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T H E  J O U R N A L  O F

Exploratory Shock-Wave Study of Thermal Nitrogen Trifluoride Decomposition and 
Reactions of Nitrogen Trifluoride and Dinitrogen Tetrafluoride with Hydrogen1a b

Garry L. Schott,* Larry S. Blair, and John D. Morgan, Jr.
L o s  A la m o s  S c ie n t i f ic  L a b o ra to r y ,  U n iv e r s i t y  o f  C a li fo r n ia ,  L o s  A la m o s ,  N e w  M e x ic o  8 7 5 4 4  ( R e c e iv e d  J u ly  9, 1 9 7 3 )  

P u b l ic a t io n  c o s ts  a s s is 'e d  b y  th e  U .S . A t o m ic  E n e rg y  C o m m is s io n

Shock waves in gas mixtures containing >94% Ar are combined with time-resolved spectrometry of NF2 

absorption at 260 nm and HF emission at 2.7 p m , plus secondary diagnostics, in a survey of rapid ther
mal reactions of NF3 and mixtures of H2 with NF3 or N2F4. NF3 decomposition between 1100 and 1500 
K produces maximum NF2 concentrations accountable by the equilibrium NF3 ;=> NF2 + 7, followed by 
slower, irreversible NF2 removal. NF3-H2 mixtures were inert for >2 msec below ~1000 K, and reacted 
in <50 p sec  above ~1500 K, exhibiting (i) complete HF yield, preceded by supraequilitrium infrared 
emission, (ii) no resolvable [NF2] transient, and (iii) copious NH (A3H -»• X32 ) chemiluminescence at 
336 nm during the reaction. Delayed and gas dynamically unstable reactions occurred over the 1000 7  T  
<  1500 K range. Near 700-900 K, N2F4-H2 mixtures, containing butene to suppress room-temperature 
reaction, quantitatively form NF2 which, like NF3, is inert for ~2 msec. At higher temperatures, the 
NF2 yield from these mixtures is transient, and HF vibrational emission, NH chemiluminescence, and 
gas dynamic instabilities occur very similarly to the NF3-H2 reaction. The roles of pyrolytic dissociation 
and subsequent bimolecular reactions of the intermediates in the mechanism of stoichiometric formation 
of HF and N2 are discussed.

Introduction
Recent use of NF3 and N2F4 as reagents in premixed 

HF chemical lasers2 has prompted us to investigate the 
occurrence of rapid thermal reactions of these substances 
with H2. Although flames of NF3 and H2 have been repor
ted, 38 these gases may be mixed up to 10 0 ° without reac
tion.36 Thermal decomposition kinetics of NF3 have only 
been reported since the present work was completed.30 In 
contrast, N2F4-H2 mixtures without an inhibitor are 
spontaneously explosive near rcom temperature, 36 and 
several kinetics studies have been made4 of the forward48“0 

and reverse4d dissociation of N2F4, as well as of subse
quent decomposition5 -6 of the resulting NF2.

Ultraviolet absorption by NF2 near 260 nm is an estab
lished method30-4' 56'7 of determining NF2 concentration in 
situ . It is the central diagnostic used here, in conjunction 
with incident shock waves in gas mixtures with >94% Ar, 
to explore NF3 thermal decomposition and the partial 
reaction behavior of N2F4-H2-C4H8 mixtures. Infrared 
and ultraviolet emission spectrometry are used as comple
mentary means of detecting the formation of HF and the 
presence of nonequilibrium intermediates in the reaction 
between H2 and either NF3 or N2F4.

The salient findings are the following.
(i) Measurable NF2 is formed during NF3 decomposi

tion above about 1100 K, in amounts accountable by equi
librium dissociation according to

NF3  +  M ^  NF, +  F +  M (1)

followed by slower, irreversible formation of the perma
nent products, N2 and F atoms.

(ii) Below about 900 K, neither NF3 nor NF2 reacts de- 
tectably with H2 for up to 0.002 sec, at partial pressures 
in the neighborhood of 1-5 Torr.

(iii) The lowest temperature experiments (~ 1000-1400 
K) with detectable HF formation in these mixtures exhib
it pronounced, large-scale shock wave instabilities driven 
by the exothermic overall reactions
m , +  7NF;i —-  HF +  /CN2

A H°.m =  —54.8 kcal/mol of HF (2) 
H +  '/¡N..F4 ► I IF  +  K N j

ü.H°îw— —64.4 kcal/mol of HF (3)

(iv) With H2 and either NF3 or N2F4, prompt HF for
mation occurs above ~1500 K. The reaction is accompa
nied by intense chemiluminescent NH emission at 336
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nm, and by 2.7-gm HF emission, which exceeds the sub
sequent stable, equilibrium thermal intensity. No NF2 

was detected in the H2 + NF3 case.

Experimental Section
Test mixtures of commercially supplied gases of the fol

lowing grades, H2 and Ar, 99.9% purity; NF3 (Pennsalt) 
98% purity, principal impurity air; N2F4 (Air Products) 
and cis-2-butene (Phillips), (the only C4Hg isomer used in 
this work) research grade, were prepared using a precision 
quartz bourdon pressure gauge (Texas Instruments, 0- 
1000 Torr range) and stored in a stainless steel vessel. 
Mass spectrometric analysis of the mixture batches and of 
the nitrogen fluoride supplies determined the absence of 
major or unexpected impurities.

A liquid N2-trapped oil diffusion pump served the shock 
tube and the gas manifold comprising copper, brass, 
bronze, and aluminum parts, silver-so.dered joints, and 
Viton valve seats and O-rings, lubricated with Flalocarbon 
grease. The brass, 10.2 cm i.d., bursting diaphragm shock 
tube was internally electroplated with Ni. A pair of 12.7- 
mm diameter flat synthetic sapphire optical windows 
were diametrically situated in the test section 3.84 m from 
the diaphragm plane. Five 2-mm diameter piezoelectric 
pressure sensors were spaced along the test section at in
tervals of 10  cm or greater for shock velocity measurement 
and instrument triggering. The postshock thermodynamic 
states of gases were computed by established methods8 

using the initial state data, the measured shock velocity, 
and standard thermochemical data.9

Ultraviolet spectrometric measurements used a 0.5-m 
grating monochromator (JACO Model 82-000), an RCA 
1P28 photomultiplier, and a dc Hg-Xe arc lamp, in a 
setup similar to Figure 1 of ref 10. Slit settings provided 
approximately 4-mm axial resolution in the shock tube, 
and the spectral band defined by the monochromator in 
the absorption measurements on NF2 was triangular, cen
tered at 260 nm with 6.4 nm half-width.

Infrared emission measurements were made with about
5-mm axial space resolution, using an InAs detector (Phil- 
co) operated at room temperature in reverse-voltage bi
ased mode in a straightforward setup with collimating 
slits, a condensing mirror, and a multilayer filter with 
0.7-jvm half-width centered at 2.72 ¿an, which selected the 
vibrational fundamental of HF.

Auxiliary, time-integrated photographic spectra of 
NF3-H2 and N2F4-H2-C4Hg reactions in reflected shock 
waves were also taken, through a sapphire window in the 
end of the shock tube, using a Hilger medium quartz 
spectrograph.

Results

U v A b s o r p t io n  M e a s u r e m e n ts  o f  [N F 2], NF2 formation 
during NF3 pyrolysis was examined by absorption spectro
photometry at 254 < X < 266 nm in eight incident shock 
wave experiments in a 5% NF3, 95% Ar mixture. These 
experiments had a preshock pressure of 30 Torr and cov
ered a range of postshock, no reaction temperatures of 
1100-1850 K. F2, should it be formed, absorbs too weak
ly11 at this wavelength to have been detected, and NF3 

and the other expected products of its decomposition, NF, 
N2, N, and F are thoroughly transparent.

Oscillograms from two of the NF3 pyrolysis experiments 
are shown in Figure 1. In the upper record, at the highest 
temperature examined, transmission drops within < 20  

fisec after shock front arrival to a minimum of 3 3%, and

ZERO-

V

ZEF

100 fJLSQC

Figure 1. The 260-nm absorption profiles of shock waves in 5% 
NF3, 95% Ar, showing presence of NF2, time advancing to right: 
upper record, 1.37 km /se c  shock speed, Tn o  reaction =  1846 
K, T n f 2 =  1481 K; lower record, 1.07 km /s e c  shock speed, 
7"no reaction ==: 1246 K, TNf2 =  1177 K.

ZERO

Figure 2. The 260-nm absorption profiles of shock waves in gas 
m ixtures containing N2F4, time advancing to right: upper record, 
1% N2F4, 99% Ar, 0.79 km /se c  shock speed, Tn f , =  775 K; 
middle and lower records; 1% N2F4, 0.2% C4H3, 98.8% Ar, 0.79 
and 1.1 km /se c  shock speeds, and Tn f 2 =  760 and 1300 K, 
respectively.

then rises steadily over the next ~400 /usee, until the ex
periment is ended by disappearance of the incident shock 
flow. This is interpreted qualitatively as rapid formation 
of NF2, followed by slower disappearance, in keeping with 
the known instability of NF2 near 1500 FI. 5 In the lower 
temperature experiment represented in the lower oscillo
gram of Figure 1, the appearance of NF2 continues for 
about 200 /usee after shock wave arrival, the transmission 
reaching a minimum level of 77%. No subsequent disap
pearance of NF2 is evident over the remaining ~550 /¿sec 
of incident shock flow.

Quantitative interpretation of the absorption levels in 
the above experiments was based on calibration experi
ments in which known NF2 concentrations were produced 
by the prompt, complete dissociation of N2F4

NT, + M —*■  2NF, + M (4)

Specimen oscillograms of these N2F4 experiments are 
shown in Figure 2, and the Beer’s law plot of NF2 absorb
ance for a 1 0 .2 -cm path over the range 0.5 x 1 0 ~ 4 < [NF2]

The Journal of Physical Chemistry, Voi 17, No. 24, 1973
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F ig u re  3 . T h e  2 6 0 - n m  a b s o r b a n c e  vs. N F 2 o p t ic a l d e n s ity , d e 
te rm in e d  in s h o c k  w a v e s  w ith  q u a n t ita t iv e  d is s o c ia t io n  o f N 2 F 4 : 
p o in ts  p re s e n t  re s u lts  fo r  g a s  m ix tu re s  s p e c if ie d  in T a b le  I; 
d a s h e d  c u rv e , 2 6 0 - n m  m o n o c h ro m a t ic  e x t in c t io n  c o e f f ic ie n t  
( N a p ie r ia n )  o f 5 5 0  M - 1  c m - 1  f ro m  re f  4 a  a n d  7; so lid  c u rv e ,  
b ro a d e r  s p e c tra l b a n d  re s u lts  f ro m  F ig u re  3  o f re f  4 b .

T A B L E  I: S u m m a r y  o f 2 6 0 - n m  A b s o r b a n c e  E x p e r im e n ts  

in N 2 F 4 M ix tu re s

Preshock
M ixture  com position, % No. of 

e xp eri
m ents

p res 
s u r e ^ ) ,

Torr

Tn f 2
range,

Kn 2f 4 C4H8 h 2 Ar

5 . 0 0 0 9 5 . 0 9 s o 5 2 7 - 1 6 0 8

2 . 0 0 0 9 8 .0 9 1 5 - 9 0 9 2 0 - 9 5 0

1 . 0 0 0 9 9 .0 1 0 3 0 7 3 5 - 1 9 3 5

1 . 0 0 . 2 0 9 8 .8 8 1 5 - 6 0 7 6 0 - 1 3 0 5

1 . 0 0 . 2 2 .0 9 6 .8 3 SO 7 5 5 - 9 1 5

< 7 X 10- 4  M  is shown in Figure 3. The range of condi
tions of these experiments is summarized in Table I. 
Temperatures, denoted TNF2, and the corresponding gas 
concentrations, were reckoned for these experiments by 
the steady shock wave equations, including the thermo
chemistry of reaction 4 but assuming no other reactions.

The results in Figure 3 frcm the three N2F4-Ar 
mixtures with no fuel provide the basic calibration used to 
evaluate the peak NF2 concentrations achieved in the NF3 

decomposition experiments (refer to Figure 1 ). Absorban
ces (decadic) in the range 0.046-D.484 yielded [NF2] over 
the range 0.17-2.72 x 10- 4 M.

These concentrations are compared to the formal NF3 

concentrations and to the equilibrium position of reaction 
1 in the following way. Postshock equilibrium conditions 
of temperature and species concentrations were calculated 
for the range of shock velocities in the 5% NF3-9 5 % Ar 
mixture initially at 30 Torr, assuming reaction 1 as the 
sole chemical reaction. The calculated equilibrium frac
tion of NF3 dissociated is plotted vs. final temperature, 
again called T s v 2> in Figure 4. The measured peak NF2 

concentrations for the same shock velocities are represent
ed by the points in this figure, [NF2] being normalized by 
the calculated formal NF3 concentration and plotted at 
the calculated TNf2. The agreement between the points 
and the curve shows that the peak NF2 yield during NF3 

decomposition is closely accountable by the reversible oc
currence of reaction 1 , without appreciable formation of 
N2 or other products. The two highest temperature points 
lie systematically below the equilibrium curve, but uncer

2825

F ig u re  4 . P e a k  N F 2 y ie ld  d u r in g  p y ro ly s is  o f N F 3 in s h o c k  
w a v e s .

tainty in the measured [NF2] leaves it unclear whether 
this discrepancy represents a true measure of the finite 
NF2 decomposition which has occurred.

Calculations of poststock conditions in the experiments 
were also performed including equilibrium occurrence of 
the side reactions

2F ^  F2 (5)
NF, 4=̂  NF + F (6 )

NF 4=̂  N + F (7)
but excluding the formation of N2. These calculations 
gave essentially the same values of [NF2] and temperature 
as those including only reaction 1 . showing that our exper
iments are insensitive to the equilibrium occurrence of 
reactions 5-7 over the range of conditions employed. With 
NF3 as the starting point, reactions 6 and 7 are sup
pressed by the sizable F atom concentration accumulated 
from reaction 1 .

An estimate of the rate of reaction 1 was made for one 
experiment in the middle of the temperature range. At T  
= 1400 ± 30 K and p =  0.7 atm, the initial differential 
rate of NF2 formation from 0 to 10% dissociation of the 
original NF3 is described by a first-order rate coefficient 
of 2.9 X  103 sec-1. Interpreted as a second-crder dissocia
tion process, for the 95% Ar collisional environment, this 
yields ky =  4.75 x 108 cm3 mol- 1  sec-1. Division by the 
equilibrium constant9 gives the third-order coefficient /?-i 
= 1.4 X 1015 cm6 mol 2 sec-1, a quite ordinary value for 
a simple atom attachment.

Table I and Figures 2 and 3 also include results of ex
periments with mixtures of N2F4 and hydrogenous fuels. 
These experiments yield NF2 absorbances, based on the 
stoichiometry of reaction 4, which agree with the calibra
tion determined in the absence of such fuel. This finding 
shows that under these conditions no reactions between 
either N2F4 or NF2 and these fuels were rapid enough to 
compete with the complete occurrence of reaction 4. In 
fact, the middle oscillogram in Figure 2, and those like it 
in both the C4Hs and C4Hg plus H2 mixtures at tempera
tures up to about 900 K, show that no discernible reaction 
of NF2 with these fuels occurs within ~2 msec, the maxi
mum observed residence time in the shock-heated condi
tion. The bottom oscillogram in Figure 2 illustrates the 
behavior observed in these same mixtures at somewhat 
higher temperatures. The formation of NF2 behind the 
shock front, although complete, is temporary and is fol
lowed by an unstable reaction zone. At temperatures

The Journal of Physica' Chemistry. Vol. 77, No. 24, 1973
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H  |— 20 /¿sec

— *1 j*— 10 /¿sec

F ig u re  5 . Simultaneous emission spectrom étrie  profiles of reac
tion zone of 1.36 k m /se c  shock wave in 2% NF3, 4% H2, 94% 
Ar: f no reaction =  1805 K, tim e advancing to right: upper rec
ord, 2.4 % X <  3.1 (urn, vibrational fundam ental band of HF; 
lower record, 334.4 <  X <  337.6 nm, A3n —► X32 ~ ,  A v  =  0 
transition of NH.

above the uppermost values given for these mixtures in 
Table I, the further reaction was fast enough that the NF2 

transient was progressively truncated and ultimately, near 
2000 K, altogether unresolved. Attempts to examine the 
reaction of NF3 with H2 by NF2 absorption yielded no re
solvable NF2 concentration. We did not examine the rate 
of NF2 disappearance quantitatively, either in the NF3 or 
N2F4 pyrolysis runs or in the N2F4 plus fuel experiments, 
where the reaction leading to HF was gas dynamically un
stable and /or inadequately resolved in time.

E m iss io n  S p e c tr o m e tr y  o f  R e a c tin g  N F 3 +  H 2 and  N 2F 4 

+  H 2 +  C ^ H s  M ix tu r e s . Formation of HF in the shock-wave 
reaction zone at elevated temperature is directly detecta
ble by monitoring the intensity of its strong, fundamental 
vibrational emission bands near 2.5 g m . Shock-wave pro
files of this infrared emission were observed in several di
lute mixtures of H2 with NF3 or N2F4, the latter stabi
lized against reaction at room temperature by inclusion of 
small amounts of butene.3b Table II gives the ranges of 
conditions of these experiments.

