar hydrophilic chains. The diphenyl
methane derivative, lachesine chloride, was shown to dimerize 
with a cmc of 0.204 mol kg-1. In la one of the phenyl rings is 
replaced with a cyclohexane ring, the rest of the molecule re
maining unchanged. The effect of this replacement is to 
c o n s id era b ly  in crea se  th e  h y d ro p h o b ic ity , as ev id en ced  b y  th e  
lower cmc and higher aggregation number. Conversely, the 
replacement of a phenyl ring with a cyclopentane ring has little 
apparent effect on hydrophobicity; the diphenylmethane 
derivative, benzilonium bromide (cmc = 0.143 mol kg-1 , N  
= 4), has similar properties to Ilia.

The greater hydrophobicity of the 2-diisopropylaminoethyl 
derivative of xanthine, IVa as compared with the 2-dieth-
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ylaminoethyl derivative IVb, is reflected by the higher limiting 
aggregation size, the higher individual Kn values, and the 
increased free energy of association.
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In order to facilitate the use of longer chain surfactants which are more surface active, various ways of de
pressing the Krafft point have been studied. There is a close correlation between the melting points of alka
noic acids and the Krafft points of their sodium salts in water. Therefore, depressing the melting point also 
depresses the Krafft point and permits the use of long chain length surfactants at ordinary temperatures. 
Moderate branching of the lypophilic chain and the introduction of some groups, such as ethylene oxide, be
tween the lypophilic chain and the hydrophilic group effectively depress the Krafft point as well as the melt
ing point.

An ionic surfactant dissolves in water in a singly dispersed 
state up to the saturation concentration. Above this concen
tration a hydrated solid surfactant phase separates at tem
peratures below the Krafft point and micelles are formed 
above the Krafft point.1 It is evident that the Krafft point is 
an important temperature above which hydrated solid sur
factant melts and forms micelles, i.e., pseudophases in the 
liquid state.2-4 The solubility of ionic surfactants increases 
abruptly due to micellar dispersion, and solubilization of oily 
materials occurs above this temperature. Minimum surface 
tension values are not attained below the Krafft point, because 
the concentration of singly dispersed species is smaller than 
the critical micelle concentration. Hence, in most practical 
applications, the Krafft point of a surfactant has to be lower 
than the experimental temperature. The surface activity of 
surfactants increases rapidly with the hydrocarbon chain 
length.5 There exists also a rough parallelism between the 
Krafft points of soaps and the melting points of the corre
sponding acids.6 Therefore, it is very important to find sur
factants whose Krafft points are low yet the hydrocarbon 
chains are long. The experimental determination of the Krafft 
point, however, requires solubility7’8 or electrical conductivity 
measurements9 of the saturated solution of the surfactant as 
a function of temperature. This process is time consuming. 
In order to estimate the Krafft point from some other more

easily accessible property of the surfactant the relationships 
between the melting points of alkanoic acids and the Krafft 
points of their sodium salts are plotted in Figure 1.

Experimental details will be published elsewhere along with 
other properties.10 It is evident from Figure 1 that the melting 
points of a-alkyl alkanoic acids are lower, and the Krafft 
points of their sodium salts are similarly lower, than the cor
responding alkanoic acids and salts. The larger the side chain, 
the lower the melting and Krafft points. If the temperature 
at which a certain process has to be executed is 30 °C, the 
Krafft point has to be less than 29 °C or so. It is concluded 
from Figure 1 that the hydrocarbon chain length has to be 12 
or less in the case of straight chain soap, 14 or less in the case 
of R„  _  i CH (C H. j)C0  0  Na,  but it can be as long as 19 in the case 
of R „_1CH(C,1H9)COONa. This means much more surface 
active substances can replace ordinary surfactants. Data on 
Cn-  iH2n-iOCH2COQH and their sodium salts are also shown 
in Figure l .11 The Krafft points of these salts were not as low 
as one might have expected from the melting points of 
Cn-iH 2rc-iOCH2COOH. Hence, the introduction of an oxy
gen atom into an alkanoic acid does not greatly depress the 
Krafft point. On the other hand, further introduction of eth
ylene oxide groups between the hydrocarbon chain and the 
polar group depresses the melting and Krafft points very 
much. The rough parallelism between the Krafft points and
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TABLE I

Compd Mp, °C Kp, °C

re-CvFisCOOH 56.4-57.9 20
n-C7F15COONa 8
u-C7F15COOK 25.6
(CF3)2CF(CF2)4COOH 13-14 Below 0
(CF3)2CF(CF2)4COONa Below 0
(CF3)2CF(CF2)4COOK Below 0
n-C6Fi3COOH 27 Below 0

hydrocarbon chain length (n)

Figure 1. The effect of hydrocarbon chain length and the size of the side 
chain on the melting points of alkanoic acids and Krafft points (Kp) of 
their sodium salts: ( • )  mp of RnCOOH; ( • )  Kp of RnCOONa; (■) mp of 
Rn_ 1CH(CH3)C00H; (■ ) Kp of R^ChKCHaJCOONa; (o) mp of 
R n ^ C H f C a h y C O O H ;  (□ ) Kp of R„_ ,CH(C2H5)COONa; ( a ) mp of 
R „_ 1CH(C4H9)COOH; (A) Kp of R ^ C H iC ^C O O N a ; (o) mp of 
R^OCHjCOOH; (O) Kp of Rn-iOCHjCOONa.

melting points of corresponding acids as a function of lypo- 
philic chain length also holds in C„ F2n+iCOONa(H). The 
relation is shown in Figure 2.12

In the case of fluorinated compounds, the melting and 
Krafft points increase much faster with chain length (about 
30-35 DC per -CF2-CF2-  group) and the differences between

Figure 2. The relation between the melting points cf perfluoroalkanoic 
acids and the Krafft points of their sodium salts.

the melting points and Krafft points were also larger (about 
35-40 °C) than in paraffin chain compounds. As found above 
for paraffin chain compounds, branching leads to lower 
melting and Krafft points for fluorinated surfactants as well 
(see Table I).13

In conclusion, it was found that moderate branching of the 
hydrocarbon or fluorocarbon chain effectively depress the 
Krafft point and the melting point. Other means to depress 
the Krafft point include changing the kind of gegenions and 
introducing groups such as ethylene oxide in order to facilitate 
the use of longer chain surfactants.
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The chemisorption of oxygen on nickel oxide was investigated over a wide range of temperature (0-600 °C) 
by means of the temperature pro|rammed desorption (TPD) technique. At least four different states of ad
sorbed oxygen were indicated by the appearance of four TPD peaks, with peak maxima located at 30~40 (a), 
320~360 (d), 420~450 (y)* and 520~550 °C (5), respectively. Taking into account their adsorptive character
istics, the corresponding adsorbed species were tentatively assigned to 0 2 (a), 0 2~ (8), and 0 “  (y and 6). Ex
perimental facts that none of the (3, y, and <5 oxygen retarded the chemisorption of the'others suggested that 
these chemisorptions took place on different surface sites, while the chemisorption site for a was estimated 
to be common to (3 oxygen. The activation energies of adsorption for (3 and y were 12.8 and 17.5 kcal/mol, re
spectively, and that of desorption for 8 was 23 kcal/mol. Adsorbed oxygen .in various forms amounted alto
gether to ca. 3 X 1013 molecules/(cm2 of NiO surface). The corresponding surface coverage was estimated to 
be ca. 4% with respect to surface nickel atoms, suggesting adsorptions on some sorts of surface defects. Dis
cussions of these results are presented in relation to the oxidation power distribution of the surface excess 
oxygen, the oxygen isotopic exchange reaction, the binding energy of Oxygen, etc.

Introduction

Catalytic oxidation is one of the most interesting reactions 
in heterogeneous catalysis. For an understanding of it, it would 
be very important to know the adsorption state of oxygen. For 
example, Boreskov et al.2 pointed out that the catalytic ac
tivities of metal oxides for the complete oxidation or for the 
homomolecular oxygen isotopic exchange are closely related 
to the energies of metal-oxygen bonds of the oxides. This in
dicates that the rate-determining step for these reactions in
cludes the rupture of the metal-oxygen bond, and suggests 
as well the significance of the experimental examination of 
interactions between oxygen and the catalyst surface. In ad
dition, knowledge on the nature of the adsorbed oxygen and 
its adsorption mechanism would provide valuable criteria for 
catalyst conditioning.

Interactions between oxygen and metal oxides have been 
studied fairly extensively by a number of workers with tech
niques such as adsorption isotherm, adsorption kinetics, and 
ESR. Several types of adsorbed oxygen species have been 
proposed over various metal oxides, including 0 2~ and 0 “  
confirmed by ESR.3 The adsorption of oxygen, however, may 
in fact depend very sensitively on the nature and the prepa
ration method of the oxides used. Therefore, we attempted 
to probe oxygen adsorption on various metal oxides system
atically by means of the temperature programmed desorption 
(TPD) technique.

The TPD technique developed by Cvetanovic and Ame- 
nomiya4 is a simple but very useful one to investigate inter
actions between a gas and a solid, and has been applied by 
several workers to studies of gas adsorption on metals or metal 
oxides.5’6 On the oxygen-metal oxide systems, however, few 
applications have been reported so far.

In the present paper, the chemisorption of oxygen on nickel 
oxide was investigated. Nickel oxide was chosen because it is 
a typical oxidation catalyst. As for the oxygen-NiO system,

Charman et al.7 suggested three or possibly four modes of 
oxygen adsorption on the basis of adsorption kinetics. Re
cently the existence of several modes of oxygen adsorption was 
in fact observed by means of the temperature programmed 
desorption technique by Gay.8 However, Gay’s results were 
insufficient in terms of reproducibility and characterization 
for each mode of adsorption. From the viewpoint of nonsto
ichiometry, on the other hand, adsorbed oxygen on NiO may 
be regarded as surface excess oxygen, which is measurable with 
chemical techniques. Dereh and Stoh9 measured, by means 
of modified Bunzen-Rupp and hydrazine methods, the excess 
oxygen content on NiO samples obtained by decomposition 
of nickel salts and showed that oxygen coverage was change
able with the method and condition of sample preparation. 
Uchijima et al.10 showed the distribution of oxidation power 
of excess oxygen on nickel oxide by the measurements using 
iodometric and hydrazine methods. These results obtained 
by chemical techniques are quite interesting, but the mode 
and nature of oxygen adsorption on NiO have remained al
most unsolved due to the limitation of the methods. Consid
ering that the various modes of oxygen adsorption are asso
ciated with different binding energies between oxygen and 
surface, it will be reasonably suggested that TPD is one of the 
best techniques for revealing the situation. The purpose of the 
present investigation is to establish the nature and occurrence 
of several modes of oxygen adsorption on NiO.

Experimental Section
In a preliminary experiment, we measured the temperature 

programmed desorption chromatograms of oxygen from 
commercial nickel oxide. However, it was revealed that (1) 
TPD chromatograms included water vapor as well as oxygen, 
and (2) the nickel oxide used was shown to contain trace 
amounts of Ni2Si04 by x-ray diffraction. The present work 
was performed to the complete exclusion of such flaws.
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Apparatus. The apparatus used for the TPD experiments 
is shown’in Figure 1. It is in principle the same as that de
scribed in the literature.3 The reactor (R) was devised to 
minimize the dead volume and consisted of a quarz tube of 9.6 
mm i.d. with a protective quarz tube of 8.0 mm o.d. with a 
thermocouple (TCi) inserted inside. The detector was a con
ventional thermal conductivity cell with four tungsten fila
ments, G80-TCD of Yanagimoto Mfg. Co. Ltd. The temper
ature of catalyst was raised at uniform heating rates (from 5 
to 30 °C/min) using a programming controller with a thyrister 
voltage regulator, and measured by a chromel-alumel ther
mocouple located on top of the catalyst bed. Uniform tem
perature increase was very important; otherwise the distortion 
of the chromatogram or even the appearance of false desorp
tion peaks would occur. The temperature lag between the 
sample and the thermocouple was corrected using the results 
of preliminary heat transfer experiments. The correction 
value was, for example, 4 °C at a heating rate 20 °C/min under 
a gas flow rate 30 ml/min.

Materials. Commercial helium gas (above 99.995%, Air 
Product and Chemical) was used as a carrier. To remove trace 
amounts of moisture, it was passed through molecular sieve 
5A at liquid nitrogen temperature. Commercial oxygen (above 
99.8%) was also dried before use by liquefaction at liquid ni
trogen temperature.

NiO samples were prepared by calcining nickel carbonate 
precipitated from a nickel nitrate solution with ammonium 
carbonate. Surface area and color of the samples obtained are 
summarized in Table I together with the calcination (or de
composition) conditions. The surface area was determined by 
the BET method. For TPD experiments, the powder was 
sieved and a fraction of 20-~48 mesh was used.

Procedure. A fixed amount of NiO of ca. 1 ml (2.00 g for 
NiO-I-IV or 0.60 g for NiO-V) was loaded into the reactor. 
Before use, the oxide was evacuated for more than 2 h at the 
calcination (or decomposition) température (see Table I) until 
no more water was condensed in a liquid nitrogen trap con
nected to the reactor.

Oxygen adsorption prior to the TPD experiment was usu
ally processed in two ways. In both ways, the NiO sample, after 
evacuation (<10-5 Torr) for 1 h at the calcination tempera
ture, was cooled to the desired temperatures and exposed to 
oxygen atmospheres (1~120 Torr) for a prescribed time. 
Subsequently, the sample was first degassed by evacuation 
for 1 h at the same temperature and then cooled to 0 °C in 
vacuo within 30 min (treatment A), or it was first cooled to 0 
°C under an oxygen atmosphere at a constant cooling rate (10 
°C/min), and then degassed for 1 h (treatment B). After these 
manipulations, the carrier gas was diverted to flow through 
the reactor at a rate of 30 ml/min. Programmed heating was 
started as soon as the recorder base line became stabilized. 
The heating rate was set at 20 °C/min unless specified oth
erwise. Gas desorption during heating was continuously 
monitored with a TCD and recorded as a TPD “ chromato
gram” .

In all present experiments the desorbed gas was identified 
to be oxygen alone by gas chromatography and mass spec
troscopy. The amount of desorbed oxygen was calculated from 
the peak area of the chromatogram.

Results
Desorption Chromatogram. It is expected that the TPD 

chromatogram varies with the conditions of calcination (or 
decomposition) and pretreatment of the oxide sample used, 
since those would affect the surface state of the oxide sensi-

Figure 1. Apparatus for temperature programmed desorption: R, re
action vessel; G, gas reservoirs; Ti, T2, T3, traps; TC,, thermocouple 
for recorder; TC2, thermocouple for temperature controller; H, heater 
for temperature control.

TABLE I: Calcination Conditions and Properties of the 
NiO Samples Used

_____Calcination conditions_____ Surface
Temp, Time, Area,

Catalyst °C h Atm m2/g Color

NiO-I 400 5 Air 48.7 Black
NiO-II 500 5 Air 8.3 Dark gray
NiO-III 600 5 Air 4.6 Grayish green
NiO-IV 700 5 Air 2.9 Green
NiO-V 600 17 In vacuo 11.4 Yellowish

green

tively. Therefore, this was first examined. The influence of the 
calcination temperature on the TPD chromatograms of oxy
gen is shown in Figure 2, where curves 1-5 were taken on five 
fresh samples calcined at various temperatures (NiO-I-V). 
As a pretreatment, the samples were exposed to 100 Torr of 
oxygen at 300 °C for 1 h after evacuation for 1 h at the calci
nation temperatures and cooled by treatment A. Clearly, the 
number of peak appearing in the TPD chromatograms as well 
as the respective peak area varies with the calcination condi
tion. It is noticed, however, that the chromatograms consists 
of the combinations of three kinds of desorption peaks with 
the peak maxima located at 320~360,420~450, and >520 °C, 
which are designated here as peaks /3, y, and <5, respectively. 
Peak a, to be shown later, denotes an additional peak observed 
around 30 °C in certain cases when oxygen is preadsorbed 
below 100 °C.

As shown in the figure, peak /3 is commonly observed over 
all the samples, though the peak area (amount of desorbed 
oxygen) differs largely with samples. The difference was 
mainly due to the variation in surface area, as indicated by the 
fact that the amounts of /3-oxygen per surface area were 0.005, 
0.008, 0.009, 0.006, and 0.008 ml/m2 for NiO-I, -II, -III, -IV, 
and -V, respectively. On the other hand, peaks y and & are not 
always observed but are remarkable on the samples NiO-I, -II, 
and -V. This suggests that the adsorption sites on the NiO
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Figure 2. TPD chromatograms of oxygen from various NiO samples. 
Preadsorption of oxygen was carried out for 1 h at 300 °C and 100 Torr 
by treatment A. Curves 1-5 are chromatograms for NiO-l, -II, -III, -IV, 
and -V, respectively, obtained in the first run of TPD experiments. The 
fifth run on NiO-lll gave curve 6  (see text).

surface responsible to these peaks are strongly affected by the 
sample quality or its preparation.

In addition, it should be mentioned that, when NiO samples 
freshly prepared by calcination in air were used, the TPD 
chromatograms underwent considerable changes with the 
repetition of the oxygen adsorption-desorption cycles. In the 
case of NiO-III the chromatogram changed gradually from 
curve 3 in Figure 2 with the repetition of exactly the same 
experiments and was finally “stabilized” after the fourth cycle 
as curve 6, which resembles curve 5 for NiO-V very well. 
Similar changes of the chromatograms were also observed for 
NiO-I and -II when the same cycles, i.e., evacuation at 600 °C, 
adsorption at 300 °C, and desorption up to 600 °C, were re
peated. No such examination was made for NiO-IV because 
of the small surface area. In contrast, chromatograms for 
sample NiO-V prepared by decomposition in vacuo remained 
unchanged from curve 5 irrespective of the repetition of the 
cycles. These results are interesting, indicating that the ad
sorption sites for y oxygen are created by evacuation at higher 
temperatures. The change or the stabilization of the samples 
with the repetitious treatments mentioned above is probably 
caused by evacuation at 600 °C. The analyses regarding its 
implications, especially in terms of the NiO surface character, 
are difficult at the present stage, however. With these facts 
in mind, only the samples NiO-V and “ stabilized” NiO-III 
were used in the experiments hereafter.

Characterization of Desorption Peaks.-In order to char
acterize the desorption peaks described above, the influence 
of the experimental conditions of the oxygen preadsorption 
on TPD chromatogram was examined. Figures 3 and 4 show 
the effect of the adsorption temperature when processed with 
treatments A and B, respectively. The dependence on the 
adsorption pressure is shown in Figure 5. Careful comparison 
of these chromatograms with each other affords the following

Figure 3. TPD chromatograms of oxygen from NiO-V after oxygen ad
sorption at various temperatures for 1 h at 120 Torr by treatment A. 
Dotted line (curve 16 of Figure 4) is also included for comparison.

Figure 4. TPD chromatograms of oxygen from NiO-V after oxygen ad
sorption at various temperatures for 1 h at 40 Torr by treatment B.

information about the character of each desorption peak and 
the adsorbate involved.

(1) A new peak, a, appeared at 30~40 °C when oxygen was 
preadsorbed below 100 °C, as shown by curves 7 ,12 , and 13. 
Though a oxygen was removed by brief pumping at 120 °C, 
it is likely to be a chemisorbed species since no desorption 
resulted by evacuation for 1 h at 10 °C.

(2) Peak a is absent in curves 14-16 in spite of the exposure 
to oxygen at lower temperatures. Since these chromatograms 
show large desorption peaks of fi and/or y compared with 
curves 7,12, and 13, it is suggested that the adsorption in a 
form is inhibited by the presence of the others. To further 
confirm this, it was examined whether NiO samples which had 
already preadsorbed 8 , y, or ô oxygen could adsorb a oxygen 
additionally at 10 °C. As a result, a  oxygen was adsorbed in
dependently of 7  or S, but inhibited exclusively by 8 . Thus,
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Figure 5. TPD chromatograms of oxygen from NiO-V after oxygen ad
sorption at various pressures for 1 h at 240 °C.

a oxygen interacts with 0 oxygen presumably by “ sharing a 
common site” .

(3) On the other hand, comparison of curve 16 with curves 
9 and 10 suggests that the adsorption sites for 0 oxygen are 
different from those for y and <5. This was supported by a series 
of TPD experiments. For instance, NiO samples which had 
preadsorbed b oxygen by treatment A at 440 °C could adsorb 
0 oxygen at 240 °Cto the same amount as attained in the ab
sence of 5. Similar result was also obtained between 0 and y 
oxygen or y and 5 oxygen. Therefore, it may be stated that 
each of 0, y, and 5 oxygen has specific adsorption sites of its 
own.

(4) The strength of the adsorption bonding should be in the 
order of a < 0 < y  < 5 oxygen in accordance with the sequence 
of desorption temperatures.

(5) Figure 5 shows that oxygen adsorption in <5 form occurs 
easily and is saturated at the lowest oxygen pressure applied, 
while those in 0 and possibly y forms are dependent upon 
oxygen pressure. It is also noted that the peak temperature 
of 0 peak is independent of the amount of 0 oxygen. This in
dicates the first-order desorption for the 0  peak as mentioned 
later.

(6) When NiO samples preevacuated at 600 °C for 1 h were 
treated in vacuo at 240 °C for 1 h, no desorption peak ap
peared in the TPD chromatogram. This excludes the possi
bility that the strongly bound oxygen species such as the ex
cess lattice oxygen or any adsorbed surface oxygen unable to 
be desorbed below 600 °C transforms thermally into species 
of weaker adsorption bonds during the treatments.

(7) After 5 oxygen was preadsorbed by treatment A at 440 
°C, the sample was kept under evacuation for 1 h at 240 °C. 
Subsequent TPD chromatogram showed only the 5 peak, in
dicating that no such transformation as 5 -*■ y or 8 -*■ 0 oc
curred during the treatment. Similarly, it was assured that y 
oxygen was inactive for the transformation to 0 at 240 °C.

Kinetics of Adsorption and Desorption. Kinetic data on 
oxygen adsorption were obtained under the condition of 240 
°C and 120 Torr of oxygen pressure. After the adsorption 
treatment for a desired time the sample was briefly evacuated 
for 10 min at the same temperature, cooled to 0 °C in vacuo, 
and submitted to TPD measurement to determine the amount

of adsorbed oxygen vs. the adsorption time. It was confirmed 
that the desorption of oxygen during evacuation or cooling in 
this experiment was negligible. The results are shown in Fig
ure 6. The amount of 6 oxygen, which was approximately es
timated from the peak area below 560 °C, is obviously un
derestimated to a considerable extent so that only qualitative 
discussions about it are permissible. The amounts of 0 and y 
oxygen increase with time, attaining saturation value in 1 h, 
while 6 becomes nearly saturated in the initial short period. 
This indicates that 5 adsorption occurs far more rapidly than 
0 or y adsorption.

For 0 and y adsorptions, the activation energies of ad
sorption (ED were estimated from the temperature depen
dence of the adsorption rates (Figure 7). Here, the adsorption 
rates were calculated approximately from the amounts of 
adsorption during an initial short period, 6 min. The values 
obtained were Ea(0) = 12.8 and E&(y) = 17.5 kcal/mol, re
spectively, for 0 and y adsorptions. The latter coincides well 
with E8 = 18 kcal/mol reported by Winter11 for oxygen ad
sorption on nickel oxide at 250~420 °C, though he made no 
distinction between 0 and y oxygen.

The activation energy of desorption (£ d) was also deter
mined. Essentially TPD chromatogram shows the progress 
of desorption as a function of temperature. When the sample 
temperature increases linearly with time and the desorption 
takes place from a homogeneous surface without appreciable 
readsorption, peak temperature (TM) of a desorption peak is 
correlated with Ed and the heating rate (b) by the following 
equation.4’12

For first-order desorption

2 In Tm — In b —Ed
RTm

+ In EdOm
Rhd

For second-order desorption

2 In Tyi — In b Ed | ^ EdUro2
RTu 2Rko

-  In umeM

In these equations, um is the amount of the adsorbate at the 
full surface coverage, 0m the surface coverage at peak maxi
mum, and k0 and R are constants. Thus, for first-order de
sorption we can obtain Ed from the plots of (2 In TM -  In b) 
vs. 1/Tm. Such an analysis was applied to the 0 peak. As shown 
in Table II, Tm increased with an increase in heating rate, 
while the amount of desorbed oxygen remained unchanged. 
The plotting gave a straight line in agreement with the above 
equation as shown in Figure 8. From the slope and the inter
cept, Ed(0) and k0/vm were determined to be 23.7 kcal/mol and
2.09 X 108 min-1, respectively, for sample NiO-V. The cor
responding values for stabilized NiO-III were 23.0 kcal/mol 
and 1.98 X 108 min-1. The agreement of the values between 
the two samples was excellent. The value for EA(0) is close to 
that obtained by Gay.8 The peak width calculated with these 
rate parameters by the method of Cvetanivic et al.13 was 98 
°C, which was consistent with the experimental value (ca. 100 
°C). For the a, y, or b peaks no such analysis was made because 
the peak temperatures could not be measured with sufficient 
accuracy.

Discussion
Oxygen adsorbing (or desorbing) on NiO in the temperature 

range of 0-600 °C exhibited four characteristic peaks in the 
TPD chromatograms. Of these peaks, two (0 and 7 ) are clearly 
evident whereas the remaining two (a and 5) are less evident 
being indicated by weak responses. Next concern would then
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Figure 6 . Time course of /?, 7 , and 8 adsorptions.

1000/T
Figure 7. The Arrhenius plots of the rate for fi and 7  adsorptions (see 
text).

be on the corresponding adsorbed oxygen species and the 
adsorption sites for them.

To begin with, ¡3 type oxygen will be considered. It is well 
known6-13 that the peak temperature Tm of a desorption peak 
in the TPD chromatogram shifts to the higher side with a 
decrease in the amount of adsorbed gas in the following four 
cases: (1) the desorption rate is of second order, (2) the surface 
is energetically heterogeneous, (3) readsorption occurs sig
nificantly in the desorption process, (4) diffusion controls the 
TPD process. For /3 oxygen, none is the case since TM is almost 
independent of adsorbed amounts, as shown in Figure 5. This 
suggests first-order desorption from an energetically homo
geneous surface. In addition, the amount of /3 calculated from 
Figure 5 was found to follow the Langmuir isotherm of mo
lecular adsorption

v _  KP 
vm 1 + KP

where u is the adsorbed amount (ml STP/g) at an equilibrium 
partial pressure of oxygen P(Torrl, um is the maximum ad
sorbed amount, and K  is an equilibrium adsorption constant. 
vm and K were determined to be 0.0918 ml (STP)/g of catalyst 
and 0.183 Torr-1, respectively. From these two facts we ten
tatively assign (3 oxygen to be of a molecular type (probably 
0 2-).

The conclusion leads us to the estimation that a oxygen

TABLE II: Temperature Programmed Desorption of ß 
Oxygen“

b,
°C/min

Tm,
°C

Vd,b
ml/g

10 320 0.0872
15 324 0.0922
20 338 0.0911
20 335 0.0909
25 340 0.0931
30 346 0.0910

“ Adsorptions of oxygen were carried out by treatment B at 530 
°C and 40 Torr. b V,j is the amount of desorbed oxygen.

Figure 8. Application of eq 1 for 13 desorption from NiO-V.

should also be a molecular type (probably 0 2), since a oxygen 
interacts with d oxygen probably by sharing common sites.

8 oxygen, the strongly and rapidly chemisorbed species in 
Figures 3-6, is the predominant species formed in the ad
sorption at room temperature. From the heat of formation of 
oxygen anions in gas phase, it is anticipated that 0 2-  and O-  
species would be rapidly formed while the formation of O2“ 
would be slower.14’15 In fact, several investigators have re
ported that oxygen is adsorbed as O-  on nickel oxide in the 
first place. Bierahski and Najbar16 found, by determination 
of the mean electric charges acquired by an oxygen atom on 
the nickel oxide surface, that CL was the predominant species 
in the irreversible adsorption at room temperature, and that 
at 150 °C only O-  was observed after a short period of ad
sorption. Robert et al.17 showed by means of XPS that a 
strongly chemisorbed oxygen (probably O- , 531.4 eV(0 Is)), 
different from the lattice oxygen (O2-, 529.2 eV(0 Is)), was 
formed by exposing nickel oxide to desiccated air. Taking 
these results into account, 8 oxygen would be appropriately 
assigned to CL.

For 7  adsorption, its occurrence is caused by the pretreat
ment of NiO in vacuo at higher temperatures as mentioned 
before. In this connection, very interesting is the fact reported 
by Winter18 that the activation energy of the isotopic exchange 
reaction of oxygen was smaller on nickel oxide outgassed at 
520 °C than on one exposed to oxygen at 620~320 °C. On the 
basis of our observation, this fact is well interpreted as follows: 
on the latter sample the isotopic exchange proceeds with the 
participation of 8 oxygen, while, on the former, 7  oxygen which 
is the more labile species produced after the evacuation takes 
part in the reaction. Thus, we tentatively assign 7  oxygen to
O-  which is the same species as 8 oxygen but is adsorbed on 
different surface sites. This assignment accounts for the fact
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Figure 9. The amounts of the excess oxygen of NiO as a function of the 
free energy of adsorption AG. Numerical values indicated in the figure 
show the calcination temperatures of the samples.

sponds to surface coverage of ca. 4% with respect to surface 
nickel atoms. Consequently, it seems more reasonable to as
sume that oxygen is adsorbed onto surface defects such as 
oxygen vacancies, dislocations, edges, and corners.

Finally, it would be noteworthy that the TPD chromato
gram of oxygen obtained in the present study is well correlated 
to the distribution of oxidation power of the surface excess 
oxygen on nickel oxide measured by Uchijima et al.10 Using 
their data on the samples calcined at 500~600 °C, the amount 
of surface excess oxygen is depicted vs. the free energy change 
of adsorption, —AG, in Figure 9. Clearly, the distribution of 
the surface excess oxygen shows two maxima which corre
spond well to the desorption peaks of the TPD chromatograms 
measured after similar sample conditioning (Figure 2, curve 
2 and S). Taking into account that £ d is usually a monotonic 
function of T m in TPD experiments, probably such a corre
lation suggests a sort of parallelism between AG and Fd for 
the adsorbed species involved.

that 7  oxygen has a stronger adsorption bond than ft, probably
o 2-

In conclusion, we tentatively assign a and ft oxygen to 0 2 
and O2- , respectively, probably on common surface sites, and 
7  and <5 oxygen to O-  on different surface sites.

What kind of sites are then responsible to these adsorbed 
state? Deren and Stoh9 have measured and reviewed the ex
cess oxygen on the surface of and in the bulk nickel oxide. 
According to them, nickel oxide prepared by thermal de
composition in vacuo of nickel salts such as carbonate shows 
the exact stoichiometry (Ni/O = 1/ 1),16-19 while the oxide 
obtained by decomposition in air retains a significant amount 
of excess oxygen unable to be removed readily.7'9’20 It may 
then be suggested that surface nickel atoms uncovered by the 
excess oxygen act as the chemisorptive sites for oxygen. This, 
however, cannot give a quantitative explanation for our ex
perimental results.

The number of surface nickel atoms on the (100), (110), or 
(111) plane of NiO is shown to be 1.15 X 1015, 0.81 X 1015, or 
1.32 X 1015 atoms/cm2, respectively. On the other hand, the 
amounts of ft, 7 , and <5 oxygen obtained from curve 16, for 
example, are 1.82 X 1013, 0.48 X 1013, and 0.72 X 1013 mole- 
cules/cm2 of NiO surface, respectively. The total number of 
the sites occupied by them is estimated to be 4.21 X 1013 
sites/cmz on the basis of the above assignment, which corre-
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When silica is subjected to a vacuum degassing at about 600 °C two new infrared bands are observed at 908 
and 888 cm-1  and the intensity of thd$g bands increases with higher degassing temperature reaching a maxi
mum at about 1200 °C. These bands are associated with the formation of a new active site on to which pyri
dine and trimethylamine can reversibly coordinate without dissociation of the site or of the adsorbate. It is 
suggested that a surface silicon atom of strained siloxane bridge is electron deficient thereby acting as a 
Lewis acid center. The nature and unusual chemical reactivity of this site are discussed in the following 
paper

We have previously shown1 that when silica is subjected 
to a high temperature degassing under vacuum (400-1200 °C), 
new active sites are formed which are capable of acting as 
centers for the subsequent room temperature chemisorption 
of ammonia, methanol, or water (no chemisorption occurs at 
20 °C without the vacuum degassing). The new site was as
sociated with the appearance of two infrared bands at 888 and 
908 cm-1  in the spectrum of degassed silica,2 and the site was 
thought to be a strained siloxane bridge (Si-O-Si). Both the 
908- and 888-cm“ 1 bands disappeared in unison when titrated 
with small doses of reactant (or with the boron halides2). In 
the present paper we report that these active sites are also 
capable of displaying typical Lewis acidic behavior following 
the adsorption of pyridine or trimethylamine whereby only 
one of the aforementioned infrared bands disappears. This 
is the first evidence for the presence of such sites on silica and 
as such may have considerable importance with respect to the 
mechanism of the rehydration of hydrophobic silicas.3’4 Pre
liminary details of the latter are discussed in the following 
paper which is concerned with the chemisorption of NH3 H20  
on such silicas, and further mechanistic details will follow in 
part 7.

Experimental Section
(This section applies to this and the following paper.)
The silica used in this work was Cab-O-Sil HS-5 and had 

a BET (N2) surface area of 320 m2 g“ 1. The bulk powder was 
generally heated in a muffle furnace at 700 °C prior to disk 
pressing in order to oxidize any hydrocarbon impurities, al
though no differences were observed if this procedure was 
omitted. One inch diameter disks were pressed in a stainless 
steel die at a pressure of 1000 lb in.-2 for 2 s and the optical 
thickness was 10 or 40 mg cm“ 2. The quartz cell has been de
scribed previously5 and NaCl windows were sealed with either 
Glyptal or with Tec Kits E-7 epoxy resin. Heating tempera
tures <1000 °C were measured with a chromel-alumel ther
mocouple which was imbedded in the external furnace area 
of the cell and do not necessarily reflect the real sample tem
perature. In order to produce a totally dehydroxylated silica, 
a temperature of about 1300 °C was employed, and, although 
generally not measured in each experiment, the heating cur
rent was adjusted on a trial and error basis so as to be just 
below a temperature which would cause collapse of the evac
uated quartz cell.