The upper oscillogram in Figure 5 is typical of the in
frared emission profiles of these mixtures in shock waves 
sufficiently strong that the exothermic reaction occurs 
promptly and no coarse-scaled instabilities are noticed. 
The infrared emission exhibits a single, narrow spike at 
the shock front which is followed by long-term, level emis
sion continuing until the end of the incident shock flow. 
The amplitude of this level emission was found to increase 
with computed, fully reacted postshock temperature and 
with reagent concentrations in a manner accountable as 
the thermally excited radiation from the final, equilibri
um HF under conditions of small but noticeable self ab
sorption. Progressive inclusion of butene in the N2F4 

mixtures did not alter the infrared emission profile.
Since the final HF concentration is oelieved to be the 

stoichiometric maximum, we interpret the spike at the 
shock front as arising from suprathermally excited HF vi
brational states present while nonequilibrium conditions 
prevail. This interpretation is consistent with the known 
occurrence of laser action from these reactions under other 
circumstances, 2 and our setup did not permit determina
tion of the HF vibrational condition during the spike. 
Other transient emitters or fine-scaled transverse shock 
waves cannot be dismissed as contributory mechanisms in 
the 2 .7 -g m  emission spikes.

T A B L E  I I :  S u m m a r y  o f N itro g e n  F lu o r id e - H y d r o g e n  Ig n it io n  

E x p e r im e n ts  a t  3 0  T o rr  P re s h o c k  P re s s u re

M ixture  com position, %

h 2 n f 3 c 4h8 N2F4 Ar
• 2msec '

K
^unstable-

K

0.33 0.33 0 0 99.3 Not investigated 1550
4.0 2.0 0 0 94.0 990 1450
2.0 4.0 0 0 94.0 Not investigated 1340
2.0 0 0.05 1.0 96.95 780 1700
2.0 0 0.15 1.0 96.85 900 1800
2.0 0 0.50 1.0 96.50 1010 2070

Early attempts to observe 260-nm absorption during the 
NF3 + H2 reaction revealed instead the presence of strong 
ultraviolet chemiluminescent emission. The main compo
nent of this chemiluminescence was identified by photo
graphic spectroscopy as the A3ll —*• X32~ transition of 
NH. The Q-branch of the 0,0 component of this transi
tion, at 336 nm. is the strongest feature, followed by the
1,1 Q branch at 337 nm. The P and R branches of these 
transitions are also evident.

The NH 336-nm chemiluminescence was also found in 
the N2F4-H2-C4Hs reaction system, although progressive 
addition of butene diminished the 336-nm intensity and 
introduced other spectral components, particularly in the 
500-600-nm region, which are tentatively attributed to 
NH2 and C2. CN and C2 electronic spectra were found to 
dominate over NH chemiluminescence in pulsed-laser ini
tiated N2F4-H2-C4H8 explosions,2’ particularly with ex
cess N2F4.

The lower oscilloscope trace in Figure 5 is typical of the 
336-nm chemiluminescence profile of the gas mixtures in 
Table II under conditions of prompt reaction, above about 
1500 K. This chemiluminescence is confined to a narrow 
zone immediately behind the shock front, and the rise in 
intensity is distinctly more abrupt than the decay. The 
duration of this 336-nm pulse above scattered light back
ground is generally greater than that of the supraequili- 
brium infrared spike, by a factor between 1 and 2. At a 
given shock strength and mixture composition, the dura
tion of the 336-nm emission varied inversely with the gas 
density, and the peak amplitude varied in direct propor
tion to the density. From these observations we hypothe
size that emission at 336 nm coincides with the occur
rence of exothermic, HF-forming reaction between H2 and 
these nitrogen fluorides, and that cessation of the NH 
emission corresponds to substantial completion of the 
reaction.

Using the 336-nm emission oscillograms of the NF3-H2 

reaction, the transient NH excited state population within 
the reaction zone and the electronic radiation yield were 
estimated. The known radiative lifetime, 12 approximate 
photomultiplier sensitivity, monochromator transmission 
characteristics, and the shocked gas viewing geometry 
were combined with the peak oscilloscope amplitude in a 
typical NF3-H2 experiment to deduce that the peak den
sity of NH in the A3H state was about 1 X  1011  molecules/ 
cm3 under conditions where the formal NF3 concentra
tion was 3 X  1016 molecules/cm3. Integration of the chemi
luminescence profile indicated that only about 4000 NF3 

molecules are consumed per 336-nm photon emitted, from 
which one deduces that about 0 .0 1 % of the energy avail
able from reaction 2 is released as 3.7-eV photons.

As this chemiluminescence is remarkably strong and 
NH is not a permanent reaction product, a test was made

The Journal of Physical Chemistry, Vol. 77, No. 24. 1973



of the enticing possibility that a population inversion 
might exist between the A3n and X32 ~ states of NH. A 
capillary flashlamp filled with 10 Torr each of N2 and H2 

was aligned in place of the Hg-Xe lamp used for NF2 ab
sorption. This lamp was energized by a damped 10-kV ca
pacitor discharge and emitted the NH A —*• X spectrum in 
addition to copious N2 second positive radiation. 13 About
1.5 msec after triggering, the lamp output reaching the 
monochromator exit was suitably stable over the time of 
passage of the shock wave and strong enough to be mea
sured in superposition with the radiation originating in 
the shock tube. Tests were made with the monochromator 
set to transmit a 0 .8 -nm full-width triangular band cen
tered at either 336 or 337 nm, in the NF3-H2-Ar mixtures 
(see Table II) with either excess NF3 or excess H2. All 
these experiments yielded peak signals no larger than the 
sum of the independent lamp and reaction zone signals, 
and the 336-nm shots indicated between 10 and 25% at
tenuation of the lamp radiation amplitude. The lamp sig
nal returned to 10 0% transmission after the chemilumi
nescent reaction was over. Thus, there is no evidence of 
amplification, and an indication of absorption by NH 
within the reaction.

N itr o g e n  F lu o r id e -H y d r o g e n  Ig n itio n  C h a ra cteristics  in  
S h o ck  W a v es . The infrared and ultraviolet emission pro
files accompanying the formation of HF in shock-heated 
NF3-H2 and N2F4-H2-C4H8 mixtures provide a semi- 
quantitative means of examining the effect of shock wave 
strength, and hence, of gas temperature, upon the time 
scale of the reaction This study has taken an unconven
tional form, dictated by the facts that under the high- 
temperature conditions that produce oscillograms such as 
Figure 5, the reaction is too rapid for its duration to be 
resolved faithfully by the slit widths employed, whereas, 
under conditions of slower reaction, a steady, one-dimen
sional reaction zone was unobtainable. With these con
straints, the most definite quantities we were able to de
termine were the maximum and minimum shock wave ve
locities at which macroscopically unstable reaction zones 
were observed. Above this maximum velocity, where oscil
lograms such as Figure 5 were obtained, shock front arriv
al times along the tube indicated shock velocities unper
turbed by more than ~ 1 % over successive intervals of 10 

cm or longer. Likewise, below the minimum, where no ev
idence of reaction was found for the ~ 2  msec lifetime of 
the heated gas, unperturbed shock trajectories were mea
sured. In the unstable regime between these velocities, 
multiple maxima and minima were present in the emis
sion oscillograms, similar in appearance to the irregulari
ties in the NF2 absorption record at the bottom of Figure 
2 , and shock velocity data were often erratic by more than 
1%. At velocities just above the minimum for unstable 
reactions, the shock fronts propagated stably through the 
test section, and reaction was found from 100 to 400 mm 
or more behind the front. Such delayed reaction phenom
ena, detached from the shock front, were nonstationary, 
and pressure gauge oscillograms revealed secondary shock 
waves.

The minimum shock velocity observed to give unstable 
shock waves defines an ignition temperature, which we 
denote T2 msec, associated with the shocked gas condi
tions under which observable reaction just fails to develop 
in the maximum observation time set by the experimental 
arrangement, ~2 msec. The maximum shock velocity giv
ing observably unstable shock waves provides a less direct 
measure of reaction speed. Although the correspondence

NF3  Decomposition and Reactions of NF3  and N2 F4 with H2

with reaction kinetics is not formulated quantitatively, 
the extensive study of gas detonation front structure14 has 
taught that the scale of shock wave instabilities is associ
ated with reaction zone length. The transition of such'in
stabilities in our particular apparatus from a resolvably 
large size to a condition of apparent (or actual?) disap
pearance is a uniform measure of reaction speed among 
experiments involving the same chemicals. To character
ize this measure of prompt ignition, associated with com
pletion of exothermic reaction in a few tens of microse
conds, we calculate the temperature Tu:istable from the 
corresponding shock velocity and the arbitrary condition 
of no postshock reaction.

Table II includes the values of T2msec and Tunstable, 
corresponding respectively to the lower and upper limits 
of the range of unstable shock waves, determined for the 
several gas mixtures at preshock pressures of 30 Torr. The 
main results of these measurements are that (i) tempera
tures of ~1000 K or higher are needed for HF formation 
in less than ~ 1 0 - 3  sec in either the NF3-H2 system or the 
N2F4 (NF2)-H2-C4H8 system at partial pressures of a few 
Torr; (ii) these two systems exhibit quite similar values of 
both T2msec and Tunslab]e, the N2F4 mixtures being prone 
to shock-wave instability over a somewhat wider span of 
temperatures; and (iii) variation of the C4H8 content of 
the N2F4-H2 system exerts a small but consistent effect 
upon both T im sec and Tunstable, in the sense of C4H8 act
ing to diminish the reaction speed. The implication from 
the trend of T2msec with C4H8 content is that thermal 
ignition of N2F4 and H2, although achievable at tempera
tures below 10 0°, does not become rapid enough to sup
port HF laser action or gas detonation phenomena until 
much higher temperatures are reached.

The occurrence of easily observable reaction zone insta
bility in the NF3-H2 mixture with 99.3% Ar, and at 
preshock pressures down to 15 Torr, is a remarkably ex
treme case in the annals of gas detonation instability phe
nomena, 15 where high dilution of the exothermically 
reacting components and low working pressures have gen
erally been found to suppress transverse shock wave de
velopment. A proper study of the instability structure and 
detonation limit behavior of the nitrogen fluoride-hydro
gen system was beyond the scope of t he present work.

Discussion

N F 2 F o r m a tio n  and  S ta b ility . The very recently pub
lished experiments in ref 3c are operationally very like 
those represented in Figure 1, but at several times greater 
dilution in Ar. Time-of-flight mass spectrometric runs on 
reflected shock wave decomposition of NFj in Ne near 
1500 K, as blank experiments ancillary to a study of NF3 

formation from NF2, have also been reported. 50 These 
runs evidently did not lead to quantitative interpretation, 
and may have revealed stoichiometric complexity not seen 
in the present work or ref 3c. Nevertheless, the correspon
dence exhibited in Figure 4 between the NF2 yields and 
the equilibrium condition of reaction 1 directly indicates 
the existence of conditions where this reaction is well 
enough isolated from other processes for meaningful mea
surement of its unimolecular kinetics from initial NF2 ap
pearance rates, especially at high dilution.

Direct comparison is possible between our estimate of 
the rate of reaction 1 at 1400 K and [M] = 6 X 10~ 3 M, in 
95% Ar, and the Arrhenius expression determined in ref 
3c, whose high-temperature end is determined by data at 
99% Ar and 3.1 X 10~ 2 M . The present result is higher by
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the factor 1.9. As both measurements are subject to the 
same, presumably minor influence of irreversible NF2 de
composition, this discrepancy may arise from such causes 
as (i) ref 3c’s measurements being farther into the pres
sure region of departure from second-order kinetics than 
ours, notwithstanding the evidence for first-order depen
dence on [Ar] presented in ref 3c’s Figure 3, (ii) NF3 being 
a markedly more effective collision partner for reaction 1 

near 1400 K than is Ar, (iii) secondary reactions such as 
ref 3c s sequence (3), (7) or (4), ( - 6 ) contributing more to 
accelerated NF2 formation in our more concentrated mix
ture, or (iv) a real discrepancy of primary shock wave data 
or their analysis between ourselves and ref 3c. Possibility 
ii seems unlikely, in that ref 3c detected no systematic 
difference between results with 1 and 2% NF3, and such a 
difference in efficiencies, quite familiar in diatomic disso
ciation, is contrary to previous experience with tetratomic 
and larger molecules, e .g ., N2F4.4c-d

The prompt and quantitative occurrence of reaction 4 
over the range of conditions of Table I has been estab
lished in previous studies, 4 and is consistent with the 
thermochemical data.9 The stability of NF2 to further de
composition on the time scale of the experiments in Fig
ures 2 and 3 is also in accord with previous studies of both 
bimolecular disproportionation6

NF, + NF., — > NF„ + NF (8)

and unimolecular dissociation, 5 reaction 6 followed by 
subsequent steps. Kinetic parameters of some direct reac
tions of NF2 with hydrocarbons are also known from mea
surements in the 350-550 K range, both for addition of 
NF2 to certain olefins463

NF, + ^ C = C ^  —♦  —  C—  C— NF, (9)

including ci.s-2-butene, and for abstraction16b of H atoms 
from certain alkanes

NF, + RH — > HNF, + R- (10)
Reaction 10 with H2 has not been observed directly, but a 
correlation165 based on the alkane results would give an 
activation energy some 6 kcal/mol greater than the 
endothermicity, or 36 kcal/mol. The coexistence of NF2 

with C.iHg and H2 found here for up to 2 msec near 900 K 
is consistent with the reported16 and inferred Arrhenius 
parameters for reactions 9 and 10.

The effective extinction coefficient of NF2 for 254 < X < 
266 nm at low absorbance is indicated by the slope of data 
in Figure 3 near the origin. This slope and the departure 
from Beer’s law at high absorbance are seen to be inter
mediate between the reported monochromatic absorption 
coefficient at X 260.2 nm4a’c ’ 7 and the experience of Modi- 
ca and Hornig45 in the 350-750 K range, recently corrobo- 
rated4d at 293 K, using an interference filter with ~25 nm 
bandwidth. Most of the data in Figure 3 were measured 
between 750 and 1000 K, and the spans of data from the 
enlarged temperature ranges of the 5 and 1 % N2F4 

mixtures are indicated. Within these spans, we do not de
tect a systematic shift of the calibration curve with tem
perature as reported by Modica and Hornig,5b although 
we recognize the possibility of a small systematic error in 
applying the mean results of Figure 3 over the 1100-1500 
K range of Figure 4.

C ir c u m sta n ce s  a n d  M e c h a n is m  o f  H F  P r o d u c tio n . The 
qualitative conclusion from the present results is that 
under conditions where NF2 reacts rapidly enough with

H2 to support chemical laser or gas detonation phenome
na, NF3 does also. In fact, we observe that the tempera
tures of rapid HF formation from H2 and either NF3 or 
NF2 coincide with those at which these nitrogen fluorides 
independently undergo rapid pyrolysis, liberating F atoms 
and ultimately N2.

The decomposition kinetics of NF3 and NF2 are com
plex and incompletely determined, but it is clear enough 
that the processes have a multistep, free-radical nature, 
initiated by reactions 1 and 6 , respectively, and have 
many steps in c o m m o n . The interaction between these 
dissociatively decomposing nitrogen fluorides and H2 is 
likewise a sequence of free radical steps linked to the py
rolysis mechanism by the well-established, rapid elemen
tary reaction

F + H, — HF + H (11)

Reaction 11 is recognized as the major contributor to HF 
vibrational laser pumping under circumstances where 
electric discharge or flash photochemical events have led 
to F atom liberation.2 Further reaction which consumes 
the H atoms arising from (11) and transforms them to ad
ditional HF is logically necessary in the high-temperature 
thermal mechanism to account for the observed prompt 
generation of the full HF yield and for the failure of NF2 

to accumulate from NF3.
The behavior of F and H atoms as reactive intermedi

ates is suggestive of the possible importance of reaction 
chains in the rapid achievement of the stoichiometric 
reactions 2 and 3, with reaction 1 serving as initiat
ing step in the NF3 case and reactions 4 followed by (6 ) 
and perhaps (8 ) or (10 ) in the N2F4 case. Indeed, the 
known3b phenomenological behavior of N2F4-H2 explo
sions near room temperature is that of a free-radical chain 
process, and Kuhn and Wellman35 have pointed out the 
viability of reaction 10  as a low-temperature initiation 
step not accessible in mixtures of H2 with NF3, HNF2, or 
N2F2.

In considering reaction chains in these systems, we call 
primary attention to the heart of chain mechanisms, 
namely, propagation by a closed sequence of elementary 
reactions of the intermediates which combine to produce 
the stoichiometric transformation of reactants to unreac- 
tive products while simultaneously regenerating no fewer 
of the intermediates than are consumed in the propaga
tion. Here, we observe that an essential aspect of reaction 
2 is that it entails a significant net increase in number of 
molecules, which means that it cannot be accomplished 
solely by atom transfer steps, but must include a definite 
measure of dissociation events in which a greater number 
of thermochemically significant linkages between atoms 
are destroyed than are formed. Specifically, reaction 2 re
quires one dissociation event per NF3 molecule reduced.

By comparison, reaction 3 entails net breakage of two 
bonds per N2F4 molecule reduced. The energetically inex
pensive dissociation of N2F4 by reaction 4 provides half of 
this requisite dissociation, and by our observation at high 
temperature precedes the burning with H2. Thus, the 
stoichiometry to be achieved by a chain sequence becomes

k H , +  >/,NF2 -*■  HF + / N ,  (3a)

which still entails the net participation of one dissociation 
event per two NF2 fragments reduced. We observe, inci
dentally, that the mole number increases in reactions 2 

and 3, by factors of 7/5 and 5/3, respectively, make the 
explosion pressures generable in these systems larger than
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in familiar fuel-oxygen systems of comparable specific exo- 
thermicity, but where the final-to-initial mole number 
ratio is smaller.