The gaseous reactants used were exhaustively dried by re
peatedly passing the vapor through tubes packed with P2O5. 
Liquid reactants were generally dried by refluxing with 
LiAlH4 or with CaH2.

Infrared spectra were recorded on a Perkin-Elmer Model 
13G spectrometer utilizing spectral slit widths which were 
generally less than one half of the minimum vy2 of any ob
served band. Accurate calibration was obtained with reference 
to known bands of gas phase molecules mainly H20 , NH2, 
HC1, DC1, and HBr.

Results

General Properties of Dehydroxylated Silica. Thin silica 
disks of Cab-O-Sil (10 mg cm“ 2) totally absorb in the infrared 
between about 1350-750 cm“ 1 except for a “window” of partial 
transparency between 1000 and 850 cm“ 1. Using untreated 
Cab-O-Sil (i.e., omitting the preheating step at 700 °C de
scribed above) the transmission increased with increasing 
temperature when the sample was degassed under vacuum, 
reaching a maximum at about 500-600 °C (Figure 1A-C). 
With higher temperatures, two strong bands started to appear 
at 908 and 888 cm“ 1 accompanied by a weak shoulder at about 
940 cm“ 1 (Figure ID and E), and the intensity of all three 
features increased in proportion to the temperature of de
gassing, reaching a maximum near 1200 °C (Figure IF).

The surface of untreated silica has both free and hydrogen 
bonded hydroxyl groups and degassing up to about 500 °C 
removes most of those which hydrogen bond leaving a strong 
but relatively sharp band at 3748 cm“ 1 due to isolated SiOH 
groups.6 Therefore, the increase in transmission at 900 cm“ 1 
during degassing up to 500 °C is due to a decrease in the 
number of H-bonded hydroxyls having low frequency bending 
modes which absorb in this region.7’8

With a treated silica (i.e., one which had been preheated to 
700 °C) the hydrogen bonded hydroxyls do not re-form on 
cooling to 20 °C and only the strong 3748-cm“ 1 band (with a 
slight low wave number tail) was observed in the r(OH) region. 
With these samples, the background at 900 cm“ 1 after de
gassing at any temperature within the range 20-460 °C was 
identical with that shown in Figure 1C, and with increasing 
temperatures the spectral changes were the same as in Figure 
1D-F. As the temperature was increased from 600 to 1200 °C, 
the intensity of the 3748-cm“ 1 band progressively decreased 
until its peak absorbance was about 0.10 after 1200 °C corre-
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Figure 1. Background spectra of untreated silica (10 mg cm 2) after 
degassing under vacuum: (A) 180 °C; (B) 300 °C; (C) 460 °C; (D) 675 
°C; (E) 900 °C; (F) 1200°C.

sponding to the removal of about 95% of the isolated silanols. 
(Representative spectra are shown in the following paper, and 
in ref 2.) Heating from 1200 to about 1300 °C (just below the 
softening point of the cell) caused no measurable increase in 
the intensity of the new features but did cause the total re
moval of the 3748-cm-1 band.

The new bands in the 1000-850-cmr1 spectral region are 
associated with the formation of a new active site when silica 
is degassed at temperatures above 400 °C. This and the fol
lowing paper are concerned with the reactivity of this site and 
identical results were obtained whether treated or untreated 
Cab-O-Sil was used. However, since it was desirable to oxidize 
hydrocarbon impurities before use, the preheat-treated silica 
was used most of the time.

Reactivity of the Sites with Lewis Bases. When 8 Torr of 
pyridine was allowed to adsorb at 20 °C on to a silica sample 
which had been previously degassed at 250 °C so as to remove 
physically adsorbed water, only the well-known9 infrared 
bands at 1595,1487, and 1445 cm-1  due to hydrogen bonded 
pyridine were observed (Figure 2A) and these bands slowly 
disappeared following several hours evacuation at 20 °C or 
after 1-h evacuation at 70 °C. However, when a sample had 
been degassed for 3 h at 1100 °C so as to cause the formation 
of the sharp bands at 888 and 908 cm-1  (Figure 3A), then 
additional bands were observed at 1620,1490, and 1451 cm-1 
following the admission of 8 Torr of pyridine (Figure 2B, 
marked with an asterisk) and the 888-cm_1 band disappeared 
leaving only the 908-cm-1 band which had shifted to 913 cm-1 
(Figure 3B). (The weak shoulder near 940 cm-1  was only ob
served when the intensity at 908 and 888 cm-1  was large. None 
the less, it also disappeared in unison with the 888-cm~1 band 
and for convenience it will not be specifically referred to.) No 
further spectral changes occurred if the pyridine was left in 
the cell for up to 12 h. However, upon evacuation at 20 °C for 
up to 10 h, all bands decreased in intensity, but the bands due 
to hydrogen bonded pyridine disappeared faster than the new 
set of bands, and after 1 -h evacuation at 70 °C, all high wave 
number bands disappeared and the 888-cm-1 band had 
reappeared more or less to its original intensity (Figures 3C 
and D).

In order to eliminate the possibility of hydrogen bonding 
with the surface SiOH groups a totally dehydroxylated silica 
was prepared by degassing at about 1250 °C for 2 h. Following 
the admission of 8 Torr of pyridine, the spectrum shown in

Figure 2. Spectra of adsorbed pyridine on silica which had been pre
viously degassed at (A) 250 °C, (B) 1100 °C, and (C,D) 1250 °C (totally 
dehydroxylated). Gaseous pyridine (8 Torr) was left in the cell for spectra 
A, B, and C. Spectrum D was obtained after 1-min evacuation of C. The 
%T scale refers to A.

Figure 3. Spectra of silica (10 mg cm-2) after (A) degassing at 1100 
°C, (B) after adsorption of 8 Torr of pyridine, (C) after evacuation at 20 
°C for 10 h, and (D) after evacuation at 70 °C for 1 h. The %T scale 
refers to A.

Figure 2C was obtained which shows, in addition to the new 
set of bands described above, bands due to liquid like pyridine 
(marked with a vertical arrow), presumably physically ad
sorbed (these bands were identical with those observed in the 
spectum of a thin film of liquid pyridine). The bands due to 
physically adsorbed pyridine disappeared after 1 -min evac
uation (Figure 2D) whereas the new set of bands slowly de
creased in intensity as before after several hours evacuation, 
eventually disappearing when the intensity of the 888-cm_1 
band was restored. The process could be repeated if pyridine 
was again added.
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Figure 4. Spectrum of silica (10 mg cm-2) after (A) degassing at 1100 
°C. Spectra B-E were recorded after the addition of successive mi
cromole doses of gaseous trimethylamine. The %T scale refers to 
A.

The spectral changes which were observed in the 1000- 
850-cm-1 region with pyridine were also observed when .tri- 
methylamine was the adsorbate. Figure 4 shows a series'of 
spectra which were observed when a dehydroxylated silica was 
“ titrated” with successive micromole doses of the latter, and 
again, as the intensity of the 888-cm-1  band diminished, the 
908-cm-1 band shifted to 913 cm-1. Strong bands due to 
i/(CH3) and 6(CH3) modes were also observed (not shown). 
Degassing at 200 °C was necessary in order to desorb tri
methylamine and restore the intensity of the 888-cm-1 
band.

Discussion
The infrared bands at 888 and 908 cm-1  have previously 

been shown to be correlated with the formation of a new active 
site on dehydroxylated silica.2 Both infrared bands disap
peared in unison when a degassed silica was titrated with 
micromole doses of BF3, BC13, B2H6, H20, NH3, or CH3OH 
and new features were observed in other spectral regions 
which indicated that dissociative chemisorption had oc
curred.1-2 It had been assumed that the dehydroxylation 
process resulted in the formation of a strained siloxane bridge 
site which reacted with the above molecules as follows:

+ BX3 SiX + SiOBX2

(X = F, a  H)

Si

h2o
+ NHa —

CH3OH

SiOH 
Si OH + SiNH2 

SiOCH3

Spectroscopic evidence has conclusively shown that the above 
products were formed1-10 and that when SiOH was formed this 
differed from the normal silanol groups on silica in that the 
p(OH) mode of the chemically generated, SiOH was shifted 
7 cm-1  to lower wave number. Further, a dissociative chemi
sorption appears to be always favored when the adsorbate 
molecule contains NH, OH, or BX bonds and further aspects 
of these and other reactions will be discussed in the following

paper. However, we stress that the above mechanism is only 
intended to represent the apparent stoichiometry since the 
“ real” site may be considerably more complex.

The present results have shown that two typical Lewis bases 
which are not capable of reacting dissociatively with the active 
site none the less reversibly adsorb such that only one of the 
two strong bands in the 1000-850-cm-1 region disappears. 
Further, the in-plane ring deformation and CH deformation 
modes of pyridine (1650-1300 cm-1) are very sensitive to the 
surrounding environment and infrared spectroscopy has be
come a well-established technique for showing whether sites 
are present which can hydrogen bond, accept electron pairs 
(Lewis acid sites), or transfer protons (Bronsted acid sites).9-11 
The new band positions and their relative intensities are 
clearly indicitive of the presence of coordinated pyridine. Such 
clear evidence for the formation of a coordinate bond is not 
available in the case of trimethylamine but in view of the 
identical spectral behavior in the 1000-850-cm-1 spectral 
region we assume that this molecule has also absorbed on a 
Lewis acid site.

The coordinate bond in either case is relatively weak in that 
the adsorbed species could be desorbed slowly with prolonged 
evacuation at 20 °C or rapidly with mild heating at 100-150 
°C, thereby regenerating the active sites. At least 600 °C is 
necessary to fully regenerate the sites when chemisorbed 
species are present, Moreover, additional experiments have 
shown that coordinated pyridine or trimethylamine could be 
readily displaced when H20  or NH3 was added, i.e., the 
913-cm-1 band disappeared as chemisorption of H20  or NH3 
proceeded accompanied by the disappearance of the high wave 
number bands of pyridine or Me3N, and the resultant spectra 
of chemisorbed H20  and NH3 were the same as could be ob
tained when these molecules were added to an activated sur
face which displayed both of the 888- and 908-cm-1 bands.

The present results show that the three bands between 
1000-850 cm-1  which are associated with the formation of the 
active center cannot simply be related to a single adsorption 
site since two of the three bands disappear upon coordination 
whereas all three disappear when dissociative chemisorption 
takes place. Consequently, the real site is unlikely to be a 
simple symmetric single siloxane bridge as drawn previously; 
such a bridge is not expected to give rise to three bands in this 
spectral range since the symmetric and antisymmetric j/(Si- 
OSi) modes are usually widely separated (about 500 and 1050 
cm-1). Further, the presence of a coordinated species does not 
block the active center with respect to its ability to facilitate 
the dissociative chemisorption of H20  or NH3.

In consideration of the above, it would appear that the 
888-cm-1  band (and the shoulder at 940 cm-1) is primarily 
associated with a Lewis acid center, possibly a trivalent elec
tron deficient surface silicon atom, or to a silicon atom which 
is in a favorable geometric configuration so as to accept an 
extra pair of electrons in order to achieve greater than fourfold 
coordination.12 The 908-cm-1 band would then be primarily 
associated with a reactive siloxane bridge or network which 
ruptures when dissociative chemisorption occurs.

At this stage it is not profitable to speculate further about 
the exact nature of this site without additional experimental 
investigation, some of which is given in the following paper. 
However, the present data obviously have some important 
ramifications with regard to the mechanism of the rehydration 
of hydrophobic silicas. Thus, Chuiko et al.13 have suggested 
from their simultaneous infrared and gravimetric study of the 
reactions of CH3OH and of H20  on hydrophobic silicas that 
a “ coordinationally unsaturated silicon atom” plays a key role

The Journal o f Physical Chemistry, Vol. 80, No. 18, 1976



B. A. Morrow and I. A. Cody

in the rehydration and the present work provides the first 
direct proof that such centers exist.

Finally, we have briefly investigated whether some other 
potential electron-donating molecules (which do not contain 
NH or OH bonds) also capable of reacting in a similar manner 
and have found that no coordination occurred when PH3, 
CH3CN, CO, NO, or N 02 were added to a dehydroxylated 
silica.
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When silica is subjected to a vacuum degassing at temperatures above 400 °C a new active site is generated 
which is capable of facilitating the dissociative chemisorption of NH3 and H20. This site can also act as a 
Lewis acid center (see the preceding paper) and the simplest model for the site would be an unsymmetrical 
strained siloxane bridge in which one of the surface silicon atoms is electron deficient. The reaction stoichi
ometry indicates that a 1:1 mixture of SiNH2 and SiOH is formed from NH3 and that two SiOH groups are 
formed from H20. In all cases, the SiOH generated absorbs at 3741 cm-1  and normal isolated silanols (3748 
cm-1) are not generated. NH bond rupture also results when CH3NH2 or (CH3)2NH reacts with the site and 
OH bond rupture when CH3OH is used, and in each case the new SiOH species is formed. The number of 
sites generated increases with the degassing temperature reaching a maximum at about 1200 °C at which 
point the site concentration is estimated to be about 0.15/100 A2. The reaction products desorb upon degass
ing at 650 °C when the sites are regenerated and the sample is again active for chemisorption. The site does 
not react at 20 °C with CH4, C2H4, HCN, CH3CN, HC1, 0 2, H2, PH3, CC14, or SiCl(CH3)3.

Several infrared investigations of the adsorption of am
monia on silica have been carried out but the most detailed 
recent study was by Blomfield and Little,1 who cleared up a 
previous controversy by showing that trace quantities of 
chlorine were not necessary in order to facilitate chemisorp
tion. However, in agreement with previous work,2’3 they found 
that chemisorption at 20 °C only occurred after the silica had 
previously been activated by a high temperature degassing 
under vacuum at temperatures greater than 400 °C and that 
a new chemisorbed species was formed which was attributed 
to SiNH2 with i'(NH) modes adsorbing at 3520 and 3450 cm-1, 
and the HNH deformation mode at 1550 cm-1. They sug
gested that the reaction center involved a strained siloxane 
bridge site, with the reaction proceeding as follows:

nh2 oh

/ ° \  +  NH, — * Si + Si
Si Si

However, the spectroscopic evidence for this mechanism was 
ambiguous because (1 ) a surface SiONH2 or coordinatively 
bonded NH3 would also give rise to a similar set of spectral 
features in the stretching and deformation regions, and (2) 
there was a large background absorption at 3748 cm-1  due to 
the residual SiOH groups, so that the formation of SiOH above 
could not be confirmed.

In an earlier communication,4 we presented spectroscopic 
evidence for the formation of reactive siloxane bridge sites 
which are generated when silica is subject to high temperature 
degassing under vacuum. That study was concerned with the 
chemisorption of H20  and NH3 on such samples (no chemi
sorption at 20 °C occurred without the thermal degassing) and 
we showed that a new type of surface silanol group (SiOH) 
resulted from the reaction, absorbing near 3741 cm-1.

In a subsequent publication5 (part 4 of this series) we 
showed that ammonia is also capable of chemisorbing on silica 
if the reaction was carried out at 650 °C, giving rise to an
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identical set of infrared bands at 3540, 3452, and 1550 cm-1. 
In addition, a new absorption was observed at 932 cm-1, as
sociated with the above bands, which, by means of observed 
isotopic shift data combined with force constant calculations, 
we were able to unambiguously assign to the SiN stretching 
mode of SiNH2.

In the preceding paper in this issue (part 5) we have shown 
that this site is also capable of acting as an electron pair ac
ceptor (a Lewis acid site) in that pyridine and trimethylamine 
could reversibly coordinate with the site without disrupting 
it; i.e., the site was still active for the chemisorption of NH3 
and H20  even in the presence of a coordinated species.

In the present paper, further details of the nature of this 
new reactive site and of the mode of the chemisorption of 
ammonia, water, and other related molecules are discussed.

Experimental Section
Experimental details are given in the preceding paper in 

this issue. The volume of the reaction cell used in this work 
was about 300 ml so that the addition of 1 Torr of a reactant 
gas at 20 °C corresponds to about 16 //mol.

Results
Chemisorption of NH3 and H^O. In agreement with pre

vious work ammonia did not chemisorb on silica in the absence 
of a vacuum degassing treatment at high temperatures. 
However, the infrared spectrum shown in Figure 1A was ob
tained if 300 Torr of ammonia was allowed to react at 25 °C 
with a 200-mg silica sample (40 mg cm-2) which had been 
degassed at 1100 °C for 5 h prior to cooling. The reaction time 
was about 5 min and the excess gas phase was evacuated until 
the pressure dropped to less than 10' 4 Torr. Two new bands 
in the NH stretching region were observed at 3525 and 3447 
cm-1, accompanied by an additional band at 1550 cm-1  (not 
shown) and the sharp symmetrical band due to isolated sur
face SiOH groups at 3748 cm-1 had developed a shoulder to 
the low wave number side. When ammonia reacted with a 
sample which had only been degassed at 800 °C prior to re
action, a virtually identical profile was observed between 3600 
and 3400 cm' 1 and at 1500 cm' 1 but the 3748-cm“ 1 band was 
so intense that the shoulder was not observed. None of the 
above spectral features altered following prolonged evacuation 
at temperatures up to 300 °C

By using less silica (10 mg cm-2) and by increasing the de
gassing temperature to just below the softening point of the 
quartz cell it is possible to remove most of the residual surface 
silanol groups. The spectra shown in Figure IB and 1C where 
obtained after 300 Torr of NH3 had been allowed to react with 
a 10 mg cm' 2 sample which had been degassed at about 1150 
and 1200 °C, respectively, and the low wave number shoulder 
near 3741 cm-1 now appears quite distinct. The spectrum 
shown in Figure ID was obtained after about 5 //mol of NH3 
had been allowed to react with a fully deuterated 10 mg cm' 2 
silica which had been degassed at 1200 °C. No SiOD/NH3 
exchange occurred and the previously noted “ shoulder” ap
peared as a symmetrical band at 3741 cm '1, with a half-width 
of 12 c m '1. The latter spectrum could also be obtained if 300 
Torr of NH3 reacted with a totally dehydroxylated silica.

Following chemisorption of ND3 on a 1100 °C degassed 
deuterated silica (¡/(SiOD) = 2763 cm“ 1) the only bands ob
served were at 2634 and 2528 cm“ 1, with relative intensities 
which were about the same as the 3525/3447 cm' 1 pair shown 
in Figure 1, and a shoulder appeared to the low wave number 
side of the normal SiOD band near 2758 c m '1. When an

Figure 1. Infrared spectra of partially dehydroxylated silica after reaction 
with NH3 at 20 °C. Sample sizes and degassing temperatures were as 
follows: (A) 40 mg cm“ 2, 1100 °C; (B) 10 mg c m '2, 1150 °C; (C) 10 
mg c m '2, 1200 °C; (D) 10 mg c m '2, 1200 °C, deuterated silica. The 
insert sharp band at 3748 cm ' 1 in A, B, and C shows the background 
spectrum due to isolated SiOH groups before reaction. The %T scale 
refers to A.

equimolar mixture of NH3/ND3 was similarly reacted strong 
sharp bands appeared at 3491, 2575, and 1390 cm“ 1 accom
panied by the bands previously noted for NH3 or ND3 alone. 
The deuterium analogue of the 3741-cm“ 1 band appeared at 
2758 c m '1.

As noted in the preceding paper, a pair of strong bands at 
888 and 908 cm' 1 appeared in a “ window” between 1000 and 
850 cm“ 1 when thin silica samples (10 mg cm '2) were heated 
at high temperatures (>550 °C) under vacuum. (There was 
also a weak shoulder near 940 cm“ 1 which was associated with 
the 888-cm“ 1 band. In what follows we will not specifically 
refer to this shoulder since its behavior was identical to that 
of the 888-cm' 1 band.) The intensity of these bands increased 
with degassing temperature, reaching a maximum after de
gassing at about 1200 °C. The 888/908 cm' 1 bands disap
peared immediately following the admission of 300 Torr of 
NH3 to a degassed 10 mg cm" 2 sample, and the intensities of 
the bands due to chemisorbed ammonia were approximately 
proportional to the intensity of the 888/908 cm' 1 bands before 
reaction. The 888/908 cm“  bands also disappeared instanta
neously when water was used for the reaction in place of am
monia, in which case the only new spectral feature noted was 
the similar growth of a band near 3741 cm '1. Further, the 
decrease in intensity of the 908/888 cm ' 1 bands was in pro
portion to the growth of the 3741-cm“ 1 band as was found by 
titrating a degassed sample with micromole doses of H20  
vapor. A series of spectra showing this effect is shown in Figure
2.

When 300 Torr of NH3 was added, the spectrum in 
1000-850-cm"1 region changed from that shown in Figure 2A 
(before reaction) to that in Figure 2F after reaction. The latter 
was similar to that shown in Figure 2E except for an additional 
broad shoulder near 932 cm '1. This shifted to 882 cm“ 1 with 
ND3 and bands appeared near 930 and 882 cir. ' 1 with a 1:1 
NH3/ND3 mixture. However, when a titration with micromole 
doses of NH3 was carried out, a slightly different profile of
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Figure 2. Background spectrum (A) of a 10 mg cm - 2  silica disk after 
degassing at 1200 °C, (B-D) after successive additions of about 1 ¿¿mol 
of H20  vapor, (E) after addition of 5 Torr of H20  for 5 min followed by 
evacuation for 5 min, (F) spectrum from 1000 to 850 cm- 1  when 300 
Torr of NH3 had teen added after A.

change with respect to the 908/888 cm-1  bands was observed 
than was the case with water, the reaction rate appeared to be 
slower, but the end effect appeared to be the same as was the 
case with water. The nature of this effect, and the spectra, will 
be discussed in a subsequent paper. The important point, 
however, is that there was a one to one relationship between 
the disappearance of the 888/908 cm' 1 bands and the growth 
of the 3741-cm'1 band in the case of H2O, and also of the 
3741-, 3525-, 3447-, 1550-, and 932-cm“ 1 bands in the case of 
NH3.

When a degassed deuterated silica was allowed to react with 
micromole doses of H20  vapor, the 3741-cm'1 band appeared 
in isolation (i.e., without being overlapped by the 3748-cm” 1 
band) and had a half-width of 19 cm-1 (Figure 3B). However, 
its shape differed from that which was produced in the case 
of NH3 in that it was somewhat flat-topped and there was a 
weak residual tail to low wave number. The corresponding 
band at 2758 cm-1  which appeared when D20  was the reactant 
had a half-width of 16 c m '1. When various mixtures of HoO/ 
D20  were added (varying from 1 to 9 each way), both the 3741- 
and 2758-cm'1 bands appeared with intensities reflecting the 
initial H/D ratio, and the half-widths and band shapes were 
identical with that observed using pure H9O or D2O.

When a micromole dose of water containing 98.7% oxy- 
gen-18 was added to a deuterated degassed silica, a broad band 
was observed centered at 3735 cm' 1 with a half-width of about 
30 cm' 1 (Figure 3C). This band had prominent shoulders to 
high and low wave number of the central peak and could be 
“ reconstructed” by summing two identical bands (such are 
observed for H2160), one centered at 3741 cm' 1 and the other 
at 3730 cm“ 1 (Figure 3D). The 180  shift6 for the normal SiOH 
band at 3748 cm' 1 is 11 cm' 1 and the new band at 3741 cm' 1 
can be assigned to a new type of surface silanol species.

When methanol was added to a degassed silica, the 888/908 
cm ' 1 bands disappeared, an “ammonia type” SiOH band 
appeared at 3741 cm“ 1 (iq/2 = 12 c m '1) and infrared bands 
characteristic of SiOCH3 groups were observed in the CH 
stretching region.7

Temperature Effects. As noted in the preceding paper, the 
908/888 cm“ 1 bands were just detectable as weak superim
posed peaks on a steeply sloping background if the initial

Figure 3. (A) Dashed line represents the residual 3743-cm' 1 SiOH band 
on silica which had been degassed under vacuum at about 1 100 °C. 
The solid line represents the spectrum after admitting 10 Torr of H20 
at 20 °C and evacuating. (B) After adding 5 pmol of H20  to a degassed 
deuterated silica. (C) After adding H2180  to a degassed deuterated silica. 
(D) Taking two spectra as in B, displacing one by 11 cm“ 1 to 3730 cm ' 1 

and summing the two. (E) After adding 5 gmol of NH3 to a degassed 
deuterated silica. The %T scale refers to A.

degassing temperature was about 550 °C. However, very weak 
bands due to chemisorbed NH3 could be detected if the de
gassing temperature was 400 °C using a 10 mg cm” 2 sample, 
or 350 °C using a 40 mg cm” 2 sample. Therefore, we conclude 
that the number of active sites (908/888 cm' 1 bands) for 
chemisorption of H20, CH3OH, and NH3 increases with the 
initial degassing temperature with a lower limit of about 400 
°C for the onset of site formation. The maximum number of 
sites could be generated with a temperature of about 1200 °C. 
Furthermore, the time of heating did not appear to alter the 
number of sites generated once a given temperature was 
reached; in most experiments the sample was heated for about 
1 h, but essentially the same results were obtained for up to 
24-h heating.

When a dehydroxylated sample was allowed to react with 
sufficient H20  or NH3 so as to just cause the disappearance 
of the 908/888 cm' 1 bands, then prolonged evacuation at room 
temperature or up to 300 °C did not alter the intensity of the 
3741-cm'1 band or of the NH bands when present. However, 
above 300 °C the intensity of the 3741-cm” 1 band (and the 
NH bands) started to decrease (with no change in intensity 
of the normal SiOH band at 3748 cm” 1 if present) accompa
nied by a parallel reappearance of the 908/888 cm“ 1 bands. 
Again, temperature and not the time of heating was impor
tant, and when about 650 °C was reached all bands due to 
chemisorbed H20  or NH3 had disappeared and the 908/888 
cm” 1 bands were fully restored. This temperature of 650 °C 
was independent of the initial activation temperature, as long 
as it was above 650 °C and it applied to all subsequent re
generations. In summary, once a sample had been initially 
heated under vacuum, a much lower degassing temperature 
was required in order to reactivate the sample and obtain re
producible results.

When a high pressure (>20 Torr) of NH3 was used all of the 
bands due to chemisorbed ammonia appeared instanteously.

The Journal o f Physical Chemistry, Vol. 80, No. 18, 1976



Active Site for Chemisorption on Dehydroxylated Silica 201)1

although direct spectroscopic evidence for the formation of
SiX was not available, because of the expected low frequency
of the v(SiX) mode. On the other hand, when diborane was the
reactant, the formation of SiH was detected and the above
mechanism involving BHa was assumed to be operative.

Blomfield and Little' have suggested that NHa reacts with
these sites as follows:

(3)

(2)

(1)

OH
I+ Si

~

BX2

I° XI I
Si Si

If\ /f\

NH,I -
Si

If\
+ NH -+,I

/0"
Si Si +

11\ /f\

OH OH
I I
Si Si
IJ\If\

Such a mechanism would account for the observation that the
number of SiOH group6 decreases as the temperature of de
gassing increases and t~"le number of reactive sites increases.
Morrow and Devi6 first pointed out that new spectral changes
(growth of bands at 888 and 908 em-1) occur in proportion to
the decrease in the number of isolated surface SiOH groups
and suggested that the latter mechanism was operative al
though they had no clear idea of why two new infrared bands
should be produ.ced. However, they showed that even in the
absence of silanol groups, BF:J and BCh probably reacted with
such sites as follows:

signed to a surface SiNH2 species, and the 932-cm-1 band was
attributed to the Si-N stretching mode. The band positions
and isotopic shifts are virtually the same in the present work
so that we infer that surface SiNH2 groups are present.
(Complete spectra of all HID isotopic species are shown in part
4.) We note that the initial NH stretching frequencies are
slightly lower in the present work, but after degassing to 650
°C they have apparently shifted to the same values found in
the earlier work. The nature of this shift will be discussed in
a subsequent paper but in anticipation of that work, we believe
that two types of surface SiNH2 are formed by different
mechanisms, and that only the "low frequency" type
(3525/3447 em-I) invobes a direct reaction with the active
sites under discussion.

It has been recognized for some times that new reactive sites
are produced when silica is subjected to high temperature
vacuum degassing. (This is not to be confused with the S9
called "active silica." produced by pyrolyzing methylated ~;l

ica9.) These sites are ger:erally assumed to be strained surface
siloxane bridge sites produced during degassing where tor
example, two adjacent silanol groups might interact as fobs
to eliminate water:

However, they were not able to observe the formation ofSiOH
during this reaction because they did not dehydroxylate their
sample sufficiently prior to reaction and their postulated
mechanism was based on the assumption that the 3525/3450
cm- l bands were due to SiNH2 and not, for example, due to
SiONH2 or to coordinately bonded NH;j. In the present work
(and in part 4) we have conclusively shown that the disap
pearance of the infrarBd bands due to a new "active" site
(888/908 em-I) is corre~ated with the growth of the bands due

Discussion

The spectrum (Figure lA) of ammonia chemisorbed at 20
°C on a 40 mg cm-2 silica disk which had been heated to 1100
°C prior to reaction differs from that reported by Blomfield
and Little in two ways: (1) The band positions in the 3500
cm-1 region was slightly different (3525 cm- l vs. 3520 em-I,
and 3447 cm- 1 vs. 3450 em-I), and (2) we observe a new SiOH
band at 3741 cm- l which they were unable to observe because
of overlapping by the strong 3748-cm-I band when lower
degassing temperatures were employed. Upon degassing in
the 300-600 °C temperature range Blomfield and Little also
noted that the intensity of the 3525-cm-I band decreased
more rapidly than that of the 3450-cm- 1 band while its peak
maximum shifted to 3540 cm-1 and we have noted that the
3447-cm-1 band also shifted slightly to higher wave number.
The origin of this effect is quite complex and will be discussed
in a subsequent publication. The presen: paper is concerned
solely with an attempt to characterize the nature of the active
site responsible for the chemisorption of H20, NHa, and
CRIOH.

In a previous paper5 (part 4) we obtained the spectrum of
a chemisorbed species which was formed when NHa was al
lowed to react with silica at 650 cC. Sharp intense bands were
observed at 3540, 3452, 1550, and 932 em-I which were as-

During degassing at temperatures in the range from 300 to 650
°C all bands started to decrease in intensity and the 3525
cm- l band gradually shifted to 3540 em-I, the 3447-cm-I

band shifted to 3452 em -1, while no shift was observed for the
two low wave number bands. The 3525-cm-1 band also de
creased in intensity to a greater extent than the other bands.
At 650°C, the 908/888 cm- l bands had regained their original
intensity whereas a very weak spectrum of chemisorbed NHa
remained. The latter could only be removed by degassing up
to 1000 °C and no further frequency shifts occurred while
heating in the 65-)-1000 °C range.

Exchange Reactions. The isolated silanol groups of a
nonactivated silica can be deuterated instantly with 10 Torr
of gaseous D20 or NDa. On a partially dehydroxylated silica,
exchange did not occur if the quantity of reactant added was
less than that required to react with the active sites, i.e.,
chemisorption was preferred. However, if NHa or H20 were
added so as to consume all of the active sites such that both
the 3748- and 3741-cm-I silanol bands were observed (as in
Figure lC), then both hydroxyls exchanged at an equal rate
giving their deuterated analogues if successive small doses of
D20 or of NDa were added. In the case of chemisorbed NHa,
the NH bands did not exchange after the above.

If 10 Torr of HCI was added to a surface containing chem
isorbed NHa, the 3525-, 3447-, 1550-, and 932-cm- 1 bands
immediately disappeared whereas the 3741-cm- 1 band was
unaltered and a spectrum of NH4Cl was detected.

Other Molecules. In view of the reactivity with the afore
mentioned molecules, several other molecules were allowed
to react with degassed silica in order to see if similar spectral
features were to be observed. No reaction tnok place (at 20°C)
with CH4, C2H4, HCN, CH:lCN, HCI, O2, H 2 (even at 700°C
for H2), PH:l, CCI4, and SiCI(CHah. However, a reaction did
occur with CH:lNH2 and (CHahNH and this will be discussed
further below.

At no stage in the present study were any infrared bands
observed between 2350 and 2000 em-I, which could be at
tributed to surface SiH species. Further, no band shifts «3600
em-I) were detected when NHawas allowed to react with a
70% oxygen-18 exchanged silica.
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to SiNH2 and due to a new SiOH species (3741 cm-1). As
suming a siloxane site, the reaction with water or methanol 
would be as follows:

a
Si Si +
A  A

h2o

ch3o h .

=SiOH
=SiOH +

=SiOCH3
(4)

In the case of 99% H2180  the expected pair of i/(OH) bands 
(Si16OH + Si18OH) of identical intensity separated by 11 cm-1 
was observed.

In other isotopic experiments, if equal doses of either ND3 
or of a 50% mixture of H20 /D 20  were added to the same 
dehydroxylated sample (after a reproducible regenerative 
cycle had been achieved) then the anomalous SiOD band at 
2758 cm-1  had the same intensity in both cases. Assuming (3) 
and (4) then this shows that one SiNH2 group is formed per 
new SiOH group Thus, as was pointed out in the preceding 
paper, although the real site may be more complex than a 
simple siloxane bridge, perhaps involving polymers of siloxane 
bridges, eq 3 and 4 most simply represent the apparent stoi
chiometry.

There has been much recent discussion10-12 concerning the 
possible existence of geminal hydroxyl groups =Si(O H )2 on 
silica and we have considered the possibility that the anom
alous 3741-cm-1 band might be due to such species. The un
usually large breadth and shape of the 3741-cm-1 band when 
H20  was allowed to react might be due to weak coupling be
tween the two OH units. However, since the band shape did 
not alter in mixed H/D isotope experiments, this hypothesis 
appears to be incorrect. We also do not think that radical sites 
(SiO- or Si-) are responsible, and no ESR signals have been 
detected from such degassed samples.