The simplest chain mechanisms formulable for the 
NF3-H2 or N2F4-H2 systems at high temperature suffice 
to illustrate the role of dissociation steps. Consider the 
mechanisms comprising reactions 1, 11 or 4, 6 , 11, plus 
the generic steps

NF3 Decomposition and Reactions of NF3 and N2F4 with H2

H +  NF I + 1  - HF +  NF., (12-*)

H +  NFv + 2 — HF +  NF, +  F (13-y)

to consume H atoms and

NF, +  NF, — ► N2 +  (x +  z)F (14-x, z)

to form N2. The indices x, y , and 2 may have those several 
integer values appropriate for the species NF3, NF2, NF, 
N, N2, HF, H, and F. We observe the absence of dissocia
tion in reactions 1 1  and 1 2 , so that the capacity to supply 
the dissociation component of chain propagation rests in 
reactions 13 and 14. Simple chains of reactions 11, 12, and 
14 producing N2 and HF are possible in the NF3-H2 sys
tem provided reaction 14 occurs with an average value, {x  
+ 2), of no less than 3. Alternatively, a fraction, a , of the 
H atom traffic occurring by reaction 13 would reduce the 
necessary (x + 2 >mjn to (3 -  2 a ] . For chain accomplish
ment of reaction 3a, the corresponding minimum, (x + 
z)min, is (2-2a). Values of (x + 2) greater than these mini
ma can produce chain branching by returning more F 
atoms than are invested in reaction 11. Lesser values re
sult in net consumption of chain centers, so that reaction 
1 or 6 supplies an essential portion of the overall dissocia
tion, and the subsequent reactions of the intermediates 
constitute a self-limited sequence of secondary steps.

The actual mechanisms occurring in our shock-wave 
ignition experiments are doubtless more complex than 
represented above. In particular, pyrolysis kinetics experi
ments on NF2 have shown formation of NF3 which is per
manent near 800 K6 and transitory at 1400-2000 K,5a and 
N2F2 is also formed2e’ 17 in the photochemical decomposi
tion of N2F4 at room temperature, and believed5 to be an 
intermediate in the pyrolytic decomposition of NF2 at 
1400-2000 K as well as in HF-forming reactions studied at 
lower temperatures.311’6 ’18 Suffice it to observe that reac
tions of the family

NF(( + 1I + NF,„ + 1) — *■ N2F2 + (t + u)F (15-t,u )

forming N2F2 which subsequently dissociates unimolecu- 
larly are equivalent to reaction 14, while N2F2 removal by

H +  N2 F2  — » HF +  N, +  F (16)

alters the net dissociation derived from the liberation of 
N2. Simple F atom transfer reactions between nitrogen 
centers, such as reaction 8 , entail no dissociation, and 
likewise attachment of H to N by transfer processes makes 
no contribution, and it is not profitable to pursue the 
whole spectrum of reactions involving exchange of H for F 
in the several nitrogen-fluorine species, as these are surely 
minor side reactions beside (2) and (3).

The present observations do not firmly preclude the 
propagation of indefinitely long chains in NF3-H2 igni
tion. Neither do they provide positive evidence for chain 
propagation, the circumstances being such that reaction 1 

proceeds significantly, and there is not time for indepen
dent termination mechanisms to be recognized.

There are several observations of the NF3-H2 reaction 
under other circumstances which show the absence of sig

nificant chain propagation. First, electric discharge laser 
experiments2c’d’g not only show no identifiable pumping 
contribution from reactions subsequent to (1 1 ), but at low 
pressures and a particular discharge intensity,2« there was 
not even a propagating chemical ignition subsequent to 
the laser event. In contrast, thermally ignited laser pulses2® 
did show stimulated HF emission from the fourth vi
brational level, indicating a contribution from one or more 
of reactions 1 2 , but not distinguishing which.

More explicit information is provided by a recent low- 
temperature investigation18 of partially dissociated hydro
gen flow-mixed with NF3, which showed that neither 
reaction 12 nor 13 occurred on a short time scale at room 
temperature. Between 476 and .599 K, a reaction occurred 
which produced HF and N2 while simultaneously consum
ing both the H atoms and H2. There was no evidence of a 
propagating chain, and the rate of H atom removal was 
evidently that of reaction 12-3, whose rate coefficient was 
determined to be 6  X  1014 exp(-13.2 kcal/R T )  cm3 mol 1 

sec-1. Evaluation of this expression at 1000-1500 K shows 
that reaction 12-3 is capable of removing H atoms rapidly 
in our experiments, but by the reasoning of the preceding 
paragraphs, this atom transfer step is not sufficient to 
sustain a chain.

The contribution of chain propagation to the NF2-H2 

ignitions generated above 1000 K is also unclear, owing 
somewhat to the complicating role of the C4Hg. As with 
the electric discharge NF3-H2 experiments, there are no 
reported contributions to pumping of N2F4-H2 lasers2b’d 
by processes subsequent to reaction 11. In undiluted 
N2F4-H2-C4H8 mixtures initiated by pulsed 10.6-gm2i 
laser radiolysis, the observations indicated a slow, photo- 
lytically initiated chain reaction occurring near 1100 K 
during an induction period, finally leading to thermally 
augmented explosion. This description is supported by the 
present findings.

Chain processes surely occur in the ignition of N2F4-H2 

systems at lower temperatures, but the neec for inclusion 
of dissociation events beyond reaction 4 may be removed 
under such conditions by coproduction of NF3 or perhaps 
other amines so that (3a) might be replaced by3b

'/¡H, +  2NF, — *• HF +  NF;; +  KN, (3b)

which conserves the number of moles. The documented 
viability of reactions 14-0,219 and 14-1,1,88 which provide 
sufficient dissociation for reaction 3a, makes direct chain 
propagation a firm possibility. Still it is clear from our re
sults that the chain processes responsible for explosion of 
N2F4-H2 mixtures near room temperature are not acceler
ated markedly by raising the temperature to ~ 1000 K, so 
that still higher temperatures, where massive pyrolytic 
initiation occurs, are needed for submillisecond burning at 
least of mixtures containing mere than trace quantities of 
inhibitor. Failure of chain processes to dominate NF2-H2 

burning above ~1000 K is a strong indication that the 
mechanism of NF3-H2 burning contains at least as great a 
measure of essential pyrolytic dissociation.

N H  C h e m ilu m in e sc e n c e . Chemiluminescent emission of 
the NH A3H — X32 - spectrum near 336 nm has been ob
served previously in the NF3-H2 flame,3® and it is also a 
known spectral feature of other flames20 which contain 
compounds of nitrogen, including particularly the NH3 

flame with F2 as the oxidizer.200 The yield of ultraviolet 
photons measured here in the shock-wave reaction is an 
order of magnitude larger than that deduced21 for the al
ready remarkably strong vacuum uv chemiluminescence
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in the CO fourth positive system from the C2H2-O2 reac
tion, also occuring in low-density shock waves.

The thermochemistry of attachment of H atoms in H2, 
HF, and to N in the presence or absence of additional H 
or F is such that there are no thermoneutral or exothermic 
bimolecular atom transfer reaction paths of ground-state 
reactants for generating NH in its A3II state. Electronic 
energy transfer from a nonradiating excited electronic 
state of another molecule, such as the A32 u+ state of N2, 
is logically possible, but it is difficult to believe that the 
supply of this molecule and of ground-state NH is large 
enough to support the observed strong chemilumines
cence. We are thus left to believe that NH(A3II) arises in 
the NF3-H2 and NF2-H2 reaction course primarily by as
sociation of bare N and H atoms. That H atoms are 
formed in reaction 1 1  and are intermediates in the total 
HF formation mechanism is entirely credible, and the 
strong NH chemiluminescence thus provides evidence for 
the presence of N and hence, the significant occurrence of 
such reaction paths as reaction 12  with x = 0 and/or reac
tion 13 with y  = 0, producing N and reaction 14 with x = 
0, z = 1 or 2 , consuming it.

The relation between these results and conclusions and 
the recently reported22 observations and interpretations of 
visible NF (b1 2 + —► X32 ~) and N2 first positive chemilu
minescence in flowing NF2 plus H atom mixtures at room 
temperature remains to be understood. These emissions 
were not identified in the present experiments.
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Intersystem Crossing Paths in Excited Charge-Transfer Systems
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Pulsed laser photolysis experiments are carried out in aromatic exciplex systems, investigating the gener
ation of triplet states under varying conditions of dissolved oxygen and solvent polarity. Four different 
intersystem-crossing (ISC) paths, leading to the triplet states of the donor (D) or the acceptor (A), are 
identified: (I) intersystem crossing within the thermalized exciplex, L(A D ! )*, formed in nonpolar sol
vents. This is a '“slow” ISC mechanism, competing with fluorescence emission from 1 (A_D+)*. (II) 
Triplet states are generated in polar solvents via  the homogeneous recombination of solvated radical 
ions: As_ + Ds+ —►  3A* + D (or 3D* + A). (Ill) Intersystem crossing may occur in both polar and nonpolar 
solutions from nonrelaxed donor-acceptor pairs. This “fast” process circumvents the thermalized exciplex 
in hydrocarbon solvents and the separated ions in methanol or acetonitrile. (IV) Triplet states may also be 
formed as a resub of quenching of the exciplex fluorescence by molecular oxygen: 1 (A_D+)* + O2 —►  
3A* + D + 02 (or 3D* + A + 02).

Introduction
The technique of pulsed laser photolysis has been re

cently applied to the study of charge-transfer complexes 
in the excited state, leading tc new information con
cerning exciplexes and excited electron donor-acceptor 
(EDA) complexes.1 A particular aspect of significant 
photochemical relevancy is the mechanism by which trip
lets are generated in excited, intermolecular, charge- 
transfer states.

In previous publications2 ’3 we have suggested that in 
the cases of the exciplexes formed between N , iV-diethylan- 
iline (DEA) and pyrene or anthracene, intersystem cross
ing occurs from nonrelaxed excited complex states. Name
ly, crossing to the triplet manifold precedes the popula
tion of the thermalized fluorescent exciplex, 1 (A_D+)*, in 
nonpolar solvents as well as the formation of separated 
radical ions in polar solutions. This suggestion was based 
on the observation that the absorbance, at the character
istic maxima of the anthracene and pyrene triplets, ap
pears immediately after a ~ 1 0 -nsec laser pulse, prior to 
any substantial decay of the fluorescent exciplex.2 This 
prefluorescence ISC mechanism, later found to be consis
tent with temperature effects on triplet and fluorescence 
yields,3 was also postulated by Mataga and coworkers in 
the case of the tetracyanobenzene-toluene EDA complex, 
excited within its charge-transfer absorption band.4

Recently, the above mechanism was questioned by 
Land, Richards, and Thomas,5 who observed in the case 
of the exciplex formed between anthracene and N , N -di- 
methylaniline (DMA) a distinct growing-in of the anthra
cene triplet state, matching the decay of the exciplex fluo
rescence. It will be shown below that similar growing-in 
processes are also observed in the case of exciplexes in
volving TMPD (JV,A/)A/v,A/7-tetramethyl-p-phenylenedi- 
amine), indicating that ISC occurs within the thermalized 
exciplex in competition with the emission of fluorescence. 
The failure to observe a triplet growing-in in other sys
tems is attributed by Land, e t  a l . ,6 to a coincidence of the 
corresponding triplet and exciplex absorptions, so that 
transitions such as 4(A“D+)* -*• 3A* + D are not associ
ated with a net change in absorbance.

With the purpose of clarifying the apparent controversy 
concerning the mode of triplet-state generation, we have 
submitted nine exciplex systems to a nanosecond laser 
photolysis study in both polar and nonpolar solvents. De
tailed light-induced spectral changes were recorded start
ing ~15 nsec after triggering the laser, aiming to provide 
unambiguous evidence showing that the initial spectrum, 
recorded prior to any significant decay of the exciplex 
(nonpolar solvents) or the ions (polar solvents), does in
clude a triplet-state contribution. We have also studied 
the process of the exciplex fluorescence quenching by mo
lecular oxygen investigating its possible association with 
intersystem crossing. The results bear on the general pic
ture of triplet state generation during charge-transfer in
teractions in the excited state.

Experimental Section
The nanosecond nitrogen laser (337.1 nm) photolysis 

technique6 as well as- the steady-state fluorimeter3 have 
been described previously.

AfAf-Dimethylaniline (DMA) and N,N-diethylaniline 
(DEA) obtained from BDH were redistilled under nitro
gen. Spectroscopic grade acetonitrile (AcN), methanol 
(both Fluka), and toluene (Matheson), as well as methyl- 
cyclohexane (MCH) (Fluka, puriss.), were used without 
further purification. Pyrene, anthracene (Anth), 
N , N , N ', N', -tetramethy 1 -p  -phenylenediamine (TMPD),
naphthalene (Naph), and biphenyl (Biph) were all zone 
refined. Solutions were deaerated by bubbling nitrogen or 
by a freeze and thaw technique. All experiments were car
ried out at room temperature.

Results
I. D e a e r a te d  N o n p o la r  S o lu tio n s . Pulsed laser experi

ments were carried out in deaerated nonpolar solvents 
such as methylcyclohexane or toluene, where the quench
ing of an excited donor, 4A* (or acceptor, 4D*), by a 
ground-state D (or, correspondingly, A) molecule is asso
ciated with the formation of a fluorescent exciplex. In all 
the presently investigated systems this quenching process 
was also found to be associated with intersystem crossing,
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a. 'Antnracene*+ DEA in MCH b, ' t m PD*+Naphthalene in MCH

2 0 se c 5 0  r iV

415 nm

5 )  n s e c 5 0  rr V

■ / I
»30 tm

C. 'Anthracene*+ DMA in MCH

X, nm

Figure 1. Characteristic oscillogram s and t'ans ien t spectra in exciplex systems prepared in deaerated nonpolar solvents by pulsed 
laser excitation. In each case three oscilloscope traces are reported. The upper one represents the separate contribution of fluo res
cence (m onitoring light shutter closed) to the lower trace (absorbance +  fluorescence) recorded in the presence of the m onitoring 
pulse. The lowest trace  is the separate contribution of the absorption obtained by substracting the fluorescence, a, [Anth ] =  10~2 M, 
[DEA] =  0.5 M .  . . .  X  . . . ,  (A D 0) values recorded at the end of the laser pulse (15 nsec after triggering); (A D „  ) values recorded
200 nsec after triggering. (Since the trip le t decay is substantial even during the firs t 200 nsec, we have normalized the maximum of the 
AD;**. curve to fit that of A D 0 , thus rendering easier the comparison of the two spectra); b, [TMPD] =  2 X 10~3 M  [Naph] =  0.1 M ;  
. . .  X  . . . ,  (ADo) 15 nsec; — • —, (AD  „ )  350 nsec; c, [Anth] =  8 X 10“ 4 M , [D M A] =  0.75 M ;  . . .  X . . . ,  (A D 0) 15 nsec (by graphical 
extrapo la tion); — • —, (A D  ) 350 nsec.

\ ,n m

Figure 2. Transient absorbance changes in the laser photolysis of exciplex systems in deaerated nonpolar solvents: (AD-- ),
points recorded 200 nsec after triggering; . . .  X . . .  , (A D 0) , points recorded 50 nsec (a,b) or 10 nsec (c, by graphical extrapolation ' 
and d); a, [DEA] =  0.25 M. [Naph] =  0.2 M ;  b, [DEA] =  0.25 M , [B iph] =  0.2 M ;  c, [TMPD] =  2 X 10~3 M , [B iph l =  0 1  M 'd  [Pyrenel 
=  1 0 - 3 M , [DEA] =  0.5 M . 1
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leading to the triplet state of either donor (3D*) or accep
tor (3A*). This is shown in Figures 1 and 2 where some 
characteristic oscillograms and flash difference spectra are 
presented for various donor-acceptor pairs. It can be seen 
that the transient absorbance recorded a few hundred 
nanoseconds after the laser pulse (ODa=), when most of 
the exciplex has decayed, consists of the characteristic 
triplet-triplet absorbtion bands cf either A or D. When 
considering OD0, the “initial” change in absorbance re
corded at the end of the laser pulse (—15 nsec after 
triggering), one should bear in mind that at this time 
most of the exciplex, whose lifetime is of the order of 80 
nsec, is still present. Thus, OD0 will possibly include the 
contributions of: (a) the exciplex,7 (b) the relatively small 
amount of triplets which might have been populated via  
intersystem crossing from the thermalized exciplex within 
the first 15 nsec, and (c) triplets populated via  fast mech
anisms circumventing the thermalized exciplex.

For example, we examined the 7TMPD + Naph pair 
(Figure lb), where around the 415-nm peak of 3Naph* 
ODo < OD™, indicating a growing-in process for the 
naphthalene triplet. Outside the above spectral range OD0 

> ODoj, reflecting the decay of the exciplex absorbance.7 

Within the limits of experimental accuracy the triplet 
growing-in rate matches the decay of the exciplex absorp
tion or fluorescence, in agreement with the competition 
scheme

'(A_D + )* — ►  A + D + h v  (fluorescence) (1 )

'(A~D + )* — *■  3A* + D (intersystem crossing)
(2)

in which J(A- D + )* represents the thermalized fluorescent 
state of the complex. Distinct growing-in stages within the 
range of the triplet band were also observed (see Figures 1 
and 2) for 7Anth* + DMA and TMPD* + Biph. No sub
stantial growing-in was observed for 1Ant,h* + DEA, 
JDEA* + Naph, JDEA* + Biph, and 7Pyrene* + DEA 
around the absorption maxima of the corresponding trip
lets. In the cases of 1 perylene* + DMA and 7pyrene* + 
DMA an exact growing-in analyses was prevented by the 
intense interfering fluorescence in the range of the triplet 
absorption.

II. A e a r e a te d  N o n p o la r  S o lu tio n s . Laser photolysis ex
periments were also carried out in aerated solutions under 
conditions in which O2 could not efficiently compete with 
the excited donor-acceptor interaction leading to the exci
plex. Thus (see Table I) the concentrations of A or D were 
set so as to assume that /?(D* + A)[A] 3 > k (D *  + O2)[O2] or 
k (A *  + D)[D] »  k ( A *  + 02)02] correspondingly. In all 
cases we found the exciplex fluorescence to be efficiently 
quenched by oxygen, the results in Table I being consis
tent with quenching rate constants of ~ 1010 M  ~ 1 sec ~1.