Structure of the Active Site. As noted in the preceding 
paper, when coordination occurs only the 888-cm-1  band 
decreased in intensity whereas when chemisorption occurs 
both bands uniformly decreased in intensity. The active site 
apparently contains an electron deficient center and a siloxane 
bridge. Further, the 3741-cm-1 SiOH band which is generated 
in the case of H20  being the reactant was broader and some
what flat-topped (Figure 3B) relative to that which was 
formed in the case of NH3 (see Figure 3E) or with CH3OH (not 
shown). In the latter cases the band shape more resembled a 
standard Lorentzian contour. On the other hand, the water 
type band contour could be more or less reconstructed if we 
assumed it was composed of two NH3 type bands separated 
by 1-2 cm-1. Physically, this could arise if the two SiOH 
groups generated by eq 4 were in slightly different environ
ments. This difference could be due to structural effects, e.g., 
different positions of the Si atoms in the lattice, or due to 
bonding effects, e.g., an unsaturated valence shell or other 
unusual coordination, or to both of these. The unusual shape 
is not likely to be due to interactions (e.g., weak hydrogen 
bonding) between the two silanols because a similar interac
tion would be expected in the case of a SiOH being adjacent 
to a SiNH2 group. Indeed, when the latter was allowed to react 
with HC1 via the presumed reaction

OH NH2 OH Cl
I +  I +  2HC1 —  | +  | +  NH,C1(S)
Si Si Si Si

no change in the 3741-cm-1 band was detected. Thus, since 
the 3741-cm-1 band always had the same Lorentzian type 
contour when the adjacent functional group was any of SiNH2, 
SiCl, or SiOCH3, we must assume that the two groups gener
ated in eq 3 and 4 are far enough apart so as not to perturb one 
another.

The simplest possible model for the active site is one in 
which we assume that there is some structural or electronic 
difference associated with the two silicon atoms in a strained 
siloxane bridge. If we label these with subscripts a or b, and 
assume that Sia also is the center responsible for the reversible 
coordination of a strong Lewis base, then the site emerges 
as

/ ° \
Sia Sib

/ \  A
where Sia is electron deficient. Reaction with NH3 or CH3OH 
is very specific in that the new SiOH is always formed at either 
Sia or Sib, whereas with H20  we obtain both SiaOH and SibOH 
which absorb at slightly different frequencies (1-2  cm-1).
-In this scheme, we must assume that the 888-cm-1 band is 

primarily associated with a motion involving the a type silicon 
atom whereas the 908-cm-1 band is due to the asymmetric 
idSiOSi) mode. Partial support for this comes from our earlier 
study of oxygen-18 exchanged silicas6 where we noted that the 
908-cm-1 band decreased in intensity whereas the 888-cm-1 
band apparently increased in intensity. This could arise if the 
908-cm-1 band shifted to 888 cm-1 for 180  substitution 
whereas little or no shift resulted for the 888-cm-1  band.

Further details of the nature of the new 3741-cm-1 SiOH 
band can only be obtained by studying its reactivity with other 
probe molecules. However, we have noted that both the 3748- 
and the 3741-cm-1 bands exchange at equal rates when mi
cromole doses of D20  are added and we have found that the 
3741-cm-1 band preferentially reacts with BC13. We do not 
know whether this can be attributed to steric factors or 
whether this reflects a difference in chemical reactivity and 
we anticipate extending our studies in this direction.

Number of Sites. It would be desirable to measure the 
volume of H20  or NH3 which reacted with the new sites as a 
function of degassing temperature, thereby facilitating a de
termination of the number of active sites. However, since (a) 
the quantities adsorbed are in the micromole range, (b) the 
cell has a large “ dead” volume, and (c) we are not able to ac
curately determine the extent of physical adsorption on the 
cell walls, such a measurement was not possible. Nonetheless, 
if we assume that the relative band areas of the normal 
3748-cm-1 band and the new 3741-cm-1 band reflect the 
relative proportions of the two types of SiOH, then when NH3 
is the reactant, the following ratio

intensity 3748-cm-1 band after degassing at 800 °C
intensity 3741-cm-1 band after degassing at 1200 °C and

after reaction with NH3

is approximately 10. That is, the number of new SiOH (3741 
cm-1) species is approximately V10 of the number of normal 
SiOH (3748 cm-1) species on a fresh sample which had only 
been degassed at 800 °C, and this also therefore gives the ratio 
of the number of strained siloxane sites to original SiOH sites 
under these conditions. Therefore, since the number of normal 
isolated SiOH groups on a silica which has been degassed at 
800 °C is known8’13.1* to be about (1.5 ±  0.2)/100 A2, the 
number of “ active” sites after heating at 1200 °C would be 
about 0.15/100 A2.

Hair and Hertl13 have studied the rate of reaction of a 
number of chlorine containing compounds with the isolated 
hydroxyl groups on degassed silica (800 °C). In general, the 
reactions take the form MCI* + =SiOH -*  SiOMCl*_i + HC1 
and they found that, in most cases, an initial fast reaction (up 
to 10% of the total) took place, which did not follow the above
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stoichiometry, a reaction which led to higher surface chlorine 
analyses than would be expected from the above. In the case 
of SiCl(CH3)3, they suggested that part of the fast reaction 
might be ̂ SiOH + SiCl(CH3)3(g) — =SiCl + Si(CH3)3OH(g) 
as evidenced by the rapid initial decrease in intensity of the 
SiOH band.

From this work, we could also suggest that a small contri
bution to the high chlorine values might arise from reactions 
of the type Si-O-Si + SiCl(CH3)3(g) — SiO(CH3)3 + SiCl. 
Experimentally we found that ClSiMe3 did not react at 20 °C 
with 800 °C degassed silica, but the reactive sites (908/888 
cm-1) disappeared and a rapid initial decrease in the intensity 
of the SiOH band was observed when ClSiMe3 was allowed 
to react at 350 °C for 1 min. Thus, if there are 0.15 “ sites”/100 
A2 for degassing at 1200 °C, perhaps half this number for 
degassing at 800 °C, this would only provide 0.08 Cl atoms/100 
A2 by this mechanism, whereas Hair and Hertl report 0.34 
Cl/100 A2 for complete reaction of ClSiMe3 with silica.13

Temperature Effects. It is known8’15 that the dehydrox- 
ylation of the isolated silanol groups depends on the degassing 
temperature and not on the time of degassing at a particular 
temperature. Therefore, the observation that the number of 
sites on a freshly prepared sample increased with degassing 
temperature was not unexpected. That these sites could be 
regenerated to the same concentration at a much lower tem
perature on subsequent degassing (after reaction of H2O or 
NH3) is probably related to the fact that only the desorption 
of neighboring species occurs in this case as opposed to the 
removal of isolated silanols during the original treatment. 
Another possible explanation might involve the migration of 
bulk hydroxyls to the surface in the case of a fresh sample, and 
these form new SiOH groups as others are removed. Hockey 
et al.14 have postulated such a mechanism for the hydrolysis 
of adsorbed chloro compounds during prolonged evacuation. 
If this were the case, then on a second degassing, such migra
tion would be essentially nonexistant and stable sites could 
be generated at a much lower temperature.

The silica used in this work had been heated at 700 °C prior 
to pressing into disks in order to oxidize hydrocarbon im
purities, and we had considered whether this operation itself 
might have led to the formation of “active sites” which became 
rehydrated during cooling in the laboratory atmosphere. 
However, all of the results discussed could be identically re
produced if the preheating operation was omitted. This was 
not unexpected since aerosil is produced at considerably 
higher temperatures during the flame hydrolysis of SiCl4. 
None the less the isolated SiOH band at 3748 cm-1 is smoothly 
asymmetric to the low wave number side11 if the degassing 
temperature is 800 °C and part of this asymmetry may well 
be due the 3741-cm“ 1 band discussed above. However, this 
has never been previously detected as a distinct shoulder11 
regardless of the initial degassing temperature, and this 
asymmetry has usually been attributed to other effects. Once 
the silica is heated to above about 800 °C, the 3748-cm“ 1 band 
becomes totally symmetrical and indeed, only with such 
temperatures does its peak intensity also start to decrease 
appreciably.

Finally, it is important to consider the effect of changes in 
specific surface area on the number of active siloxane sites. 
Such measurements were not carried out in the present work, 
but it appears that the specific surface area does not decrease 
until the softening point of the quartz cell is reached, and we 
have noted that once this temperature has been achieved, the 
surface of the silica disks starts to exhibit a reflective luster 
characteristic of fused ceramics. Qualitatively, we have noted

that the concentration of siloxane sites (908/888 cm-1 bands) 
does not appreciably increase once the degassing temperature 
is increased beyond about 1200 °C, in spite of a dramatic de
crease in the 3748-cm“ 1 band due to residual silanol 
groups.

Other Molecules. In order to determine whether a similar 
reaction would take place with other NH containing molecules 
and to see whether NH bond rupture would be the favored 
process, we reacted the methylamines with degassed silica.

In the case of methylamine, a single band at 3465 cm-1 was 
observed or at 2570 cm“ '1 from CD3ND2, in both cases the new 
silanol band was observed and a complex profile due to ¡/(CH) 
or ¡/(CD) modes was observed near 2900 or 2200 cm“ 1, re
spectively. The reaction products must therefore be 
=SiNH(CH3) and =SiOH. The chemisorption of dimethyl- 
amine gave no r(NH) bands but did give a 3741-cm“ 1 silanol 
band and a very complex ¡/(CH) profile, indicating that the 
products were =SiOH and =SiN(CH 3)2. The reaction with 
trimethylamine is described in the preceding paper.

It is very difficult to explain why the other molecules ex
amined failed to react with the degassed silica. In many cases, 
reaction could possibly be ruled out using qualitative ther
modynamic arguments. Apart from H2, we did not examine 
whether elevated temperatures would facilitate reaction, so 
that large activation energy barriers might also control the 
reaction. We do note, for example, that HCN readily reacts 
with silica at 800 °C, but not to an appreciable extent at lower 
temperatures; however, this reaction is much more complex 
in that three distinct surface CN containing species are 
formed.16

Concluding Remarks
Although the results presented in this and the preceding 

paper have shown that a site of unusual chemical activity can 
be generated when silica is degassed under vacuum at elevated 
temperatures we have avoided discussing the ramifications 
of these findings with respect to the mechanism of the rehy
dration of hydrophobic silica. The latter is still a somewhat 
controversial topic17-19 and we have indicated that the fine 
details of the reaction with NH3 are quite complex. It is cer
tainly true that both NH3 and H20  react via a secondary effect 
when high pressures or longer adsorption times are involved. 
For example, with a large dose of H20  there is an additional 
band at 3720 cm“ 1 (Figure 2E) which is always accompanied 
by a broad band at 352C cm“ 1, and these features have been 
observed by others.17’18 A paper describing the mechanistic 
details of the primary and secondary reactions of NH3 and 
H20  is in preparation and will be submitted shortly. Finally, 
we note that as far back as 1958 McDonald20 reported that a 
shoulder was formed at 3740 cm” 1 during the initial stages of 
the rehydration of partially dehydroxylated silica which he 
suggested might be due to weakly hydrogen bonded SiOH 
groups. The present results show that their conclusion is 
probably incorrect and we have suggested what type of site 
is responsible for the generation of this spectral feature.
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Integrated Infrared Intensities and Effective Charges in Acetylene13
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The integrated intensities of the fundamental bands of C2H2 and C2D2 were measured by the Wilson-Wells- 
Penner-Weber method. In C2H2, these intensities are r (2 u) = 0.210 m2 mol-1  and r (n u) = 3.164 m2 mol-1, 
and in C2D2, T(2U) = 0.164 m2 mol-1  and r(IIu) = 2.030 m2 mol-1. The effective hydrogen charge found by 
analyzing these data is £h = 0.404e, a value that is more than twice as large as that found in other saturated 
and olefinic hydrocarbons.

Introduction
Recently, considerable interest has been shown in inter

preting integrated infrared intensities in terms of atomic polar 
tensors2 and atomic effective charges.3 Most attention has 
been devoted to accounting for the many systematic variations 
observed in these quantities,28’3-6 and to the possibility of 
using these properties to predict infrared absorption inten
sities. This paper, to the contrary, is devoted to verifying the 
strikingly anomalous behavior reported for the effective 
charges in acetylene, in comparison to the equally striking 
systematic behavior of the effective charges in other hydro
carbons.3 New measurements of the integrated intensities of 
C2H2 and C2D2 are reported which, taken with the intensities 
reported by others,7-9 demonstrate that an anomalous value 
for the effective charges in acetylene is indeed genuine. In a 
subsequent paper the difference between the effective charges 
in acetylene and other hydrocarbons is rationalized by ex
amining the differences in the electronic structure of the hy
drocarbons.

The effective charge, of atom a in a molecule is defined 
by the relation3

S«2 = (V„P):(VaP)' (1 )

In (1)

( c)Px/dx„ dPx/dy„ dPx/dza\ 
dPy/dxa dPy/dya dPy/dzA 
dPz/dxa ()Pz/dya dPJdza]

defines the polar tensor for atom a, and consists of the com
ponents of the molecular dipole moment, P, differentiated 
with respect to the Cartesian coordinates of atom a, and the 
prime denotes transposition. The square of the effective

charge then is just the sum of squares of the elements of this 
tensor.

Experimentally, effective charges are determined from the 
frequency sum rule first derived by Crawford.10 Expressed 
here in a Cartesian coordinate representation, this sum rule 
takes the form3

=  ( 3 / ttN a )  [ Z j w j  T j  +  a ]  ( 2 )

where pa denotes the reciprocal mass of atom a, Tj the inte
grated intensity of the jth normal mode with frequency tnj, 
and Q the so-called rotation term. The summations are carried 
over all atoms in the molecule and all normal modes. In (2) the 
integrated intensity is that defined by Crawford11’12

Tj = (l/nl)S In ( /„ //)  d(ln «> (3)

in which 70 and I represent, respectively, the radiation in
tensity incident upon and transmitted by a sample of molar 
concentration, n, and thickness l. The integration is carried 
out over the frequency interval covered by the j th absorption 
band. The rotation term in (2) is defined as

WNK/ m   ̂(Py* + Pz*)/Ixx + (P2 2 + Px2)/lyy + (Px2
+ Py2)/Izz (4)

in which Py, for instance, denotes the y component of the 
permanent molecular dipole moment anc Ixx denotes a 
principle moment of inertia. In the hydrocarbons considered 
here, i! is either zero or is small enough to neglect in (2).

The effective charges in (2) can be computed by solution 
of the system of linear equations generated by the intensity 
sums for a molecule of interest and its isotopic derivatives. The 
effective charges for the atoms in a molecule are not all inde
pendent, however, because the polar tensors, VaP, satisfy the 
relation28
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E V aP = 0 (5)
a

expressing the translational invariance of the molecular dipole 
m om en t, P .

The relationship between the effective charges defined by
(1) such that (5) is also satisfied is a complicated one that 
depends upon the structure of the particular molecule ex
amined.6’6 Person and Newton2® observed, however, that to 
a rough approximation the effective charge of the carbon 
atoms, in hydrocarbons were about equal to the sum of the 
effective charges of the hydrogen atoms to which they are 
bonded; that is

nc?c — uh£h (6)
in which nc and nn equal the number of carbon and hydrogen 
atoms in the molecule. In accordance with eq 6 , then, the in
tensity sum (2) for hydrocarbons depends only upon the 
property, £h2, and the number of atoms in the molecule. 
Specifically, for a deuterated hydrocarbon i2) becomes, using 
(6) ; ;

Z<*jTj = (1rNA/3)F(nH,«D,ncKH2  (7)

where

F(nH,n.D,nc) = + md^d + a c( « h + md)2/ uc

The graph of eq 7 for a number of hydrocarbons and their 
deuterium substituted derivatives is shown in Figure 1 . One 
of the more remarkable features of this graph is that, to a very 
good approximation, most of the hydrocarbons lie along a 
common line that passes through the origin. This implies that 
the correlation between carbon and hydrogen effective charges 
in (6) is indeed a good one, and, what is more, that the effective 
charge, £h, has the same value in this diverse set of hydro
carbons. The intensity sums for the methanes clearly do not 
fall along the regression line common to the other hydrocar
bons, but along a line essentially parallel to it. This, in turn, 
implies that the effective charge, £h, in methane is the same 
as in the other hydrocarbons, but that its carbon effective 
charge is not that given by (6).

The intensity sums for the acetylenes are clearly excep
tional. Although it is possible that the line connecting the 
C2H2 and C2D2 intensities might pass within experimental 
error of the origin as implied by (7), the effective charge, ¡¡u, 
in acetylene is apparently markedly different from that in the 
other saturated and unsaturated hydrocarbons considered. 
Before speculating upon reasons for this exceptional behavior, 
however, it seems prudent to first determine if it is real, and 
not due to experimental error.

This is the purpose of this paper. The integrated intensities 
of the fundamental bands in C2H2 and C2D2 were determined 
using the Wilson-Wells-Penner-Weber method.13' 15 It was 
found that the sums of intensities were even higher than those 
previously reported in the literature.7 9

Experimental Section

In the Wilson-Wells-Penner-Weber method, the inte
grated intensity of an absorption band is found by deter
mining the limiting slope, I’, of a Beer’s law graph of the in
tegrated absorption, Bpl, plotted against the “optical thick
ness” , pressure times path length (or some other convenient 
concentration-length unit)

/  In ( /0//)(l/a>) do. = Bpl = F-(pl) + A -(pi)2 + . . . (8)

In order to obtain accurate values for the integrated absorp-

Figure 1. Sum of Integrated intensities for various molecules determined 
using eq 7: ( • )  deuterioacetylenes, this work; (O) deuterioacetylenes; 
( O ) deuteriobenzenes; ( O ) deuterioethanes; (□ ) deuterioethylenes; 
( 0 ) 'deuterlomefhanes, see ref 3 and references therein; (A) deuter- 
iopropanes,'ref 2 2 .

tion, it is usually necessary to pressure broaden the lines in the 
rotation-vibration band system. Because pressure-induced 
absorption, A-(pi)2 + .. in (8), is usually negligible except at 
exceptionally high pressures, an experimental test that inte
grated intensities determined by this method are free of in
strumental error* is that the graph of (8) be linear and pass 
through the origin.15 Thus, to obtain good results by this 
method requires that the composition and pressures of the 
gases studied are known precisely, that the infrared cell used 
to contain the gases is leak-free at high pressures over the 
course of an experiment, and that the spectrometer used for 
the intensity measurements has good photometric accura
cy.

The C2H2 gas used in these measurements was Matheson 
CP grade, and was found to be sufficiently pure by the method 
described below that further treatment was unnecessary. The 
C2D2 gas, however, was prepared by the reaction of calcium 
carbide and D2O. To minimize contamination with hydro- 
gen-containing impurities, the calcium carbide was baked in 
vacuo for about 8 h at 930 K, before its reaction with D2O. The 
deuterioacetylene produced by this reaction was passed 
through an acetone-dry ice trap to remove any D20  vapor 
before storage.

The purity of the gases was determined by mass spec
trometry. Using the methods described by Mohler et al.1617 
it was found that the deuterioacetylene sample contained
95.1-96.2% C2D2, with C2HD as the only significant impuri
ty-

The acetylenes absorb infrared radiation strongly, partic
ularly in the Q branches of their bending modes. To obtain 
reliable values for the integrated intensity of the Q-branches 
using (8), precisely known acetylene pressures, in the 60- 
500-Pa18 range, were required. For this purpose a U-tube 
manometer similar to the one described by Meyer and Wade19 
was constructed. The difference in mercury levels in the arms 
of the manometer was measured by a micrometer where
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pi - Q branch (N-rrf1)
2 4 6 8

Figure 2. Beers law graph for the Integrated intensities of C2H2.

pl-Q branch (N-nr1)
5 10 15 20

contact with the mercury surfaces was sensed electrically. 
Acetylene pressures in the 60-500-Pa range were readily 
measured with a precision of about 1 Pa, using this device. For 
pressure measurements in the 500-27 000-Pa range, also 
covered in this experiment, a cathetometer with a precision 
of about 15 Pa was used to measure the differences in the 
mercury levels in an ordinary large-bore U-tube monomet
er.

Preliminary experiments revealed that the spectral lines 
in the rotation-vibration bands of acetylene were adequately 
pressure broadened by helium gas at pressures of 4.8-6.9 MPa. 
The integrated absorption was independent of helium pres
sure in this range, for a fixed partial pressure of acetylene, and, 
for variable acetylene pressures, Beer’s law graphs of inte

grated intensity against acetylene pressure were obtained that 
were linear and passed through the origin. In all measurements 
used to determine intensities, a constant He pressure of 6.89 
MPa was used. The infrared absorption cell used for these 
measurements has been described previously.20 It had a 
length, l in (8), of 20.70 mm and was fitted with KBr win
dows.

A Perkin-Elmer Model 301 spectrometer operated in the 
single-beam mode was used to determine the intensities. The 
spectrometer was equipped with 240, 101, and 40 lines/mm 
gratings, and was calibrated using the 435.8-nm blue line of 
mercury. The photometric accuracy was determined by in
serting rotating sectors of known transmission into the sample 
compartment of the spectrometer, and found to be accurate 
to about ± 0.8% in the single beam mode.

The acetylenes, C2H2 and C2D2, each exhibit only two 
fundamental absorption bands, an asymmetrical stretching 
mode (2U) and a bending mode (IIU). The Beer’s law graphs 
obtained by plotting the absorption, Bpl, against pi are shown 
in Figures 2 and 3. Because of its high intensify, the integrated 
absorption of the Q branch in the n u modes was determined 
separately from that in the P and R branches.

Each point in the Beer’s law plot was obtained by inte
grating the quantity (1/w) In (Iq/I), averaged over duplicate 
measurements at the same acetylene pressure. Significant 
difference between any pair of repeated measurements was 
attributed to cell leakage during the course of the experiment, 
or to instrumental error. The few measurements for which 
such differences were found were rejected. The integrated 
absorption in (3) was obtained by numerical integration using 
Simpson’s rule. The frequency interval, Aco, was chosen such 
that the error of numerical integration was less than that due 
to photometric accuracy.

Results and Discussion
The integrated intensities of the fundamental bands of 

C2H2 and C2D2 were obtained by a least-squares analysis of 
the data displayed in Figures 2 and 3. Two models were as
sumed. In the first (calcd I) it was assumed that these data 
satisfy the experimental criterion given in the preceding sec
tion; that is

Bpl = T-pl (9)

In the second (calcd II), it was assumed that this criterion was 
not satisfied, and, instead, the data were represented by

Bpl = T-pl +  A (10)

Here, a significant value for the intercept A is assumed to 
indicate systematic error in the intensity measurements.

The results of these two analyses are summarized in Table 
I. Possibly significant values for the intercept A in (10) were 
found in two cases, for the 2 U band, and the Q branch of the 
n u band of C2D2. Assuming that repeated experiments would 
yield a normally distributed set of values for these intercepts, 
with the estimated population parameters listed in Table I, 
then based upon Students’ t-statistic,21 there is only about a 
10% chance that the averaged graph of (10) for these two 
bands would pass through the origin. Comparing the inten
sities and their estimated standard errors found in both cal
culations, however, suggests that the risk of drawing an erro
neous conclusion from these measurements does not hang 
upon the assumption that these data satisfy the experimental 
criterion. Consequently, the intensities found from (9) in calcd 
I are reported as our experimental results.

There is one other test of the accuracy of the intensities.
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TABLE I: Fundamental Band Intensities in C2H2 and C2D2

Infrared In tensities in Acetylene

Calcd I
u), K T, m2 mol-1

r5(P, R) 1.613 (0.020)“
5̂(Q) 1.551 (0.038)

r5(C2H2) 766.8 3.164 (0.043)b
. 3(C2H2) 3390.9 0.210 (0.002)

»5(P> R) 0.895 (0.014)
»5(0) 1.135 (0.018)
r5(C2D2) 555.4 2.030 (0.023)b
!'3(C2D2) 2502.8 0.164 (0.002)

0 Standard error shown in parentheses. b Sum of intensities for•> .

TABLE II: Comparison of the Intensities Reported for the 
Fundamental Bands of C2H2 and C2D2 and the Isotope
Sum Rule

i w , r(<o5),
m2 mol-1 m2 mol-1 Ref

C2H2 0.210 (0.002) 3.164 (0.043) This work
0.214 (0.004) 2.310 (0.090) 7
0.215 (0.011) 2.351 (0.047) 8
0.203 (0.020) 2.339 (0.468) 9

C2D2 0.164 (0.002) 2.030 (0.023) This work
0.122 (0.020) 1.272 (0.095) 8

Error,“
F sum rule c 2h 2 c2d 2 % Ref

r(o!3)/a>3 (m3 mol-1) X 106 0.619 0.655 5.7 This work
r(co5)/«5 (m3 mol-1) X 104 0.413 0.365 12.3
r(co3)/o>3 (m3 mol-1) X106 0.599 0.487 20.6 8
r(o)5)/o>5 (m3 mol-1) X 104 0.305 0.229 28.5

“ The percent error is defined as 200 [(r/cojia -  (r /« )b]/[(r/u)a
+ (T/co)b], where a and b refer to the two isotopes.

TABLE III: Effecting Charges for the Hydrogen Atoms 
and Carbon Atoms in Acetylene and Other Hydrocarbons

te £c
(obsd) (obsd) (eq 6) Ref

c 2h 2 0.404 6 0.404 This work
c 2h 2 0.321b 0.321 8
C2H4 0.178 0.242 0.356 3
c 6h 6 0.167 0.171 0.167 3
c 2h 6 0.176 0.388 0.528 3
c3h 8 0.181 0.210 0.428 22
c h 4 0.1676 0.668 3

“ The charges are given in units of the electronic charge. 6 The 
value found for £c = 0, see text.

Applied to the symmetrical acetylenes, Crawford’s F-sum 
rule10 states that the quantities r{wi)/u>i for C2H2 and C2D2 
are equal. The results of the F-sum rule tests are given in 
Table II. Although the intensities measured here do not satisfy 
the conditions of the F-sum rule exactly, they are in better 
agreement with it than the only other reported intensities, 
those of Eggers et al.,8 included in Table II, for which a similar 
comparison is possible.

The intensities reported here are compared in Table II with 
other studies in which the intensities of both infrared active 
fundamentals were measured. Good agreement is seen for the

________________Calcd II__________
r, m2 moE1 A ,Jm ol-1

1.585 (0.042) 0.290(0.372)
1.619 (0.098) . -0.035(0.046)
3.204 (0.011)b •;
0.211 (0.005) - 0.020 (0.088)

0.896 (0.056) -0.014 (0.067)
1.185 (0.045) -0.054 (0.044)
2.081 (0.072)b
0.169 (0.003) -0.095 (0.054)

the P, Q, R branches.

intensities of the 2 U stretching mode determined here and in 
all of the earlier studies listed. The intensities for the n u 
bending mode found here, however, is in serious disagreement 
with these earlier studies. Although it is usually difficult to 
account for the differences between the intensities reported 
from different laboratories, one comment seems pertinent. 
Repeating the experimental conditions used by Eggers et al.8 
and Varanashi and Bangaru7 we found that rotation lines were 
clearly discernable within the pressure-broadened rotation- 
vibration systems at the total cell pressures they reported, 
which were lower than those used here. These lines were 
particularly pronounced in the IIU band. It is possible, then, 
that the disagreement noted in Table II might be due to in
adequate pressure broadening in these two earlier studies, 
perhaps compounded with difficulties in determining accurate 
intensities in the Q branch regions in all studies, including this 
one.

The effective charges, £h, derived from the intensities re
ported in Table I are given in Table III and compared with 
those in the other-hydrocarbons considered in Figure 1. These 
were computed by solution of (2). Where data for more than 
two isotopes were available, the effective charges were found 
by least-squares adjustment. Unfortunately, negative values 
for £c2 were obtained for acetylene, —0.009e2 using our data, 
or —0.3e2 using the data in ref 7. Because the hydrogen term 
in (2) is dominant in determining the intensity sums, only 
relatively small experimental error is sufficient to yield 
meaningless values for £c2-3 In these cases, it was assumed that 
£c2 -  0, and it is anticipated that such an assumption does not 
alter the computed values of £h2 significantly. Although none 
of the derived values of are at all precise, they are included 
in Table III, where possible and are compared with the values 
estimated by eq 6.

Conclusions
The intensity measurements reported here support the 

observation that the effective charge for hydrogen, £h, in 
acetylene is indeed anomalous. The hydrogen charges in sat
urated, aromatic, and olefinic hydrocarbons has been found 
to be essentially constant, differing from one another by less 
than 10%. The hydrogen charge in acetylene, on the other 
hand, is more than twice as large as the averaged value in these 
other hydrocarbons. In a subsequent paper the dependence 
of effective charges upon electronic structure is analyzed and 
it is shown that the relationship of the effective charges in the 
hydrocarbons can be rationalized.
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Charge Transfer Band of the Benzyl Radical-Halide Ion Formed by Dissociative 
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In order to elucidate the anomalous features previously reported on electronic spectra of the benzyl radical 
generated from benzyl chloride, the spectra were studied by the fluorescence spectrophotometric method 
for benzyl radicals generated from benzyl fluoride, chloride, bromide, and iodide in a 3-methylhexane matrix 
by either uv or y  irradiation at 77 K. When benzyl radicals were generated by dissociative electron attach
ment to the benzyl halides in the 7 -irradiated matrix, the halide ions close to the benzyl radicals were found 
to cause a red-shift of the spectra of the radicals, a change in the vibrational structure (especially an increase 
in the 0-0 band intensity of the fluorescence spectrum), and also the appearance of CT bands due to com
plexes between the halide ion and the benzyl radical at 265, 362,413 and 500 nm for F~, Cl- , Br- , and I- , re
spectively. The dependence of the CT transition energy upon the halide ions agrees well with that expected 
from the ionization energy of the donors (the electron affinity of the halogen atoms) and the solvation energy 
of the halide ions in the matrix. For the benzyl radical from benzyl chloride, the effects of the chloride ion 
were found to be much less in 2-methyltetrahydrofuran matrix, and could not be observed at all in an ethanol 
matrix. Halide ions also caused a decrease in the fluorescence lifetime of the benzyl radical.

Introduction

The benzyl radical is one of the conjugated 7r radicals most 
extensively studied. It has attracted interest and attention 
from both experimental1-8 and theoretical points of view.9-14 
Photolysis and radiolysis of benzyl derivatives such as benzyl 
chloride are efficient ways of generating benzyl radicals either 
in the gas phase or in condensed media. Electric discharge in 
the gas phase also yields the benzyl radical. The electronic 
spectra of the benzyl radicals thus formed have been studied 
extensively. It is now well established that electronic transi
tions in the benzyl radical give rise to absorption in visible, 
near-uv, and far-uv regions (the absorption in the visible re
gion is very weak, so that it is detected only as an excitation 
spectrum of the benzyl radical fluorescence) as well as fluo
rescence in the visible region. These absorption bands are, 
after some conflicting arguments, now assigned to the elec

tronic transitions, 12A2-1 2B2, 22A2-1 2B2, and 42B2-1 2B2, re- 
spectively.5'7'8-10- 13 The last transition is sometimes assigned 
to 32B2-1 2B2, because excitation to the lower 2B2 excited states 
has not been evidenced experimentally.

By irradiating the rigid matrix containing benzyl chloride 
with ionizing radiations, the benzyl radical is generated 
through dissociative electron attachment to benzyl chlo
ride.15-17 Thereby a chloride ion is expected to locate close to 
the benzyl radical and to affect the electronic spectra of the 
radical. Actually Gallivan and Hamill observed a difference 
in the wavelength of near-uv absorption maximum between 
benzyl radicals radiolytically generated from several benzyl 
derivatives in a rigid hydrocarbon matrix, and suggested the 
effect of the counterpart ions on the benzyl spectrum.16 Later 
Brocklehurst and Savadatti studied this effect by observing 
the isothermal change of the near-uv absorption spectrum of 
the benzyl radical radiolytically generated from benzyl chlo
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ride in a hydrocarbon matrix, and they attributed the change 
to the gradual escape of the chloride ion from the cage.18 We 
also studied, by means of the fluorescence spectrophotometric 
method, anomalous features of the electronic spectra of the 
benzyl radical generated from benzyl chloride by the disso
ciative electron attachment. The results, which were briefly 
communicated,19 indicated evidently the intermolecular in
teraction between the benzyl radical and the chloride ion in 
the matrix. Similar results were obtained also for «-methyl- 
benzyl radical from (chloroethyl)benzenes.20 The interaction 
between radicals and anion seems to occur generally as a 
transient state in the dissociative electron attachment reaction 
in the rigid matrix irradiated by ionizing radiations.

The interaction between hydrocarbon radicals and halide 
ions seems to be interesting not only from the radiation 
chemical point of view (to elucidate basically an electron 
scavenge reaction in matrices) but also from the viewpoint of 
molecular spectroscopy. The interaction between radiolyti- 
cally generated methyl radicals and halide ions was evidenced 
also by means of the electron spin resonance method.21’22 
Recently the charge transfer absorption bands due to phenyl 
radical-halide ion complexes were found by irradiating the 
ethanol matrix containing halobenzenes at 4 K .23 However, 
experimental results on the interaction between radicals and 
ions are still limited. In order to obtain further information 
on this interaction, we extended here our previous spectro
scopic study on the radiolysis of benzyl chloride in rigid ma
trices to other benzyl halides (fluoride, bromide, and iodide). 
The benzyl radical gives a prototype for studying the inter
action between radicals ¿nd ions, because its electronic spectra 
can be readily observed by the sensitive fluorescence spec
trophotometric method even when it is generated at low 
concentration in rigid matrices irradiated by ionizing radia
tions.19'20

Experimental Section
Commercial benzyl fluoride (BzF), benzyl chloride (BzCl), 

and benzyl bromide (BzBr) were used after being purified by 
distillation. Benzyl iodide (Bzl) was synthesized from BzBr 
and KI. 3-Methylhexane (3MHx) and isopentane were shaken 
with concentrated sulfuric acid and then with a mixture of 
concentrated sulfuric acid and nitric acid, washed with dis
tilled water, fractionally distilled twice, dried with calcium 
hydride, and distilled in vacuo into a sodium-potassium 
mirrored vessel several times until the mirror was no longer 
damaged. 2-Methyltetrahydrofuran (MTHF) was fractionally 
distilled three times from sodium and distilled in vacuo into 
a sodium-potassium mirrored vessel several times. Ethanol 
(EtOH) was distilled twice before use.

The solution of benzyl halides (mostly 0.1 mol %) was pre
pared in vacuo (less than 10-5 Torr), sealed in quartz tubes 
(4 mm i.d.) and frozen in liquid nitrogen into the glassy state. 
The samples were irradiated with 60Co y rays to a dose of 
about 0.3 Mrad at a dose rate of 1.0 Mrad/h or photolyzed with 
uv light (wavelength longer than 290 nm) from a high-pressure 
Hg lamp (500 W) through a water filter of 5 cm path length 
at 77 K and then subjected to measurements. Emission and 
excitation spectra of the irradiated samples were recorded 
with a recording fluorescence spectrophotometer (Hitachi, 
Model MPF-2A) equipped with a Xe lamp as an excitation 
source with a resolution of 2.0 nm (full-width at half-height) 
or less. The fluorescence lifetime was measured by exciting 
with the second harmonics (347 nm) of a Q-switched ruby laser 
with a pulse duration of 20 ns by means of the experimental 
facilities previously used for the measurement of transient

WAVELENGTH, nm
250 300 350 400 500

Figure 1. Excitation and emission spectra of benzyl radicals generated 
in a 3-methylhexane matrix at 77 K by (A) uv or (B) y irradiation of the 
matrix containing benzyl chloride. Spectral intensity was not correct
ed.

t absorption and described elsewhere.24 The lifetime was ex
amined at several wavelength between 470 and 500 nm.

Results and Discussion
Effect of Chloride Ion on Benzyl Spectra. Photolysis of 

BzCl in 3MHx glassy matrix gives emission and excitation 
spectra as shpwn in Figure 1A. The emission spectrum was 
observed in the visible region, whereas the excitation spectrum 
consists of three bands in the visible (around 460 nm), near-uv 
(around 320 nm), and far-uv (around 260 nm) regions. These 
spectra are essentially the same as those of the benzyl radicals 
reported previously.5’25 The spectral shape of the emission and 
excitation was found to be independent of the excitation 
wavelength and the monitored wavelength, respectively.

Benzyl radicals generated by y irradiation in the 3MHx 
matrix give the spectra shown in Figure IB. They are very 
similar to those of the photolytically generated benzyl radical 
mentioned above and to those of the radiolytically generated 
benzyl radicals so far reported.15-17 Examining the spectra 
carefully, however, one may notice features of the spectra 
dependent on the method of generating benzyl radicals, as 
briefly reported in the previous communication.19 First, all 
of the spectra (three excitation spectra and the emission one 
as well) are more or less red-shifted. Secondly, the relative 
intensity of vibration bands changes as noticed especially in 
the emission spectrum: the 0-0 band of the emission is weak 
for the photolytically generated benzyl radical because of the 
partially forbidden nature of the 12A2 -*■ 12B2 transi
tion,9-11’26-28 whereas it is very intense for the radiolytically 
generated benzyl radical. The intensity ratio of the 0-0 band 
to the second vibration band gives a measure of the spectral 
shape and it will be used as a “ distortion factor” hereafter. 
Finally, the radiolytically generated benzyl radical shows a 
novel excitation spectrum around 360 nm, which is very broad 
and indicates no structure. This excitation spectrum cannot 
be due to some radiation-formed products but is influenced 
by the benzyl radical, because the emission spectrum recorded 
by exciting at 360 nm is really that of the benzyl radical as 
shown by the dashed line in Figure IB. In addition, it was 
found that the half-width of the 0-0 band in the emission 
spectra was broader for the radiolytically generated benzyl 
radical than for the photolytically generated one.

Observed spectral features are summarized in Table I,
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TABLE I: Spectra of Benzyl Radicals Generated from Benzyl Chloride in Various Organic Glassy Matrices at 77 K

Emission spectrum
. Excitation spectra, nm (cm-1) ------------------------------------

Matrix
"Generation

method Far-uva Near-uv b Visible6 New band
Wavelength, 
nm (cm-1)

Distortion 
factorc

3MHx Uv 259.3 319.3 462.2 462.5 0.30
(38 570) (31 320) (21 640) (21 620)

7 269.6 322.2 464.7 362 465.5 1.13
(37 090) (31 040) (21 520) (27 600) (21 480)

MTHF Uv 264.5 320.9 462.2 463.0 0.42
(37 810) (31160) 21 640) (21 600)

7 267.5 322.4 463.2 463.5 0.50
(37 380) (31020) (21 590) (21 570)

Ethanol Uv 260.3 319.3 462.2 461.8 0.39
(38 420) (31 320) (21 640) (21 650)

7 262.8 319.3 462.2 461.8 0.39
(38 050) (31 320) (21 640) (21 650)

“ Wavelength for the spectral peak. b Wavelength for the 0-0 transition. c Intensity ratio of the 0-0 transition line to the second 
vibronic line. The value for uv-generated benzyl radicals is thought to be inherent to “ free” benzyl radicals in particular matrices.

which indicates clearly the red shift of the spectra for the ra- 
diolytically generated benzyl radical in the 3MHx matrix. 
Since the far-uv spectra show no resolved structure, the 
wavelength corresponding to the spectral peak is indicated 
in Table I. Therefore, the difference in the wavelength of the 
far-uv spectrum between benzyl radicals generated in dif
ferent ways includes both the shift of wavelength and the 
change in spectral shape. Table I also shows features of the 
spectra of benzyl radicals in MTHF and EtOH matrices. In 
the former matrix, the red shift and the change in the vibra
tion band structure (indicated by the distortion factor) are 
observed for the radiolytically generated benzyl radical, 
though less remarkably than in the 3MHx matrix. However, 
the novel spectrum around 360 nm is no longer observed in the 
MTHF matrix. In the EtOH matrix, the epectra of the ra
diolytically generated benzyl radical are identical with those 
of the photolytically generated one. No difference was ob
served at all in the wavelengths, the vibration band structure, 
and the width of the vibration band. The novel spectrum was 
not observed at all in the EtOH matrix.

The benzyl radical is formed by the photolysis of BzCl by 
the homolytic cleavage of the C-Cl bond, so that the benzyl 
radical has a neutral chlorine atom as a counterpart in its vi
cinity. On the other hand, the formation of the benzyl radical 
in the y-irradiated matrices is brought about by the disso
ciative electron attachment to BzCl.16>17 It is very plausible 
that a chloride ion formed by the electron attachment reac
tion, BzCl + e-  -»■ Bz- + Cl- , exists close to the benzyl radical 
in rigid matrices. The observed difference in the spectra of the 
benzyl radical between photolysis and radiolysis is attributed 
to the intermolecular interaction between the benzyl radical 
and the chloride ion in the latter case. The effect of the 
charged entity, Cl- , is expected to be less pronounced in the 
more polar matrix because of solvation of the chloride ion, and 
this was found to be the case as shown in Table I.

An alternative interpretation for the difference between 
photolysis and radiolysis might be that the a-chlorobenzyl 
radical is formed by hydrogen abstraction from BzCl in the 
7 -irradiated 3MHx matrix along with the benzyl radical. Since 
the spectra are almost the same for both radicals,18 the ob
served spectral shift and distortion would be attributed to 
overlapping of the spectra of these two radicals. However, this 
interpretation can give no reason for the presence of the novel 
spectrum, because the a-chlorobenzyl radical has no absorp
tion around 360 nm. It has been known also that the benzyl

radical is almost exclusively formed from BzCl in y-irradiated 
matrices.16’18

The effect of a counterpart anion on the radiolytically 
generated benzyl radical was previously indicated by ob
serving the dependence of the wavelength of the absorption 
maximum around 320 nm upon the variety of the anion.16 The 
present results reveal that the shift of the spectra accompanies 
the distortion of the vibration band structure as well as the 
appearance of the novel spectrum. The spectrum is too weak 
to be observed by absorption measurements. This may be the 
reason why it has not been reported yet. The interaction be
tween a methyl radical and a counterpart anion was found by 
observing the effect of the anion on the electron spin resonance 
spectrum of the methyl radical generated by dissociative 
electron attachment in y-irradiated solid matrices.21’22’29 In 
the present investigation, however, the dependence of the 
electron spin resonance spectrum of the benzyl radical on the 
counterpart halide ions could not be evidenced partly because 
of the poor resolution of the hyperfine lines of the spectrum 
of the benzyl radical and also because of an intense underlying 
spectrum of solvent radicals.

The dependence of the effect of the chloride ion on the 
solvent polarity was examined also by changing the compo
sition of the 3MHx-MTHF mixed matrix, as shown in Figure
2. By increasing the matrix polarity (by increasing the MTHF 
fraction), the near-uv excitation spectrum of the radiolytically 
generated benzyl radical shifts to the blue side rapidly at low 
MTHF fractions and then gradually at high fractions. Con
comitantly, the distortion factor also changes from the value 
observed in pure 3MHx matrix to that in pure MTHF matrix. 
It changes continuously and no evidence was obtained that 
the two emission spectra, characteristic to the 3MHx and 
MTHF matrices, are overlapping in the mixed matrix.

Figure 3 shows the change of the emission spectrum of the 
benzyl radical generated radiolytically in the 3MHx-isopen- 
tane mixed matrix (50:50 in volume) as a function of time after 
y irradiation. The intensity of the 0 -0  band decreases grad
ually. This indicates the decrease in the distortion factor and, 
therefore, the decrease in the interaction between the benzyl 
radical and the chloride ion. The decreasing interaction may 
indicate the gradual separation of the ion from the radical due 
to the softness of the mixed matrix at 77 K. The half-width 
of the 0-0 band increases once and then decreases toward the 
final value of 270 cm-1, which is the half-width observed for 
the “free” benzyl radical generated photolytically in the 3MHx
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Figure 2. Dependence of (O) the transition energy and ( • )  the vibra
tional structure (distortion factor) of the emission spectrum of the benzyl 
radical upon the polarity (composition) of the mixed matrix of 3-meth- 
ylhexane and 2-methyltetrahydrofuran at 77 K. The benzyl radical was 
generated from benzyl chloride by 7  irradiation.

Figure 3. The intensity (O) and the width ( • )  of the 0-0 band of emis
sion spectrum of the benzyl radical generated from benzyl chloride in 
the y-irradiated mixed matrix of 3-methylhexane and isopentane (50:50 
by volume) at 77 K as a function of time after 7  irradiation. The final 
value of the half-width was 270 cm-1 .

matrix. The observed maximum of the half-width may have 
been caused by the overlapping of the spectra corresponding 
to various extent of benzyl radical-chloride ion separation, 
as reported previously.18

Charge Transfer Band of Halide Ion-Benzyl Radical 
Complexes. In order to elucidate the nature of the novel 
spectrum observed around 360 nrr. for the benzyl radical 
generated from BzCl, the emission and excitation spectra were 
studied also for benzyl radicals generated from other benzyl 
halides in 7 -irradiated 3MHx, where the effect of the coun
terpart anion was most prominent. Figure 4 shows the visible 
excitation spectra as well as the emission spectra of benzyl 
radicals. The benzyl radical from BzBr shows a swelling in the 
shorter wavelength region (360-430 nm) of the visible exci
tation spectrum. This is a feature distinctive for the radical 
generated radiolytically from BzBr, because the swelling is 
not observed for neither of the benzyl radicals generated ra
diolytically from other benzyl halides (see Figure 4) nor the 
benzyl radical generated photolytically from BzBr. It strongly 
suggested that a broad structureless spectrum underlies the 
normal visible excitation spectrum of the benzyl radical, as 
shown by the dotted line in Figure 4.

For the benzyl radical generated from Bzl, the novel spec
trum is red-shifted much more and lies around 500 nm. It is 
observed at a transition energy lower than that of the visible 
excitation spectrum of the benzyl radical, as shown by a dotted 
line in Figure 4. Accordingly, the lowest excited state of the 
benzyl radical cannot be the fluorescent state, but the emission 
is observed as a structureless broad spectrum by exciting ei-

Figure 4. Emission (dashed lines) and excitation (solid lines) spectra 
in visible and near-uv regions of the benzyl radicals generated from 
benzyl fluoride, chloride, bromide, and iodide in 7 -irradiated 3 -meth
ylhexane matrix at 77 K. The dotted lines indicate the assumed curves 
of the CT band. Spectral intensity was not corrected.

Figure 5. Excitation spectra in far-uv region of the benzyl radicals 
generated from benzyl fluoride, chloride, bromide, and iodide in 7 -ir
radiated 3-methylhexane matrix at 77 K. The dotted line indicates the 
assumed curve of the CT band due to the complex between the fluoride 
ion and the benzyl radical.

ther at the spectra of the benzyl radical or at the novel broad 
excitation spectrum. The emission spectrum is very probably 
a mirror image of the novel excitation spectrum for the benzyl 
radical-iodide ion complex.

At wavelengths longer than 340 nm, no indication of a broad 
structureless spectrum was obtained for the benzyl radical 
generated from BzF, as shown in Figure 4. However, the far-uv 
excitation spectrum of this benzyl radical was found to be 
exceptionally intense in comparison with that of the benzyl 
radical from other sources, as shown in Figure 5. This suggests 
that the novel spectrum is blue-shifted to around 265 nm for 
the benzyl radical from BzF.

The above results seem to indicate that the appearance of 
a broad structureless spectrum is a general feature of the 
benzyl radical generated by dissociative electron attachment 
to benzyl halides in a nonpolar rigid matrix. We suggested 
previously two possible interpretations of the broad spectrum 
around 360 nm observed for the benzyl radical generated ra
diolytically from BzCl.19 One is that the spectrum is due to the 
22B2 •*— 12B2 transition which has not yet been observed. The
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chloride ion close to the benzyl radical might cause a shift of 
the spectrum, so that it might become isolated from the in
tense near-uv excitation spectrum and be observed clearly. 
An alternative interpretation is that the broad spectrum might 
be a charge transfer (CT) band of the chloride ion-benzyl 
radical complex. According to the present results that the 
wavelength of the broad spectrum is strongly dependent on 
the halide ions and it shifts from 265 to 500 nm, the former 
interpretation is excluded, because the 22B2- 12B2 transition 
is not believed shifted so much as a result of the effect of halide 
ions.

The novel spectrum shows, irrespective of its transition 
energy, a broad structureless shape very similar to that of the 
CT band of a number of electron donor-acceptor complexes. 
In the present case, the benzyl radical has a large electron 
affinity of 0.91 eV30 and is thought to act as an electron ac
ceptor. For the presumed electron donor-acceptor complex 
between the halide ion and the benzyl radical, the energy of 
its CT transition is approximately given by the relationship

hv = IP (X -) -  EA(Bz-) + Es(Bz- - - X~) -  Es(Bz-  - - X)
(1 )

where IP represents the ionization' energy, EA the electron 
affinity, and Es the solvation energy in the matrix. The ion
ization energy of halide ions is given by the electron affinity 
of corresponding halogen atoms: 3.40, 3.61,3.36, and 3.06 eV 
for F, Cl, Br, and I, respectively.31 Solvation energy of the 
ground state complex, Es(Bz- - - X - ), is approximately given 
by the solvation energy of the halide ion

(2>
where r refers to the ionic radius (1.16,1.64,1.80, and 2.05 A 
for F- , Cl- , Br- , and I- , respectively32) and D is the dielectric 
constant of the 3MHx matrix at 77 K (D = 2.033). Since 
EA(Bz-) and Es(Bz-  - - X) are regarded as identical for all 
halide ions, a linear relationship is expected between the ob
served transition energy of the CT band and the calculated 
sum of IP(X- ) + ES(X~). It was really observed with a slope 
of unity as shown in Figure 6, though the datum for BzF was 
somewhat scattered. This indicates that the novel spectra of 
the benzyl radicals generated by dissociative electron at
tachment to benzyl halides are well interpreted on the basis 
of eq 1 and are attributed to the CT band of complexes be
tween a halide ion and a benzyl radical.

The broad structureless spectrum was also studied for 
substituted benzyl radicals generated from p-methylbenzyl 
chloride and 3,4-dimethylbenzyl chloride in the y-irradiated 
3MHx matrix. The spectrum was observed to shift as a result 
of methyl substitution, as shown by arrows in Figure 7. The 
electron affinity of methyl substituted benzyl radicals has not 
yet been determined. However, it is believed to depend on 
methyl substitution, since the electron affinity of nitrobenzene 
was reported to change if a ring hydrogen was substituted by 
a methyl group.34 The observed shift of the broad spectrum 
shown in Figure 7 supports that it is due to the CT transition 
and its transition energy is dependent on the electron affinity 
of the acceptors (benzyl radicals) as predicted by eq 1 .

Because of a large energy separation of 0.942 eV between 
the 2P3/2 and 2Pi/2 states of atomic iodine due to the spin-orbit 
interaction, the excited CT state of the iodide ion-benzyl 
radical complex is expected to comprise two levels, so that the 
CT band is expected to show two peaks as observed for the 
ionic intermediate formed from iodobenzene in the EtOH 
matrix 7  irradiated at 4 K.23 The spin-orbit interaction energy

Figure 6 . The dependence of the observed transition energy of the CT 
band upon the calculated sum of the ionization energy of halide ions 
(the electron affinity of halogen atoms) and their solvation energy in the 
3-methylhexane matrix at 77 K. The line indicates the expected slope 
of unity.

Figure 7. Excitation spectra of (A) the p-methylbenzyl radical from 
methylbenzyl chloride, (B) the 2,4-dimethylbenzyl radical from di- 
methylbenzyl chloride, and (C) the benzyl radical from benzyl chloride, 
generated in y-lrradiated 3-methylhexane matrix at 77 K. The arrows 
indicate the broad structureless spectra due to the CT transition in the 
complex between the chloride ion and the radicals.

predicts that another peak of the CT band may, if any, be lo
cate at 360 nm. As a matter of fact, a shoulder of the spectral 
curve was observed at this wavelength as shown in Figure 4
(I), but it is too weak to make sure if it is due to the CT tran
sition or not. A weak peak at about 360 nm in Figure 4 (Br) 
may also be attributable to the smaller spin-orbit interaction, 
0.456 eV, in atomic bromine, which is expected to broaden the 
CT band of the bromide ion-benzyl radical complex.

Red-Shift of Near-Uv and Visible Spectra of the Benzyl 
Radical. Observed spectral parameters are summarized in 
Table II for benzyl radicals generated by the dissociative 
electron attachment to benzyl halides in the 3MHx matrix. 
In addition to the appearance of the CT band, halide ions 
associated with benzyl radicals apparently cause the red-shift 
of the near-uv and visible (both excitation and emission) 
spectra of benzyl radicals, to which extent depends on the 
halide ions. The transition energy of the near-uv and visible 
spectra is found to increase with decreasing ionic radius of the 
halide ions and to be linearly dependent on the inverse of the 
ionic radius as shown in Figure 8. The extrapolation of the 
linear dependence to the infinite radius agrees well with the 
transition energy in the benzyl radical photolytically gener
ated from BzCl (the benzyl radical free from the effect of the 
halide ion) for both the spectra. The slope of the linear de
pendence for the near-uv spectra is about twice as large as that 
for the visible one. The shift of the far-uv spectrum could not
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TABLE II: Spectra of Benzyl Radicals Generated from Different Sources by')' Irradiation in a 3-Methylhexane Glassy
Matrix at 77 K

Emission spectrum
Excitation spectra, nm (em-I)

Wavelength, Dist:lrtion
Source Near-uva Visiblea New band run (em-I) factor b

BzF 323.5 466.0 265 466.9 0.81
(30910) (21460) (37700) (21420)

BzCI 322.2 464.7 362 465.5 1.13
(31040) (21520) (27600) (21480)

BzBr 321.9 464.3 413 465.2 0.97
(31070) (21540) (24200) (21470)

BzI 321.6 503 c 500 548
(31090) (19900) (20000) (18200)

a Wavelength for the ()....() transition. b InteRsity ratio of the 0--{) transition line to the second \'ibronic line. C The 0--{) transition line
of the emission spectrum is not observed clearly. See text.

Figure 8. The dependence"pf the transition energy of (0) the emission
spectn.m and (e) the near"", excitation 5I=ectrun of the benzyl radicals
generated from benzyl halides in ')'-irradiated 3-methylhexane matrix
at 77 K upon the reciprocal of the ionic radius of the halide ions. The
data for 1/r= °indicate the values for the benzyl radical generated by
the photolysis of benzyl chloride In the rratrlx.
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Mozdor.12 The calculated results depended on the approxi
mations used, but typical results shown in Figure 9 give a
general trend of the calculated electron density dstributions.
The electron density at the methylene carbon (position 7)
decreases considerably upon excitation of the benzyl radical
to the 12A2state. 1f one assumes that the halide ion does not
escape far from its original position when the benzyl halide
undergoes dissociative electron attachment, the halide ion
locates in the vicinity of the methylene carbon and destabilizes
the ground state more than the excited state. Thus the tran
sient pairing of the benzyl radical with the halide ion, frozen
in the rigid matrix, interprets qualitatively the red-shift of the
visible excitation and emission spectra of the benzyl radi
cal.

However, the electron density at position 7 is higher for the
22A2 state than for the ground 12B2state. This calculated re
sults predict a considerable blue-shift of the near-uv excitation
spectrum caused by the nearby halide ion, and contradict with
the observed red-shift. Examining simply the e~ectron den
sities of the 12A2 and 22Az states of the benzyl radical (see
Figure 9), one can find no location of the halide ion which
seems to predict the red-shift of both the visible and near-uv
spectra simultaneously. More rigorous treatments of the
ion-radical interaction is needed in order to int03rpret quan
titatively the red-shift of both the spectra due -:0 the lZA2
12B2and 22Az-12B2 trans~tions.5.7.8,12 It may also be important
to know if the maximum position of the near-uv spectrum
really corresponds to the 0-0 band of the latter -:ransition as.
presumed in the study of the effect of methyl substitution on
the electronic structure of benzyl-type radicals.J7

Fluorescence Lifetime of Benzyl Radicals. The first dou
blet-doublet electronic transition of the benzy~ radical has
been theoretically suggested to have a forbidden character,
though it is allowed by the symmetry selection rule.9--14 Ex
perimentally the forbidden character is indicated by the weak

lz6z 1zAz 2zAz

Figure 9. Electron density distributions in the benzyl radical at its 1282
ground, 12A!! excited, and 22A2 excited states calculabd by Kruglyak
and Mozdor (ref .12) in the 1r-electron approximation by the CI mettiod
on open shell 'SCF orbitals.
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~ 21.6
~
~ 21.5

21.4
0

be determined because of its unresoived vibration band
structure.

The above-mentioned effect of halide ions on the spectra
of benzyl radicals seems to be very similar to the effect of
countercation on the absorption spectra of anions such as the
fluorenyl carbanion in the tight ion-pair state.35 Ifone assumes
that the halide ion locates close to the atom where the electron
density is high in the ground electronic state of benzyl radical,
the negative charge of halide ion makes the ground state less
stable. A redistribution of electrons occurs on excitation of the
benzyl radical, but the halide ion associated with the benzyl
radical cannot readjust its position. Consequently, the excited
state is more stabilized by the halide ion than the ground state,
and the spectra of benzyl radical are red-shifted. As pointed
out by Warhurst et a1. for the countercation effect on the ab
sorption spectra of anions,36 the perturbation of the molecular
orbital levels of the benzyl radical due to the field of the halide
ion depends, as an approximation, 00 the electrostatic inter
action energy and is proportional to the reciprocal of the in
terdistance between the radical and the ion. If one takes the
ionic radius as a measure of the interdistance,35 the magnitude
of the red-shift is expected to be proportional to the inverse
of the ionic radius. The infinite radius eventually gives the
absence of the halide ion in the vicinity of the benzyl radi
cal.

Electron density distribution of 7i electrons in the benzyl
radical in its ground and excited states was calculated by the
CI methods in different approximations by Kruglyak and
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TABLE III: Fluorescence Lifetime of Benzyl Radicals 
Generated from Different Sources in Different Ways 
when Excited by the Light of 347 nm from a Pulsed Ruby
Laser at 77 K

Generation Distortion Fluorescence
Source Matrix method factor lifetime, ns

BzCl 3MHx Uv 0.30 1180
BzCl 3MHx 7 1.13 770
BzBr 3MHx 7 0.97 910
BzCl MTHF 7 0.50 1160
Toluene EtOH Uv 1500°
Toluene 3MP Uv 1450“

“ Reference 27.

visible excitation spectrum. In accordance with the predicted 
forbidden nature, the fluorescence lifetime of the benzyl 
radical and its derivatives generated photolytically in rigid 
matrices were found to be long.26“28 The interaction between 
the halide ion and the benzyl radical, when generated radio- 
lytically, was expected to be indicated not only by the shape 
of the electronic spectra but also by the effect of the former 
on the fluorescence lifetime of the latter.

The observed lifetime are shown in Table III. The benzyl 
radicals generated from BzCl either photolytically in the 
nonpolar matrix or radiolytically in the MTHF matrix show 
lifetimes as long as 1.2 /us, which is somewhat shorter than that 
reported previously for benzyl radicals in the absence of halide 
ions.27-28 The long lifetimes are consistent with the fact that 
those benzyl radicals show neither the CT band nor the red- 
shift of their excitation spectra (for the benzyl radical gener
ated by 7  rays in the MTHF matrix, the red-shift was ob
served but very slightly). On the other hand, the lifetime was 
found to be much shorter for the benzyl radical generated 
radiolytically from BzCl in the nonpolar matrix, for which the 
effect of the chloride ion was indicated by the electronic 
spectra of the benzyl radical itself and the CT band as well. 
The effect of bromide icn on the lifetime was smaller than that 
of the chloride ion. This is also consistent with the magnitude 
of the ion-radical interaction as shown in Figures 6 and 8.

It was suggested that the fluorescence lifetime of the benzyl 
radical contained both radiative and radiationless contribu
tions.27 No definite mechanism can be given at the moment 
for the decrease in the fluorescence lifetime under the effect 
of the halide ions. However, the increase in the intensity of the
0-0 emission band in the presence of halide ion (see Figure 1) 
seems to indicate that the halide ion associated with the benzyl 
radical enhances not only the radiationless pathway but also 
the radiative one.

Conclusions
When benzyl radicals are generated by dissociative electron 

attachment to benzyl halides in a 7 -irradiated nonpolar ma
trix, the benzyl radicals are exerted under the effect of a halide 
ion which is formed as a counterpart of reaction products and 
cannot escape from the benzyl radical because of the rigidity 
of the matrix. The interaction between the benzyl radical and 
the halide ion is indicated by the red-shift of the electronic 
spectra of the benzyl radical, the change in their vibration 
band structure, the decrease in the fluorescence lifetime of the 
benzyl radical, and the appearance of a CT band due to the 
halide ion-benzyl radical complex. As far as the present au

thors know, no CT band has not yet been reported for a 
complex between the neutral free radical and ion except the 
band observed by Namiki, who could not, however, identify 
the structure of the free radical.23

The observed transition energy of the CT band agrees well 
with that predicted by the ionization energy and the solvation 
energy of fluoride, chloride, bromide, and iodide as electron 
donors. However, the red-shift of the spectra is only partly but 
not totally rationalized by the simple Coulombic field effect 
of the halide ion on the molecular orbital levels of the benzyl 
radical. Informations about the location of the halide ion 
seems to be crucial for the further elucidation of the interac
tion between the halide ion and the benzyl radical, for exam
ple, by the symmetry considerations from the detailed analysis 
of the vibration band structure and from the polarization 
measurements, which could not be made successfully in the 
present investigation.
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The paramagnetic ion H2S2_ was formed by allowing H2S molecules at —78 °C to react with trapped elec
trons on MgO. Two forms of H2S2_ (HSS'H'~) were identified by their EPR spectra. Species A is character
ized byg± = 2.015 andg|[ = 2.003 with aH(A) = 9.4 G, aH'(A) = 6.6 G and axs(A) cn axs'(A) ~  —2 G, a||s (A) 
= 61 G, ans'(A) = 41 G; whereas, species B is characterized bygjso(B) = 2.009 with aiSOH(B) = 9.4 G, ajS0H'(B) 
= 6.6 G and a«0s(B) = 13 G, ajS0s (B) = 9 G. Species A was more stable and dominated the spectrum upon 
irradiation at —196 °C following the reaction of H2S with trapped electrons at the surface. Species B was 
highly mobile. The spin density of the unpaired electron was predominantly localized in the 3p orbitals of 
the two nonequivalent sulfur atoms of the H2S2~ radical.

Introduction
A radical attributed to H2S~ was first studied by Bennett, 

Mile, and Thomas,1 who observed an EPR spectrum after 
impinging gaseous sodium or potassium and hydrogen sulfide 
on a rotating cryostat at —196 °C. The assignment of the 
radical having g|| = 2.0023 andgx = 2.0164 was based on the 
hyperfine interaction with two equivalent protons (a || = a x 
= 7.7 G). Weak satellite lines attributed to the hyperfine 
splitting of the 33S in natural abundance were observed when 
D2S was used to form the radical. Bennett et al. pointed out 
that the principal values of the g tensors for their radical were 
similar to those observed for negative ions containing two 
sulfur atoms;2,3 however, no mention was made of the possi
bility that the radical may be H2S2_ .

In reviewing the assignment of Bennett et al., Symons4 
noted that considerable s character would be expected for 
H2S~ ions and that a very large isotropic proton hyperfine 
coupling constant should be apparent in the spectrum. Pos
sible alternatives included H2S+, H2S2~, H2S2+, or more 
complex polysulfide radicals.

In this work we have presented evidence for the formation 
of the H2S2_ radical by allowing H2S neutral molecules at —78 
°C to react with MgO which contained trapped electrons. 
Sulfur-33 hyperfine lines together with hydrogen and deute
rium hyperfine lines have been used to identify the molecule 
and to establish its electronic structure. Interpretation of the 
EPR spectra also provides evidence that H2S2_ is a better 
description of the radical earlier assigned as H2S_.

Experimental Section
The method for the preparation of the magnesium oxide 

samples used in these experiments has been described else
where.5 Approximately 50 mg of magnesium oxide pellets were 
degassed at 300 °C for 2 h and at 500 °C for 1 h under vacuum. 
The final pressure in the vacuum system was less than 5 X 
10-5 Torr. Trapped electrons (S centers) on the surface of 
MgO were produced by irradiating Tie MgO in the presence 
of hydrogen for 10 h at 25 °C with a 254-nm uv lamp. The color 
of the sample changed from white to blue upon irradiation. 
Subsequent to irradiation the H2 was pumped off, and in a 
typical experiment a small amount (~18 mg/g of MgO) of H2S 
was frozen at the top of the sample which was maintained at 
-196 °C in a 4-mm fused-quartz tube. The sample was briefly 
warmed to —78 °C by placing the tube in a dry ice-acetone

mixture and then rapidly cooled to -196 °C, at which tem
perature the EPR spectra were recorded. In an alternate 
procedure the H2S was first adsorbed and the sample was ir
radiated at —196 °C.

The EPR spectra of the resulting paramagnetic species were 
recorded using a Varian E-6S X-band spectrometer. The g 
values in the spectra were determined relative to the DPPH 
(2,2-diphenyl-l-picrylhydrazyl) line which has g = 2.0036. The 
estimated error in the g values is ± 0.001; the estimated error 
in the a values is ±0.5 G for the isotropic lines and ±1 G for 
the anisotropic spectra.

The H2S and D2S gases were obtained from commercial 
sources. Isotopically enriched sulfur was purchased from Oak 
Ridge National Laboratory. Sulfur-33 enriched H2S was 
prepared by allowing 5 mg of sulfur containing either 25.5% 
or 59.2% 33S to react with an excess of pure hydrogen in a 
sealed reactor at 300 °C for 10 h. The unreacted hydrogen was 
removed by the freeze-pump technique prior to adsorp
tion.

Results
Upon warming the sample tube containing frozen H2S and 

MgO with S centers to -78  °C the color of the sample changed 
from blue to white, indicating that a surface reaction had oc
curred. The EPR spectrum, shown in Figure la, can best be 
understood in terms of two species, A and B. Species A is 
characterized by g x (A) = 2.015 andg||(A) = 2.003 with two 
nonequivalent protons having a x H(A) = a ||H(A) = 9.4 G and 
a x H'(A) = a|jH'(A) = 6.6 G. The spectrum of species B is iso
tropic, and is characterized by gjS0 (B) = 2.009 with ajS0 H(B) 
= 9.4 G and aisoH'(B) = 6.6 G. The simulated spectrum, using 
these parameters and a concentration ratio of A/B = 5.7, is 
given in Figure lb. The agreement between the simulated and 
experimental spectrum is reasonably good; however, a similar 
simulated spectrum could also be obtained by assuming two 
equivalent protons with aH = 8.0 G. The reasons for choosing 
the two nonequivalent proton splitting will become evident 
when the 33S hyperfine splitting is discussed.

The relative intensities of A and B may be altered by 
changing the mode of formation. When the sample was irra
diated at —196 °C following the adsorption of H2S on S cen
ters, the color became yellow and species A dominated the 
spectrum, as depicted in Figure 2a. Here the hydrogen hy
perfine lines in the parallel direction become more evident,
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Figure 1. EPR spectra of H2S2-  obtained by allowing H2S to react with 
trapped electrons on MgO at -7 8  °C: (a) experimental spectrum; (b) 
simulated spectrum using a mixing ratio A/B =  5.7.

9X: 2.015

Figure 2. EPR spectra of H2S2“ (A) obtained by irradiating the H2S ad
sorbed on MgO at —196 °C for 10 min: (a) experimental spectrum; (b) 
simulated spectrum.

although some of the isotropic spectrum is still observed. The 
simulated spectrum of only species A is shown in Figure 2b. 
Upon warming the sample to 25 °C the color changed to white 
and no paramagnetic species was observed.

In a similar experiment D2S was used, and the resulting 
EPR spectrum shown in Figure 3a is satisfactorily simulated 
in Figure 3b, using the same g values as described earlier and 
a concentration ratio A/B = 19. The two nonequivalent deu
terium hyperfine splittings used in the simulation were 1.4 and
1.0 G, which are the expected values based on the magnetic 
moments of hydrogen and deuterium. The deuterium hy
perfine splitting is not resolved in the spectrum.