Although quenched by 02, the relatively low value of 
their reaction rate constants (~ 10 9 M - 1  sec-1) allowed 
the detection of triplet states even in aerated solutions 
(Figure 3). By carrying out appropriate extrapolations, the 
relative intersystem crossing yields were estimated as pre
sented in Table I. Figure 3 shows two different character
istic oxygen effects. In the 7TMPD* + Naph system, the 
oxygen quenching process is associated with a drop in the 
triplet yields. Since F / F °  = D T / D T°  (where F  and D T are 
correspondingly the fluorescence intensity and the triplet 
absorbancy in the presence of 02, while F° and D  r°  are 
the corresponding values in deaerated systems) and since 
we have previously shown that for 1TMPD*-Naph ISC oc-

1TMPD + Naphthalene in MCH 'Anthracene*+■ OVA in MCH

X,nm

F ig u re  3 . O s c il lo g ra m s  a n d  t r a n s ie n t  s p e c tr a  s h o w in g  o x y g e n  
e f fe c ts  o n  tr ip le t  y ie ld s  in e x c ip le x  s y s te m s . In  b o th  c a s e s  th e  
u p p e r  o s c il lo g ra m s  w e r e  r e c o r d e d  In d e a e r a t e c  s o lu tio n s  an d  
th e  lo w e r  o n e s  in a ir -s a tu r a te d  s y s te m s . U p p e r  a n d  lo w e r  t r a c e s  
a r e  c o r re s p o n d in g ly  in th e  a b s e n c e  a n d  p r e s e n c e  o f m o n ito r in g  
p u ls e : —  •  — , h y d ro c a rb o n  tr io le t  a b s o rp t io n  r e c o r d e d  In 
d e a e ra te d  s o lu tio n s  ( ~ 3 0 0  n s e c  a f te r  t r ig g e r in g ) ;  . . . X . . . ,  h y 
d r o c a rb o n  tr ip le t  in a ir  s a tu ra te d  s o lu tio n s  ( —- 2 0  n s e c  a f te r  
t r ig g e r in g ) .  C o n c e n tra t io n s :  [ T M P D ]  =  2 X  1 0 - 3  M .  [N a p h ]  =  
0 .2  M ; [A n th ]  =  8  X  1 0 - 4  M .  [ D M A ]  =  0 .7 5  M .

curs primarily via process 2 , we may conclude that the
0 2-quenching reaction competes with (2 ) leading to deac
tivation according to

1(D+A- )* + 0, —  D + A + 02 (3)

By contrast, the 02-quenching effect in the 4Anth* +
DMA system leads to an enhancement cf the triplet ab
sorbance, establishing the alternative process

1(D+A- )* + O, — * :IA* + D + O., (4)

Table I shows that process 3 also occurs in the case of
7TMPD* + Biph while process 4 predominates for 7py- 
rene* + DMA, 7Anth* + DMA and 1Ant.h* + DEA.

III. P o la r S o lu tio n s . Upon carrying out the CT quench
ing experiments in a polar solvent such as acetonitrile or 
methanol, no exciplex fluorescence or absorption can be 
detected. Instead, the quenching process is associated 
with ionization, leading to the solvated radical ions As~ 
and Ds + .8 This is confirmed for the present systems in 
Figures 4 and 5, showing the transient absorbance changes 
induced by laser excitation in polar solvents. The same 
figures show that, with the exception of the 1TMPD* [or 
1 (DEA)*] + Biph systems, the decay of the characteristic 
absorbtion bands of As- and DB 1 is associated with a 
matching growing-in within the range of the correspond
ing triplet bands, establishing the process

As” + Ds+ — *- :!A* + Dior ;D* + A) (5)

Such reactions have been recently investigated in chemi
luminescence studies.9

1
50 sec 1 2.0 mV

— — ! 1

415m

5Onsec 20mV

i j 4(5nm
i «

’" 1
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Figure 4. Transient spectra and characte ris tic  oscillogram s In the laser photolysis of anthracene and pyrene quenched by DEA in 
polar solvents. Left: 10“ 3 M anthracene and 0.2 M DEA in acetonitrile ; 15 nsec (—  X — ) and 300 nsec (. . . O . . .) after triggering. 
The oscillogram s represent the anthracene trip le t evolution (425 nm) and the decay of the DEA+ ion (465 nm). A quantita tive com 
parison between the trip le t growing-in and tne ions decay is com plicated by the superimposed trip le t decay which causes its grow lng- 
in to look faster than the decay of the ions. Right: solid line: the transient change in absorbance recorded 25 nsec after firing  the ni
trogen laser in a methanol solution of 10 “ 4 M pyrene quenched by 5 X 10“ 2 M DEA. Dashed line: the superimposed spectra of py
ren e “  and DEA+ reproduced from  available data in the literature (details in ref 3). The 415-nm band which is absent in the superim 
posed spectra of D+ and A -  is due to the trip le t state of pyrene. Insert: oscillogram  taken at the maximum of the pyrene negative ion 
absorption band.

TABLE I: Oxygen and Solvent Effects on Complex Fluorescence and Triplet Yields in Exciplex Systems

Nonpolar solutions

Relative
flúores- Relative Polar solutions

Triplet Quencher cence t °, nsec x, nsec triplet

System
state
obsd Solvent

concn k\
[Q]. m  kM'-

i *  + ofQ] 
X ü2ío 2ja

yields, 
F/F° b

(deaerat
ed)0

(aer
ated)

yields 
Dt /D t ° d Solvent

OD0-
(tr Dt c

'A n th *  +  DEA 3A nth* Toluene 0.5 13 0.05 55 <10 1.5 AcN 0.21 0.18
MeOH 0.22 0.20

'P yrene* +  DEA 3Pyrene* Toluene 0.5 20 0.10 57 <10 1.0 AcN 0.14 0.06
MeOH 0.21 0.11

'A n th *  +  DMA 3A nth* MCH 0.75 100 0.20 47 12 2.5
'P yrene* +  DMA 3Pyrene* MCH 0.5 20 0.20 40 9 1.7
'TM P D * +  Naph 3Naph* MCH 0.2 100 0.20 46 9 0.3 AcN 0.04 0.04
'TM P D * +  Blph 3B iph* MCH 0.2 100 0.16 50 9 0.2 AcN 0.08 0.05
'D E A * +  Naph 3Naph* Toluene 0.2 20 0.25 30 10 0.7 AcN 0.18 0.13
'D E A * +  Biph 3B iph* Toluene 0.2 20 0.25 20 6 0.9 AcN 0.52 0.43

a kM* + Q denotes the quenching rate constant, of M * = A *  or D*. by Q = D  or A (values obtained from H. Knibbe, Ph.D. Thesis, University of Amster
dam, 1969). The oxygen quenching rate constants, kM*+ o 2 are taken from L. K. Patterson, G. Porter, and M. R. Topp, Chem. P h y s . Lett., 7, 612 
(1970). All solutions were air saturated except for the 'A n th* 4- DEA system which was saturated with oxygen. 6 F °  and F  are the exciplex fluorescence 
intensities measured correspondingly by steady-state fluorlmetry in deaerated and aerated solutions. c x° and r  are the exciplex fluorescence lifetimes 
measured on the laser apparatus. a DT° Is the total triplet absorbance measured after the exciplex decay (~ 2 0 0  nsec after triggering) in deaerated sys
tems. Dt  is trip let absorbance in aerated solutions. e OD0(t) is the initial absorbance change at the peak of the triplet absorption. D r  Is the net triplet 
contribution to OD0(t) estimated by subtracting the contribution of the Ions (e.g., see Figure 4, In the case of 'pyrene* +  DEA).

As in the previously discussed low-polarity systems the 
question arises as to the possible presence of a triplet ab
sorbance at the end of the laser pulse, prior to any sub
stantial ion recombination according to reaction 2. A de
tailed example of the information relevant to this problem 
is shown in Figure 4 for 1 pyrene* +  DEA in methanol. As 
demonstrated by the oscillogram in the insert, recorded at

the 495-nm maximum of pyrene“ , no substantial ion 
decay takes place within the first 100 nsec. Yet, the initial 
transient spectrum, recorded ~ 2 0  nsec after triggering, 
clearly exhibits the characteristic 415-nm band of 3pyrene 
superimposed on the tails of the 495-nm band of pyrene ~ 
and the 460-nm band of DEA+. Initial triplet bands which 
cannot be attributed to reaction 5 were also observed
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Figure 5. Transient absorbance changes induced in deaerated acetonitrile solutions. Absorbance values are recorded 20 nsec (-------
X -------) and 100-300 nsec ( - 0 - )  after triggering the laser. The tim e dependence of the spectrum  is due to different rates of decay

for the triplets and for the ions as well as to contribution from  reaction 5. Note that the triplets involved are those of biphenyl (375 
nm) and naphthalene (415 nm). The absorption bands between 500 and 650 nm are due to TMPD+ . That around 460 nm is due to 
D E A L  Concentrations: (a) 0.25 M DEA and 0.2 M Naph; (b) 2 x  10~3 M TMPD and 0.1 M Naph; (c) 2 X 1e r 3 M TMPD and 0.1 M 
Biph; (d) 0.25 M DEA and 0.2 M Biph.

(Figures 4 and 5) in the cases of ’ DEA* + Naph (or Biph) 
and Anthracene* +  DEA. The separate triplet contribu
tions to the initial absorbance change, obtained after cor
recting for the absorbancy of the ions, are presented in 
Table I. No data are available for the systems involving 
DMA since in polar solvents the spectrum of DMA is red- 
shifted, leading to a substantial extinction coefficient at 
the 337.1-nm laser line, thus preventing the selective exci
tation of anthracene, pyrene, or perylene in the presence 
of DMA as quencher.

Discussion
Considering first the data obtained for OD0 in deaerat

ed nonpolar solutions, the question arises as to the nature 
of the absorption bands, characteristic of triplet state, 
present ~  15 nsec after pulsing. As mentioned above such 
bands may include a contributicn from triplets populated 
via ISC within the thermalized exciplex during the first 15 
nsec. This can of course be the case only for those systems 
exhibiting a considerable growing-in effect according to 
reaction 2. Thus (see, for example, the cases of ’ TMPD* 
+ Naph and 1 Anth* + DMA, Figure lb and c), it may be 
difficult to establish to what extent AD 0 contains a contri
bution to the absorbance, at the characteristic triplet 
maximum, which is not due to reaction 2. However, in the 
case of ’ TMPD* +  Biph (Figure 2c), where the growing-in 
effect is relatively small, reaction 2  cannot contribute con
siderably to the intense initial (15 nsec) absorption 
around 370 nm. Land, et a l.,5 have reached a similar con
clusion in the case of ’ pyrene* + DMA. Thus, with the 
possible exception of ’ TMPD* +  Naph and ’ anth* + 
DMA, the initial “triplet bands’ 1 contributing to A Do can
not be rationalized in terms of reaction 2 .

Land, et al.,5 attributed these bands to the fluorescent 
exciplexes, exhibiting absorption transitions identical with

those of the corresponding triplet states. In this respect it 
should be pointed out that a previous analysis of exciplex 
absorption spectra does not predict such a spectral identi
ty. 7 Moreover, such a coincidence becomes extremely for
tuitous in view of the facts that the same observations 
have been carried out for several different donor-acceptor 
systems and that ir. some cases the interpretation of 
Land, et al,  essentially implies a complete identity be
tween the exciplex and triplet absorption bands. Thus in 
the case of ’ Anth* + DEA (Figure la) the initial spectral 
change within the 400-450-nm range of the anthracene 
triplet absorption is exactly identical with that of 3Anth*;
i.e., OD0 = OD». Especially, the spectrum exhibits the 
same value (2 . 2  ±  0 .2 ) for the absorbance ratio between 
the main peak at 425 nm and the secondary band at 410 
nm. We thus infer that, in the above range, the exciplex 
contribution to the initial absorption is negligible, the ab
sorbance change being exclusively attributable to the an
thracene triplet state. A similar situation is also encoun
tered in the case of 1 EIEA* + Naph (Figure 2a). It is there
fore clear, from both examples, that triplet states are 
present prior to the decay of ’ (D+A- )*- Though not com
pletely free from an exciplex contribution, all other sys
tems are also characterized by initial absorption spectra 
exhibiting bands which are exactly identical with those of 
the corresponding triplets. We therefore conclude that the 
accumulated experimental evidence in deaerated nonpolar 
solutions supports two intersystem-crossing mechanisms: 
(a) the “slow” path within the thermalized exciplex ac
cording to reaction 2 . and (b) the previously suggested2 ’3 

“fast” mechanism, involving nonrelaxed excited states of 
the complexes. 10 As previously discussed, ;t appears that 
both mechanisms are not mutually exclusive and that 
they may operate simultaneously in the same donor-ac
ceptor pair {e.g., ’ TMPD* + Biph and ’ pyrene* + DMA).
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An alternative approach for proving the above argu
ments involves the use of a selective quencher for the ex- 
ciplex fluorescence. If the quenching reaction leads direct
ly to the system’s ground state, process 2 , i.e., mechanism 
a, can be suppressed, allowing the observation of triplets 
formed according to (b) without the interfering exciplex 
absorption bands. Unfortunately, we have not been able 
to find such a selective quencher. Molecular oxygen does 
not serve this purpose since, as previously discussed and 
shown in Table I, the O2 quenching process may induce 
intersystem crossing similar to the corresponding reaction 
of 0 2 with excited aromatics. 1 1  Thus, in systems such as 
TMPD-Naph and TMPD-Biph, where reaction 3 predom
inates (F and Dt are reduced by O2 to the same extent), 
the oxygen effect confirms the intersystem-crossing mech
anism a. However, due to reaction 4, the O2 quenching 
effect cannot be used as an independent tool in studying 
mechanism b. We should finally add that the mechanism 
of exciplex fluorescence quenching by molecular oxygen is 
still unclear. Though no experimental evidence from the 
pulsed laser experiments is available, it is possible that 
the process proceeds via triple exciplexes1 2  such as 
1 [AD02]* undergoing subsequent intersystem crossing.

The “fast” mechanism b is also supported by comparing 
the initial triplet yields in polar solutions with those ob
served in nonpolar solvents. We have previously suggested 
that the efficiency of “fast” intersystem crossing occurring 
from nonthermalized states, prior to solvent relaxation, 
should not be markedly affected by the solvent polarity. 
Unfortunately, a quantitative comparison between the ini
tial triplet yields in polar and nonpolar solvents, confirm
ing this hypothesis, cannot be generally carried out since 
the exact exciplex contribution to OD0 in nonpolar sys
tems is unknown. However, one exception is the JAnth* +  
DEA pair for which we have previously claimed that 
OD0 (t) is free from any substantial exciplex contribution. 
In this case the value OD0(t) = 0.22 (Figure la) in toluene 
is close to the values DT = 0.18 and 0.20 (Table I) ob
tained correspondingly for the initial triplet yield in ace
tonitrile and methanol. The values of OD(t) in a nonpolar 
solvent and those of DT in polar solutions are of the same 
order of magnitude also in the cases of aDEA* + Biph and 
1 DEA* + Naph (Table I and Figure 2). The small DT 
values ~0.05 observed for 1 TMPD* + Naph (or Biph) are 
consistent with the small triplet contributions to ODo(t) 
in the corresponding nonpolar systems.

We should finally mention some very recent results, rel
evant to the above issues, concerning the quenching of bi
phenyl fluorescence in polar solutions by a series of inor
ganic salts (A ) . 12 An analysis of the quenching process 
which involves charge-transfer interactions shows that it 
is associated with substantial intersystem crossing, lead
ing to the triplet state of biphenyl. However, the reaction 
is not accompanied by the formation of the Biph-  and A- 
radicals, ruling out a reverse charge-transfer process lead
ing to triplet population according to A + Biph-  —>- A -  +  
3Biph*. The situation is thus completely analogous to the

“fast” intersystem crossing of the present exciplex sys
tems. In both cases a nonrelaxed charge-transfer collision 
complex has to be postulated, 1-3 13 undergoing a very fast 
singlet —► triplet transition. One should finally recall that, 
although being now well established experimentally, the 
details of the very efficient ISC in nonrelaxed states and 
especially the nature of the corresponding spin-orbital 
coupling schemes1 are still unresolved questions open to 
further experimental and theoretical investigation.

V
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Surface methoxides on silica gel, beryllium oxide, aluminum oxide, magnesium oxide, and zinc oxide 
were irradiated by a low-pressure mercury lamp. The radical species, SiOCH2, CH3 , HCO, and H from 
SiOCH3, and AIOCH2, CH3, and H from AIOCH3 , were observed by the photolysis. In photolysis of 
BeOCHs and MgOCH3, only BeOCFI2 and MgOCH2 radicals were defected, while no esr signal attribut
able to the photodecomposition of ZnOCH3 was observed. It has beer, found that the a pro-on hyperfine 
splitting constants of MOCH2 radicals change markedly with metal (M) in the metal oxides and they are 
well correlated with the electronegativities of the metals. These changes are explained by spin delocali
zation onto the metal oxides. The esr line shapes of the MOCH2 radicals also appreciably depend on the 
metal oxides. From the analysis of the line shapes it is shown that there are two processes for averaging 
the anisotropic part of g and hyperfine tensors, one process is the rotation of the -CH2 group about the 
C-0 bond, and the other is the fluctuational rotation of the -OCH2 group about the M-0 bond.

Recently, there has been considerable interest in the 
studies of the esr of radicals trapped on solid surfaces. 1 In 
their studies, esr has proven to be a powerful technique 
for the observation of microscopic feature of the radicals 
in the adsorbed state. This paper concerns the esr studies 
of photolysis of the surface methoxides on several metal 
oxides, such as silica gel, beryllium oxide, aluminum 
oxide, and zinc oxide. In a previous paper, Shimizu, et 
al.,2 have reported that when methanol adsorbed on po
rous high-silica glasses was irradiated by a uv lamp, CH3, 
HCO, CH2OH, and H were produced. They pointed out 
that their esr spectra resemble the results of the uv-pho- 
tolysis of X-irradiated methanol. It was also found in their 
work that surface hydroxyl groups play an important role 
in producing these species and no esr signal was obtained 
in the case of totally fluorinated glass. On the other hand, 
Ono and Keii3 investigated the photolysis of alcohols ad
sorbed on aluminum oxide by esr. They observed A10CH2 

radical as a decomposition product of the surface complex 
AIOCH3, and from an analysis of the line shape they 
showed that the rotation of the radical around the C-0 
axis becomes free above —140°.

In this paper, it is shown that uv irradiation of metha
nol chemisorbed on the metal oxides gives different radi
cal species with different metal oxides. It is also shown 
that the hyperfine splitting constants and the line shapes 
of the esr spectra of MOCH2 radicals (M is short for met
als in metal oxides) change appreciably with the metal 
oxides. These changes in hyperfine splitting constants and 
line shapes are discussed.

Experimental Section

Silica gel obtained from Kanto Chemical Co. was heat
ed in oxygen at 300° to exclude adsorbed organic materials 
prior to use. Magnesium oxide was prepared by heating 
magnesium carbonate (Koso Chemical Co.) at 500° in a 
nitrogen atmosphere. Aluminum oxide and zinc oxide 
were obtained from M. Wolem Eschwege Co. and from 
Koso Chemical Co., respectively. Beryllium oxide was 
prepared from beryllium carbonate (Mitsuwa Chemical

Co.) in the same manner as magnesium oxide. Methanol 
was obtained from E. Merck Co. and after degassing it 
was stored in a vacuum line. Purification of methyl iodide 
and sample preparation for uv irradiation of methyl iodide 
adsorbed on metal oxides were made in the same manner 
as that described previously. 4

Surface methoxides were prepared by the adsorption of 
methanol on metal oxides. Before the adsorption of meth
anol, the metal oxides were heated in vacuo at 500° for 5 
hr. After a large amount of methanol was introduced on 
the metal oxides through a vacuum line, the sample was 
heated in vacuo at 200° for 2 hr. This process for adsorp
tion of methanol was repeated twice. In the cases of beryl
lium and aluminum oxides, the contact between the 
metal oxides and methanol was maintained for 1 day, as 
the adsorbed amount of methanol was small in these 
cases. After this treatment, only chemisoroed methanol 
can be retained on the surfaces.

For photolysis a Toshiba 20-W low-pressure mercury 
lamp, with wavelengths shorter than 2 0 0  nm cut off, was 
used as a light source. The measurements of esr spectra 
were carried out with a Hitachi 771 X-band spectrometer.

Results and Discussion

P hotolysis of Surface M eth ox id es on M e ta l O xides. The 
esr spectra obtained from uv irradiation of surface meth
oxides depend on the adsorbent and irradiation time. 
Table I shows the radical species produced by photolysis. 
Interestingly, the products from methoxide on the silica 
gel surface were the same as those from uv irradiation of 
methanol adsorbed or. a porous high-silica glass. 2 For the 
case of zinc oxide, no esr signal attributable to decomposi
tion of surface methcxide was obtained after uv irradia
tion, but signals due to surface center of zinc oxide were 
observed. 5 Except for zinc oxide, the first esr signal to ap
pear was triplet lines, which were assigned ro the MOCH2 

radical (see Figure 1). In both cases of silica gel and mag
nesium oxide, the signals attributable to the defect of the 
oxides were produced together with the signals due to the 
photolysis products of the methoxides, but these defect
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Figure 1. Esr spectra of MOCH2 radicals at 77°K.

TABLE I: Free Radicals Detected by Esr in the Photolysis of 
Surface Methoxides by a Low-Pressure H/lercury Lamp at 77°Ka

Adsorbents MOCH2 CH3 HCO H

Silica gel s
Alum inum oxide s
Beryllium  oxide s
Magnesium oxide s
Zinc oxide

“ S =  strong; m =  medium; w = weak.

signals could be excluded by annealing the samples at 
room temperature for 1 day after the photolysis.

The signal intensities of MOCH2 change with irradia
tion time as shown in Figure 2. The intensity of SiOCH2 

shows a maximum at irradiation time of 2 min, but the 
signal intensities of the methyl and the formyl radicals in
crease as the irradiation progresses. On the other hand, in 
the photolysis of A10CH3, the A10CH2 and methyl radi
cals were first produced by decomposition of A10CH3, and 
the signal intensities of the radicals increase with irradia
tion time, but the formation of formyl radical was not ob
served. These results imply the following process for the 
decomposition of SiOCH3 and AIOCH3 .

SiOCH3 + hv —► SiOCH, + H 
^ S i Ô  + CH;]

SiOCH- + hv — Si + HCO + H

A10CH;J + hv — >- A10CH, +  H 
A1Ô +  CH:i

AlOCH, + hv Àl +  HCO +  H

m w m
m m

tO
Ld

n
z
Luh-
2 :

>

if

UV IRRADIATION TIME (M IN)

Figure 2. Change of signal intensities of the MOCH2 radicals as 
a function of Irradiation time: O, SiOCH2; A , BeOCH2; X, 
MgOCH2; □ , AIOCH2.

The methyl radicals produced from SiOCH3 and 
AIOCH3 have proton hyperfine splitting constants of 21.1 
and 21.4 G, respectively. These methyl radicals show well- 
resolved hyperfine structure but unusual intensity distri
bution, i.e., the low-field lines are extensively broader 
than the high-field lines as in the previously reported 
cases, 4 -6 suggesting that the methyl radicals interact with 
the surfaces by the 2 p2 unpaired orbital and they are ro
tating about the 2 pz axis.

On the other hand, in the photolysis of BeOCH3 and 
MgOCH3, the formation of the methyl radical was not ob
served and the observed species was only the MOCH2 rad
ical. We tried the photolysis of methyl iodide adsorbed on 
beryllium oxide and found that the methyl radical is 
formed and well trapped on the beryllium oxide. In view 
of this observation, it may be considered that in the pho
tolysis of BeOCH3 the cleavage of the C-0 bond does not 
occur with the wavelength of the mercury lamp used. Also 
for the case of magnesium oxide, the methyl radical for
mation was not observed in the photolysis of methyl io
dide. It is considered likely, however, that the C-0 bond 
rupture would also not occur in the case of MgOCH3, 
since the formation curve of the MgOCH2 radical is simi
lar to that of BeOCH2. It is interesting to note that the 
methyl radical was produced and well trapped in the pho
tolysis of AIOCH3 as mentioned above, whereas it was not 
observed in the photolysis of methyl iodide adsorbed on 
aluminum oxide. Thus it may be presumed that only the 
following cleavage reactions occur in the photolysis of 
BeOCH3 and MgOCH3.

BeOCH;i 4- hv — *■ BeOCH, + H 
BeO +  CH:J 
MgOCH2 +  H 
MgO +  CH3

The stabilities of the MOCH2 radicals depend on the 
metal oxides. The SiOCH2 and MgOCH2 radicals re
mained stable even at room temperature, but ’ the 
BeOCH2 and A10CH2 radicals decay at temperatures 
above -40°.

H yperfin e Splitting Constant of M O C H 2 Radicals. In 
most cases of free radicals trapped on solid surfaces, the 
anisotropic part of the g  and hyperfine tensors are partial
ly averaged by the restricted motion of the radical mole
cules. In such an intermediate case for averaging the an
isotropic part of g  and hyperfine tensors, it is difficult to 
determine accurately the hyperfine splitting constants 
from the observed esr spectra. In the present work, we 
took the separation between the absorption maxima of the
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M\ = +1 and M\ =  - 1  lines as a measure of hyperfine 
splitting constant of CH2 protons for convenience. Inter
estingly, this line separation changes appreciably with the 
metal oxides, and, as Figure 3 shows, it is closely related 
to the electronegativity of the bonded metal. Previously 
Takezawa and Kobayashi7 reported that the wave number 
of asymmetric CH stretching vibration of methoxides 
formed on metal oxide surfaces is strongly influenced by 
the electronegativity of the metal. Their result has been 
explained by assuming that the C-H bond length of the 
methoxide decreases or ionic character of the C-H bond 
increases with the increase of electronegativity of the 
bonded metal. On the other hand, in studies of AY3 type 
radicals,8-9 it has been shown that if Y is more electroneg
ative than A the radicals will have a nonplanar structure. 
Symons, et aZ.,9d-10 have also shewn that in the AO3 type 
radicals the spin density on A changes with electronegati
vity of A, i.e., it decreases as the difference between the 
electronegativities of A and oxygen (Xo -  X A) increases.

As their results suggest, the change in the electronegati
vity of the bonded metals may affect the proton hyperfine 
splittings in various ways. That is, (1) change of the 
electronegativity of the metal may cause a change of the 
C-H bond length, through which the spin polarization ef
fect and finally the proton hyperfine splittings will be af
fected. (2) The ionic character of C-H bond may be 
changed with the electronegativity of the bonded metal. 
This change in the ionic character will also affect the spin 
polarization effect and proton hyperfine splitting con
stant. (3) The structure of the radical site, MOCH2, may 
change with the electronegativity of the bonded metal; 
this structural change will affect the proton hyperfine 
splittings since the direct overlap of the odd electron with 
hydrogen is a sensitive function of the structure. (4) Spin 
delocalization from the CH2 site zo  the metal oxide will be 
affected by changing the metal, the influence of which 
will be transmitted to the CH proton hyperfine splittings. 
In the following we consider these effects in more detail 
on the present system.

In Figure 4, the spin density on the a proton is shown as 
a function of C-H bond length, which was calculated by 
INDO method,11 using the methyl radical as a model mol
ecule. The calculated result in Figure 4 shows that the 
proton hyperfine splitting constant becomes larger for a 
longer C-H bond. In the MO approximation,12 the spin 
density on the a proton of the C-H fragment is expressed 
as

P h =  ( J ~  J w h ) / V 3 ( E ' V t '  ~  E * , )

where
*0 = II crh<Th7r || a/3a

Te = Iffb̂ atrl y=(2aa/3 — a B a  — B aa)
1/6

■ J,rs = JV(l)s(2)-—s(1 )jt(2 ) dr

Jnh = JV(l)/i(2)—  h (l)jr(2) dr 
> 12

and where <rb and a-A are bonding and antibonding MO’s 
constructed with a carbon sp2 hybrid orbital (h) and a hy
drogen Is orbital (s). The unpaired electron orbital, the 
2p2 orbital of the carbon, is represented as 7r. Although 
the INDO method neglects multicenter exchange inte
grals, such as J rs, calculation by the INDO method will

Figure 3. Splitting values between M 1 =  — 1 and M i  =  +1 lines 
of MOCH2 radicals as a function of the e lectronegativ ities (Paul
ing’s scale) of metals In the oxides.

5.9 

5.8 

5.7 

5.6 

5.5 

5.A

C -H  BOND LENGTH(A)

Figure 4. Change in the spin density of the methyl radical as a 
function of C -H  bond length.

apparently still give correct predictions for the effect of 
change in the C-H bond length, since the value of integral 
J ws decreases with increase of the C-H bond length. From 
Takezawa and other’s observation on the CH vibration of 
the surface methoxide and the result in Figure 4, the de
crease of the C-H bond length and thus decrease of the 
proton hyperfine splittings are expected for increase of the 
electronegativity of the bonded metal. This expectation is 
apparently the reverse of our observation, which presents 
appreciable increase of the hyperfine splittings with in
crease of electronegativity of the bonded metal. Therefore, 
it may be said that the change of the C-H bond length 
may not be a main cause for observed change of the pro
ton hyperfine splittings. It may also be said that the de
crease of the C-H bond length of the surfacs bound meth
oxides does not necessarily indicate conclusively that the 
C-H bond length of the photolysis product also decreases.

Next, we consider the effect of the ionic character of the 
C-H bond on the spin polarization effect. As mentioned 
above, Takezawa and others predict that the C-H bond 
may become more polar, as an alternative for the decrease 
of the C-H bond length, by the increase of electronegativ
ity of the metal. On the other hand, Higuchi13 has shown 
by a theoretical calculation cf isotropic hyperfine split
tings for a C-H fragment that the proton hyperfine split
ting will decrease as the polarity of the C-H bond in
creases. According to these results, decrease of the proton 
hyperfine splitting should be expected by the increase of 
electronegativity of the bonded metal. However, the ob
served relation is the reverse of this expectation. This 
means that the change in the spin polarization effect due 
to polarity of the C-H bond also may net be the main
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Figure 5. Change of the peak-height ratio between M\ = 0 and 
M\ = -1  line, h(M\ = 0)/h(Mj = -1 ) , as a function of tem
perature.

contribution to the observed change in the hyperfine split
ting constants with the electronegativities of the metals.

It is shown also that a structural change of the MOCH2 

radical site is not the main cause of the observed change 
of the proton hyperfine splitting constants. According to 
the general conclusion for the structure of AY3 type radi
cals, 8 9 it is expected that the radical site, MOCH2, will 
deviate more from the planar structure as the electronega
tivity of the metal increases. Provided that the proton hy
perfine splitting constant of the MOCH2 radical is nega
tive, 14 the deviation from planar structure should result in 
a decrease of the hyperfine splitting constant, since the 
direct overlap of the odd electron with the proton is in
creased by the deformation from the planar structure and 
gives positive spin densities on the proton.

Last, we consider the effect of the spin delocalization 
from the -CH2 group to the metal oxide site. In view of 
the result obtained by Symons, et a/ . ,9d’ 10 it may be con
sidered that the electron spin on the radical site delocali
zes more onto the metal oxide with the decrease of 
electronegativity of the metal, and thus the proton hyper
fine splittings decreases. This expectation coincides well 
with our observation, which shows the decrease of proton 
hyperfine splittings with the decrease o: electronegativity 
of the metal. It may be concluded, therefore, that the spin 
delocalization effect from the radical site to the metal 
oxide system seems to be the most important mechanism 
for the observed marked change of the proton hyperfine 
splittings.

E sr Line Shapes and M olecu lar M o tio n  of M O C H 2 
Radicals. The line shape of esr spectrum of a free radical 
strongly depends on molecular motion. If the molecule can 
rotate freely in any direction, the anisotropic part of g  and 
the hyperfine tensors are averaged to zero and the spec
trum shows hyperfine splittings due only to the isotropic 
hyperfine interaction. However, in the usual case of free 
radicals trapped on solid surfaces, the molecular motion is 
restricted, and esr shows line width broadening due to im
perfect averaging of the anisotropic g and hyperfine inter
action. Interestingly, the hyperfine patterns observed in 
the present work are markedly different from one another 
(Figure 1 ). These differences may be mainly attributed to 
variation in the molecular motion of the MOCH2 radicals.

One refers to Lefebvre and Maruani’s calculations18 for 
esr line shapes to understand the observed change in the 
hyperfine pattern. They calculated the esr line shapes for 
the CH2COOH radical in the two special cases: (1) the 
line shape when there is no molecular rotation, and (2 ) 
the line shape when the -CH2 group undergoes fast rota
tion around the C-C bond. According to their calcula
tions, the line shape when the -CH2 group undergoes fast 
rotation consists of triplet lines, with a sharp intense cen
tral line, while the two outer lines are considerably broad 
and have some structure; the central line has considerably 
higher intensity than the outer lines (Figure 13b in ref 
15). However, when the molecular motion is perfectly fro
zen (case 1 ), the central line also broadens and the spec
trum shows a broad triplet pattern, each of which has 
some structure (Figure 13a in ref 15). In this case the in
tensity of the central part, of the spectrum is rather small
er than the outer parts. On the other hand, it is well 
known that, when the molecular rotation is fast in all di
rections, the hyperfine pattern should be sharp triplet 
lines due to only isotropic hyperfine interaction with an 
intensity ratio of 1 :2 :1 .

By comparing the observed hyperfine pattern with the 
calculated line shape, some information about the molec
ular motion of the MOCH2 radicals may be obtained. For 
convenience, we take a ratio of the peak height of the M\  
= 0 and - 1  lines, h (M  1 = 0 ) /h ( M i  =  - 1 ), as a measure of 
the molecular motion of the radical. Based on the hyper
fine patterns calculated by Lefebvre and Maruani, it may 
be said that if the rotation of the -CH2 group about the 
C-0 bond becomes faster, the intensity ratio will increase, 
whereas if the molecular tumbling motion in any other 
direction is allowed, as well as the rotation of the -CH2 

group about the C-0 bond, the intensity ratio will de
crease and approach 2 .