When H2S enriched to 25.5% in sulfur-33 was adsorbed on 
MgO containing S centers, the EPR spectrum revealed ad-

Figure 3. EPR spectra of D2S2_ obtained by allowing D2S to react with 
trapped electrons on MgO at —78 °C: (a) experimental spectrum; (b) 
simulated spectrum using a mixing ratio A/B =  19.

Figure 4. EPR spectra of H233S2~(B) obtained by allowing 25.5% 
33S-enriched H2S to react with trapped electrons on MgO at —78 °C: 
(a) experimental spectrum; (b) simulated spectrum.

ditionai hyperfine lines as depicted in Figure 4a. Upon irra
diation at 254 nm for 10 min the relative intensity of species 
B was greatly reduced; whereas, two sets of quartet lines 
having splitting constants 61 and 41 G, centered on g|| of 
species A, became apparent. These additional hyperfine lines 
became much more obvious when H2S enriched to 59.2% in 
sulfur-33 was used (Figure 5a). In an attempt to analyze the 
experimental spectra by simulation, statistical percentages 
for sulfur-33 isotope combinations in the ion having two 
nonequivalent sulfur atoms were calculated, as listed in Table 
I. From the isotope combinations for 25.5% 33S the spectrum 
of Figure 4b was simulated using the previous g values and 
hydrogen splitting constants with |ax s(A)| = |ax s'(A)| =2 
G, |a|[s(A)| = 61 G, |o[|s'(A)| = 41 G, |aisos(B)| = 13 G, 
|aisos'(B)| = 9 G, and a concentration ratio of A/B = 5.7. In 
Figure 5b the simulated spectrum of species A is depicted for 
the HSS'H'-  ion enriched to 59.2% 33S.

Discussion
The g values obtained for species A are in reasonably good 

agreement with those reported by Bennett et al.1 for the 
spectrum assigned to the H2S~ radical. Contrary to their as-
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Figure 5. EPR spectra of H233S2~(A) ootained by irradiating 59.2% 
33S-enriched H2S adsorbed on MgO at —196 °C for 10 min: (a) ex
perimental spectrum; (b) simulated spectrum.

TABLE I: Statistical Percentages for Sulfur-33 Isotope 
Combinations in H2S2-

59.2% 33S 25.5% 33S

HSS'H'“ 16.6 55.5
H33SS'H'- 24.2 19.0
HS33S'H'- 24.2 19.0
H33S33S'H'~ 35.0 6.5

a ns'(A) = 41 G. A change in hybridization may be attributed 
to the formation of H2S2-  at different sites on the MgO sur
face. The calculated value of gis0(A) = 2.011 is reasonably close 
to that observed for species B.

Since the sulfur atom has low-lying 3d orbitals, the energy 
levels for the 3p and 3d orbitals may'be close; thus either a (73d 
bonding orbital or a cr3p* antibonding orbital may accomodate 
the unpaired electron. Consideration for the occupancy of the 
unpaired electron in the two possible molecular orbitals has 
been given by Akasaka et al.3’8 in their study of the radicals 
[R-CH2-S -S-C H 2-R] obtained by y irradiation of L-cystine 
dihydrochloride. Using their experimental g  tensor they found 
an energy splitting between the ground and the first excited 
state which was much too large when an occupancy of the 0̂  
orbital was assumed. Therefore, the unpaired electron prob
ably occupies the <t3p* antibonding orbital. A similar conclu
sion can be'drawn for H2S2_ (A) since the ion has a similar 
magnitude of g-tensor shift. Furthermore, the observation 
that g j > ge and g|| ~  ge for H2S2_ (A) is consistent with the 
calculated g values for the occupancy of <73P*.

In the simplest description the <r3p* orbital can be expressed 
as

<73p* = 3̂P;rl ~ 3p*2̂ W
where the subscripts 1 and 2 refer to the two sulfur atoms. The 
experimental hyperfine tensor may be resolved into its iso
tropic and anisotropic components:

signment it is believed that the hyperfine structure of hy
drogen is derived from two nonequivalent hydrogen atoms for 
both species A and B. This assignment is based more on the 
observation of nonequivalent sulfur hyperfine splitting than 
on our actual ability to distinguish between equivalent and 
nonequivalent hydrogen atoms. The small, isotropic values 
of the hydrogen hyperfine constants suggest that the primary 
interaction is due to spin polarization by an unpaired electron 
which is almost totally on other atoms. As pointed out by 
Symons, the H2S~ radical is expected to have large isotropic 
proton coupling constants, thus it is probable that none of the 
spectra are due to H2S~. The weak 33S hyperfine lines which 
Bennett et al.1 observed as having o s = 60 ±  2 G are probably 
the same as those observed in this study with ays(A) = 61
G.

The 33S hyperfine structure, on the other hand, indicates 
that species A, and perhaps species B, contain two non
equivalent sulfur atoms. The two nonequivalent sulfur atoms 
( /  = 3/2) give rise to two sets of four hyperfine lines each, as 
indicated in Figure 5. Each of these hyperfine lines is further 
split by the two nonequivalent hydrogen atoms. The experi
mental spectrum agrees well with the simulated spectrum of 
the proposed HSS'H'-  molecule. This agreement is consid
erably better than that obtained by assuming equivalent 
sulfur atoms.

The situation is not so clear with respect to species B since 
there is a large overlapping of hyperfine lines in the EPR 
spectrum. Better agreement between the experimental and 
simulated spectra is obtained using the model H2S;r, rather 
than H2S~. It is proposed that the isotropic spectrum is the 
result of ion motion on the surface in three dimensions. Two 
dimensional motion has been previously noted for SO3-  and 
S3~ on magnesium oxide.6'7 The values ajsos(B) = 13 G and 
ajS0s’(B) = 9 G are somewhat less than the 19 and 12 G cal
culated from a j_s(A) = aj_s (A) = —2 G, a||S(A) = 61 G, and

‘ - 2 —21
- 2 =  1 9  + -21 ( 2 )

6 1 _ 4 2 _

' - 2  • ” — 1 4

- 2 =  1 2  + - 1 4 ( 3 )

4 1  _ 2 8 .

Using a theoretical value of 970 G for the isotropic interaction 
in a pure 3s orbital9 and 59 G for 2/3 in a pure 3p orbital10 [2/3 
= %Ye7 s(r~3)3p] one obtains spin densities of 3% for the 3s 
orbitals and 119% for the 3p orbitals on the two sulfur atoms. 
A calculated spin density in excess of 100% is not unreasonable 
in view of the uncertainties in the experimental hyperfine 
constants and the theoretical value of 2/3. The predominant 
3p character estimated from the spin density agrees well with 
the anion model in which the unpaired electron is localized 
in the antibonding o-cp* orbital between the two sulfur 
atoms.

The mode of formation of the radicals via the transfer of 
electrons from the surface to the actsorbed H2S confirms that 
the observed species are anions. When H2S is adsorbed on the 
S centers of MgO, the H2S~ ion may be formed initially. This 
ion may then react with a neutral H2S molecule, forming 
H2S2-  and H2. Subsequent irradiation undoubtedly leads to 
the photolysis of H2S and other reactions which may result 
in additional H2S2_ and elemental sulfur. The nonequivalency 
of the two sulfur and two hydrogen atoms may be generated 
from the effect of the surface environment. A similar situation 
exists when the superoxide ion is formed in a Y-type zeolite 
or on the surface of molybdenum oxide supported on silica 
gel.11 The reason for the high mobility experienced by part of 
the H2S2-  molecules is not understood at this time.
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Pulse Radiolysis and Electron Spin Resonance Studies of Nitroaromatic Radical Anions. 
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Nitrobenzoic acids, dinitrobenzenes, and di- and trinitrobenzoic acids were reduced by eaq~ and by the C02~ 
and (CH.i^COH radicals in irradiated aqueous solutions. The rate constants for reduction by the latter radi
cals were found to be close to 109 M _1 s_1 in most cases, with some substituent effects noted. The radical an
ions produced exhibit intense (e ~104 M ' 1 cm-1) absorption spectra peaking around 300 nm, except for p- 
dinitro derivatives which qre shifted to the 400-nm region. They protonate with pKa 2-3 to produce radicals 
which absorb at lower wavelengths and which decay considerably more rapidly. One-electron redox poten
tials for the nitro compounds were determined using the electron transfer reactions between their radical an
ions and duroquinone and observing the kinetics of these reactions and the equilibrium concentrations of 
all components. The potentials were found to vary from —0.433 V for m-nitrobenzoic acid to —0.257 V for p- 
dinitrobenzene. The radical anions have also been observed by ESR and the assignment of hyperfine con
stants was usually straightforward. The nitro group nitrogen hyperfine constants were correlated with the 
redox potentials. The mononitro derivatives were found to follow a previous correlation of various nitroaro
matic and nitroheterocyclic compounds, while the dinitro derivatives yield a similar linear correlation but 
with a different slope. The reason for this difference is discussed. Considerations of the present results and 
previous studies on intramolecular electron transfer in nitrobenzoatopentaamminecobalt(III) complexes 
show that the redox potential is of lesser importance in determining the rate of this transfer. The important 
factor appears to be the spin density on the carbon bearing the carboxyl group, which when higher provides 
a better channel for the electrons to be transferred from the nitro anion group to the cobalt center.

Introduction

Because of their relative ease of being reduced, nitroaro
matic and nitroheterocyclic compounds find use as efficient 
radiosensitizers3 and one-electron acceptors.4’5 Sensitization 
of cells to radiation damage by these compounds has been 
related to the electron affinity of the sensitizer,6 while the 
sensitizing efficiency has been related to the one-electron 
reduction potential.7-9 A method for measuring thermody
namic one-electron redox potentials of nitro compounds has 
been fully established (cf. ref 7 and references therein). In this 
work, we have determined the reduction potentials of a series 
of dinitrobenzenes and nitrobenzoic acids using the technique 
of pulse radiolysis. The rate constants for the reduction of

the compounds by reducing radicals, such as C02~ and 
(CH3)2COH, and the spectral, kinetics, acid-base, and ESR 
parameters of the resulting radical anions have also been 
evaluated.

A knowledge of the spin density distribution in the radical 
anions of the nitrobenzoic acids and their redox potentials is 
of consequence to the interpretation of ligand-to-metal in
tramolecular electron transfer observed in the one-electron 
reduction of cobalt(III) complexes containing nitrobenzoato 
ligands.10’11 Specifically, the reduction of o-, m-, or p-nitro- 
benzoatopentaamminecobalt(III) results in the formation of 
coordinated radical species which decay via first-order uni- 
molecular kinetics (with k = 4.0 X 105, 1.5 X 102, and 2.6 X 103 
s-1, respectively)10’11 to form Co2+.
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Experimental Section
The nitro compounds were obtained from Aldrich Chemical 

Co. and from Eastman Organic and were used without further 
purification. Isopropyl and t e r t -butyl alcohols were Baker 
Analyzed reagents. Aqueous solutions were buffered with 
Baker Analyzed sodium phosphates and were deoxygenated 
by the bubbling of pure nitrogen or argon. In some cases, the 
solutions were saturated with N20  (2.5 X 10- 2  M at 1 atm 
partial pressure).
N The optical spectra arid kinetics parameters were obtained 

at the U.S. Army Natick Research and Development Com
mand using the Febetron 705 pulse radiolysis apparatus.12 

Determinations of one-electron redox potentials were carried 
out at Carnegie-Mellon University using the method described 
by Meisel and Neta7 and the computerized pulse radiolysis 
system first described by Patterson and Lilie13 and lately 
modified to allow more detailed examination of reaction ki
netics. The ESR experiments were also performed at Carne
gie-Mellon University using the in situ steady-state radioly- 
sis-ESR technique described by Eiben and Fessenden.14 Both 
of the latter experiments utilized 2.8-MeV electrons from a 
Van de Graaff accelerator operated in the submicrosecond 
pulse or dc mode.

Results and Discussion
The radiolytic decomposition of liquid water yields eaq~ 

(2 .8), OH (2.8), and H (0 .6 ) as the reactive radicals, where the 
values in parentheses are the G  values of each species (G = 
number of radicals generated per 100 eV of energy absorbed). 
In the presence of N20, eaq_ is converted to OH (k =  8 .6  X 109 

M _ 1 s' -1) ; 15 in acidic solution, eaq~ is converted to H (k  = 2.2 
X 1010 M_ 1 s' 1) . 15 Hydroxyl radicals and H atoms react rap
idly with HC02~ and (CH3)2CHOH to form C02~ and 
(CH3)2COH radicals. Thus, from the choice of OH and H 
scavengers, a system containing essentially a single reactive 
radical with G  = 6.2 can be established. This radical reacts 
rapidly and stoichiometrically with the nitroaromatic solute 
to produce a reduced species with G  = 6.2. From a knowledge 
of the radiation dose absorbed in the pulse and the G  value, 
the concentration of the reduced nitroaromatic compound can 
be established, permitting evaluation of the extinction coef
ficient and decay kinetics of the optically absorbing 
species.

R ed u c tio n  o f  N i tr o b e n z o ic  A c id s  a n d  D in itr o b e n z e n e s  a n d  
S p e c t r a  o f  I n t e r m e d ia t e s . The reaction of C02~ and 
(CH,3)2COH radicals with the anionic forms of the nitroben
zoic acids at pH 7.0 generated the absorption spectra of the 
reduced radical species in good agreement with absorption 
spectra of nitroaromatic radical anions in MTHF glasses at 
77 K. 16 The same spectra were observed for a given substrate 
irrespective of the reducing radical used. At pH 0.8, the re
action of (CH3)2COH with the nitroaromatic compounds 
produced somewhat different radical absorption spectra 
(Figures 1 and 2); the variation of the spectra as a function of 
pH gave rise to a “titration curve“ from which the pAa of the 
radical was derived. The rate constants for the reactions of the 
nitroaromatic compounds with the reducing radicals were 
determined from the pseudo-first-order formation of the 
optical absorption of the reduced species. The rate constants 
of the reduction reactions, the spectral characteristics of the 
nitroaromatic radical anions, and their pKa values are given 
in Table I. At pH 0 .8 , the compounds reacted with 
(CHg)2COH radicals with rate constants within 20-30% of 
those obtained at pH 7.0.

250 3K> 250 350 250 350

Figure 1. Transient optical absorption spectra of electron adducts to 
nitrobenzoic acids (NBA), dinitrobenzoic acids (DNBA), and trlnitro- 
benzoic acid (TNBA), observed in irradiated (0.5-2 krads) aqueous 
solutions containing 5 X  10~ 5 M of the parent acid and 1 M i-PrOH: open 
circles, radical anions at pH 7.0; solid circles, protonated radicals at 
pH 0.8.

Figure 2. Transient optical absorption spectra of dinitrobenzene radical 
anions (pH 7, open circles) and of their protonated forms (pH 0, solid 
circles) In aqueous solutions.
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The dinitro and trinitro derivatives react with C02~ with 
k  ~  2-3 X 109 M- 1  s- 1  and with (CH3)2COH with k  ~  3 X 109 

M “ 1 s- 1  without any meaningful differences between isomers, 
the values being close to the diffusion-controlled limit. On the 
other hand, the mononitro compounds react somewhat more 
slowly with the para derivative being the most reactive with 
both radicals. The meta and ortho derivatives are less reactive 
in that order. The lower reactivity of the meta isomer is most 
probably related to its lower reduction potential (vide infra); 
in the case of the ortho, some additional effect may be exerted 
by the neighboring carboxylate group, possibly through steric 
or electrostatic repulsion.

Inasmuch as reduction of a nitro compound results in the 
radical having substantial spin density on the nitro group, 
albeit dependent upon the presence of electron-donating and 
-withdrawing groups on the ring, it is appropriate to assume 
that in neutral solution the nitrobenzoate radicals exist as 2 — 
charged species. :

0 2NPhC02-  + e- ->■ - 0 2NPhC02-

The radicals would also be expected to be highly stabilized due 
to delocalization of spin throughout the aromatic system. 
Their second-order decay rates, probably representing dis
proportionation reactions, are quite low with k  ~  105 M- 1  s-1. 
(The radical from 2,4-dinitrobenzoate did not show purely 
second-order decay.) The two radicals which contain two nitro 
groups para to each other show considerably higher decay rate 
constants owing probably to a greater delocalization of the 
negative charge. At pH 0.8, the radicals are most probably 
protonated at both the carboxylate and nitro anion groups. 
A previous study17 on the reduction of nitrobenzene showed 
the pK a value for the nitro anion group to be in the region 2-3. 
The pK a value for the carboxylate group would be expected 
to be somewhat higher than that for the parent molecule due 
to the additional negative charge, as has been found in pre
vious studies.18-20 The second-order decay rates of the radicals 
at pH 0.8 are >108 M - 1  s“ 1 reflecting their uncharged nature 
in acidic solution and decreased resonance stabilization.

H02NPhC02H " 0 2NPhC02H <=► - 0 2NPhC02-
pK  2-3 pK  3-4

The spectral parameters of the radicals depend on the iso
meric structure and the state of protonation of the radical. The 
transient absorption maxima shift to higher wavelengths in 
the order nitrobenzene < m-nitrobenzoic acid < o-nitroben- 
zoic acid < p-nitrobenzoic acid for the radical anions and their 
protonated forms. This order can be explained in terms of the 
increased resonance interaction of the substituents with the 
ring as a function of position. In the dinitro compounds 
(Figures 1 and 2 and Table I) it is clear that the relative posi
tion of the two nitro groups is a governing factor and the 
wavelength of the absorption maxima again increase in the 
order meta < ortho < para. In the two compounds where the 
nitro groups are meta to each other (3,5- and 2,4-dinitroben- 
zoic acid), the position of the carboxyl group is also effective 
in shifting the maximum. With all the variations in Xmax for 
the transients, no significant changes in tmax are observed. The 
protonated forms of the radicals show absorption maxima at 
shorter wavelengths than the deprotonated forms but ap
proximately the same emax values. This is in keeping with the 
reduction of the extent of resonance upon protonation of the 
substituents.

The pK a values of the radicals were obtained by measuring 
the transient absorption under equilibrium conditions as a 
function of pH at an appropriate wavelength where the
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TABLE II: Equilibrium Constants, One-Electron Redox Potentials, and Rate Constants for N~ + DQ^ztN + I)Q '
" 1

No. Nitro compound
K

M~' s-*
k - j

M " 1 s' 1
V K

from c o n c n
E , \
V

1 o-Nitrobenzoic acid 3.0 X 10s 3 x 105 1 0 0 0 950 ■ -0.412
2 m-Nitrobenzoic acid 1.1 X 109 4.5 X 10s 2400 2 2 0 0 -0.433
3 p-Nitrobenzoic acid 7.2 X 108 1.8 X 106 400 550 ■ . -0.396
4 o-Dinitrobenzene 3.4 X 108 6.3 X 107 5.4 7.66 -0.287
5 m-Dinitrobenzene 1.1 X 109 1.3 X 101 85 ' - 73.8 -0.345
6 p-Dinitrobenzene 1.1 X 109 7.3 X 108 1.5 2.37 -0.257
7 3,4-Dinitrobenzoic acid a 4.12 -0.271
8 3,5-Dinitrobenzoic acid 1.1 X 109 1.8 X 107 62 71.5 -0.344
9 2,4-Dinitrobenzoic acid 6.3 X 108 8.3 X 10s 76 73.4 -0.345

1 0 2,5-Dinitrobenzoic acid a 4.26 -0.272
a Change of absorption with time was not sufficiently large to allow the determination of the rate constants.

spectral difference between the protonated and deprotonated 
forms was a maximum. Because of the large spin density on 
the nitro group compared to that cn the carboxyl group, it is 
assumed that the chromophore resulting in optical absorption 
is thè nitro group (protonated or deprotonated) with little 
contribution from the carboxylate group (protonated or 
deprotonated), i.e., spectral changes due to protonation of the 
carboxyl group are expected to be considerably smaller than 
those resulting from the protonation of the free radical site. 

■Therefore, the pK & values given in Table I are taken to be 
those of the nitro radical group. Effect of the carboxylate 
group can be ruled out on the basis of a comparison of the di- 
nitrobenzoates to the dinitrobenzenes.

O n e -E le c t r o n  R e d o x  P o t e n t ia ls . The measurement of 
one-electron reduction potentials  ̂ consists of the determi
nation of the equilibrium constant K  for

N-“ + Q N + Q -  (1)
k -i

where N represents the nitro compound, Q is a reference 
quinone for which the one-electron potential E 1 is known, and 
N-" and Q-~ are their respective radical anions. The concen
trations of all components are determined under equilibrium 
conditions and are used to derive K  and A E .

The one-electron reduction potentials of the nitrobenzoates 
and dinitrobenzenes at pH 7.0 were determined by reference 
to duroquinone using the method described in detail pre
viously.7 Solutions containing varying concentrations of the 
nitro compound and duroquinone, and excess 2 -propanol, 
were pulse irradiated and the change of absorption followed 
at 445 nm, the maximum of the durosemiquinone absorption. 
The nitro radical anions have a low absorbance at this wave
length but a correction was applied, if necessary. In all cases, 
an initial absorption was observed immediately after the pulse, 
followed by an increase resulting from electron transfer from 
the nitro aromatic radical anion to the duroquinone, up to a 
plateau which represents the equilibrium conditions achieved 
before any appreciable decay of the radicals took place. Except 
for two cases (3,4- and 2,5-dinitrobenzoate), the change in 
absorption with time was sufficiently large to allow the eval
uation of both k i  and k - i  as described previously.7

The results summarized in Table II show that all the nitro 
radical anions studied undergo electron transfer to duroqui
none with rate constants ( k })  o f  3-11 X 108 M - 1  s~', with &_i 
varying over three orders of magnitude. In most cases, the 
equilibrium constant, K ,  calculated from the solute and rad
ical concentrations at equilibrium, is more accurate than that 
calculated from k i / k - y  However. Table II shows that the 
agreement between the two sets of results is very good and

represents less than ±5 mV in the redox potential. The E j 1 
values in Table II have been calculated from the concentra
tions and using E71 for duroquinone, —0.235 V .7 .;

A comparison of the potentials in Table II and the value 
reported7 for nitrobenzene (-0.486 V) shows that the presence 
of the carboxylate group makes the potential considerably less 
negative; its effect is in the order meta < ortho < para, the. 
same order of effect found in the optical absorption maxima. 
The addition of a nitro group to nitrobenzene has a stronger 
effect than the carboxylate group but the isomeric order of the 
effect is the same. The results for the dinitrobenzoates show 
that the relative positions of the two nitro groups are far more 
important than the position of the carboxylate group in de
termining the redox potential. Correlation of these potentials 
with spin distribution is given below.

E le c tr o n  S p in  R e s o n a n c e  S tu d ie s . The ESR spectra of the 
nitroaromatic radical anions have been recorded using the in 
situ radiolysis steady-state ESR technique14 and the param
eters are summarized in Table III. The assignments of hy- 
perfine constants in the mononitrobenzoate radicals are 
straightforward and follow previous assignments for nitro
benzene and its derivatives. 14 Hyperfine constants for the 
dinitrobenzene radical anions can be also assigned easily and 
are in good agreement with previously reported results ob
tained by a different method.21 It should be noted that while 
both o- and p-dinitrobenzene anions have two equivalent 
nitrogens, the ortho isomer showed a strong alternating line 
widths effect while the spectrum of the para isomer gave little 
indication of such an effect. This difference can be rationalized 
by the dynamical model of Rieger and Fraenkel22 if it is as
sumed that steric effects in the ortho isomer cause an in
stantaneous twist of one of the nitro groups. In contrast, the 
meta isomer has inequivalent nitrogens and can be simply 
treated as a substituted nitrobenzene radical anion, with pa
rameters very similar to those observed, for example, for the 
meta carboxy derivative (see Table III). Despite this local
ization of the radical site, caused by the strongly polar solva
tion, some electron exchange does take place to cause line 
widths alternation similar to that observed previously.21 The 
same type of line width effect was also evident in the spectra 
of all dinitrobenzoate radical anions.

The structure of radicals derived from the dinitrobenzoates 
and their hyperfine constants are also given in Table III. It is 
seen that the nitro groups of both 0 - and p -dinitrobenzene 
become inequivalent upon the introduction of a carboxyl 
group on the ring. This is of course expected and the assign
ments do not present any difficulty. The assignments for the 
other two dinitrobenzoate radicals are easily made by com
parison with the parameters for the m  -dinitrobenzene anion.
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TABLE I I I :  ESR Parameters o f Nitroaromatic Radical
Anions0

Radical

CO,

NO,"

cor

aH g  factor

13.85
0 3.29 

m  1.12; 1.18 
p 3.55

2.00453

14.03 1'•v.
0 3.38 (2) 

m  1.13 
p 3.61

2.00449

13.02
0 3.35 (2) 

m  1.14(2) 2.00458

5 .S 3  ( 2 )
3,6 1.00 (2) 
4,5 1.20(2) 2 .0 0 4 6 6

1 3 .1 2
0.26

2,6 3.42 (2) 
5 1.12 
4 3.68

2.00451

4.66 (2) 1.09 (4) 2.00485

8.70
1.86

6 2.31
3,5 0.42; 0.13 2.00470

12.86
0.26

2,6 3.42 (2) 
4 3.69 2.00449

12.70
0.24

2,6 3.46; 3.37 
5 1.13 2.00458

8.88 2,6 2.67 (2)
0.24 5 0.48 2.00486

11.85 2,6 3.46 (2) 2.00452

“ Determined in irradiated aqueous solutions containing
1—5 X 10~4 M of the nitro compounds, 0.1 M 2-propanol, 
2 mM phosphate buffer at pH 7, and deoxygenated by 
bubbling with pure nitrogen. The hyperfine constants a are 
given in gauss and are accurate to ±0.03 G. The g  factors 
were determined relative to the signal from the silica cell14 
and are accurate to ±0.00005. Second-order corrections 
have been made.

The radical from 3,5-dinitrobenzoate has also been reported 
previously21 and the splittings are in good agreement with the 
present measurements. The spectrum recorded with the

trinitrobenzoate showed the presence of only one nitrogen and 
two equivalent protons and must be assigned as in Table III. 
The other two nitrogens probably have hyperfine constants 
of <0.1 G.

The g  factor also shows variation with isomeric structure. 
In each series the g  factor increases in going from meta to 
ortho to para, the same order as that of the decrease in nitro
gen hyperfine constants. Again the effect of an additional nitro 
group on nitrobenzene and of its position is far greater than 
that of the carboxyl group.

C o rre la tio n  o f  R e d o x  P o te n t ia ls  w ith  H y p e r f in e  C o n s ta n ts . 
In the previous paper on the one-electron redox potentials of 
nitroaromatic and nitroheterocyclic compounds,7 an inverse 
linear correlation between these potentials and the nitrogen 
hyperfine constant <znc>2 of the corresponding radical anion 
has been presented. It was argued th^t a decrease in <zno2 

means greater stabilization of the radical and, therefore, a 
more positive potential for the reduction of the parent com
pound. The results obtained in the present study for the three 
nitrobenzoate anions are found to fit quite well with the pre
vious correlation;7 the results for 2,4- and 3,5-dinitrobenzoate 
also fall close to the same line (Figure 3). However, the dini- 
trobenzenes and the 2,5- and 3,4-dinitrobenzoate do not give 
quantitative agreement with these other results showing a 
linear relationship with a different slope; the qualitative order 
is as expected. In considering this type of correlation for the 
nitro compounds, it must be remembered that the simple plot 
of E 71 vs. â Q, is based on the assumption that a^o2 represents 
the spin density on the nitro group and indicates the portion 
of the spin density that is on the ring. This assumption is 
correct to a first approximation if the internal spin distribu
tion within the nitro group remains constant. This approxi
mation may not hold for the dinitro derivatives, especially the 
para isomer, if strong solvation by the polar water molecules 
changes the spin distribution within the nitro group. In this 
connection, it should be noted that onq2 in water is greater 
than that in acetonitrile by a factor of 1.4 for nitrobenzene and 
m  -dinitrobenzene, 1.8 for o-, and 2.7 for p-dinitrobenzene.23 

Moreover, molecular orbital calculations22 also show that the 
spin on the oxygen increases at the expense of the spin on the 
nitrogen for the radical anions derived from nitrobenzene <
o- < p-dinitrobenzene. A straight line can be drawn through 
the data for the dinitrobenzenes using double the value of a $ 02 

for the ortho and para derivatives. The results for all four di- 
nitrobenzoates fit the same line quite well. The slope is only 
0.025 as compared with 0.054 for the mononitro deriva
tives.7

In using ESR data for the estimation of redox potentials, 
caution must be taken in accounting for effects which cause 
a change in 0^02 unrelated to the change in spin density on the 
ring. Substituents which attract a considerable spin density 
may also cause deviations from the linear correlation. How
ever, if a closely related group of compounds is examined and 
the differences in potential are very small, then the ESR re
sults can be employed to discover variations in E 1 within the 
experimental error of their actual determination.

I n tr a m o le c u la r  E l e c t r o n  T r a n s fe r . The nitrobenzoate 
rad ical a n ion s  a re  ra th e r  g o o d  r e d u c in g  agents a c c o u n tin g  for 
the efficiency of intramolecular electron transfer when coor
dinated to a Co(III) center.10-11 If one assumes that the redox 
potentials of the radical anions are the same when free or 
coordinated, it is clear that the rate constants for intramo
lecular electron transfer cannot be directly correlated to the 
potentials. Instead, the factor of 10 difference in rate constants 
between the m -  and p-nitrobenzoato complexes is probably
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N
aN~ -Gauss

Figure 3. Correlation of (lne-electron reck»< potentials £71 with nittbgen .
hyperfine constants ~. Numbers relat~ to number of compounds in
Table II. For the valueS-m'~2 used see Table III and text. The dashed
line is the line drawn in reI 7 and fits the rnononitrobenzoates (open
circles). The dinitro derivatives (solid circle) are correlated by the solid
line.

the result of the differen& III tlf>in density distribution. The
carbon para to the nitro group-hears a considerable spin
density (~15%) while the meta carbon has a negligible amount.
Therefore, in the p-nitrobenzoato complex, a channel is pro
vided for the electron to be transferred to the metal center;
in the m-nitrobenzoato complex, such channeling is limited.
The 1oo-fold faster electron transfer rate in the ortho isomer
probably arises from overlap of the nitro and carboxylate or
bitals providing an efficient pathwa:y to the metal center. The
spin densities on the coordinated ndical appear to establish
the trends and correlation with the intramolecular rates for
other nitroaromatic carboxylato complexes will be discussed
in a separate publication.24

- ...
LlJ -0.4

Q 10 12 14
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The Internal Chemical Shift-A Key to Bonding in Aromatic Molecules. 2. Substituent

Effects on the Carbon-13 Magnetic Resonance Spectra of the 1,4-Disubstituted

Benzenes1

D. W. Beiste'· and W. Dan Edwards

Department of Chemisf'y, University of Missouri-Rolla, Rolla, Missouri 65401 (Received March 26. 1976)

Carbon-13 magnetic resonance shifts were determined for six families of 1,4-disubstituted benzenes. Linear
least-squares correlations between the internal shifts of the families suggest an additivity relationship for
13C substituent effects at all four nonidentical ring carbons and at the (\' position when one of the substitu
ents has a central carbon. The correlation of IH and 13C shifts for these compounds is also linear, implying
that the additivity relationships derived in a previous IH study can be generalized to 13C.

Introduction

The 13C spectra of many aroma:ic substances have been
reported in recent years. Except for early investigations by
Lauterbur,2-s Spiesecke and Schneider,7 and SavitskyBlittle
attention was paid the substituted benzenes before 1965.
Perhaps the need to characterize more complex systems

prompted that neglect. In any case Dhami and Stothers9- 11

and Grant et a1. 12 were among the few later investigators who
showed any marked interest in the substituted benzenes.

The studies of Grant and co-workers12 suggested a possible
theoretical model for 13C shifts. The shift was attributed to
contributions from the 1I"-charge density, ilQ .. , the u-charge
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TABLE I: ,3C Shifts of the 4-Z-Substitu‘ted Nitrobenzenes (in ppm) Relative to TMS

Z Ci(Z) C2(Z) C3(N02) C4(N02) & c23

NMe2 154.09 110.08 125.83 135.75 -15.75
OMe 164.52 113.93 125.67 141.39 - 12 .0

F 160.99 115.79 125.99 144.29 -9.92
171.23 116.75 126.39

Me 145.79 129.64 123.29 146.07 6.35
Et 151.83 128.45 123.49 146.19 5.16
£-Bu 158.65 126.03 123.17 145.79 2 .8 6

Cl 141.15 129.44 124.80 146.43 4.64
Br 129.71 132.46 124.80 146.87 7.66
I 102.38 138.45 124.68 147.62 13.77
COOMe 135.40 130.60 123.45 150.48 7.15
CH=0 140.0 130.36 124.21 151.07 6.15
CN 116.67" 133.33 124.17 150.0 9.16
COC1 137.94 132.10 123.89 151.47 8 .2 1

TABLE II: 13C Shifts of the 4-Z-Substituted Benzonitriles (in ppm) Relative to TMS
---------------------------- 0 --------------------------------------------------------------------------------------------------- C =T N -----------------------

Z ■ ■Ĝ -N .. Ci(Z) C2(Z) C3(CN) — G^GN)-  Ac23

NMe2 97.22 150.34 111.31 133.14 120.48 -21.83
n h 2 99.76 150.44 114.29 133.57 120.04 -19.28
OMe 103.85 162.7 114.68 133.77 119.01 -19.09
OH 102.98 160.12 116.39 134.17 119.0 -17.78
Me 109.29 143.49 129.64 131.83 118.93 -2.19
H 112.46 132.58 128.97 131.98 118.65 -3.01
Cl 110.75 139.40 129.52 133.17 117.70 -3.65
Br 111.27 127.78 133.17 132.46 117.78 0.71
I 111.71 10 0 .0 0 138.29 132.94 117.86 5.35
COMe 116.23 139.84 128.53 132.30 117.70 13.771
n o 2 118.29 150.0 124.17 133.33 116.67 ) 9.16)

density, A Q „, and the mobile bond order, AP , by the empirical 
relation

5i3C = 100AQX + 67AQ„ -  76AP  (1)

Equation 1 predicted the 13C shift relative to benzene to a 
sufficient accuracy that later refinements13 have not been 
published. The Schneider model for the shifts of aromatic
protons14 '15

5 = k A p  (2)

related ch a n g es  in 7r-ch&rge density at ca rb on , A p, t o  th e  sh ift, 
5, of the attached proton. Unlike the Grant model, no theo
retical basis was used to derive the latter and all other con
tributions were combined in k .