In Figure 5, the change of the intensity ratio, h(Mt = 
0)/h(M[ = —1), is shown as a function of temperature ob
served for each metal oxide system. Interestingly, the 
ratio increases with temperature in the BeOCH2 and 
MgOCH2 radicals, whereas the ratio for SiOCH2 decreases 
as the temperature increases. Such changes in the ratio, 
h(M] = 0)/h(M| = —1), with temperature suggest that 
there are two processes contributing to averaging the an
isotropic part of the spectra; that is, one is the rotation of 
the -CH2 group about the C-0 axis, and the other is the 
fluetuational rotation of the -OCH2 group around the 
M-0 bond. Based on the consideration mentioned above, 
it. is estimated that in the case of the BeOCH2 and 
MgOCH2 radicals, the rotation of -CH2 group about the 
C-0 bond approaches the free rotational state as the tem
perature increases, but the fluetuational rotation of 
-OCH2 about the M-0 bond is still restricted. On the 
other hand, in the case of the SiOCH2 radical, it may be 
estimated that rotation of the -CH2 group about the C-0 
axis is almost free even at 77°K, from the high intensity 
ratio of the line with M\ = 0 to the line with M i  = —1, 
and, as the temperature increases, the fluetuational rota
tion of -OCH2 around the M-0 bond will occur as well. 
The fact that the A10CH2 radical shows a maximum at 
about —130° suggests that the following two processes are 
overlapping. That is, at low temperatures, the molecular 
motion of the radical sites is restricted, but as the tem
perature increases the rotation of -CH2 about the C-0 
bond becomes fast, and thus the intensity ratio, h(M 1 = 
0)/h(M\ = —1), increases. However, at high tempera
tures, the fluetuational motion of -OCH2 is allowed as
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well as the rotation of -CH2, and, therefore, the Intensity 
ratio, h (M i = 0 ) /h ( M l =  - 1 ), again becomes small and 
approaches 2 .
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Positive-Ion Reactions in Monosilane-Water Mixtures1
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P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  U .S . A t o m ic  E n e rg y  C o m m is s io n

Tandem mass spectrometry has been used to investigate the ion-molecule reactions occurring in gaseous 
mixtures of monosilane and water. Reaction rate constants were obtained by direct comparison with the 
known rate constant for hydride ion transfer from Sihh to SiH2+. As in other ion-molecule studies of 
monosilane the principal reaction is one of hydride ion transfer from monosilane to ions derived from 
water. SiHUD* is observed to be formed in an endothermic process from collision of ground-state D3O+ 
with SiKU and in an exothermic process involving an excited state(s’i of DsO+. Some implications of the 
results to the aqueous acid hydrolysis of monosilane are discussed.

Introduction
Subsequent to the discovery2 -3 and characterization4“20 

of ion-molecule reactions in methane and to the accep
tance of their fundamental role in the radiation chemistry 
of methane, 2 1 “28 Olah and his coworkers2 9 -30 demon
strated the importance of similar reactions and ionic 
products in strong acid solutions of methane. Thus in the 
case of methane a direct correspondence between the 
chemistry of ionized gases and that of liquid solution has 
been established.

One should expect a similar situation to obtain in the 
case of monosilane. Since the pioneering researches of 
Stock and his coworkers, 3 1 “33 it has been known that 
monosilane reacts with water under alkaline or acidic con
ditions to yield, ultimately, hydrogen in amounts essen
tially equal to twice that contained in the monosilane. 
The overall reaction is thought to proceed via silanol and 
disiloxane intermediates3 1 3 4  but the necessity of having 
alkaline or acidic conditions indicates That ionic reactions 
are of importance. By analogy with the case of methane,

one may expect some of the ionic processes involved in the 
liquid-phase hydrolysis of monosilane to be of significance 
in the radiation chemistry of gaseous monosilane-water 
mixtures. As a part of a general program of study of the 
radiolytic behavior of silanes, an investigation of the radi
olysis of monosilane-water mixtures is in progress in our 
laboratory. As an aid to the interpretation of the radioly
sis experiments, we have carried out a tandem mass spec- 
trometric investigaticn of the positive-ion chemistry of 
monosilane-water mixtures. This paper constitutes a re
port of our findings.

Experimental Section
The tandem mass spectrometer used in these studies 

permits the injection of mass-selected reacrant ions, hav
ing kinetic energies variable down to about 1 eV, into a 
collision chamber containing the neutral reactant mole
cule. The apparatus, which has been described previous
ly ,35 consists of two quadrupole mass filters separated by 
the collision chamber and ion lenses. In all experiments
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the mass filters were mounted in the “ in-line” configura
tion. Retarding field measurements indicate that the 
energy spread of the reactant ion beam entering the colli
sion chamber is about 1 eV. Satisfactory operation of the 
apparatus was checked by examination of the energy de
pendence of the cross section for the reaction

0+ +  N2 —*■ N0+ + N (1)
over the range 1-27 eV (laboratory energy). The depen
dence of the cross section on kinetic energy of 0 + was 
found to be identical, within experimental error, to that 
found bv Giese.36

In addition to identification of the product ions formed 
in collisions of electron-impact-produced ions of water 
with monosilane and vice versa, the various relative reac
tion cross sections were studied as a function of kinetic 
energy in the range of 2-15 eV. As described previously, 3 7 -38 

the shapes of the cross section vs. energy curves were 
used to differentiate between exothermic and endothermic 
reactions; the cross sections of endothermic reactions gen
erally rise from zero at the energy threshold to a broad 
maximum several eV above threshold, while cross sections 
for exothermic processes decrease for all values of ion ki
netic energy.

Phenomenological rate constants of exothermic reac
tions were determined by direct comparison of relative 
reaction cross sections at 2.5 eV ion energy (tab) with the 
cross section for reaction 2 , viz.

SiH2+ + SiH4 — ► SiH / + SiH3 (2)

The rate constant of (2) has been previously determined35 

as 2.5 ± 0.3 X 10" 10 cm3/sec. Collision chamber pressures 
were of the order of 10" 3 Torr, a pressure sufficiently low 
to preclude the observation of third-orcler processes. Ion
ization chamber pressures of the order of 1-5 X 10" 3 Torr 
were employed.

Monosilane was purchased from the J. T. Baker Chemi
cal Co. It was subjected to several freeze-pump-thaw cy
cles and checked mass spectrometrically for satisfactory 
purity before use. Deuterium oxide was obtained from 
Merck of Canada and used as received.

Results and Discussion
1. N ature o f the E lem en tary Reactions. The ion-mole

cule reactions found to be exothermic on the basis of the 
dependence of reaction cross section on energy are tabu
lated in Table I. Also shown in Table I are the standard 
enthalpy changes calculated for the various reactions from 
available thermochemical data,3 9 -40 and phenomenologi
cal rate constants at 2.5-eV (lab) ion kinetic energy. In all 
cases except two the neutral products are written arbitrar
ily as those that give maximum exothermicity. In the two 
exceptions, the exothermicity is reduced from the maxi
mum possible by the O-H and H-H aond dissociation 
energies, respectively. Ony may note immediately that the 
most rapid reaction of all ions with monosilane is hydride 
abstraction leading to the SiH3+ ion. an observation con
sistent with other studies3 5 -38 of the reactions of ions with 
SiH4.

The reactions observed to be endothermic, on the basis 
of the cross-section dependence on energy, are depicted in 
Table II. Also shown in Table II are the threshold energies 
observed for the reactions, the energies at which the max
imum in the cross section occurs, and :he values of the 
cross sections at the maximum relative to that for reac
tion 2 at an ion kinetic energy of 2.5 eV.

In the remainder of this section we discuss the charac
teristics of the reactions that occur when the various reac
tant pairs are brought together.

(a) OD+ + SiHi. When OD+ ions are injected in SiH4, 
reactions 3-8 (Table I) are observed as exothermic pro
cesses, in that the cross sections decrease with increasing 
kinetic energy over the entire range studied, namely, 1.3-
10.2 eV in the center-of-mass system. Reaction 9 (Table
II) is observed as an endothermic process at relative ki
netic energies above 1.9 eV; however, the intensities of the 
product HSiOD+ (m /e  47) were so small and the energy 
dependence such in the range of detection that no thresh
old, other than an upper limit, could be obtained.

In the case of reactions 7-9, the mass of the product ion 
does not determine the formula since one does not know 
whether the hydrogen and/or deuterium is bound to sili
con or oxygen. By comparison with the reaction of OH+ 
with SiH4, we have established the numbers of hydrogen 
atoms and deuterium atoms in the product ions of 7-9 
and we have written the formulas with the arbitrary as
sumption that no intramolecular exchange occurs between 
hydrogen and deuterium originally bound to silicon and 
oxygen.

As shown in Table I, the enthalpy changes calculated 
from available thermochemical data3 9 -40 for 3-7 are in 
agreement with our observations from the cross-section- 
kinetic energy dependence that these reactions are exo
thermic. As will be discussed later, the observed thresh
olds of (24) and (26), shown in Table II, permit an evalua
tion of the standard enthalpy of formation of SiOD+ and 
the value obtained leads to the exothermic enthalpy 
change for (7) shown in Table I. The stancard enthalpy of 
formation of H2SiOD+ is unknown and cannot be evalu
ated from our data. We can therefore say only that the en
thalpy change of (8 ) is at most zero. Reactions 6  and 7 are 
exothermic by 140 and 142 kcal, respectively, if the neu
tral products are written as HDO and 2 H2, respectively. 
While this much energy could be shared between the ionic 
and neutral products, dissociation of the neutrals is ener
getically possible and we have arbitrarily written these 
reactions assuming such dissociation occurs.

Hydrogen atom abstraction from SiH4 by OD+ with for
mation of HDO+ and SiH3 is an exothermic process and is 
analogous to reaction 10, shown in Table I. Although a 
search for HDO+ formation in the energy range of 2-5 eV 
(lab) was made, we were unable to detect it.

(b ) D2 0+ + S iH i. The exothermic reactions 10-17, 
shown in Table I, and the endothermic reactions 18 and 
19, shown in Table II, are observed to occur when D20+ 
ions are injected into SiH4. The structures of the ionic 
products of 13-17 were arrived at by comparison of mass 
shifts when H20 + was substituted for D20 + and with the 
arbitrary assumption that silicon and oxygen do not un
dergo intramolecular exchange of hydrogen and deuterium 
atoms. The D20 + and H20+ comparison was not able to 
differentiate between the products HSiOD2+ and 
H3SiOD+, and we are not really able to choose between 
them. However, we have a slight preference for HSiOD2+ 
because the alternative product H3SiOD 1 corresponds to 
the molecular ion of H3SiOD, an unstable molecule which 
has never been isolated.41

The kinetic energy dependence of the cross section of
(10), namely, hydrogen atom abstraction from SiH4, is in
teresting. As shown in Figure 1, the reaction is exothermic 
at low kinetic energies and can only be as written in Table
I. However, the cross section goes through a minimum
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TABLE I: Exothermic Ion-Molecule Reactions in SiH4-D 20  Mixtures

Reaction no. Reaction A H ° ,  kcal 1010 X k , a cm 3/sec

3 OD+ ±  SiH4 —»■ Si+ ±  HDO ±  H2 ±  H - 2 9 0.21 ±  0 .03
4 OD+ ±  Si H4 —*  SiH+ +  HDO +  H2 - 7 2 0.62  ±  0.08
5 OD+ +  SiH4 -*■ SiH2+ ±  HDO ±  H - 4 4 1.4 ±  0.2
6 OD+ ±  SIH4 —  SiH3+ +  OD +  H6 - 2 0 1.8 ±  0.3
7 OD+ +  SiH4 —► SÌOD+ +  H2 +  H ±  H* - 2 6 1.7 ±  0.3
8 OD+ ±  SIH4 *  H2SiOD+ +  H2 0 .8 6  ±  0.2

10 D20 +  ±  SiH4 —  HD20 +  ±  SIH3 - 4 7 0 .79  ±  0.1
11 d 2o + +  SIH4 —  SIH2+ +  D20  +  h2 - 1 7 1.9 ±  0.3
12 D20 +  +  SiH4^ S iH 3+ +  D20  ±  H “ 9 2.1 ±  0.3
13 D20+  +  SiH4 —  SIOD- +  HD +  H2 +  H +  2 C 0 .12  ±  0.02
14 D20 +  +  SIH4 —  HSÌOD+ ±  H2 +  HD ^ 0 0 .033  ±  0.003
15 D20+  +  SiH4 * H2SIOD+ +  HD +  H 0 .32  ±  0.04
16 D20 +  +  SiH4 --► HSIOD2+ ±  H 2 ±  H (or H3SIOD+ +  HD) - 5 0 .019  ±  0.005
17 D20 +  ±  SiH4 -*• H2SiOD2+ +  H2 < 0 0.039  ±  0.01
20d D30  + * ±  SiH4 —  SiH3+ +  D20  +  HD ± 3 1  ft'c >1.1 ±  0  2b
21d D30  + * +  SiH4 -► SiH4D* ±  D20 +  1 0 ft'e > 0 .1 9  ±  0 .0 3 6
22 SiH3+ ±  H2Oft —»• H2SiOH+ +  H2 'ko 0 .058  ±  0.08
23 SiH2+ ±  D20  —»■ SiOD2 + +  H2 k o 0 .053  ±  0.08
26 SiH+ ±  D20  —* SiOD2+ +  H k o 0.12  ±  0.02

° Ion kinetic energy is 2.5 eV (lab). ^See text. c Refers to ground-state reactants. d  An asterisk denotes internal excitation.

TABLE II: Endothermic Ion-Molecule Reactions in SiH4-D 20  Mixtures

Reaction Threshold energy Energy (lab)
no. Reaction (CM), eV for <rmax, eV ö’inax ^ 2 (2 . 5  eV)

24 SIH2+ +  D20  ->■ SÌOD+ +  HD +  H 0.40 ± 0 .1 5 3 .0  ±  0.2 0.014
25 SiH2+ ±  D20  * HSIOD2+ +  H 0.56  ±  0.15 2.7 ±  0.3 0.018
27 Si+ ±  D2O ^ S IO D +  -  D 0.68 ±  0.15 3.3 ±  0.3 0.093
20 D30 +  +  SiH4 ► SiH3+ ±  D20  +  HD 1.4“ 5.3 ±  1 0.30
21 D30 +  +  SiH4 » SiH4D+ +  D20 0 .4 3 “
18 D20 +  ±  SiH4 ->• SiH+ +  D20  +  H2 +  H 3 .1 “
19 D20 +  ±  Si H 4 —► Si+ +  D20  +  2H2 - 0 . 0 6 “

9 OD+ +  SiH4 ► HSÌOD+ ±  H2 ±  H <1 .9 3.5 ±  0.5 0.021

° Calculated from thermochemical data .37’ 39' 40

about 3 eV (lab) and then reaches a maximum at about 6 

eV (lab). It is thus indicated that above the threshold 
energy an endothermic process contributes also to the for
mation of HD20+ (or to D30+ in the case of the D20+ ± 
SiD4 reaction also shown in Figure 1), The endothermicity 
of this process, estimated from the thresholds obtained by 
linear extrapolation of the straight line portion of the re
gion of positive slope, is 15 ± 5 kcal/mol.

The experimental uncertainties in the linearly extrapo
lated thresholds in Figure 1 very probably exceed any dif
ferences between the reactions of D20+ with SiD4 and 
SiH4.

We believe that the most likely endothermic channels 
that correspond to the above threshold are as shown by 
(28) and (29) in which the asterisk denotes an excited

D20+ ±  SiH4 — *• HD,0+ ±  SiH2 + H (28)

D20 + +  SiH4 — ► HD20 +* +  SiH:J (29)

state(s). The occurrence of (28) with an endothermicity of 
15 kcal implies that the dissociation energy of the H2Si-H 
bond is 63 kcal/mol. This is a reasonable number consid
ering that the average of the dissociation energies of the 
H2Si-FI and HSi-H bonds are known from thermochemi
cal data3 9 -40 42 to be 70 kcal/mol. On the other hand, a 
15-kcal endothermic process for the formation of an excit

ed state of HD20 + from ground-state D20 +, as in (29), 
requires that the energy of the excited state of HD20 + be 
63 kcal/mol above the ground state. The recent results of 
Lindemann, Rozett, ar.d Koski43 suggest that our D20 + 
beam in these expëriments contains about 20% of D20 + in 
the first excited state (2Ai). The excess energy of this 
state, 44 above the ground state of D20+, is 25 kcal/mol. If 
D20+ in (28) were in the (2A4) state the observed endoth
ermicity of 15 kcal requires the bond dissociation energy 
of the H2Si-H bond to be 8 8  kcal/mol, a value that would 
seem to be very high as compared with what would then 
be required for HSi-H, namely, 52 kcal/mol. Similarly, if 
D20 + in (29) were in the (2Ai), the 15-kcal endothermi
city requires that the excited state of HD20+ be 88  kcal/ 
mol above the ground state of the ion.

For the following reasons, admittedly not compelling, 
we favor the occurrence of (29) rather than (28) as-the ex
planation of the endothermic channel that is seen in Fig
ure 1 .

(1) Reactions 10, 28, and 29 are H-atom pick-up reac
tions, many of which cccur by a direct mechanism as con
trasted to complex formation.45 To the extent that this 
reaction approaches ideal spectator stripping46 or modi
fied spectator stripping, 47 the SiH3 radical does not re
ceive sufficient energy from the collision to dissociate.

(2) As will be seen later a state (or states) of D30+ with 
internal energy above 31 kcal/mol is required to explain
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Figure 1. Dependence on energy of reaction cross sections for 
H atom and D atom abstraction from SiH4 and SiD4 by D20+ .

the formation of SiHs+ in collisions of DsO+ with SiH4. 
Thus the existence of an excited state (or states) formed 
by a similar reaction (D2 0 + + D2O — D30+ + OD in the 
ion source) is established in this work. This confirms ear
lier studies of DePaz, Leventhal, and Friedman.48

(3) In other reactions of D20+ and OD+ that probably 
involve direct mechanisms, such as (3) (5), (11), and (12), 
the variation of cross sections with energy does not indi
cate the opening of endothermic channels which would 
correspond to dissociation of the neutral products.

The dependence of the cross sections of (13)—(15) (c/. 
Table I) on kinetic energy indicate the onset of endother
mic channels to produce the respective ions. It was not 
possible to obtain reliable thresholds for these endother
mic channels but they appear to lie in the range of 3-4.5 
eV (center-of-mass). Since complex formation is a proba
ble mechanism48 for (13)—(15), it seems likely that these 
endothermic channels correspond to dissociation of the 
neutral molecular hydrogen product of these reactions. In 
the case of (13), the reaction as written (cf. Table I) is 
about thermoneutral and, therefore, the threshold for the 
endothermic channel (30) would be D(H-H) or 4.4 eV 
(center-of-mass).