Several difficulties plague these shift models. The data 
bases used in their construction were slight and disorganized, 
and some anomalous substituent effects were required. A re
cent report16 summarizes the differences one notes between 
the conclusions drawn from preliminary 4H shift studies and 
the fruits of an exhaustive approach and a current paper17 

summarizes some theoretical considerations. Similar tho
roughness should be required for a proper analysis of the 13C 
shifts of these compounds if the results are to be useful to 
theoreticians and to students of higher a r o m a t ic  com
pounds.

Experimental Section
The 13C shift measurements were made at 25.2 Mhz with 

a Varian XL-100 high-resolution spectrometer and periph
erals. The typical spectrum was obtained on a sample of the 
purified benzene in DCCI3 (~100 mg/3 ml) in a 12-mm tube

using TMS as the internal standard. Proton and noise de
coupling were employed and all accumulations were obtained 
by standard pulse delay techniques. 18 Assignments were based 
on spin coupling measurements, relaxation times, and relative 
peak intensities. Sample sources and purification techniques 
have been reported elsewhere. 16’19

Computer graphics were run on a Texas Instruments Model 
980A computer equipped with JEOL 10 bit DAC’s and a 
Tektronics Model 604 oscilloscope at a resolution of 1024 
channels. Linear least-squares analyses of the data were 
performed on an IBM 370/168 computer as well as the TI 
9 8 0 A . A  detailed description of these systems is contained in 
a recent ACS Symposium Monograph.20

Results and Discussion
The 13C shifts for the 4-substituted nitrobenzenes and 

benzonitriles are summarized in Tables I and II. Those data, 
together with the shifts of other 4-substituted benzenes (see 
Tables III and VI), give a consistent picture for substitutent 
interactions.

Figure 1 is an example of the linear relationships found 
between the internal shifts, AC23, of the families of 1 ,4 -di- 
substituted benzenes. A listing of the calculated slopes and 
intercepts for the correlations is given in Table VII. Obviously 
the additivity relationships that were suggested for the XH 
internal shifts16 must apply to their 13C counterparts because 
the substituents again seem well behaved.

One can use these internal shift correlations together with 
the data in Tables I-VI to predict the shifts of other members 
of a family. For example, if one required the internal shift for
4-fluorobenzonitrile he could insert the shift of -16.53 ppm 
for 4-fluorobenzoic acid (see Table III) into the equation,
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TABLE III: 13C Shifts for the 4-Z-Substituted Benzoic Acids (in ppm) Relative to TMS

z COOH Ci(Z) C2(Z) C3(COOH) C4(COOH) Ç̂23

NMe2 167.26 152.82 110.56 130.67 116.79 - 2 0 .1 1
n h 2 167.14 152.82 112.34 130.95 116.71 -18.61
OMe 166.71 162.54 113.53 131.07 122.82 -17.54
F 169.64 166.15 115.83 132.10 127.38 -16.53

159.72 114.96 131.75 127.26
H 172.42 133.65 128.33 130.12 129.29 -1.79
Br 166.31 126.63 131.39 129.82 131.03 1.57
I 166.55 100.79 137.30 130.79 130.12 6.51

TABLE IV: 13C Shifts for the 4-Z-Substituted Acetophenones (in ppm) Relative to TMS

Z COMe Ci(Z) C2(Z) Cs(COMe) C4(COMe) Ĉ23

nh 2 196.27 151.31 113.45 130.60 127.34 -17.15
OMe 196.35 163.33' 113.61 130.44 130.28 -16.83
F 196.07 170.67 115.95 130.99 133.61 -15.28

160.56 115.08 130.60 133.53
H 197.18 132.82 128.10 128.33 T36.98 -0.23
Cl 196.39 139.33 129.52 128.73 135.32 0.79
Br 196.47 135.71 131.67 129.60 128.02 2.07
CN 196.15 117.70 132.30 128.53 139.84 13.771
I 196.71 100.83 137.62 129.44 136.19 8 .8 8

TABLE V: 13C Shifts of the 4-Z -Substituted Benzoyl Chlorides (in ppm) Relative to TMS

Z COC1 Ci(Z) C2(Z) C3(COCl) C4(COCl) Ĉ23

n h 2 167.02 150.91 113.61 131.43 119.25 -17.82
OH 166.39 165.52 114.37 133.85 125.04 -19.48
i-Pr 167.58 157.14 126.94 131.55 130.71 -4.61
Cl 166.47 141.98 129.53 132.34 131.35 -2.81
I 166.55 100.83 137.30 130.79 130.04 6.51
NO2 166.75 151.47 123.89 132.10 137.94 18 .2 1 (

TABLE VI: l3C Shifts of the 4-Z-Substituted Benzaldehydes (in ppm) Relative to TMS

Z CH=0 Cj(Z) C2(Z) C3(CHO) C4(CHO) Ĉ23

NMe2 189.72 154.17 110.91 131.71 125.12 - 20 .8

OH 190.79 161.27 115.83 132.30 129.88 -16.5
Me 192.18 138.73 127.80 129.80 133.37 - 2.0

¿-Pr 191.63 155.99 126.94 129.80 134.48 - 2 .8 6

Cl 190.40 140.67 129.29 130.67 134.64 -1.38
I 190.91 102.58 138.25 130.60 135.52 7.65
N02 189.96 151.07 124.21 130.36 140.0 |6-15|

A f ,c n  = 0.990Af.cooh + 0.893 (see Table VII) and obtain a 
predicted value for A f ,c n  = -15.47 ppm. Similar calculations 
for shifts known in both families suggest an uncertainty of less 
than 2 ppm in the estimates of large negative shifts such as this 
and 0.5 ppm for the smaller, positive shifts. The approximate 
error is about 10% for most estimates. Considering the relative 
magnitudes of 13C shifts an uncertainty of that magnitude is 
small enough to make line assignments when it is used in 
conjunction with intensity data from the FT output of the 
spectrometer.

Similar correlations were found between the Ac,-C;( (and 
their A c2_c4 reciprocals) for these series (see Table VIII). 
These correlations of internal shifts at alternate carbons are 
quite good in all cases, suggesting an additivity of substituent 
effects even at Ci and C4.

Tables II-VI contain the 13C shifts for sites external to the 
skeleton of the ring. The shifts for these a-carbons on 4 sub
stitution parallel the trends at C2 and are consistent with 
observations reported for other external nuclei such as 19F in

substituted fluorobenzenes21’22 and nB in the benzeneboronic 
acids.23 One observes a threefold increase in the magnitude 
of the shift induced at the a-carbon of the benzonitriles over 
that induced at an a-boron (see Figure 2). The 13C shift ranges 
for the other families are much smaller however, spanning only 
2 ppm in the benzaldehyde family.

When one plots the internal shifts between the families of
1,4-disubstituted benzenes that are reported here against 
those of a previous ’ H NMR study, 16 he notes some very in
teresting and distinctive relationships. Take Figure 3 for 
example. The substituents seem to fall into two sets when 
A(c2_c3) is plotted against <5(h2-H3)- That is, two parallel lines 
correlate the substituents and the jump from one set to the 
other is equal in every case to the internal proton shift of the 
parent compound in the family. One set of substituents cor
relates directly while the other set correlates with its corre
sponding relative internal proton chemical shift.

In the previous paper16 the shift additivity relationship for 
ring protons suggested that the internal shifts due to the ref-
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Figure 1. Internal (AC2-c3) shift correlation for the 4-substituted nitro- 
benzenes vs. the 4-substituted benzonltrlles.

TABLE VII: Internal 13C Shift Correlations (C2-C 3) 
between Families of 1,4-Disubstituted Benzenes

Corr
Groups Slope Intercept coeff

NO2-CN 0.931 -7.73 0.999
NCb-COOH 0.914 —6.78 0.998
NO9-CHO 0.955 -5.59 0.986
NO,-COCH3 0.985 -5.40 0.998
CN-COC1 1.008 +0.264 0.993
CN-COOH 0.990 +0.893 0.999
CN-CHO 0.952 +0.585 0.987
CN-COCH3 1.038 +2.840 0.999
COC1-CHO 0.879 +0.746 0.992
COOH-H 1.084 +1.77 0.994
CN-H 1.130 +2.67 0.996
NCL-H 1.158 -5.81 0.995

TABLE VIII: Internal Shift Correlations (C 1-C 3) between 
Families of 1,4-Disubstituted Benzenes

Corr
Groups Slope Intercept coeff

CHO-CN 1.029 -4.382 0.999
COOH-CN 0.9803 -3.143 0.995
NO2-CN 1.016 -10.43 0.999
n o 2- coch3 1.013 -6.807 0.996
COOH-COCH3 0.955 1.475 0.995
H-COCH3 0.895 4.845 0.999
h- n o 2 0.906 11.03 0.995
H-CN 0.935 0.715 0.997

erence substituent were subtracted out of the relative internal
shift. If so the correlation of substituents on the lower line in 
Figure 2 might infer that the 13C internal shifts for that set of 
substituents were perturbed by the reference substituent 
while the shifts were not, relative to 13C. Also, the slopes

Figure 2. Correlation of the «-carbon shifts of a series of 4-substltuted 
benzonitriles vs. the " B  shifts of the 4-substituted benzeneboronic 
acids.

for the other families of shifts should be equal and they are 
nearly identical for the benzonitriles and benzoic acids, dif
fering only slightly for the nitrobenzenes. Apparently an in
teraction term does not subtract out in the latter series.

On close inspection an additional factor must be considered 
when analyzing these data. When one considers the shift re
lationships using computer graphics, it becomes obvious that 
both the 13C and XH internal shifts always can be scaled to an 
interval of 0 to it. The transition from one parallel line to the 
other always comes at x/2  in the interval regardless of the 
substituent that falls there. That is, the proton shift range is 
0 to 1.51 ppm for the nitrobenzenes, —0.46 to 0.77 ppm for the 
benzonitriles, and 0.17 to 1.08 ppm for the benzoic acids. The 
median values (tt/2) are 0.75,0.15, and 0.49, respectively, and 
the divergence occurs for each series at about those shifts. 
Further, when one makes a similar scaling of the 13C shifts for
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sink*.

these three series the respective median positions of 6.99, 
—6.34, and —6.80 ppm also seem to represent the points of 
divergence. These positions correspond to a shift of less than
i-Bu but greater (more negative) than Cl for the nitrobenzene 
series, less than OH but greater than H for the benzonitrile 
series, and less than H but greater than Br for the benzoic acid 
series. So the absolute electronic properties of the substituent 
itself do not seem to be a factor of import.

When one examines the relationships between Ac, c:i and 
5ho-H3 the scope of this proposed angular relationship becomes 
even clearer. Figure 4 was obtained by a computer graphics 
analysis of the fit of the Euler-Fourier24 series

_  L  (—1 )* ( y )  sin k x
n =  1 W

to the data. This series gives y  =  m x  as k  becomes infinite and 
the series is finite over the interval, — -it <  x  <  ir. 25 For these 
data sets an excellent fit is obtained when k =  4 and other 
expansions in k  are entirely unsuitable.

The Laplace solution26 for differential equations of the 
form, V 2<j>(x,y) = 0, is a sine series similar to this. The differ
ential equations can be used to describe field gradients within 
a two-dimensional frame which result in distortions in the z  
direction. There y  =  b and x  =  a at the boundaries where 0  

vanishes and 0 n = sinh [m r (b  — y)/a\ sin (m r x / a ) reduces to 
<j>n =  sin (m r x / a ) when (b/ a) = 0.28. Noting that 
J'o(13C)/i'o(1H) = 0.25, we may be observing the effects of a 
frequency boundary on the magnetic gradients.

Perhaps it is not surprising that one sees a possible angular 
dependence in data such as these. After all the empirical 
equation27

2ttp0
1 T ( 1  -  <7;)

contains a shielding term, ( 1  -  <t,), suggestive of the range of 
a cosine function. Also, the well-known “r” scale of Roberts 
implies that an entire family of hydrocarbons is bounded 
within a shift interval of 0 to 10. That interval might well be 
0 to 3ir. To find parallels among the shifts induced by moieties 
on the various nuclei to which they can be bonded, we may 
only need to scale the total absolute shift ranges for each type 
of nucleus, C, P, B, Sn, etc., to an interval in m r. A thorough 
examination of these possible theoretical implications is un
derway at the present time. If correctly interpreted they could

provide a model from which the now empirical shift equations 
can be derived.

It has been shown that the substituents induce well-be
haved 13C and 'H chemical shifts in the 1,4-disubstituted 
benzenes. By well behaved one means that shift additivity 
prevails at C and H sites throughout the benzenoid system and 
any substituent interactions are of minor importance. Sub
stituents capable of 7r conjugation do not seem to interact with 
their electronic environment in that mode because their in
fluence on the ring current is negligible. 16 In addition the 
correlation of a -C  and o-B magnetic resonance shifts, a most 
sensitive test of either ir conjugation or polarization effects, 
almost certainly negates that mechanism.

The 1,4 substitution was chosen to minimize any steric in
teractions so that inductive and conjugation effects could be 
isolated and examined. According to these XH and 13C shift 
studies it would seem that conjugation effects are negligible 
and only inductive interactions play a significant role. Further 
the shift addivity and proportional decrease in shift at the 2 , 
3, and 4 positions suggests that the inductive influences are 
transmitted through the a  bonds. If so, the mathematical 
models proposed by Grant and others can be simplified con
siderably.
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A double-helical model is proposed to calculate solution properties of short fragments (104 < M < 106) of lin
ear, double-stranded DNA. The model, which is based on the Watson-Crick structure, replaces the nucleo
tides by touching spheres, in order to allow for the calculation of hydrodynamic properties. The radius of the 
helix acts as an adjustable parameter. Using this model, we calculate sedimentation coefficients and x-ray 
scattering intensities. Comparison with experimental x-ray diagrams shows that the model contains enough 
structural details to reproduce the data at low and at high scattering angles. The more idealized models (cyl
inder, etc.) fail to reproduce these diagrams. The results for sedimentation are compared with experimental 
data compiled fqr DNA samples of M  < 106. The external radius of the helix, obtained from this comparison, 
is 15.0 A, somewhat higher than the one predicted by a cylinder model.

I. Introduction
Idealized models, such as the freely jointed chain, 1 the 

wormlike chain,2 the bead and spring model,3’4 etc., and sev
eral modifications of them, have beta widely used to interpret 
macromolecular solution properties. These models represent, 
in an approximate way, the longitudinal contour of the mac
romolecular chain, but do not take into account its cross- 
sectional thickness. Substitution of the actual chain by an 
infinitely thin model is a particularly poor approximation in 
the case of DNA, because of the very complicated cross-sec
tional structure of this macromolecule. To get an improved 
representation of DNA, several finite-thickness models, 
having various geometries, have been proposed. The most 
frequently used geometries are the touching spheres model 
(TSM) and the cylinder model (CM) .5 They represent mac
romolecular thickness by mean of the cross-sectional radius 
of the model, which is considered as an adjustable parameter. 
However, values obtained for the radius, by comparison with 
experimental data, depend strongly on the theory used. The 
wide range of values summarized by Triebel et al.,6 for the 
hydrodynamic diameter of DNA, is evidence of this circum
stance.

In all of these theories, the double helical shape of native 
DNA is substituted by a simpler shape. The values obtained 
for the radius vary with the theory, because, among other 
factors, the cross section is represented in them by different 
idealizations of the actual geometry. Of course, the most 
correct procedure would be to obtain the radius for the actual 
double-helical structure of DNA, without substituting it by 
a more idealized one. This is, precisely, the purpose of this 
work. We represent the DNA molecule by means of a dou
ble-helical model (DHM) whose features are detailed in sec
tion II.

Molecular weights, M, of intact DNA samples are too high 
for the details of the cross section to be relevant, and the 
simpler models are, therefore, adequate to describe the 
properties of the these samples. However, there is an inter
mediate region of M  (104 < M  < 106) where the usual macro- 
molecular solution properties (hydrodynamic, scattering, etc.) 
are still useful, and, at the same time, where the thickness to 
contour length becomes appreciable in the chain. In the 
present paper, we analyze the influence of the double-helical

structure on solution properties of DNA’s belonging to this 
molecular region. Even in this interval, some properties are 
insensitive to the helical shape. For example, we have shown 
in a previous work7 that a double-helical model with elements 
having three different polarizabilities gives almost the same 
intensity of polarized scattered light as the much simpler 
model of an anisotropic rod with only two polarizabilities.

However there are, also, solution properties which are 
sensitive to the details of the cross-sectional structure. The 
sedimentation coefficient, S , can be cited as an example. Its 
experimental determination has been used to calculate the 
thickness of the DNA molecule. S is typical in giving different 
values for the radius, depending on the theoretical model used. 
For this reason, we emphasize here the applicability of our 
DHM to the interpretation of this property.

Because of the high stiffness of the double-stranded chain, 
DNA samples in the region 104 < M  <  106 exhibit a rigid or 
slightly bending configuration. The flexibility of the DNA 
chain is, thus, not the main problem in our work. For this 
reason, our DHM is rigid and makes use of the double helical 
structure of DNA.

In order to calculate S, we have to introduce some arbitrary 
assumption about the frictional elements constituting the 
chain, because present-day hydrodynamic theories do not 
allow for an atomic scale description of this property. Ac
cording to these theories, each one of the frictional elements 
has to be regarded as an equivalent unit that encloses several 
atoms of the molecule and which interacts with a solvent 
continuum. In view of this limitation, we choose the nucleo
tides of the DNA molecule as frictional units and assume that 
they behave, hydrodynamically, like spheres. The DHM is, 
then, a double helix of touching spheres having as many 
spheres as there are nucleotides in the molecule.

In this model we leave only one adjustable parameter to be 
determined by comparison with sedimentation data: the ra
dius of the helix. Some other dimensions of the double- 
stranded helix could be used as adjustable parameters if re
quired (for example, the pitch). However, in the nonhelical 
models (TSM, CM)5 only the radius can be defined as a 
measure of the cross section. Therefore, this same quantity 
has to be used as parameter in our DHM, in order to arrive at 
a clear-cut comparison between the different models.

The Journal o f Physical Chemistry, Voi. 80, No. 18, 1976



Models of DNA 2029

Substitution of nucleotides by spheres makes our model
somewhat idealized. Before using it to analyze sedimentation
data, we have to find out what degree of arbitrariness is in
troduced by it in the description of be DNA structure. To this
end, in section III we use our model to interpret the results of
a solution property which is much more sensitive to the
structural details of the molecular cross section than S: the
intensity of x-ray scattering (XS) £:>r DNA in water.
- Several authors have reported low angle x-ray scattering
(LP.X~} of DNA solutions.8-12 This technique gives the
cross-sectional radius of gyration of the molecule, but it yields
no information about other structural details. Kirste and
Oberthurl3 and Bram and Beeman.12 using Cu Ka radiation
of 1.54 A have recorded wide angle x-ray scattering diagrams
(WAXS) of DNA solutions. For angles above 50 mradian,
these diagrams show a region of muima and minima which,
as pointed out by these authors, originate in the periodicities
of the helical structure. By comparing the theoretical XS
behavior of our model with the experimental diagrams, in
section III we prove that the structural details detected in XS
are adequately described by the DHM. Hence, no arbitrariness
is expected to vitiate its use to determine the cross-sectional
hydrodynamic radius of the DNA molecule.

After this confirmation, we proceed, in section IV, to cal
culate the sedimentation coeffici~nt of the DHM and to
compare it with existing experimental results corresponding
to DNA fragments. Kirkwood's formula l4,15 is followed in the
calculation of S. Although this formula has been criticized by
several authors,16 Yamakawa et al. 17-19 have shown that it,is
sufficiently correct when the molecules are rigid and highly
symmetrical, such that they can be modeled as an array of
beads. This should be the case with the DNA fragments.

z

x

Figure 1. Double helical model (OHM) for DNA. The b1~ck circles (e)
show the centers of the units. The numbering corresponds to the sub
scripts of eq 1 and 2 in the text. The position of the spherical units is
shown on the upper part only.

where int ( ) means the integer part function and N is the
total number of elements constituting the macromolecular
chain. w = 0 in the odd-numbered helix and w = 71" -1/; in the
even-numbered one. The units are tangent spheres, with di
ameter de. The external or effective radius, r, of the DHM is,
then, given by

II. Models for DNA

The OHM proposed in this work is represented in Figure
1. It has 20 spherical units per turn of double helix, and the
pitch in each strand is taken as 34 A. These are the values
characterizing the B form of DNA, which is the one existing
in aqueous solutions. The radius of the helix is A, and is taken
as an adjustable parameter. Deviations with respect to the
axially symmetric double helix ariEe from minute structural
details, such as the different nature of the bases paired. These
deviations are taken into account in the model by means of
a phase-shift between strands,1/;, defined as shown in Figure
1.

Properties depending on inter-unit distances can be cal
culated from a knowledge of the Cartesian coordinates of the
units. For the ith one, these are:

Xj = A cos (tj + w)

r = A + de/2

Yj = A sin (tj + w)

Zj = (34/271" I tj

III. X-Ray Scattering

The scattering form factor, P, expresses the intensity of
radiation scattered by a molecular entity, as a function of
angle, (J. It depends on the distances, rjj, between pairs of
scattering elements in the molecule through

P«(J) = i~1 j~l fj«(J) fj«(J) Si~::ij/j~ j~1 f, (0) fj(O) (4)

Equation 4 applies to polyatomic molecules and to molecular

de ~ [ 2(1 - cos~) A2 + 3.42T/2 (3b)

Besides the DHM, we are going to study, in detail, the two
simpler models, which are of wider use for DNA: the TSM and
the CM. The TSM is defined as a linear array of tangent
spheres, and the CM as a continuous distribution of elements
covering the surface (or the full volume) of a cyEnder. In those
models, the thickness parameter is the radius of the spheres
(TSM) or the radius of the cylinder (CM), respectively. The
equivalent counterpart of these radii, in our DHM, is r (eq
3).

The number of spherical units (in DHM and TSM), or the
contour length, L (in CM), can be related to :;he molecular
weight of the DNA fragments by means of ML the mass per
unit length of the chain. X-ray scattering,B,12 light-scatter
ing,20,21 and hydrodynamic studies22 give ML = 195 dalton/A
for B-DNA. To represent the slight flexibility of the higher
molecular weight fragments we are going to use. in section IV,
the wormlike chain.2 We assume that its corresponding
stiffness parameter, the statistical segment length ,\-1, is close
to ,\-1 = 1300 A for DNA.21~26

(2)

(1)

(3a)

i = 1,2, ... ,Ntj = -0.271" int [(i - 1)/2]

with

tj being
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models as well. f, (0) are the scattering amplitudes of the atoms, 
or of the scattering elements, at angle 6, and h  is

h  = (47t/X') sin (6/2) (5)

with X  denoting wavelength. For a macromolecular chain, 
composed of identical elements, eq 4 may be rewritten as

P (6 )  =  P e (0 )P c(6 ) (6 )

where P e(6) = f2(8 ) , is the form factor of the elements, and 
P c (6) is the contribution of the chain configuration:

P c(6) =
1  sin h r  a

h n j
(7)

In the case of the DHM, P c ca»be obtained from eq 1 and 2 , 
and P e is the form factor of a sphere, given by

P e(6) =  [3(sin u  — u  cos u)/u3] 2 (8 a)

with
u =  h d e/2 (8 b)

In the case of DNA, substitution of the actual P e, corre
sponding to a nucleotide, by eq 8 , valid for spheres, could be 
an oversimplification. For this reason, in XS we have devel
oped two versions of the DHM: in the first one, we have used 
eq 8  for P e, while, in the second one, we have calculated P e in 
detail by using the atomic coordinates reported by Arnott et 
al. ,27-28 for B-DNA, and the atomic scattering factors, f¿(6) of 
Hanson et al.29 The results are plotted in Figure 2; the inser
tion in this figure corresponds to the Guinier plot,30 from 
which we obtain R ge2 =  14.4 A2, for the squared radius of 
gyration of the nucleotide. Throughout this calculation we 
have supposed the same probability for base pairs A-T and 
G-C. Deviations from equimolar composition affect the results 
very little.31

Equation 6  is also valid for the TSM. In such a model, P c 
is given by

P c(6) =  A'e- 1  + 2 N e~ 2 Y  ( N e -  k )  sin (2 r k h )/(2 r k h )  (9)
k=i

and P e, again by eq 8 . N e is the number of elements (spheres) 
constituting the chain.

Mittelbach and Porod32 have studied XS by straight hollow 
cylinders in which the radial electronic density vanishes up 
to r;nn and is constant between r llm and the external radius of 
the cylinder, r . Their equations are (u =  r mn/r):

J *"72 i l  2
-------2 l ----:----  [Jl^ r Sm

o [1 — v z n r  sm a

T „ - u l2 [sin (AL cos a/2) ] 2 .
— v  O i ( n r v  s in  a ) \  f — — ------------ ------- sm  a  d a  (10)

J L h L  cos a/2 J
for v 1 , and

P (0 )

f ' /2 t , [sin (LL cos a/2) ] 2 _= I Jy ( h r  sm a) — —--------——  sm a da (1 1 )
J o  L h L  cos a/2 J

for v =  1 . L  is the contour length and Jo, Ji, the Bessel func
tions of order 0 and 1 , respectively.

Light scattering and x-ray scattering intensities have been 
calculated by Burchard and Kajiwara33 for the TSM and by 
Koyama34 for the CM. In both of these studies, attention was 
mainly focused on the characterization of chain stiffness, 
however, and not on molecular thickness.

(a) L o w  A n g le  X - R a y  S c a tte r in g . Porod and Kratky35’36

Figure 2. Form factor of a nucleotide, averaged over base composition. 
The insert is the low-angle Guinier plot, which gives 14.4 A2 for the 
squared radius of gyration.

have shown that the cross-sectional radius of gyration, R gt, 
of a long rodlike structure can be obtained from scattering 
data. R gt is defined with respect to the macromolecular axis. 
In the range R gt_ 1 > h  »  L_1, P (6 )  can be approximated 
by

In [h P (6 )] = In /(, -  h 2R gt2/2 (12)
where / o is a constant, independent of chain configuration. 
Equation 1 2  has been applied by Kratky8 and by Luzzati et 
al.9” 11 to interpret LAXS of DNA. The results obtained by 
these authors, for R gt, are close to the mean value R gt =  8.3
A.

For the theoretical models, R gt can be written as a function 
of the adjustable parameter. In the case of a DHM composed 
of pointlike scattering units, R gt would be equal to A. If the 
scattering units are represented as finite structures (spheres 
or actual nucleotides), then R gt2 =  A 2 + ?>Rg(r/ 2 , with R ge 
being the radius of gyration of a unit. For nucleotides, R ge2 =
14.4 A2, as already stated. For spheres, R ge2 =  3 d e2/20. R ge does 
not depend on the phase shift, tp, of the DHM.

For the hollow CM, R gt is given by

R gt2 =  i* 2 iri3 df /  i* 2 itt di = r2(l + v 2)/2 (13)

For the TSM, R gt depends on the radius of the spheres, r, 
through R gt2 =  2r2/5.

By comparison between these theoretical results of R Ki and 
the experimental value, we determine, for each model, the 
parameters used to characterize the thickness of the DNA 
molecule. The results thus obtained are shown in Table I. 
They will be discussed later on.

The experimental determination of R gi, from P (8 ) , relies 
on the validity of the Porod and Kratky approximation,35’36 

contained in eq 12. For the models here discussed, we have 
checked its range of validity by comparing eq 1 2  with the exact 
P (6 ). Our results show that, for these rodlike models, when L  
— 1500 A and r  ~  1 0  A, In \hP(8)\ is practically linear with h 2, 
in the range 0.005 < h 2 (A“2) < 0.04. This is, approximately, 
the range defined by the values determined experimentally 
for R gt in the case of DNA.8 -11
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TABLE I: Parameters Obtained for the Different DNA  
Models by Comparison with X-Ray Scattering Data

Model

Wide angle
Low angle --------------------

r, À r, Â \p

TSM 13.1 7.9
CM

u = 0 11.7 10 .0
0.3 1 1 .2 9.2
0.5 10.5 8.3

v 1.0 8.3 6.4
DHM

Spherical elements 10.6 (A = 7.7) 10.4 (A =
Nucleotides 10.6 (A = 7.7) 11.0 (A =

(b) W id e  A n g le  X -R a y  S c a t te r in g . Kirste and Oberthür13 

and Bram and Beeman12 found that the XS diagrams of DNA 
show a series of maxima and minima for h  >  0.30 A-1. They 
are due to the periodicities of the double helix. The first 
minimum of intensity occurs at h  =  0.38 A- 1  and is attributed 
to interference within a given trasversal plane of the molecule. 
The following maxima and minima, occurring at higher h , 
correspond to interference between different planes. Bram 
and Beeman found four minima and three maxima (Figure 
3 in ref 12). Their diagram is more detailed than the one re
ported by Kirste and Oberthür. In both papers the h  values 
of the first maxima and minima are very similar.

By comparison of these maxima and minima with the the
oretical P (8 ) of the models we determine the values of the 
adjustable parameters in this region of WAXS.

The behavior predicted by the TSM shows the poorest 
agreement with experiment, as expected. In this model, P e(6) 
(eq 8 ) overshadows P c (8) (eq 9) and the behavior is almost 
entirely that of a sphere. The CM allows for a better repre
sentation of the diagrams. In this model, the minimum at h  
= 0.38 A' 1 can be reproduced using several pairs of values of 
the two parameters r and u. In Figure 3 we show several P ( 8 ) ’s 
having a minimum at 0.38 A- 1  and corresponding to different 
values of v. It can be seen that the other maxima and minima 
are better reproduced when v = 0 (thick cylinder) than when
i) ^  0 .

In the case of the DHM, the intensity of XS at wide angles 
depends on N , A , and ip. For given A  and \p, we have calculated 
P {8 )  at various N  between 20 and 1000. From the results ob
tained we may conclude that the location of the maxima and 
minima is independent of N  (this also occurs in the CM when 
L  is varied). This confirms that the short distances of the 
cross-sectional structure are the ones determining these 
maxima and minima.

The scattering units of the DHM cannot be considered as 
pointlike centers because the P (8 )  calculated under this as
sumption is in conflict with the experimental diagram. With 
pointlike scatterers the only aontribution to P (8 )  comes from 
the helical structure (eq 7) and this tends asymptotically to 
1/N, for sufficiently high h . The experimental intensity, on 
the other hand, decreases monotonously as h  grows. This 
problem is resolved introducing the form factor of the units, 
P e. The location of some maxima and minima depends, very 
slightly, on the units being represented by spheres or by the 
actual nucleotides, because P e (8) has a different gradient in 
each case. The first minimum at 0.38 A- 1  is not changed, 
however.

The results obtained with the DHM, using spheres as 
scattering units, are shown in Figure 4. P (6 )  is plotted for

1 2 3 A
r, A 6.A 8.3 9.2 10.0
v 1.0 0.5 0.3 0.

Figure 3. Form factor for cylinders with L =  1500 A. The vertical axis 
is —In F\6 ). The parameters for each curve are indicated. Arrows 
pointing up and down show the Ideation of the experimental maxima 
and minima, respectively; continuous arrows are for the Bram and 
Beeman's data,12 and discontinuous ones, for Kirste and Oberthiir’s 
data.13

several values of A and producing the first minimum at 0.38 
A "1. The results obtained using the actual nucleotides as 
scattering units, are very similar to the ones shown in the 
figure.

A summary of the model-fitting results obtained in the two 
angular regions studied (LAXS and WAXS) is given in Table 
I. It can be seen that the two versions of the DHM (spheres or 
actual nucleotides) yield very similar results for the radius in 
both angular regions. In WAXS, the values of the adjustable 
parameters of the CM and of the DHM are chosen to repro
duce the position of the first minimum and of the first maxi
mum. The relative intensities of these two extrema agree well 
with the experimental ones only in the case of the DHM.

IV. Sedimentation Coefficient

(a) C a lcu la tio n . The sedimentation coefficient of a mac
romolecule can be calculated according to the well-known 
Kirkwood15 equation:

S  =
M 0( l  -  Op)

3lTT/od
B N N

.1 + 4 £ £ <r*-
(14)

where 0 is the macromolecular partial specific volume, p the 
solution density, tjo the solvent viscosity, Mo the molecular 
weight of the frictional units, and /3 their Stokes diameter. r tJ 
denotes the distance between frictional units i and j ,  and the 
angular brackets denote configurational average. For a rigid 
structure only one configuration exists.

Equation 14 applied to the TSM gives, when L  »  r

S r =
M L ( 1 -  up)

37T770 [in (!)+Ce] (15)
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h ! k'

Figure 4. Form factor of the DHM with spherical units. The curves 
correspond to the values indicated for the parameters. The meaning 
of the vertical axis and of the arrows is the same as in Figure 3.

C e being Euler’s constant. In this equation and in the fol
lowing ones, the subscript r denotes that S  corresponds to a 
rigid model.

For B-DNA in 0.2 M NaCl solution, up =  0.556 and vo = 0.01 
P, so that M/,(1 -  up)/3irvo = 1-525 S. Replacing L  by M, in 
eq 15 (M = L M l ), we finally obtain

Sr = 1.525 In M -  a _ (16)

a = 1.525 In r  +  Q  (17)

Q  being a constant. If the double sum of eq 14 is approximated 
by a continuous integral, following Riseman and Kirk
wood’s37’38 procedure, then Cg vanishes in eq 15. The value 
of Q varies from one version of the TSM to the other.

In the CM, a continuous distribution of frictional elements 
covers uniformly the surface of the cylinder. When L  »  r, eq 
16 and 17 are also valid for this model. There are several ver
sions of it. The first one, due to Burgers,39 was refined by 
Broersma40 who treated end effects more rigorously. Bloom
field et al.41 have applied their shell model to the cylindrical 
shape. The most recent version of the CM is that of Yamakawa 
and Fujii.26 Also, the model of Tchen42 is included here be
cause the cylinder can be considered as a limiting case of a 
prolate ellipsoid. The values of Q, corresponding to each of 
these theories, are collected in Table II.