D20 + +  SiH4 ---- *- SiOD+ + HD +  3H (30)
The exothermicities of (14) and (15) are not known and so 
the thresholds corresponding to dissociation of the molec
ular hydrogen cannot be computed. However, the range of 
values observed is not inconsistent with such endothermic 
channels for these reactions.

While it is likely that (16) and (17) also proceed by 
complex formation, no evidence for the onset of endother
mic channels producing HSiOD2+ and H2SiOD2+ was ob
tained.

Reactions 18 and 19 (c/. Table II) appeared to be en
dothermic processes over the range of energy investigated. 
Thermochemical calculations39 •4 0 -44 confirm (18) to be 
endothermic for D20+ in both the ground and first excit
ed state. However, (19) would seem to be slightly exother
mic even for ground-state D20+, on the basis of estab
lished thermochemistry. The intensity of Si+ from this

„  I____ Li____ 1______ 1 I_____ |_____ I _______ L _
O 2 4  6 8 IO 12 14 16

K in e tic  E nergy o f  D ^ O * ( l o b ) , e V

Figure 2. Dependence on energy of reaction cross section for 
hydride ion transfer from SiH4 to D30  + .

reactant pair was very small and we could not study the 
process to as low an energy as was possible with the more 
intense ions. It is possible, at the energies we could study 
Si+, that we were observing an endothermic channel corre
sponding to dissociation of one of the H2 product mole
cules and that at lower energies the exothermic process 
corresponding to (19) would be detectable.

(c) D 30 + +  S iH i. When D3O+ ions are injected into 
SiH4, only two product ions are observed, namely, SiH3+ 
and SiH4D+, as shown by (20) and (21) in Tables I and II. 
At low kinetic energies both (20) and (21) appear to be 
exothermic on the basis of the kinetic energy dependence 
of their respective cross sections; at higher kinetic ener
gies, when using 100-eV electrons in the ion source, the 
suggestion of an endothermic process was noted. For 
ground-state reactants, (2 0 ) and (2 1 ) are known37 3 9 ’4 0’ 49 

to be endothermic by 31 and 10 kcal, respectively. The 
most plausible explanation for the observation of (2 0 ) and
(2 1 ) as exothermic at low kinetic energies is that a signifi
cant proportion of the D3O+ beam contains internal ener
gy of at least 31 kcal/mol. It has been reported48 that a 
significant fraction of the D3CH prepared in an electron- 
impact ionization chamber by collision of D20+ with D20 
contains considerable internal excitation energy and that 
the extent of this excitation depends on the energy of the 
ionizing electron beam.

As a check on this explanation of our observation that 
(2 0 ) and (2 1 ) were exothermic, we examined (2 0 ) at an 
ionizing electron energy of 25 eV and the dependence of 
the cross section on kinetic energy is shown in Figure 2 . It 
is clear from Figure 2, that superimposed on an exother
mic channel producing SiH3+ is an endothermic one with 
a broad maximum centered at about 9 eV (lab). The cal
culated39 .4 0 ’ 49 threshold for formation of SiH3 + is 2.3 eV 
in the laboratory frame of reference and it may be seen 
from Figure 2 that the data are consistent with this value. 
We therefore conclude that the exothermic channels form
ing SiH3+ and SiH4D+ are the result of internally excited 
D3 0 +, while ground-state D30+ produces the same ionic 
products via endothermic channels.
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The mechanism of (21) (cf. Taoles I and II) is most 
probably a direct one of simple proton transfer, since no 
other isotopic analogs such as SiHsD2+, etc., were ob
served. The fact that only insignificant amounts (if indeed 
any) of SiH2D+ were found with SiH3+ strongly indi
cates that (2 0 ) does not occur by the sequence of (2 1 ) fol
lowed by (31), viz.

a

SiH.,D+---

b

SiH:,+ + HD 

SiH2D+ + H2

(31)

Statistical break-down of SiH4D+ would yield 40% SIH3 + 
and 60% SiH2D+ while the amount of SiH2D+ observed is 
at most ~2.5%. Therefore, the mechanism of (20) would 
appear to be best described as a direct hydride ion ab
straction from SiH4, with formation of HD and D20 as 
neutral products. A similar mechanism has been ob
served50 in the reaction of CD5+ with SiH4.

The rate constants of (20) and (21) reported in Table I 
for 2.5 eV (lab) ions are only lower limits, since at this 
energy the reaction is brought about mostly by excited 
states of D3O+ and we do not know the fraction of the 
beam that is excited.

(d) S iH 3 + +  H 20 . When SiH3 + ions are injected into 
D20+, three small peaks at m /e  47, 48, and 49 are ob
served. Substitution of H20 for D20 resulted in a single 
peak at m /e  47, whose intensity was considerably greater 
than the sum of those found for the case of D20. We do 
not understand this behavior, but we have arbitrarily 
written the product of the reaction with H20 as H2SiOH+ 
because in our experience the most intense products are 
those containing one hydrogen atom from the water or 
water ion. Studies of the cross section of (22) (Table I) as 
a function of energy indicate the process to be exothermic 
over the range investigated. No other reactions of SiH3+ 
with H20 (or D20) were detected.

(e) SiH.2 + +  D 2 O. The reaction of SiH2+ ions with D20 
produces SiOD2+, SiOD+, and HSiOD2+ by reactions 
23-25, respectively, shown in Tables I and II. The depen
dence of cross sections on kinetic energy indicates (23) to 
be an exothermic process while (24) and (25) are both en
dothermic with thresholds of 0.40 and 0.56 eV (center-of- 
mass), respectively.

At kinetic energies above 4 eV (lab) an endothermic 
channel producing m /e  48 (SiOD2+) is observed. This is 
possibly the result of dissociation of the molecular hydro
gen product of (23); however, comparison with experi
ments in which H20 was substituted for D20 suggests 
that the most likely explanation is the occurrence of (32) 
as an endothermic process, viz.

SiH/ + D20 — - H2SiOD+ + D A H  > 0 (32)

(/) S iH +  + D20. The only product ion observed when 
SiH+ ions were injected into D20 was SiOD2+. This prod
uct is formed in an exothermic reaction, as shown by reac
tion 26 in Table I.

( g )  S i+  +  D 2 O. Only one product ion is observed when 
Si+ ions react with D20, namely, SiOD+, as shown by 
(27) in Table II. The dependence of cross section on kinet
ic energy indicates the reaction to be endothermic with a 
threshold of 0.68 eV, and a maximum cross section at 3.3 
eV, both in the center-of-mass.

2. T h erm och em istry  o f G aseous O xysilicon  Ions. Deter
mination of the thresholds of endothermic reactions per
mits calculation of standard enthalpies of formation of the 
ionic products, since the standard enthalpies of formation

Figure 3. Dependence on energy of reaction cross sections for 
the formation of SiOD+ in collisions of SI+ and SiH2+ with D20: 
O, reaction 27; # ,  reaction 24 (cf. Table II).

of the other components of these reactions are known.3 9 ’40 

By linear extrapolation of cross-section-kinetic energy 
data we are able to determine admittedly approximate 
thresholds for reactions 24-27 in Table II and thereby ob
tain approximate enthalpies of formation of the SiOD+ 
and HSiOD2+ ions. The pertinent curves and extrapola
tions for reactions 24 and 27 are depicted in Figure 3.

The measured thresholds of (24) and (27), when com
bined with established thermochemical data, i 9 ’40 lead to 
values of 180 and 2 0 0  kcal/mol, respectively for 
AHf°(SiOD+). In view of the large uncertainties in the 
determination of the thresholds (cf. Table II and Figure 3) 
these may be considered to be in agreement and we there
fore conclude that Ai7f°(SiOD+) = 190 ± 10 kcal/mol. As 
may be seen in Table I, this value is consistent within ex
perimental error with the observations of (7) and (13) as 
exothermic processes. Since Ai7f°(SiO+) and Ai7r°(SiO) 
are known40 to be +219 and -24 kcal/mol, respectively, 
our result for AHf°(SiOH+) at once leads to the following 
values; proton affinity (SiO) = 151 kcal/mol; dissociation 
energy (SiO+-H) = 81 kcal/mol.

The threshold of (25) leads by a similar procedure to 
A7/f°(HSiOD2+) = 183 ± 9 kcal/mol. This value is con
sistent with the observation of (16) as an exothermic pro
cess as shown in Table I.

3. Im plications to A cid  Solutions of M onosila ne. Olah 
and coworkers2 9 ’30 have studied the chemistry of strong 
acid solutions of methane and have based much of the in
terpretation of their observations on the ion-molecule 
reaction chemistry established in the gas phase. Thus in 
the very strong acid, FSOsH-SbFs, they propose the fol
lowing mechanism

ch4 ^  [CH6+] (33)
SbFs

[CH6+] — ►  ch3+ + h2 (34)

- H  +
+ CH„ —  [C2H7+] »  c2h6■ ri

(35)
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-H +
[C2H7+] — ^ C2H5+ CH2=CH2 (36)+ H

C,H,+ + CH4 — [C3H9+] C;,H8 (37)
+ H +

In contrast to methane, monosilane is decomposed by 
weaker aqueous acids31-34 and, in this regard, it is of in
terest to point out that the gas-phase proton affinity of 
monosilane is about 30 kcal/mol larger than that of meth
ane.3 7 ' 49 Thus monosilane is a stronger Bronsted base than 
methane. In addition, monosilane is also a stronger Lewis 
base than methane in the gas phase, since hydride ion 
transfer from SiH4 to any given ion is 47 kcal/mol more 
favorable energetically than is hydride transfer from CH4 

to the same ion. 3 9 ’40

We suggest that a carry-over to the solution phase of 
this relative base strength of monosilane and methane is 
the basic reason that monosilane undergoes chemical de
composition even in aqueous acids, while much stronger 
acids (termed superacids by Olah, et a / . 29-30) are required 
to induce reaction of methane. Then by analogy with the 
Olah mechanism describing the “ superacid” chemistry of 
methane, but based on the establishment of reactions 20 

and 2 1 , we propose the long-known aqueous acid hydroly
sis31-33 of monosilane to occur by the following mecha
nism

SiH4 <H-~*- [SiH5+] (38)

SiH4 - 2 ^  SiH3+ + H, (39)
_ H +

SiH3+ + H20 ^  [SiH3OH,+] > SiHjOH (40)

In the present study we-have observed an energetically fa
vorable reaction of S1H3+ with H2O, namely, (22) (cf. 
Table I), that forms H2SiOH+ and H2. However, this ob
servation was made at sufficiently low pressures in the 
collision chamber that third-order stabilization of an ener
getic association product, such as SiH3 0 H2+, was pre
cluded. On the other hand, in ionized SiH4-H 2 0  mixtures 
examined in a single-source mass spectrometer at ~0.25 
Torr, the ion SiHsOH2+ is a major product.51 Thus reac
tion 40 would seem to be established.

Following formation of the silanol in (40), further de
composition proceeds via unknown mechanisms according 
to (41) and (42), to produce disiloxane, silicic acid, and

SiH3OH +SiH3OH — SiH3OSiH3 + H,0 (41)

SiH3OSiH3 + 5H20 — ►  2H2Si03 + 6 H2 (42)

hydrogen, as proposed long ago by Stock, et a/.31-34 The 
overall reaction describing the acid hydrolysis of monosil
ane is then from (38)-(42), that described by (43) which,

SiHj + 3H,0 — H2Si03 + 4H2 (43)

at constant pressure, yields the fourfold volume increase 
above the solution observed by Stock and coworkers.3 1"33
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The Methanol-Silica Gel System. V. Pulse Deuteron Magnetic Resonance 
Measurements in the Adsorbed Phase1
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Department o f Chemistry, School of Chemical Sciences, and Department o f Geology, Un’versity of Illinois, Urbana. Il'inois 61801 
(Received May 29, 1973)

Deuteron longitudinal (Ti) and transversal ( T 2 )  relaxation times have been measured for CD3OH ad
sorbed on the hydroxylic surface of a Xerogel silica gel (the CD3 OH-XOH system) and for the related 
CH3OD-XOD system. These data complement those obtained and discussed earlier for the proton reso
nance. In the CD3OH XOH system, Tj is associated with a coverage independent correlation time ' r ) 
= 2.9 X 10“ 1 6  exp(5.4 kcal mol" 1/ R T )  sec which has been associated with a molecule tumbling on an 
adsorption site. T 2 seems to be mostly influenced by reorientational effects even though no doublet split
ting is apparent in the decay of the magnetization following a 90° pulse. In the CD3 OD-XOD system, Ti 
has contributions from a molecular diffusion and an exchange term, the latter becoming increasingly im
portant at lower degrees of coverage. At 8 = 1.7, the correlation time associated with T x and T2 is indeed 
in the range of those obtained primarily for molecular diffusion: (rod) = 3.15 X 10" 1 4  exp(5.5 kcal m ol"1/  
R T )  sec. For smaller 8, T 2 is influenced by another process and with analogy to what was found for the 
proton resonance, it appears that this may be a deuteron exchange such as CH3 OD2 ! +  CH3OD. If this 
is the case, then the quadrupole coupling constant is significantly lower (perhaps 50%) than that used for 
molecular diffusion. For the two systems studied here, approximately the same distribution of correlation 
times considered in the proton resonance study is used to account for the experimental data.

Introduction
The study of nuclear magnetic relaxation times of mole

cules adsorbed on a surface provides valuable information 
about the interactions at the interface and the dynamics 
of the system. T he relative contributions of the different 
relaxation mechanisms to the relaxation times are often 
difficult to separate, even in the liquid state, unless a par
ticular mechanism such as the nuclear quadrupolar inter
action is known to predominate. In the latter case, it is 
then possible to investigate the reorientational diffusional 
and exchange properties of adsorbed molecules, which is 
of particular interest in the kinetics of heterogeneous ca
talysis and molecular dynamics.

In a preceding contribution2 to this series, the molecu
lar diffusion of methanol adsorbed on the surface of a 
Xerogel (X), silica gel, and the proton exchange between 
the surface and the adsorbed species have been studied by 
pulse proton magnetic resonance. In the CH 3O D -X O D  
system, only one T x or T2, spin-lattice and spin-spin re
laxation time, respectively, was observed and the experi
mental data could be well accounted for by a translational 
motion of the CH3OD, with the m ethyl group rotating 
rapidly about the triad axis. In the C D sO H -SiO H  system, 
one T i and two T2 were observed, where the T x resulted 
from the superimposition of two functions corresponding 
to two populations of adsorbed species. The rate of ex
change between the two populations is fast relative to 
T j" 1  but is slow with respect to T 2 "1 . The long T2 corre
sponded to the diffusional motion observed for the 
CH 3O D -X O D  system, while the short T2 was assumed to 
represent a proton exchange process between the hydroxy
lic proton of CD3OH molecules. The frequency ratio of the 
proton exchange to molecular diffusion increases as the 
degree of coverage decreases, suggesting that the “ turn 
over” of the surface proton on the adsorbed species is

higher at lower degrees of coverage. A t 25° the surface d if
fusion coefficient of adsorbed methanol was found to be 
reduced by two orders of magnitude at a degree of cover
age, 6 ce  0.6, as compared to the liquid state. 6 might be 
as high as 3 to obtain diffusion coefficients comparable to 
the bulk liquid at the same temperature.

The deuteron relaxation rate is determined by a domi
nant intramolecular, quadrupolar interaction relaxation 
mechanism, involving the coupling of the nuclear quadru
pole with the electrostatic field gradient at the nucleus. 
Measurement of the deuteron T i " 1 and T 2 "1 would thus 
shed further light on the molecular or exchange motions 
in CD3OH-XOH or CH3OD-XOD systems. These relaxa
tion rates for deuterium are given by the following rela
tionships3

T r 1 =  ( | ) ( l  +  l v 2)(e2q Q /h K J{ u  „) +  4J(2wa)] (1)

TV1 = Q ô )(l + ^ 2)(e W fi)W ( 0) +
15J (w 0) +  & J (2to0)] (2)

where (e 2q Q / h ) is 2it times the quadrupole coupling con
stant (QCC) in hertz, « is a parameter associated with the 
asymmetry of the elecoric field gradient, and J(u>o) is the 
power density spectrum which is the Fourier transform of 
the correlation function describing the tim e dependence of 
the motion. Neglecting the asymm etry param eter and as
suming in conformance with the proton resonance study2 
a Gaussian distribution of correlation tim es,4 these equa-
t.ions may be rewritten

2 K
T r 1 = r r i F , +  2F  J (3)

T II
e 

i* oo O + 5 F i  +  F I (4)
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where k = (3/80)(e2ijQ h )2 = 1.48(QCC)2 and also

F, *

-  i « T)I
2a>0T

dT

F0 = f  P ( t ) o i0t  dr = u;0Tm exp(/?2/4)

(5)

( 6 ) 

(7)

The normalized Gaussian distribution function is defined
as

P ( t ) dr = /7- '7t- 1/2 exp[-(Z//J)2] dZ (8 )

where
Z = In ( t / t J

r m =  expOnr}, = r0 exp ( H / R T )  (9)

rm is the average correlation time, hereafter referred to as 
r for simplicity. The parameters in the above equations, /3 
and H,  as well as the functions F i and F 2, were calculated 
according to the procedure described earlier.2

The deuteron QCC of liquid CH3OD is given as 192 ± 
15 kHz by O’Reilly, et a l.,5 while the corresponding value 
for liquid CD3OH is 170 kHz according to Hertz, et al.6 A  
priori, it is not expected that the QCC in the adsorbed 
state would be significantly different since it has been 
shown that large changes in liquid density (see, for in
stance, Lee and Jonas7 and references therein) are re
quired to affect the quadrupole interaction constant no
ticeably. However, in the adsorbed state the hydrogen 
bond network may be quite modified with respect to that 
in the bulk liquid, and the additional fact that possible 
deuteron transfer from a surface site to a cluster of ad
sorbed species produces CH3 0 D2+ species that play a sig
nificant role in the deuteron relaxation process necessi
tates one to keep in mind a possible modification of the 
QCC.