In our DHM, each nucleotide constitutes a frictional unit. 
Its Stokes diameter is taken equal to the sphere diameter of 
eq 3 (d = d,.). The increase in contour length per unit is 1.7 A 
in DNA. Applying eq 14 to the DHM of DNA reads:

Sr =
—  u p )

Sirvo d e

r  de N
[ i  + ^ E (18)

where the r,-/s are easily calculated from eq 1 and 2 .
We have computed eq 18, extending the sums up to N  =  

1 0 0 0 , for various A , from 6 to 16 A, and various ip, from 0 to 
90°. Some of the values thus obtained for Sr are plotted, us. 
In M, in Figure 5. All the curves show the same trend, reaching

TABLE II: Values of the Constant Q  (Eq 16) and of the 
Cross-Sectional Parameters Fitted for the Models

Theory Ref Model Q , S r, A

Tchen 42 Ellipsoid 8.046 16.3
Burgers 39 CM 8.214 14.6
Kirkwood“ 15 TSM 8.218 14.5
Bloomfield et al. 41 CM 8.501 1 2 .1

Yamakawa-Fujii 26 CM 8.509 1 2 .0

Broersma 40 CM 8.519 11.9
Riseman-Kirk- 37, 38 TSM 9.098 8 .2

wood
This work DHM 15.0 (A = 11.2)

nr
“ Values calculated by exact summation (eq 14) of Kirkwood’s 

formula.

M • nr‘
0,5 1.0 2 5 10 20 50

Figure 5. Sedimentation coefficient of the DHM, computed according 
to eq 1, 2, and 18.

a reg io n  w h ere  S T v a ries linearly with In M ,  at high enough M .  
The slope and intercept of this asymptotically valid linear law 
can be obtained by extrapolation to 1/M —>-0. The values ex
trapolated for the slope lie in the range 1.525-1.529. The 
fluctuations are very likely due to numerical inaccuracy. The 
slope of £>r vs. In M  has, then, the same value in the DHM as 
in the TSM and the CM. In other words, eq 16 holds also for 
the DHM.

Some of the extrapolations (1 /M  -*• 0) which lead to the 
intercept, —a, of eq 16, are plotted in Figure 6 . A least-squares 
fit with a second degree polynomial has been used to help in 
this extrapolation. Its accuracy has been checked by super
imposing on the extrapolation curves the values calculated for 
N  =  2 0 0 0  (full circles of Figure 6 ). The resulting asymptotic 
values of a are collected in Table III. They show a much slower 
variation with \p than with A . In view of this circumstance, we 
have discarded \p as variable, in computing S , and have fixed 
its value at \p = 0 °, corresponding to the axially symmetric 
double helix.

Figure 7 shows the variation of a with the cross-sectional 
radius (In r) for all the theories described above. In the case

The Journal of Physical Chemistry, Vot. 80, No. 18, 1976



Models of DNA 2033

TABLE III: Values of a, the Asymptotic Intercept of 
Eq 16, for the DHM

A,A II o o 36° OO

72° 90°

6 11.28 11.25 1 1 .2 2 11.15 1 1 .1 1

7 11.52 11.50 11.46 11.40 11.37
8 11.74 11.71 11.67 11.63 11.59
9 11.94 11.91 11.87 11.83 11.80

lb 1 2 .1 2 1 2 .1 0 12.07 12.03 11.99
1 1 12.28 12.26 12.23 1 2 .2 0 12.16
1 2 12.42 12.40 12.37 12.34 12.31
13 12.55 12.54 12.51 12.48 12.45
14 12.67 1 2 .6 6 12.64 12.60 12.58
16 . 1 2 .8 8 12.87

Figure 6 . Extrapolations of the asymptotic intercept of S vs. In M, cal
culated with the DHM =  0°). Open circles (O) correspond to discrete 
values below N = 1000. Continuous line is the extrapolating second- 
degree polynomial. Black circles ( • )  correspond to N =  2000 and have 
been superimposed to check the accuracy of the extrapolations.

In r
2.0 2 5 30

Figure 7. Asymptotic intercept of S vs. In M for different theories: (1) 
Riseman-Kirkwood;37'38 (2) Yamakawa-Fujii,26 Broersma,40 and 
Bloomfield et al.;41 (3) Burgers39 and Kirkwood15 (see footnote of Table 
II); (4) Tchen;42 (5) DHM (this work).

of the theories using the TSM or the CM, the curves corre
spond to eq 17, and, in the case of the DHM, to the data in 
column '{i = 0° of Table III. We can see from this plot that the 
DHM does not follow eq 17, presumably because the Stokes 
diameter of the units composing the model depend on the 
helical radius, A .

(b) C o m p a r is o n  w ith  E x p e r im e n t a l  D a ta . The experi
mental values of S and M  used to compare theory and ex

periment are the ones reported in the literature43-50 for DNA  
fragments, in the range considered in our study. Values re
ported prior to 1965 have been reviewed by Eigner and Doty.51 

The data attributed to Prunell and Bernardi represent the 
tabulation of their empirical equation49 S  =  0.1345 M0-320, 
valid for M  = 2 X 104-3 X 105.

For molecular weights above M  ~  2.5 X 10s, the DNA  
molecule deviates from a perfect rodlike configuration and the 
influence of chain flexibility becomes important. Hearst and 
Stockmayer52 have used the TSM and Yamakawa and Fujii26 

the CM to calculate sedimentation coefficients of semiflexible 
macromolecules. The equations given in these two theories 
can be written in the form

S = ST +  S c (19)

where S T represents the rodlike limit of S , defined as

S r =  lim S  (20)

and S c is the correction arising from chain flexibility. S c de
pends on r . In the limit r —*• 0, both theories predict

So = M— J  ~ ~ } [ci\ L  +  c2(XL) 2 + c3(XI)3)] (21)
OTTV0

The coefficients are ct = 0.166, C2 = 0.020, C3 = -0.002, in the 
theory of Hearst and Stockmayer, and Ci = 0.167, c2'^  0.019, 
C3 = —0.002, in the theory of Yamakawa and Fujii. * *

For nonvanishing r , the dependence of S c on r-has a dif
ferent form in the two theories mentioned. Howev.er, for the 
values of X-1, L ,  and r , characteristic of low molecular weight 
DNA, we have found that the values calculated for S c ac
cording to the theories of Hearst and Stockmayer and 
Yamakawa and Fujii differ from those calculated according 
to eq 21 (with either set of coefficients) by less than 0.1 S. 
Therefore, we may conclude that the flexibility correction is, 
in our case, practically independent of the cross-sectional 
structure. This implies that, for DNA samples below M  =* 106, 
we may combine eq 16, 19, and 21, to evaluate the S  corre
sponding to the TSM, CM, and DHM.

As a first step in our analysis of the experimental data we 
subtract, from each empirical value of S, the flexibility cor
rection, Sc, corresponding to its molecular weight (eq 21). The 
resulting S  — S c values are plotted in Figure 8 . These S  — S c 
values are fitted to eq 16 by a least-squares procedure. The two 
points with In M < 10.5 have not been considered in this fit 
because, for them, r/L  has a relatively large value and eq 16 
may be not obeyed.

The result obtained for a by this method is a = 12.31 S (see 
Figure 8 ). With this experimental value of a  we enter in Figure 
7 and determine, by interpolation, the value of r corresponding 
to each model. The r  values thus obtained are collected in 
Table II.

V. Discussion

The first conclusion we may draw from the analysis of x-ray 
diagrams, carried out on section III, is that our DHM allows 
for an accurate description of the experimental results, while 
the nonhelical models lead to a much poorer description of the 
XS data. The most important advantage of our model, with 
respect to the nonhelical ones, is its ability to determine the 
cross-sectional radius of the molecule. The values deduced for 
r from LAXS and from WAXS are concordant in the case of 
the DHM, but they are not in the case of the other models. The 
results summarized in Table I evidence that the nonhelical 
models do not determine a unique radius, since the value ob-
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m » KT5
0.5 1 3 »

m m

Figure 8 . Values of Sr for DNA samples below 106 daltons. Experimental 
data are from: Doty et al.43 (A), Watanabe et at.44'45 (■), Pivec et al.46 
(□), Eisenberg-Cohen47 48 (+), Prunell-Bernardi49 ( • ) ,  and Record 
et al.5 (O). The line represents the least-squares fit: Sr =  1.525 In M 
-  12.31. %

tained for this quantity depends on the angular region con
sidered. This ambiguity is resolved by using the DHM.

In addition to this, the DHM is capable of detecting the lack 
of axial symmetry of the DNA molecule. This is seen in Fig
ures 3 and 4. In Figure 3 the minima for the CM (having C„ 
symmetry) are e x tr e m e ly  d e e p . In  F ig u re  4 th e  m in im a  f o r  th e  
DHM are more pronounced when \p = 0° than when \p X 0°. 
Since the observed minima are shallow, we may conclude that 
they reflect a lack of axial symmetry in the molecule (due to 
the nonsymmetric position of the paired bas‘es). This justifies 
our introduction of a phase shift in the DHM. It also proves 
that the WAXS region contains information about the mo
lecular structure which is not present in the LAXS region.

The parameter \p can be regarded as meaningful at the 
molecular level, because the phase shift between helices is in 
qualitative agreement with the shape usually attributed to the 
B form of DNA. According to such a shape, the DNA-B mol
ecule has wide and narrow grooves with approximate widths 
of 20 and 14 A, respectively.53 When we use our DHM to cal
culate the grooves corresponding to\p =  58° (value taken from 
Table I), we get 22.5 and 11.5 A, respectively. The agreement 
is, thus, not quantitative. The discrepancy may arise from the 
inaccuracies associated with the fit of the WAXS diagrams, 
as well as from the model itself.

The second important conclusion obtained from the anal
ysis of XS is that the two versions of our DHM (spheres and 
actual nucleotides) lead to practically identical values of A  and 
ip (Table I). This implies that the version which uses spheres 
as units of the macromolecular chain (the one that is useful 
to calculate hydrodynamic properties) constitutes a good 
approximation to the actual structure of DNA in solution. In 
view of this result, we may be confident that the interpretation 
of S by means of the DHM, contained on section IV, should 
be essentially correct. The value obtained with this model for 
the radius can be regarded as more realistic than the values 
obtained with the other models, since the DHM may be re
garded as less idealized than the nonhelical ones.

Comparison between the values contained in Tables I and 
II indicates that the radius deduced from sedimentation is

considerably larger than the radius deduced from XS in all 
models studied. This result has to be attributed to the exis
tence of a hydration shell covering the DNA molecule in so
lution. Frictional forces between solvent and macromolecule 
act on the surface of this hydration shell and determine, for 
the radius, a value somewhat larger than the one corre
sponding to the naked molecule. The DNA structure corre
sponds, approximately, to r 1 0  Â, the distance from the 
phosphate group to the molecular axis. The contribution of 
the hydration shell to XS intensities is weak compared to the 
one arising from the macromolecule itself. Therefore, the value 
detected in XS for r should be about 10 Â. With the DHM we 
obtain r = 10.4-10.6 Â, close to it.

By comparing this value with the one obtained (with the 
same model) for the hydrodynamic radius, r = 15.0 A, we es
timate a thickness of 4.5 Â for the hydration shell. This cor
responds to the fixation of about two or three layers of 
water.54-56 It can be argued against this result that the DHM 
is a porous structure that permits the solvent to pass through 
the double chains. The large hydrodynamic radius obtained 
(r = 15 Â) should then be attributed not entirely to hydration. 
According to this criticism, a better estimate of hydration 
would be to combine the radius obtained from XS using our 
DHM and the hydrodynamic radius obtained using the less 
porous CM (r = 12.0 Â). The hydration shell estimated in such 
a way is 1.5 A, which c o r r e s p o n d s  t o  about a monolayer o f  
water. However, the porosity of the DHM is mainly geometric 
and its influence on the sedimentation coefficient might be 
quite small. We base our speculation on the idea that hydro- 
dynamic interaction is strong in the interior of the double 
chains and should block very effectively the passage of solvent 
through them.

We have obtained the value of r by analyzing experimental 
data corresponding to the molecular weight region M  = 2 X 
104-1 X 106 (Figure 8). The nonlinearity of S  vs. In M  has been 
attributed to chain flexibility. For the values of r and L  in this 
region, we have seen that the flexibility correction does not 
depend on the model chosen to represent the cross-sectional 
structure. Namely, Yamakawa and Fujii’s theory (wormlike 
CM) and Hearst and Stockmayer’s theory (wormlike TSM) 
yield similar results. Therefore, it is not necessary to include 
chain flexibility rigorously in the DHM.

In a recent paper, Record et al.50 have studied low molecular 
weight DNA in a region similar to the one here considered by 
us. They show that a single set of chain parameters, A- 1  and 
r, are good to describe sedimentation coefficients for both high 
(M > 106) and low (M < 106) molecular weights. They use 
Yamakawa and Fujii’s theory and find A- 1  = 1300 Â, r = 12.5 
Â. The value of r obtained by us, using the CM model 
(Yamakawa and Fujii’s theory) and the same A-1, is r = 12.0 
Â very close to the one obtained by Record et al. Our result for 
the CM agrees, then, with the conclusion drawn by these au
thors. Furthermore, our result for the TSM agrees with it. We 
have obtained r  =  14.8 A, for the TSM (Kirkwood’s theory), 
which lies intermediate between the values derived by Hearst 
and Stockmayer52 and by Gray et al. ,57 in the high M  re
gion.
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Ab initio SCF calculations on the relative stability of a peroxy isomer of NO2, compared with the normal C%u 
isomer, coupled with the experimental bond strength in the normal isomer suggest that a peroxy isomer is 
stable. Implications to photodetachment experiments are discussed.

Recent photodetachment experiments have demon
strated the existence of an anomalous nitrite ion.2 Photode
tachment of an electron from N0 2_ was observed to occur at 
energies significantly less than the electron affinity of NOv. 
Three possible explanations were suggested for this unex
pected observation:

(1) The “normal” C i u isomer of N 02~ (X 1Ai) might have 
been vibrationally excited. Photodetachment at wavelengths 
greater than the adiabatic electron affinity would then be 
expected, similar to the appearance of hot bands in conven
tional absorption spectroscopy. This explanation was elimi
nated because there is no evidence to suggest that a suffi
ciently high vibrational temperature (5000 K) was present in 
either of the apparatus used to generate nitrite ions.

(2) An excited metastable triplet state of N02_. The lowest 
reported3 triplet state of N 02'  (3Bi) is at best marginally 
stable with respect to autodetachment to N 02 + e- .2a Fur
thermore, it is unlikely that such a metastable species could 
be produced copiously from a hot cathode plasma ion source2b 
or be contained in an ion cyclotron resonance cell for several 
seconds.28

(3) A peroxy isomer of N 02~. Such an ion would be 
structurely similar and isoelectronic to NOF.4 Furthermore, 
its photodetachment spectrum might be expected to be similar 
to a perturbed oxygen ion, which is consistent with the 
threshold and cross section near threshold. Finally, an 
anomalous, energetic form of N 02~ was observed in cluster 
ion reactions of NO; similar reactions with N 02 resulted in the
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TABLE I: Geometries and Energies for C'2v and Peroxy Isomers of N02 and N02°

____________________NO2_______________________

Peroxy N02~

Property C2u I 2A' 12A' C 2u Peroxy

r(N-O) 1.20 1.16
r(O-O) 1.90
6, deg 135 122
E, hartrees -203.9474 -203.8820
E , eV % 0.0 1.78

a Bond distances are in A. Data for N02~ is taken from ref 6 .

formation of a peroxy nitrate ion,5 and it is suggested that the 
anomalous form of N 02~ was also a peroxy isomer.

To further substantiate the existence of a peroxy isomer of 
N 02~, ab initio SCF calculations were performed6 (the results 
of these calculations are reproduced in Table I). A peroxy form 
of NOsT was found to have a well-defined minimum in the 
potential energy surface. Symmetry restrictions and energy 
limitations prohibit interconversion of the peroxy isomer to 
the normal C 2u isomer via a ring intermediate. This prediction 
is also consistent with the experimental observation of two 
distinct, apparently noninterconverting ions of m fe  46.

Photodetachment of an electron generally does not result 
in subsequent dissociation; hence, photodetachment of the 
peroxy isomer of N 02~ might be expected to result in for
mation of a peroxy isomer of N02. It has been suggested2 that 
in this case the photodetachment process results in dissocia
tion, i.e.

N/ ° \ 0-  + hv — *- NO + 0 +  e-

Consequently, to investigate this hypothesis, a theoretical 
study of the relative stability of the peroxy isomer of N 0 2 was 
undertaken. Further motivation was provided by the para
mount importance of the presence and chemistry of nitrogen 
oxides in the atmosphere. While obviously not a major, long- 
lived species, the presence of a peroxy isomer of N 02 in trace 
amounts or as an energetic intermediate would have major 
significance in atmospheric chemical reaction mechanisms 
and modeling.7 This paper presents the results of ab initio 
self-consistent-field calculations of a peroxy isomer of N 02.

Atom-optimized primitive Gaussian basis sets8 of size (9s 
5p) were centered on the N and O nuclei. This primitive basis 
set was contracted to (4s 2p), providing a double f  quality basis 
set.9

The peroxy isomer of N02 has only a plane of symmetry 
(point group C s ). The following configurations were investi
gated:
la'22a,23a'24a'25a'26a,27a,28a,2la"29a'22a"210a, (12A')

la,22a'23a,24a'25a,26a/27a'28a'2la "29a'22a'T0a' 2 (II2A") 

la/22a'23a'24a/25a/26a/27a/28a,2la//29a/22a"23a" (III 2A")

la'22a'23a,24a,25a'26a'27a'28a,2la "29a,22a'T0aTla/ (IV")
This first configuration, I 2A', corresponding to the most 

stable bound state, was observed to have a rather shallow 
minimum with respect to the 0 -0  bond length (the N -0  bond 
length is very similar to that of NO (1.151 A)10). The depth of 
this well, ca. 0.008 hartree or 1700 cm-1, is insufficient to 
prevent the molecule from dissociating at room temperature. 
However, this well depth can be e s t im a te d  more reliably from 
semiempirical considerations (vida infra).

1.23 1.264 1.245
1.49 1.493

115 117.0 118.5
-203.8563 -204.0336 -203.9161

2.48 0.0 3,20

’ The second configuration studied, II 2A", corresponds to 
promotion of an electron from the ir to u framework. This 
configuration appears very tightly bound, presumably because 
it cannot dissociate in the single configuration approximation 
to ground state NO + O. It is interesting to note that the ge
ometry of this configuration is very similar to that of the 
peroxy ion (Table I). The last two configurations studied did 
not exhibit any minimum with respect to the 0 - 0  bond 
length; each had an angular minimum corresponding to a 
linear geometry.

Simple SCF calculations do not reliably predict dissociation 
energies due to the restriction of having doubly occupied or
bitals. 11 The results for the C2„ isomer are also included in 
Table I, and agree with similar calculations12 done at the ex
perimental geometry. Other basis sets and contraction 
schemes, including the use of polarization functions (d or
bitals), have also been used and compared. 12-13 The double f  
basis set used here was found to yield reliable predictions for 
equilibrium parameters and simple electronic expectation 
values, although dissociation energies are poorly estimated. 
However, by combining the energy difference (1.78 eV) be
tween the 0 2u isomer of N 02 and the peroxy isomer (I 2A') 
with the accepted14 ON-O bond dissociation energy for the 
C 2u isomer (3.11 eV), the NO-O dissociation energy for the 
peroxy isomer can  b e  estimated. Our resulting estimate for the 
NO-O dissociation energy is 1.33 eV. This estimate is likely 
to be accurate because of the electronic similarity between the 
two isomers13 and the success of SCF calculations in pre
dicting geometries and relative differences near potential 
e n e r g y  m in im a . Finally, it  is in te r e s t in g  t o  n o t e  th a t  even in 
the SCF approximation N02 is predicted to have a positive 
electron affinity.

The remaining question is whether photodetachment of the 
peroxy isomer of N 0 2~ is accompanied by concomitant dis
sociation of the neutral fragment. This question cannot be 
irrefutably answered without knowing the complete energy 
surface. For comparison, the vertical detachment energy of 
the C2u isomer exceeds the adiabatic electron affinity by only 
0.4 eV, and there is a substantial geometry change in that 
process also.2a Our results certainly suggest the f; ..ability that 
NOO is a stable species and may play a role in atmospheric 
chemistry. Further calculations are being performed with a 
more e x t e n s iv e  basis s e t  (d  o rb ita ls ) and the inclusion of sig
nificant configuration interaction (Cl). These results will be 
presented in a subsequent article.
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Exploratory ab initio calculations using a minimal basis set support the existence of the H 02-H20  and H02- 
NH3 complexes, as proposed earlier by experiment. For the minimum energy configurations having HO2 as 
the H donor within a linear H-bond structure, electronic stabilization energies of 9.1 and 1 2 .0  kcal/mol are 
calculated for H 02-H20  and HC -̂NHa, respectively, compared with 5.3 kcal/mol for (H2 0 )2. Values of AH °  
and AS °  for the complex formations are estimated and found consistent with available experimental data. 
A plausible model is proposed to explain the reactivity of these complexes. These calculations indicate that 
in the troposphere a significant fraction of the H 02 is complexed with H20.

Introduction

Recent experiments in this laboratory2 have revealed that 
the observed rate of the atmospherically important3’4 self
reaction of HO2 in the gas phase is increased by up to a factor 
of =i2.5 (at ^293 K) in the presence of a few Torr of H20  or 
NH3. Various considerations have led to the inference that this 
phenomenon is due to the formation of 1 : 1  complexes

H 02 + HzO H02 • H20  (1)

H 02 + NH3 <=* H 02 • NH3 (2 )
which are more reactive than uncomplexed H02 toward a 
second uncomplexed H 02 radical.5 Based on a kinetic model 
for this system, a preliminary equilibrium constant for (2 ) of 
K p  ~  95 (based on a P °  =  1 atm standard state) at 298 K 
has been derived from the data.5 In connection with this 
proposed,jjyilanation of the data, ab initio calculations on 
hydrogen-bonded H02-H20  and H02-NH3 complexes have 
been carried out and equilibrium thermodynamic parameters 
for (1 ) and (2 ) estimated.

Ab Initio Calculations

In the Hartree-Fock calculations reported here, a minimal 
Gaussian basis set [3s lp/ls] expansion was employed. The 
primitive basis consisted of a (10s 5p) expansion on the oxygen 
and nitrogen sites, while a (5s) expansion was used on the 
hydrogens. This primitive basis set is of essentially atomic 
double-/ quality. The contraction scheme, composed from a

concatenation of Whitten’s6 s-type orbitals with Huzinaga’s7 

p-orbital set, has been outlined in detail earlier.8 An effective 
Slater exponent of /  = 1.2 for all hydrogen orbitals was found 
to be near optimum for each monomer. This basis set is 
equivalent to that employed in previous studies of hydrogen 
bonding in the molecular series HF, H20, and NH3.9 This 
basis set expansion yields a stabilization energy in good 
agreement with experiment (see next section) for the closed- 
shell (H20 ) 2 system,9’10 although the approximate character 
of this basis expansion dictates that this agreement is partially 
due to a cancellation of errors. It has been the authors’ premise 
that agreement such as that found earlier could be extended 
to complexes between an uncharged radical and a neutral 
polar molecule wherein the open shell system is primarily 
removed from the region of H bonding.

Essentially experimental monomer geometries were held 
rigid for all calculations. The geometry used for the water 
monomer has an O-H bond length of 0.957 A and an H-O-H  
angle of 104.52°. The ammonia geometry has an N-H bond 
length of 1 .0 1 2  A and an H-N-H angle of 106.7°. The H 02 

geometry11 has an 0 - 0  bond length of 1.34 A, an O-H bond 
length of 0.96 A, and an O-O-H angle of 1 0 0 .0 °. Self-consis
tent field molecular orbital calculations were performed fol
lowing Roothaan’s formalism for open-shell systems14 using 
the MOLE LCAO-MO program package. The SCF energies 
for the H20, NH3, and H02 monomers were calculated as 
-75.976 221 3, -56.142 436 9, and -150.101 432 0 hartrees, 
respectively.
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Figure 1. Calculated minimum energy geometries.18 (a) H02-H20: Roo 
= 5.246 bohr, 8 = 176°, 0 = 90°. (Note that when 0 = 0 or 180°, the 
H02 plane contains the C2 axis of H20  for all values of 6.) (b) H02-NH3: 
Rno = 5.196 bohr, 0 = 0°. (The H02 plane contains one N-H bond.)
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Figure 2. Population analysis15 for equilibrium configurations. These 
difference maps correspond to changes in charge distribution upon 
complexing. For comparison, (H20)2 at the same basis set level is in
cluded. [Note that In both the H02-NH3 and (H20)2 representations, one 
H atom of the proton acceptor is hidden.]

H02-H20  Geometric Search
TABLE I

R o o , bohr 8, deg 0 , deg A E °  eiec, kcal mol 1

5.386 12 0 0 -6.76
5.386 125 0 -7.18
5.386 130 0 -7.55
5.386 135 0 -7.84
5.386 145 0 -8.30
5.386 155 0 -8.60
5.386 180 0 -8.84
5.386 185 0 -8.81

4.786 180 0 -7.15
4.986 180 0 -* ' -8.36
5.186 180 0 -8.92
5.246 180 0 -8.95
5.386 180 0 —8.84°
5.586 180 0 -8.48

5.246 165 0 -8.90
5.246 170 0 -8.94
5.246 175 0 -8.96
5.246 180 0 -8.95°
5.246 185 0 -8.92

5.246 175 180 -8.92°
5.246 175 150 -8.80
5.246 175 135 -8.91
5.246 175 12 0 -8.89
5.246 175 100 -8.93
5.246 175 90 -9.07
5.246 175 80 -8.94
5.246 175 60 -8.91
5.246 175 45 -8.94
5.246 175 30 -8.84
5.246 175 0 -8.96°

H02-NH3 Geometric Search

R no, bohr 0 , deg AE °  eiec, kcal mol 1

4.946 0 -11.30
5.046 0 -11.74
5.196 0 -11.96
5.246 0 -11.95
5.446 0 -11.58
5.646 0 -10.99

5.196 0 — 11.96“
5.196 20 - 1 1 .8 6
5.196 40 - 1 1 .8 6
5.196 60 -11.83

° Duplication of equivalent geometries in this table is done as 
an aid to the reader.

The Mulliken15 atomic charges on the monomer atoms were 
calculated as: H 02—H, +0.43, O(central), —0.37, O(end), 
-0.06; H20 —H, +0.36, O, -0.73; NH3—H, +0.30, N, -0.91. 
Using such calculated Mulliken15 atomic charges, Kollman 
and Allen9’16 have found that for hydrogen-bonded complexes 
involving first-row hydrides, greater stabilization energy was 
correlated with greater positive charge on the atom in the 
proton donor and with greater negative charge on the het
eroatom in the proton acceptor. Thus, for H 02-H20  and 
H02-NH3, the most stable structures should have H02 as the 
proton donor. This conclusion is also experimentally sup
ported by the equality of the extinction coefficients at 230 nm 
for H 02 and the complexes.2’5 ’17

A potential energy surface search was carried out for each 
complex to obtain the equilibrium configuration, within the

restriction of a linear hydrogen-bond structure with H 02 as 
the H donor; for H02-H20, there was the additional restriction 
that the linear H-bond axis be contained in the <rv plane of the 
H20 that is perpendicular to the H20  molecular plane; for 
H02-NH3, there was the additional restriction of collinearity 
of the C3 axis of NH3 and the linear H-bond axis. Optimization 
of the H 0 2-H20  complex required the variation of one inter- 
molecular distance (R o o )  and two intermolecular angles (8 and 
0 ), while for the H02-NH3 structure this required the variation 
of one intermolecular distance (f?No) and one rotational angle
(0 ) about the H bond. These coordinate representations are 
defined in Figure 1.

For each complex, a geometry of lowest computed energy 
was obtained by successive variation of the above intermo-
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TABLE II: Calculated AH °  Contributions at 298.16 K 
(kcal mol-1 )

H20 + H20^(H20)2 (3)

AE c vib
Separation of AE °  into translational, rotational, vibrational, 
and electronic components leads to21

Reac- intra- 6 A H °
tion molec intermolec AE°e]ec (caled)/ AH °  (exptl)

3 -0.150“ 4.2 (3) 6 -5.27d -3.6 -3.8«
1 4.05c —9.07“ -7.4
2 4.05“ -11.96“ -10.3

 ̂“ From frequencies in an N2 matrix from ref 23. b An estimate 
based on the results of several theoretical calculations; see text. 
“ Approximated as equal to AE°vib for (3). d From ref 10. “ This 
work. / From (4). «.IJrom ref 30 and 31; see text.

lecular coordinates as shown in Table I. A minimum geometry 
for the H0 2-H20  complex was found (interpolated) at R o o  = 
5.246 bohr, 6 =  176°, and 4> =  90° with a stabilization energy 
(= A E ° eiec) of —9.07 keal/mol, 19 while the optimized geometry 
for the H 0 2-NHs complex was calculated to be R  no = 5.196 
bohr, 4> =  0°, with A E ° e\ec =  —11.96 kcal/mol.

Considerable electronic relaxation (relative to the mono
mers) is evident from examination of the electronic structure 
of the complex. As a means of illustrating the extent of this 
electronic migration, a Mulliken population difference anal
ysis15 is shown in Figure 2 for the two optimized complex 
configurations. A further analysis of the wave functions as
sociated with the complexes indicates that the electron density 
of the unpaired electron remains primarily localized on the 
terminal oxygen of H02,20 thus supporting our initial prem
ise.

The restraints of a minimal basis set were examined in 
relation to a pair of calculations performed on the H02-H20  
system using a somewhat larger (split-out) basis [5s 2p/2s]. 
The results of these two calculations at R o o  = 5.246 bohr, 6 
=  175°, and <f> -  90 and 0° yielded stabilization energies of 
- 1 1 . 8 6  and -11.76 kcal/mol, respectively. These higher sta
bilization energies (by 2 .8  kcal/mol) are consistent with the 
basis set characteristics observed with (H20)2, for which ex
tension of the basis set as described above increased the sta
bilization energy from -5.3 to -7.5 kcal/mol. 10 This suggests 
comparable reliability for the minimal basis set results on 
H 02-H20  and (H20)2.

Estimation of A H °  and AS °

In this section, AH °  and AS °  (units are per mole of com
plex) at 298.16 K are estimated for (1), (2), and the reaction

A H °  =  A E °  +  A ( P V )  = AE°trans + AE % ot + A£°vib 
+ A£°eiec + A (P V )  = - 4  R T +  A E ° vih.+  AE ° eiec

= —2.370 kcal mol- 1  + AE°vib + A E ° eiec (4)

for (1 )—(3), where R T / 2  has been allotted to each degree of 
translational and rotational freedom. The A E ° eiec values were 
calculated above for the HD2 complexes and in ref 1 0  for 
(H20 )2. Within the harmonic oscillator approximation, each 
normal vibration (v ¡) will contribute22

M I / 2  + (eW * r  -  l)-i] > R T  (5)

to the internal energy. Of the 3rc — 6  vibrational modes in each 
complex, six “intermolecular” modes are expected to be low 
frequency due to relative motion of the two entire component 
molecules; the remaining 3n  — 1 2  (“intramolecular”) 
frequencies should be similar to the equal number of vibra
tional frequencies of the two isolated component molecules. 
Separating AE°vib in this manner, A £°vib = A£°intra + 
A E °  0 inter- From the fundamental frequencies observed for 
H20  and (H20 ) 2 in an N2 matrix,23 A E ° intTa is approximately 
—0.150 kcal mol- 1  for (3). The intermolecular normal mode 
frequencies of (H20 ) 2 have not been experimentally deter
mined but have been theoretically predicted from several ab 
initio and empirical potentials.24-27 These predictions lead 
to values of A E ° e  inter for (3) in the range 4.0-5. 1  kcal mol- 1  

(the classical, lower limit is 6 R T  = 3.555 kcal mol- 1 ) ; 28 from 
consideration of the reliabilities of the various theoretical 
treatments based upon the accuracy of prediction of other 
(H20 ) 2 properties,25 we estimate A E ° e  ¡nter = 4.2(3) kcal mol- 1  

in Table II. For both (1 ) and (2 ), AE°v;b is set equal to that for
(3), which should be reasonable approximations;29 the AH °  
values then calculated from (4) are listed in Table II. For (3), 
A H °  (ealed) is consistent with the value AH °  (exptl) = —3.8 
kcal/mol obtained in two recent studies30’31 (which assumed 
AH °  constant over the temperature ranges 423-67330 and 
285-400 K31).

Separation of the translational, rotational (external), vi
brational, and electronic contributions to the total entropy
gives22

S°tot — 5°trans h S ° rot + S °vib + S°elec (6 )

In the rigid rotor and harmonic oscillator approximations,

TABLE III: Calculated Entropies“ at 298.16 K (cal mol-1 K-1 )

S°vib

S°trans S°mi6 intramolec 6 intermolec S°eiee S°tot (caled)* S°tot (exptl)

H,0 34.611
n h 3 34.443
ho2 36.416
(H20 ) 2 36.677
ho 2-h 2o 37.714
ho2-n h 3 37.656

10.453 0.008d
11.433 0.12811
16.868 0.082“
21.227“ 0.015/
23.607 0.090«
23.624 0 .2 1 0 «

0 0 45.072 45.11'
0 0 46.004 46.01'
0 1.377 54.743

12.5 (20)* 0 70.4 69.6, m 72.2
12.5' 1.377 75.3
11.7> 1.377 74.6

“ Gaseous standard state, P  = 1 atm. 6 From geometries used or determined in this work. “ From geometry measured in ref 32. d From 
the fundamental frequencies given in ref 33. “ From the fundamental frequencies given in ref 34. / Assuming frequencies shifted from 
those of H20 by the same shifts as observed in an N2 matrix (ref 23). « Approximated as equal to the sum of the corresponding values 
for the two separate molecules. h An estimate based on the results of several theoretical calculations; see text. 1 Approximated as equal 
to  th e  corresponding quantity for (H20)2. J Approximated as equal to the corresponding quantity for (H20 ) 2 minus i?(ln 3 -  In 2 ); 
see text. k From (6 ). 1 From ref 35. m From ref 30. " From ref 31.
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standard formulas are available for the' above contributions,22 

and the calculated results for the species involved in (1)—(3) 
are shown in Table III. As with A/f°vitl above, S°Vib = S°;ntra 
+  <S°6 inter- For the complexes, the S ° 6 ¡„ter are large and un
certain. The various theoretical predictions25-27 of the six 
intermolecular vibrations for (H20 ) 2  lead to values of S ° 6 inter 
in the range 8.4-14.0 cal mol- 1  K- 1 ;28 as above for the internal 
energy, we estimate S °a  ;nter = 12.5(20) cal mol- 1  K- 1  in Table
III. S °6  inter for H 0 2-H20  is approximated also as 12.5 cal 
mol- 1  K-1, while for H 02'NH3 this figure is reduced by R  (In 
3 — In 2) because of the increased effective symmetry of the 
internal rotation (about the H-bond axis) motion which is 
probably occurring in these complexes.29 As shown in Table 
III, the calculated total entropies of H20  and NH3 are in ex
cellent agreement with experiment, while for (H20 ) 2 the cal
culated value is consistent with the two experimental mea
surements.30’31 -,

The above calculations give for (2) at 298.16 K the value 
AG °  = —2.5 kcal mol-1, while the preliminary experimental 
value for the equilibrium constant mentioned earlier corre
sponds to AG °  = —2.7 kcal mol-1. This small disagreement 
is certainly less than the uncertainty one would associate with 
the theoretical value. Nevertheless, the apparent accuracy of 
the theoretical calculations for (2) and (3) suggests that the 
results for (1 ), for which experimental thermodynamic data 
are as yet unavailable, are reliable. We note, then, the atmo
spherically relevant prediction of this work that at 298.16 K 
and 100% relative humidity (p h 2o  = 23.76 Torr), approxi
mately 3.5% of the H02 is calculated to be complexed with 
H20.

Discussion and Conclusions
The theoretical resubs reported here constitute strong, 

independent support for the explanation of reported2 and 
concurrent5 experimental results in terms of H 02-H20  and 
H 02-NH3 complexes, since the experimental evidence for 
these complexes is quite indirect. Specifically, the calculated 
and experimental values of AG° at =r298 K for (2) agreed 
closely; also, a greater stability of H 02-NH3 than H02-H20, 
which is experimentally suggested by a larger NH3 than H20  
effect on the reaction rate, is calculated in this work.

From this work, it is strongly indicated that at temperatures 
and humidities relevant to the troposphere, a significant 
fraction of the H02 is complexed with H20. This substantially 
affects the rate of the H 02 self-reaction,2’5 which is a very 
important chain termination process in the troposphere.3’4 

The H02-H20  species, which will likely exhibit reactivity 
different from H02 in other reactions as well, must be included 
in a complete model of the lower atmosphere.

In the calculated geometries of H02-H20  and H02-NH3, the 
H of the H 02 is hydrogen bonded. Thus, due to steric hin
drance, the reaction probability for transfer of this H atom 
would be expected to be reduced. Yet, as stated in the Intro
duction, it has been inferred from experiment5 that the re
actions

HO, + H 02 ■ H20  — (7a)

H 02 + H02 • NH:, -  (7b)

are faster than the reaction

H02 + H02 — H20 2 + 0 2 (8 )

We speculate that this is because the steric hindrance to the 
transfer of the H atom of one H02 is outweighed by the fol
lowing effect: relative to the situation for (8 ), a reactant en
counter in ( i) should hold two H02 radicals in close proximity

for a longer time (due to enhanced hydrogen-bonding possi
bilities), during which a reactive orientation of the two H 02 

may be realized. This speculation is supported by the calcu
lated electron migration in going from the monomers to the 
complexes (Figure 2 ), which would seem to favor further hy
drogen bonding, and by the very low barrier to rotation about 
the hydrogen bond in each complex (Table I), suggesting some 
flexibility in the reactant encounter pairs of (7).
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The 'tracer diffusion coefficients of Na * and Ba2+ ions in especially synthesized poly(styrenesulfonate) res
ins wjth 2.3% cross linking were determined at 25 °C. These data were employed to evaluate the various con
tributions to the ionic mobilities in such media, i.e. tortuosity effect and electrostatic interactions. Yasuda’s 
equation is found to describe adequately the tortuosity effect in the range 0 .1 - 0 .8  of the resin volume frac
tion (Kp). It is concluded that electrostatic interactions are important even at large Vp, but the value of the 
acting electrostatic potential surrounding the charged chains is different from that calculated with theories 
of dilute polyelectrolyte solutions. The probable mechanism of transport of ions in resins is also discussed 
in terms of the values found for the activation energies for ionic transport.

I

Introduction

The transport of small mobile particles through polymeric 
materials bearing fixed charges is of importance in a variety 
of processes which are related to the permeability of synthetic 
or natural membranes as well as to the kinetics of ion ex
change. In the past, it was common to interpret thermody
namic and transport properties of ion-exchange resins in terms 
of those of concentrated electrolyte solutions. However, it is 
now generally accepted that polyelectrolyte solutions are the 
correct homogeneous analogues of the resin systems. 1-4 So
lutions of linear polyelectrolytes are in every way similar to 
the corresponding cross-linked resins at the same concen
tration of fixed charges; a difference, however, exists in that 
the resins cannot be indefinitely “diluted” with solvent be
cause it is impossible to stretch the chemical bonds linking two 
polymeric chains beyond a certain limit, thus the “infinite 
dilution limit” cannot be experimentally achieved in cross- 
linked resins.

The transport of small ions in dilute polyelectrolyte solu
tions is governed by the strong electrostatic interactions be
tween the polymeric chains and the mobile counterions and 
coions. According to Manning5 and to Katchalsky and co
workers,6 these electrostatic interactions depend mainly on 
the distance between adjacent charges along the backbone, 
and very little on the concentration of the polyelectrolyte. On 
the other hand, when the concentration of macromolecules 
is sufficiently high, the displacements of the mobile species, 
which always occur through the regions containing water in 
the macroionic solution, will be hampered by the polymeric 
chains. This situation has the effect of lengthening the real 
path of the moving particles which travel through the mac- 
romolecular medium. This tortuosity effect7 is fundamentally 
related to the volume fraction of resin, Vp.

Thus, it may be said quite generally that the tracer diffusion 
coefficients of ions (D;) in resins or polyelectrolyte solutions 
may be expressed for all Vp by

Di = Dfel,f(Vp) (1 )

where

Die,) = D? g($)/*i (2)

and f( Vp) represents the tortuosity effect, T is the reduced 
electrostatic potential, z, is the charge of the moving ion, and 
D f  denotes the tracer diffusion coefficient of ion i in pure water 
which is proportional to the absolute mobility of the ion.

The present work reports measurements of tracer diffusion 
coefficients in homo- and heteroionic poly(styrenesulfonate) 
resins. The results were employed in order to clarify the nature 
of the various terms appearing in eq 1 and 2  and evaluate their 
general applicability.

Experimental Section

P r e p a r a t io n  o f  th e  R e s in  S tr ip s . The polyfstyrenesulfon- 
ate) resin strips employed in the present work were synthe
sized from styrene (PASA S.A.) using divinylbenzene (Fluka 
technical grade) as the cross-linking agent. The styrene was 
washed with 5% NaOH and then distilled under reduced 
pressure (0.1 Torr) to eliminate any residual polymerization 
inhibitor. The precise content of divinylbenzene in the com
mercial product, which also contained ethylvinylbenzene and 
diethylbenzene, was established by vapor phase chromatog
raphy.

The polymerization was carried out8 in such a way that the 
final resin was in the form of thin strips of 2 0 0  pm thickness. 
A mixture of the monomers with 15% of toluene and 0.66% of 
azobis(isobutyronitrile) was prepared in a large test tube. A 
number of glass slides separated from each other by thin glass 
plates was tightly tied together and immersed in the reaction 
mixture. The glass slides had to be scrupulously clean to en
able the preparation of smooth homogeneous strips. The test 
tube was sealed and the polymerization proceeded for suc
cessive periods of 24 h at 40, 70, and 100 °C.

The strips obtained were sulfonated at 100 °C in concen
trated H2SO4 containing 0.2% Ag2SO,4 as a catalyst. The sul
fonation proceeded for a time which depended on the degree 
of cross linking of the resin; the end of the sulfonation occurred 
when the resins did not swell any more and their surfaces 
appeared smooth. In order to avoid a destructive osmotic 
shock when the sulfonated resins were immersed in water, it 
was necessary to equilibrate them successively in a series of 
H2SO4 solutions of decreasing concentration. All the syn-
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107D i/ c m 2 s-1

Vp Na+ Ba2+ Na+ Ba2+ Na+ Ba2+ Na+ Ba2+ Na+ Ba2+

TABLE I ____________________________________________________________________________ _____________

0.785
0.724

0.303
0.0107

0 .68 6
0.659

1.36
2 .2 1

0.0399 0.880 0.209 0.678

0.630 3.82 0.259 - 2.87 0.152 2.08
0.582 8.52 0.747 5.64 0.421 3.89
0.558
^Baz+

9.96 1.15
0 .00

7.60
0 .2 0

5.03

thesized resins were subjected to various cycles of ion exchange 
with HC1, NaCl, and BaCl2 before being employed.

The exchange capacity of the resins resulted between 96 and 
1 0 0 % of the calculated theoretical capacity for poly(sty- 
renesulfonate) resins. Electron-scan microscopy of the ma
terial obtained showed the resins were very smooth and ho
mogeneous if the samples for microscopy were carefully dried; 
otherwise when the solvent desorbed abruptly from the strips, 
it damaged severely the surface of the resin.

Various strips were completely exchanged with 22NaCl and 
then they were cut in small pieces which were found to have 
the same radioactivity per unit length; this showed that the 
resin strips had a constant thickness throughout their entire 
length.

W a te r  A b s o r p t io n  I s o th e r m s . The resin strips were iso- 
piesticallv equilibrated inside a vacuum desiccator containing 
either saturated electrolyte solutions or solutions of sulfuric 
acid of such concentrations that the desired relative humidity 
could be obtained. The desiccators were provided with elec
tromechanical devices that enabled stirring of the solutions 
from the outside of the thermostat when necessary. The iso- 
piestic equilibration required between 5 and 7 days to be 
completed; all determinations were made in duplicate. The 
water content of the resins at each relative humidity was de
termined gravimetrically; the weight of dry resin was obtained 
after drying for 48 h at 1 2 0  °C.

H e t e r o i o n i c  R e s in s . They were obtained by equilibrating 
the resins with a solution containing a mixture of NaCl and 
BaCl2 in a variable ratio. The ionic composition of the resin 
was established by exchanging the cations with HC1 and by 
subsequent determination of the sodium content by flame 
photometry.

T r a c e r  D i f fu s io n  M e a s u r e m e n ts . For the diffusion runs, 
the strips were cut to a size of 0.3 by 3.0 cm. When the iso- 
piestic equilibration of the resin strips was completed, they 
were hung from a stainless steel hook mounted onto a mi
crometer screw which allowed moving the strips up or down, 
so that they could be made to just touch the solution con
taining the desired radioactive isotope (22Na+ or 133mBa2+ ¡n 
carrier-free chloride solutions (CNEA, Argentina)) in order 
to seed the strips. In this way the seeding process could be 
carried out in a very short time and produced a very conve
nient thin and straight front of radioactive solution in the 
strips. The seeded strips were then placed in test tubes con
taining solutions of the appropriate relative humidity. The 
test tubes were kept in a thermostat at 25.0 ±  0.1 °C during 
the period required to complete the diffusion run. The strips 
were then taken out of the tubes and put between two pieces 
of adhesive tape which were tightly sealed together.8 With a 
especially designed guillotine, the strips were cut into sections 
of 0.237 cm, their length always being checked with a mea

0.594 0.0156
0.0851
0.482

0.00262
0.0217

0.109 1.78 0.0906 2.49 0.238
0.268 3.39 0.255 5.56 0.527

4.22 7.67 0.681
0.50 0.80 1.00

suring microscope. The radioactivity in each section was de
termined by a scintillation counter (Nuclear). From each strip 
section a value of the tracer diffusion coefficients was calcu
lated8 from the accumulative fraction of radioisotope, /¡, and 
the distance X ;  of the section from the origin of the strip ac
cording to the equation which gives the solution of Fick’s 
differentia] equation for this experimental situation. The 
expression results:

/; = erf(*2/4 D t ) m

where erf is the error function to be found in mathematical 
tables and t is the diffusion time. The dispersion of the data 
obtained in every strip was never greater than 3% from the 
averages which are reported here.

Results
It was important to carry out the measurements of tracer 

diffusion in the whole series of resin ionic composition at 
constant Vp (cf. Discussion). Hence the measured water ab
sorption isotherms at each ionic composition were converted 
into plots of Vp against relative humidity. With these plots 
the relative humidity necessary to achieve the desired values 
of Vp could be determined for each ionic composition. These 
relative humidities were obtained by careful adjustment of 
the concentration of H2SO4 aqueous solutions.

In order to calculate the volume fraction, we assumed that 
the partial molar volume of water was 17 cm3 mol“ 1 for the 
resins at all ionic compositions; this choice is based on data 
reported in the literature for various poly(styrenesulfonates)9 

and for films of sodium deoxyribonucleic acid. 10 With this 
value and the measured density of the various dry resins, Vp 
was calculated from the water content of the resins deter
mined gravimetrically.

Table I summarizes the data obtained for the tracer diffu
sion coefficients of Ba2+ and Na+ in homo- and heteroionic 
poly(styrenesulfonate) resins with 2.3% cross linking. The 
ionic composition of the resin is denoted by X Baz+ which is 
equal to the fraction of barium ion equivalents in the resin.

Discussion
In order to establish the nature of the functions appearing 

in eq 1  and 2, we shall deal first with f( Vp). There are several 
models proposed to account for the tortuosity effect. In 1955 
Mackie and Meares7 derived an expression for f(Vp) 
employing a model that considers the hydrated resin as a 
lattice through which the ions diffuse. The lattice sites which 
are occupied by the polymeric chains are assumed not to be 
available for the displacement of the mobile particles. The 
magnitude of the obstruction produced by the polymeric 
chains was evaluated in terms of the probability of polymer 
occupancy of the lattice sites. This probability was related
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Figure 1. The tortuosity effect in poly(styrenesulfonate) systems according to Mackie and Meares7 where f( Vp) is given by eq 3. Na+: ( • )  linear 
polyelectrolyte;8 (■ ) present work 2.3% cross linking; (A) commercial resins with 1.7, 4, and 8% cross linking; (▼) 2.39% cross linking.8 Cs+: 
(O) 4.5% cross linking; (□ ) 2.4% cross linking.8

directly to the volume fraction of resin. The resulting ex
pression was

f(Vp) = ( 1  -  Vp) 2

( 1  + Vp)2
(3)

The theory of Mackie and Meares has been employed suc
cessfully for the diffusion of ions and small neutral solutes 
through membranes of gelatin, cellulose, and poly(vinylic) 
compounds,11 as well as for ion-exchange resins. 12 Equation 
3 has been found to work for cases where Vp < 0.5; for the case 
of ions it was necessary to introduce also an electrostatic in
teraction to account for the experimental D t values. 3

In order to test this and other expressions for the tortuosity 
effect we have selected the relatively abundant tracer diffusion 
data for the sodium ion in poly(styrenesulfonate) aqueous 
systems. Data are available for the linear polymer,9 for com
mercial ion-exchange resins of various degrees of cross link
ing,2 and for resins synthesized by Lagos8 and those employed 
in the present work. Figure 1 illustrates the plot of log (D O  
against log (f( Vp)) according to eq 3; the data cover the range 
0.1-0.8 of Vp. In Figure 1 we have also included the data of 
D  cs+ in poly (cesium styrenesulfonate) resin obtained by 
Lagos.8 It may be seen that the data for each ion may be rep
resented by tw o  straight lines, one for the region of low Vp with 
slopes of 0.9 and 1.0 for Na+ and Cs+, respectively, and the 
other for high Vp having slopes of 1.96 and 1.7s- According to 
eq 3 the double logarithmic plots in Figure 1 should give 
straight lines with slopes of unity for the entire range of Vp, 
hence it may be said that the theory of Mackie and Meares is 
closely verified for Z>Na+ up to Vp = 0.55 and for D qs+ up to 
0.68. For larger Vp values eq 3 underestimates the decrease 
of D i with Vp probably due to the fact that at very high con
centration of polymeric material there exists a significant 
number of polymer chain configurations which completely 
surround the solvent regions, such that the diffusing species 
which enter those regions have to move against a chemical 
potential gradient in order to escape from them and advance 
then in the direction of the existing chemical potential gra
dient.

Yasuda et al.13 showed that the permeability of NaCl 
passing through hydrophilic membranes could be correctly 
accounted for by an expression derived by them from the free 
volume theory of Cohen and Turnbull14 for mass transport 
in glasses and polymeric systems. Yasuda et al. considered that 
in a hydrophilic membrane the free volume may be additively 
expressed by that of water and that of the resinous material. 
Considering, furthermore, that the moving particles cannot 
permeate through the regions occupied by the resinous matrix, 
they concluded that the free volume of the system is given by 
the fraction of water22 times its free volume. Thus

f(Vp) = exp(—6VP/(1 -  Vp)) (4)

This rather straight forward extension of Cohen and Turn
bull’s theory is not extent of criticism, e.g., the free volume of 
water in the resin is taken to be the same as that in pure water. 
Hence the physical significance of the constant b in eq 4 is 
rather obscure. Figure 2 is a plot of the tracer diffusion data 
for Na+ and Cs+ ions in poly(styrenesulfonate) resins already 
plotted in Figure 1. It may be seen that the data covering the 
whole range of Vp are correctly represented by a single straight 
line as predicted by eq 4. The least-squares analysis of the data 
is summarized in Table II. Equation 4 has been reported11 to 
apply for Vp < 0.5 as well as eq 3 for the diffusion of neutral 
molecules through various hydrophilic membranes, and it also 
applies for Na+ tracer diffusion in concentrated films of the 
sodium salt of deoxyribonucleic acid where the slope is almost 
parallel to that reported in Table II for Na+ in poly (sodium 
styrenesulfonate) . 10 On the other hand, the values of in 
Table II are significantly smaller than D® indicating the ex
istence of an electrostatic effect (DNa+ = 1.333 X 10-5 cm2 s- 1  

and D c s+ = 2.057 X 10~5 cm2 s_1).
The change in the tracer diffusion coefficients of Na+ and 

Ba2+ with the resin ionic fraction in heteroionic resins was 
employed to evaluate the electrostatic contribution to eq 1 . 
First, let us consider the change in diffusion coefficients that 
would be predicted by polyelectrolyte theory when the Na+ 
counterion is replaced by Ba2+. Due to the preferential con
densation of multivalent counterions5 when Ba2+ ions are
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'-'li-Vpl
Figure 2. The tortuosity effect in poly(styrenesulfonate) systems ac
cording to Yasuda et al. where f( Vp) is given by eq 4. Symbols are the 
same as in Figure 1.

present in the resin only as a trace, they will be strongly at
tracted by the macroion as well as a fraction of the sodium 
counterions. When X b8!+ increases, a fraction of barium ions 
becomes relatively free and the fraction of free Na+ also in
creases. Consequently, the tracer diffusion coefficients of both 
ions would be expected to increase with X bs»  at constant Vp. 
i.e., with the fraction of free counterions. 15

In an important and classical study, Soldano and Boyd16 

have observed the opposite behavior in Na+/Zn2+ heteroionic 
poly(styrenesulfonate) resins. Nevertheless, their measure
ments were carried out under conditions which maintained 
the water activity almost constant, and it is a well-known fact 
verified in the present work that at the same water activity the 
bivalent resin has a lower water content than the sodium resin; 
in other words, at constant water activity Vp increases with 
the fraction of bivalent counterion in the resin. This implies 
an increased tortuosity and may be deemed responsible for 
the observed behavior of the tracer diffusion coefficients in 
the work of Soldano and Boyd.16 For this reason we have 
measured the values of 0 ^ a+ and D  Ba2+ in various heteroionic 
resins a t  c o n s ta n t  VF„ a condition that proved to be experi
mentally tedious and difficult to carry out (cf. Results). Figure 
3 is a plot of the data reported in Table I for both ionic tracer 
diffusion coefficients at constant V p as a function of X  Ba2+. 
Figure 3 shows that, from the point of view of “dilute poly
electrolytes”, the behavior is still anomalous in spite of the fact 
that a minimum in the curves is observed which appears to 
shift to lower X Ba2+ values as Vp decreases, suggesting that 
the predictions of polyelectrolyte theory might be verified at 
low V p.

In view of the results illustrated in Figure 3, it is tempting 
to argue that in sufficiently concentrated ion-exchange resins, 
the electrostatic effect is not a relevant quantity. This would 
be the case if under such conditions the counterions moved 
along the chains of the polymeric backbone through essen
tially equipotential paths. In this case the electrostatic poly
electrolyte effect would not be acting since it really accounts 
for the decrease in ionic mobility when the ions travel from 
positions near the chains in the polymeric domains toward the

TABLE II

Std
Ion 1 0 5DSel,/cm2 s_1 6 ; deviation

Na+ 0.569 1.42 3%
Cs+ 1.09 0.876 2%

Vp = c o n * .

Figure 3. Tracer diffusion coefficients of Na+ and Ba2+ against XBan ,̂ 
in Na+/Ba2+ heteroionic poly(styrenesulfonate) resins at constant l/p.. 
For Db32+ at Vp = 0.558 the open symbols were obtained by extrapo
lation of the data at other Vp values.

domain boundaries.3-17 Consequently, if counterions moved 
along electrostatic equipotential paths close to the chains, Dj(el) 
in eq 2  should equal D? and, furthermore, the counterions 
would follow closely the contour of the resin chains so that the 
slowest counterions would block the paths to the fastest ones; 
i.e., since Ba2+ has the largest hydrated radius, D , would de
crease with X Ba2+.

In order to check this hypothesis, the log (D ,)  values for 
sodium and barium ions in the heteroionic resins are plotted 
in Figure 4 against Vp/(1 — Fp) according to eq 4. The slope 
of log (Dns+) for the pure sodium resin is somewhat different 
from that in Figure 3 where all available data for poly(sodium 
styrenesulfonate) systems were plotted. This discrepancy is 
attributed to experimental uncertainties which are smoothed 
out when data in a wider Vp range are considered.

It is surprising to note that according to Figure 4 and Table 
III the data for X Ba2+ < 0.8 give straight lines which are almost 
exactly parallel for each diffusing ion at all ionic compositions 
of the resin. The values of 6 ; reported in Table III indicate that 
this parameter in eq 4 d e p e n d s  o n  th e  n a tu r e  o f  t h e  m o v in g  
io n  b u t  is  i n d e p e n d e n t  o f  th e  p a r t i c u la r  io n ic  c o m p o s i t i o n  
o f  th e  resin , an interesting conclusion which also supports our 
previous contention that the slope b } in eq 4 has in these media 
a different meaning to that in the theory of Cohen and 
Turnbull.

The data for the pure barium resin do not-fall on straight 
lines as illustrated in Figure 4. No satisfactory explanation 
could be found for this fact; a careful analysis of the corre
sponding runs make it unlikely that a systematic error may 
have affected the data.

A consequence of eq 1 and 2 is that the ratios

■P̂ a+/̂ Na+ _  ZBa2+ _  „
D ^ 2+ / D ^ a2+ Z Na+
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Vp

1:v;-

Figure 4. Tracer diffusion coefficients()fNa+ and Ba2+ against Vp/(1
- Vp) in Na+ IBa2+ heteroionic poly(st}<rene~ulfonate) resins. Full
symbols corresponc to XBa2+ = 1.0.

a D~.+ = 1.333 X 10-5 <-m2 S-l; D%.,2+ = 0.846 X 10-5 Cm2 S-1

TABLE IV: Activation Energies of Ionic Mobilities in
Poly(styrene) Type Resins

19
18
18
18
18
19
20
20
20
20

Ref

4.20
4.20
3.65
4.76
4.48
3.46
3.92
3.92
3.92
3.84

E*

5.2
5.39
4.15
4.82
4.87
7.0
2.51
3.56
5.17
8.7

8
30
30
30
30
8
4
8

16
6

% cross linking

D~~+ID~+
XBs2+ b~s+ bBs2+ Dlti~+/Dlk2+

0.0 2.3 3.45 1.46
0.2 2.3 3.65 1.43
0.5 2.3 3.45 1.87
0.8 2.3 3.45 1.98

1.7 ± 0.3

Ion

Na+
Na+
Cs+
Sr2+
Mg2+

NMe4+
CI
CI
CI-
1-

a Calculated from the conductivity at infinite dilution data in
R. A. Robinson and R. H. Stokes in "Electrolyte Solutions",
Butterworths, London, 1959.

TABLE III: Counterion Tracer Diffusion Coefficients in
Heteroionic Resins and Parameters of the Equation: Vi =
vlel ) exp(-b; Vp/(l- V;J» B

2o

- 7

-8

,--,.
';-.,

'iQ
'--5' _ 9
~

-6

for each ionic composition. The ratios ob~ned from the lines
drawn in Figure 4 are reported in Table HI; the average value
of the ratios being 1.7 ± 0.3. Thi~ would imply that the elec
trostatic field around the chains is a relevant quantity in de
termining the diffusion of ions at high Vp values, but the value
of <I> would not correspond to that calculated from theories
that apply to dilute polyelectrolyte solutions.

Finally it is important to analyze whether it is possible to
consider that the absolute mobility of the ions in the resins at
high V p is the same as that in pure water, i.e., that D? in eq 2
is the tracer diffusion coefficient of ion i at infinite dilution.
There are a variety of data on the activation energy for ionic
mobilities in resins which show in general that these are of the
same order of magnitude as in pure water, except when the
diffusing species is large enough to be affected by a sieve effect.
In Table IV some recent activation energy data for ionic
transport in poly(styrene) resins are compared to those in
water; column two of the Table IV gives the degree of cross
linking of the resins. It may be observed that the activation
energies are only slightly larger than in water except for 1- and
for NMe4+; for the latter ion Boyc.19 considers that sieve effect
is operative 91ld responRihle for the rather large activation
energy.

When the data in Table IV are compared to those for alkali
metal ions in glasses21 which are several times larger, they
seem to indicate that the mechanism of transport in ion-ex
change resins is akin to that in water and quite different from
those in anhydrous ionic viscoelastic media.

Conclusions

(1) The variation of ionic tracer diffusion coefficient in
ion-exchange resins with Vp is well represented by eq 4.

(2) The slope bj in eq 4 depends on the nature of the moving
ion and not on the nature of the ionic matrix of the resin. Thus
eq 1 becomes

(5)

(3) The electrostatic t=redictions of polyelectrolyte theories
are not met in heteroionic resins at large Vp • However, the
electrostatic potential still plays an important role.

(4) The activation energy data for ionic transport in resins
suggests that the real fr:ction coefficient is closely related to
that in dilute aqueous s·)lutions.
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C O M M U N I C A T I O N S  T O  T H E  E D I T O R

Multiplicity of the Reacting State in the Photoaddition 
of Carbon Tetrachloride to Anthracene

Publication costs assisted by the National Institutes of Health

S ir : The photochemical addition of carbon tetrachloride to 
anthracene has been known for some time. 1 Although it has 
been assumed to be a reaction occurring from the excited 
singlet state of anthracene,1-3 Hardwick concluded from flash 
spectroscopic studies of triplet quenching6 that the reaction 
is very likely to take place entirely from the .anthracene triplet 
state.7

Because of our interest in quenching of excited triplet 
states8 and in heavy atom elucidation of photochemical and 
photophysical processes,9’10 we have investigated the pho
toaddition of carbon tetrachloride to anthracene in benzene 
solutions containing varying concentrations of bromobenzene 
as a heavy atom additive. Assuming that the only effect of 
bromobenzene is to convert anthracene excited singlets to 
triplets,11 the following kinetic scheme may be written for the 
case in which the photoaddition takes place from the an
thracene singlet state. - 2

hv
A — A*(1) (1 )

A*U>-^Ua  + h v ' (2 )

A * d ) ^ U A (3)

CCI4 + A*(1) — products (4)

A + A**D — »-dimer (5)

A*d) — >. A* 131 (6 )

H + A * W - X a «  + H (7)

If this formulation is correct, the Stern-Volmer slope for 
bromobenzene quenching of anthracene fluorescence (from 
plots of F '/ F  vs. [bromobenzene], where F ' and F  are the flu
orescence intensities (both in the presence of CC14) in the 
absence and presence of bromobenzene, respectively) and the 
Stern-Volmer slope for bromobenzene quenching of anthra
cene disappearance (from plots of 'fyi'/'t’d vs. [bromobenzene], 
where 4m' and 4m are the disappearance quantum yields in the 
absence and presence of bromobenzene, respectively) should 
be the same.

Using solutions of 2.4 X 10- 3  M anthracene and 0.13 M CCU 
in benzene, with bromobenzene concentrations of 0,1.2,1.52,
1.9, and 2.3 M and following the photochemical reaction by 
monitoring the decrease of anthracene absorbance at 378 nm, 
we observed a Stern-Volmer slope of 0.68 M - 1  (standard 
deviation, 0 .0 2 ) for fluorescence quenching and a Stern- 
Volmer slope of 0.72 M “ 1 (standard deviation, 0.06) for re
action quenching. Since these slopes are the same within ex
perimental error, we conclude that the photochemical reaction 
of anthracene with carbon tetrachloride takes place entirely 
from the singlet state of anthracene.

At our experimental concentrations we observed a 480-/u.s 
lifetime for the anthracene triplet in the absence of carbon 
tetrachloride and a k q for C C I 4  quenching of anthracene 
triplets of 1.5 X 104 M_ 1 s_1, in good agreement with the k q 
value determined by Hardwick.6 At the C C I 4  concentration 
used in this study, half of the anthracene triplets were 
quenched by carbon tetrachloride. Since photochemical ad
duct formation does not appear to follow, we conclude that 
the net result of triplet quenching is enhanced radiationless 
decay of the triplet excited state.

Charge transfer interactions have been proposed in the CC14 

quenching of naphthalene triplets by Schulte-Frohlinde. 13 

In the present case, an electron transfer complex can be cal
culated from the equation of Weller14 and from anthracene 
and CC14 redox data15 to lie 1.97 ±  0.1 eV above the ground 
state. Since this is slightly higher than the 1.82-eV energy of 
the anthracene triplet, electron transfer would require thermal 
activation. In that case homolysis of the C-Cl bond, which is 
thought to lead to adduct formation,1 ’2 may be less likely than 
other processes which lead to ground states.
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This study provides another example of the elucidation of 
photochemical reactions through the use of heavy atom ef
fects. 16 The technique should find use in still other investi
gations.
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Effect of Ring Closure on the Diamagnetic 
Susceptibility Contributions of Oxygen Atoms

S ir : The present study of the diamagnetic susceptibility of 
cyclic d-ketoacetals was undertaken to reveal how the con
tribution of an oxygen atom to the total diamagnetic suscep
tibility is affected when a second oxygen atom is attached to 
the same carbon atom.

Cyclic alkyl /3-ketoacetals were synthesized by the standard 
methods3 and their diamagnetic susceptibilities (all the sus-

0CH2

R— COCH— CH j 
'OCH.,

ceptibility values are in - 1 0 - 6  cgs units) were measured with 
a sensitive Gouy balance calibrated with a number of standard 
substances. The accuracy of the determination of the Gouy

TABLE I: Diamagnetic Susceptibility of Cyclic 
(iKetoacetais

y O — CH,
rcoch 2ch^  | ,r  
___________ X Q— CH,

R

Xm >7

Expt

Calcd
From

Baudet’s
method8

From
Haberditzl’s

method13 Xo
ch 3 70.45 % *¡80.96 69.80 3.45
C2Hs 82.01 92.35 81.15 3.55
n-C3H, 93.38 103.66 92.50 3.56
n-C,Hn 116.19 126.36 115.20 3.60
a References 4 and 5. b Reference 6 .

force was on the order of ±0.05 mg and reproducibility of the 
results was quite satisfactory. The Gouy tube was hung in such 
a manner that its one end remained in the field so that the 
susceptibility may be calculated by the well established 
method, xm values of these compounds have also been cal
culated by Baudet’s wave mechanical method4-5 and the data 
are recorded in Table I. xm is given by the relation

XM(theor) =  x b e  +  Xise  +  Xn b e  +  X7r electrons

where BE, ISE, and NBE represent bonding electrons, inner 
shell electrons, and nonbonding electrons, respectively. The 
near constancy of the deviation for the homologus series 
suggests that the factor which is responsible for the deviation 
may be common and contributing almost to the same extent 
in these compounds. The reason for the poor agreement be
tween the experimental and calculated x m  values is that the 
contributions of the electrons in different states do affect di
amagnetism and have not been fully accounted for in theo
retical calculation.

Haberditzl6 has modified Baudet’s method and has taken 
into account the contribution of the electrons in different 
states, xm values calculated by Haberditzl’s method show a 
good agreement between the calculated and experimental x m  
values (Table I).

The diamagnetic contribution of the oxygen atoms present 
in the form

O -C —
— C I

O-C—

has been calculated taking the most reliable values as x c h 2 =
11.36, x c h 3 = 13.36, x c h  = 9-36, and xco = 6.75 in ketones2 

and following the additivity rule, xo(av) in this class of com
pounds is 3.5 against xo = 5.37 in alcohols and ether; xo = 5.4 
for glycols;1 and xo = 4.7 for alkyl noncyclic /3-keto acetals, 
R-CO-CH2-CH(OR')2.

These values indicate that ring closure is primarily re
sponsible for the low value of xo in cyclic acetals, rather than 
the fact that a second oxygen is attached to the same carbon 
atom.
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to Professors R. C. Mehrotra, K. C. Joshi, and J. N. Gaur for 
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