For obvious experimental reasons such as the weakness 
of the deuteron resonance signal and the very short decay 
times of the magnetization, very few papers have been 
published on deuteron magnetic resonance measurements 
in the adsorbed phase. From a recent and very complete 
review by Pfeifer, 8 it appears that only 3% of the papers 
devoted to magnetic resonance studies in the adsorbed 
state were concerned with deuterium measurements. In 
fact, they deal almost exclusively with D20 present in 
large excess (i.e., much more than 3 layers). For the D20 
studies mentioned, either the deuteron QCC of the ice9 or 
of the liquid10 was utilized in discussing the results in the 
adsorbed state.

As a significant advancement of studies in the adsorbed 
phase, the pulse deuteron relaxation times for CH3OD- 
XOD and CD3OH-XOH systems for coverages less than 3 
monolayers and a temperature range of -60 to 40° are re
ported. The results are discussed in terms of molecular 
reorientation and exchange phenomena.

Experimental Section

The materials and the samples used in this study were 
exactly the same as those used for the proton pulse mag
netic resonance study published earlier.2 The adsorption 
characteristics and physical properties of the Xerogel have 
been described elsewhere.1 1 '12

The deuteron relaxation data were obtained at 9.2 MHz 
using pulse nuclear magnetic resonance techniques. A

Varian Model V-4013A 1 2 -in. high-resolution electromag
net equipped with superstabilizer was used. The nmr 
pulsed spectrometer was constructed ir_ the School of 
Chemical Sciences Laboratory and is similar in design to 
one described previously.13 Signal averaging was accom
plished using a Biomation transient recorder Model 610 
and a 1 0 -bit, 256-word memory device. The signals were 
displayed on a Tektronic storage oscilloscope.

The single-coil nmr probe was especially designed for 
low temperatures and high stability.14 The temperature 
was regulated to within ±0 .2 ° and a range of ± 1 ° was 
maintained for any given measurement.

Spin-lattice relaxation times, Ti, were measured using 
a 180°-t-90° pulse sequence, with the logarithm of the 
magnetization being plotted as a function of r to obtain 
Ti. The transversal relaxation times, T2, were derived 
from the free induction decay signal following a 90° pulse. 
The errors in Ti and T2 are estimated generally to be 
±5-10%.

Experimental Results
1. The CD3OH-XOH S ystem . In Figure 1 the proton 

relaxation rates are compared to the deuteron relaxation 
rates for two “symmetrical” systems, i.e., CH3OD-XOD 
and CD3OH-XOH, respectively, at the same degree of 
coverage, namely 6 = 1.7. In spite of the fact that in the 
investigated temperature domain the situation for deut
eron is such that coot < 1 , there is a large gap between the 
deuteron Ti and T 2 that cannot be accounted for by a 
wide distribution of correlation times. The proton T2 data 
diverge increasingly from the theoretical values shown by 
the solid line as the temperature increases while the T 1 

data fit well the upper dashed line, for which some correc
tion with paramagnetic impurities has been introduced. 
The solid lines in Figure 1 were obtained for the proton 
resonance assuming a broad Gaussian distribution of cor
relation times (/? = 3.5, H  =  4 kcal mol-1) and a second 
moment which is one-fourth the rigid CH3 second mo
ment. The curvature of the theoretical proton T2 at low 
temperature arises from the truncation of the distribution 
because at low temperature an increasing number of re
sonating nuclei have correlation times higher than the 
cut-off period. Figure 2 shows other interesting features of 
the deuteron Ti and T2 measured at three degrees of cov
erage. Ti is within the experimental error independent of 
the surface coverage while T2 is obviously a function of 6. 
In Figure 2, a theoretical T 1 has been obtained by assum
ing the following parameters: /? = 3, H  = 5.4 kcal mol-1, 
to = 2.9 X  10- 1 6  sec, and QCC = 170 kHz. The inverse of 
the temperature at which the minimum of T\ should 
occur, namely 103/T °K, is 6.43. The average activation 
energy is nearly that observed for the molecular diffusion 
motion in the proton system but the correlation time rnt, 
as it will be illustrated later in Figure 6 , is approximately 
two orders of magnitude lower than that derived from the 
proton resonance study and assigned to a diffusional 
translation. It does not correspond to the rotation of the 
CD3 group around the triad axis because the activation 
energy for this rotation is below 3 kcal mol- 1 .5 1 2

It seems appropriate to suggest that t di , ruling the deu
teron Ti,  is that of a molecule tumbling in a potential 
well on top of an adsorption site because this motion 
implies the same average activation energy as diffusion,
i.e., that of breaking hydrogen bonds and of course the 
same distribution law for the activation enthalpy. Also
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this motion should be coverage independent since it does 
not imply any cooperative effect in opposition to diffu
sion. 15

In order to explain the gap between the predicted and 
measured proton T2 in the “high” temperature range, as 
shown in Figure 1, it had been suggested that it could 
originate from those molecules facing a very high energy 
barrier for diffusion.4 A similar explanation appears less 
convincing for the deuteron measurements if the sugges
tion that the longitudinal relaxation rate is demonstrated 
by a tumbling motion is accepted. There is, however, an
other explanation that could be proposed to explain why 
T 2 is appreciably lower than expected while in a region 
where coot <C 0.63. It has been shown16 that a broadening 
by preferred orientation can occur even though doublet 
splitting is not observed and for molecules adsorbed by a 
powdered solid. However, in the absence of such a split
ting, the application of the following development has to 
be considered as a limiting case. Following a 90° pulse, 
the magnetization decays as described in the following 
manner, where $ is the time independent angle between 
the symmetry axis of the intramolecular field gradient 
and the direction of the stationary magnetic field

M j t )  = M „  exp( — t/ T. , )  cos (a>'t) (10)

cc' =  -^^QCC<3 cos2 $  — l) (11)

If 4> is made time dependent due to molecular motion, 
then

a/ = B (3  cos2 <F' — 1) (12)

where <£' is the angle between the static magnetic field 
and the normal to the surface, and where

B  =  ~ ( j q ) W 3  cos2 -  1 ) (13)

where i>" is the angle between the symmetry axis of the 
intramolecular electrostatic field and the normal to the 
surface. These equations are valid if the distribution of 
the preferred orientations is axially symmetric about this 
normal.

In a powder, where T' has to be averaged over all possi
ble directions

(cos oo't)AV cos [B t( 3 cos2 l]d cos 4>' (14)

Woessner, et a l.,16 have calculated the variation of (cos 
co'Oav with respect to B t. From their data, d In (cos 
ci>'f)Av/d B t  has been obtained for B t  < 2.2 (above this 
limit (cos i o ' O a v  changes sign) and the results are shown 
in Figure 3.

Now suppose that eq 10 can be approximated by 

In M j t )  = In M 0 -  t / T ,app = In M „  ~

t / T + In (cos w7)AV (15)

then

T .r \ lw =  T ,- 'reai -  B [d In (cos u/f)AV/dSf] (16)
For B t <  2.2, the derivative is always negative, that is, 
712_1app ls therefore higher than T2 _1 reai. For D2O ad
sorbed in powdered clay, Woessner observed B  to be of the 
order of 103 radian-sec. Therefore in the region where [d In 
(cos o)'i)AV/d Bt] ~ - 1 , T2_1am> should be much higher 
than T2 1 real*

Figure 1. A comparison o~ proton T, and T2 data in the CH3OD- 
XOD system (open circles) for ref 2 to the deuteron A and T2 
results (solid circles) from the symmetrical CD3OH-XOH sys
tem at II = 1.7. The solid and dashed theoretical lines fitting the 
proton data are from ref 2.

For 103/T°K = 3.5 (12.7°C), and assuming the deriva
tive to be the order of - 1  for adsorbed CD3OH, B  would 
be 749 at 8 = 1.7, 2480 at 6 =  1.3, and 4328 at t) =  0.8 if 
T̂ reai is given by the solid line in Figure 2. For the reason 
already invoked, these values are rough indications, but it 
is interesting to observe that they decrease linearly with 
increasing 6 (see Figure 3).

For D20 adsorbed on clay it has been observed that B  
times the D2O content was approximately constant with 
large concentrations ot adsorbate. Both observations are 
compatible if B takes the form £  = a/a + bf); then for low 
coverage of adsorbed molecules, B  ^ 1  — ( b / a) ,  as in this 
study, while for higher adsorbed content B  ~ a/bft.  Thus, 
the orientational effect does offer an alternative explana
tion for the observed T2 in the region where cot >  0.63.

2. The C H 3 O D - X O D  S ystem . The temperature-depen
dent experimental data obtained at two degrees of cover
age, (I = 1.7 and 1.3, are shown in Figure 4. Measurements 
were also attempted for a sample 6 =  0 .8  where T2 was 
found temperature independent and equal to approxi
mately 4.5 X  10_ 5 sec. However, the reliability of this lat
ter result, and the inability to obtain corresponding T\ 
values due to the shortness and weakness of the signal, 
limits our discussion of this system to two coverages. In 
general, as could be expected, the scatter of experimental
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Figure 2. CD3OH-XOH system. The deuteron T, and T2 at three 
degrees of coverage. The solid lines are obtained through the 
application of eq 3 and 4 and using the average correlation time 
r Dt as shown in Figure 5.

Figure 3. The variation of d [—In (cos o /f}Av]/d [B f] as calculat
ed from values in ref 16 and the linear decrease of B at 12.7° 
for low values of coverage (see text).

data for the CH 3O D -X O D  system was more significant 
than in the CD 3O H -X O H  system.

At the highest degree of coverage investigated, good 
agreement with the experimental T i and T 2 was obtained 
using the following parameters in eq 3 and 4: 0 =  3.5, H  

=  5.5 kcal/mol, 103 /T”K =  4.6 at Ti minimum, r 0 =  3.15 X 
10~ 14 sec, and QCC = 200 kHz. This value of the quadra- 
pole coupling constant is near that reported5 for liquid 
CH3OD, 192 ± 15 kHz. However, the transversal relaxation

Figure 4. C H 3O D -X O D  system. The deuteron T , and T2 for two 
degrees of coverage. The solid lines for H = 1.7 are obtained 
using eq 3 and 4 and the average correlation time r Dd shown in 
Figure 5. For 0 = 1.3, T1S and r 2S are obtained using r De 
shown also In Figure 5 (see text).

times at this degree of coverage are possibly influenced by 
some other competing mechanisms as suggested by the 
slight deviation between the observed and theoretical 
values. This hypothesis is supported by examination of the 
experimental data at a lower degree of coverage.

In the CH 3O D -X O D  system at 6 = 1.3, the Ti values 
are appreciably lower than those at 8 =  1.7, such that it 
could be assumed either that a higher QCC has to be 
taken into account or that the observed relaxation rate is 
enhanced by an exchange term corresponding to a nuclear 
transfer between two populations. Since it will be shown 
below that the QCC should decrease, the introduction of 
an exchange term appears more probable. The model pro
posed earlier2 to explain the relaxation behavior of the 
proton in the symmetrical CD 3O H -X O H  system will 
therefore be considered again.

It was assumed that the adsorbed species were distrib
uted among two populations relaxing independently with 
intrinsic relaxation times T ls  and T 2s, T u , and T21„ S 
and L standing for short and long transverse relaxation 
times. Each population is also characterized by its frac
tional abundance P.s or i \  = 1 — PK and the lifetimes 
Cs- 1 or Ci,-1 . For a slow exchange between the popula
tions ( CjTi «  1 ) i = 1 , 2 , the observed variation in the 
magnetization with time is the sum of the exponential 
functions for each population taken separately

M ±
^ -  = P s exp( - t / T m )  +  P L exp( —t / T iL) (17) 

For the fast exchange, the observed relaxation is the
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Figure 5. Correlation times obtained from the ceuteron relaxation 
times in the CD3OH-XOH and CH3OD-XOD systems as com
pared to those obtained for the proton resonance (ref 2). The 
star indicates the correlation time for the proton exchange from 
CH3OH2+ to CH3OH observed by Luz, et al.,20 at 22° in the liq
uid state.

weighted average of the relaxation rates for each popula
tion

T r 1 = P ST iS~l +  P LT  iL~l (18)
For intermediate exchange between the two populations, 
the relationships between the observed relaxation rates 
and the intrinsic relaxation rates are more complicated. In 
the proton study it was proposed that population S was 
composed of those methanol molecules involved in the 
transfer of a surface proton to neighboring absorbed 
species, while population L had contributions from those 
methanol molecules diffusing on the surface. The lifetime 
in these populations had been evaluated as ~ 1 0 ~ 3 sec. 
The proton Ti was then in the limiting case of the fast ex
change (eq 18) while the proton T2 was ruled by eq 17.

The observed deuteron T\ and T2 for the CH3OD-XOD 
system are such as T V 1 is of the order of the exchange

Figure 6 . Deuteron quadrupole coupling constant dependence 
on Pauling electronegativity of elements X in X-D compounds 
from ref 17.

rate between the two populations while T2 _ 1  is apprecia
bly higher, especially at d =  1.3. At this degree of cover
age, the single component behavior observed for T2 and 
the values obtained for Ty and F2 could he explained as 
follows.

Suppose that in eq 17, the observed transversal relaxa
tion rate is controlled by the intrinsic transversal relaxa
tion rate of population S, e.g ., that T2l_ 1  < T2s_1. The 
signal intensity does not permit the detection and thus 
the measurement of T2L. To obtain an estimate for the 
deuteron T2s and Tig, it is assumed that the average cor
relation time is in the range of that obtained earlier for 
the proton exchange and that the distribution parameter 
/? and the activation enthalpy are identical. This is the 
correlation time represented as roe in Figure 5. Flere a 
deuteron is captured from the acidic surface of the deuter- 
ated silica gel by the adsorbed CH3OD forming CH3OD2+ 
and it is then exchanged with neighboring CH3OD. Using 
eq 3 and 4, /? = 3.5, H  =  5.75 kcal, 103/T°X = 3.15 at Ty 
min and t o  =  1.1 X  10~ 12 sec, the T2y and T ls  shown by 
solid lines in Figure 4 are obtained. The surprizing result 
is that to fit the experimental T2 data, the QCC in popu
lation S has to be about 90 kHz. This will be corhmented 
upon further.

In order to account for the observed longitudinal relaxa
tion time at 6 =  1.3 it is suggested that the rate of ex
change of nuclei between populations S and L, which 
should not be confused with the frequency of the deuteron 
jumps within population S, contributes for approximately 
60% to Ti. Under this condition, the remaining contribu
tion may be accounted for by a function such as that de
scribed by eq 3 with a correlation time almost identical 
with that used at d =  1.7 and represented as rod in Figure
5. The QCC for this contribution is also 200 kHz.

The model suggested here above presents the main ad
vantage to be coherent with the results of the proton reso
nance study. Yet the reason why a diffusional correlation 
time is obtained from deuteron Ty and T2 at 6 = 1.7 for 
the CH3OD-XOD system should be explained.
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If in population S, the active species for relaxation is 
CH3OD2+, the lowering of the QCC could be expected 
since it is known that the higher the electronegativity of 
the atom attached to the deuteron, the higher the 
QCC. 17 19 Figure 6 , which shows this fact graphically, al
lows one to evaluate the decrease of the QCC from 200 to 
90 kHz as corresponding to a lowering of the electronega
tivity of the oxygen atom by approximately 1.0 unit. This 
is not unreasonable for the CH3OD2 4 structure.

It was unfortunately impossible to measure the relaxa
tion times of the bare XOD surface because of the sensi
tivity. If they were known, the leveling observed in T2 at 
low temperature for 8 =  1.3 and the unreliable values of 
T2 observed for 8 = 0 . 8  might perhaps be explained.

Discussion
In the CD3OH-XOH system, the spin-lattice relaxation 

rate is associated with a correlation time r;ji, whose varia
tion is shown in Figure 5 as a function of temperature. 
This correlation time is appreciably different from those 
obtained in the proton resonance study, the latter which 
was considered due to molecular diffusion and a function 
of the degree of coverage. The correlation time Tnt is not 
coverage dependent within the limits of experimental 
error. However, the average activation enthalpy and the 
width of the Gaussian distribution associated with t d , are 
similar to those obtained for the translational motion on 
the surface in the proton resonance study. For these rea
sons, it is suggested that T D t  is the average correlation 
time for a molecule tumbling on the top of an adsorption 
site, which provides a reasonable intramolecular relaxa
tion mechanism.

The spin-spin relaxation rate in the CD3OH-XOH sys
tem obtained from the decay after a 90° pulse results from 
the combined contributions of the correlation function as
sociated with T D t  and of a modulation due to an addition
al reorientational effect that is coverage and temperature 
dependent. The T2 observed in the CD3OH-XOH system 
is a function of 8 and the relaxation time activation ener
gy is different from that from Ti values. However, due to 
the weak signals obtained from these systems at low de
grees of coverage, it is difficult to be more specific at this 
time about the parameters involved in discussing this im
portant reorientation contribution. As a consequence of 
this, the origin of the deviation of the observed proton 7’2, 
in the symmetrical CH3OD-XOD system, with respect to 
the calculated function (see an example in Figure 1) 
should be reconsidered. This deviation was assigned to the 
existence of CH3OD adsorbed on high energy sites and 
thus relaxing differently. It is possible this hypothesis is 
incorrect and orientational effects are more probably re
sponsible for the observed curvature. This is a very inter
esting consideration indeed since it suggests that a pre
ferred orientation exists even on the surface of an amor
phous porous materials. Probably this preferred orienta
tion is a result of some regular arrangements of surface 
hydroxyls and of the hydrogen bond formation between 
these hydroxyls and clusters of partially ordered adsorbed 
species.

In the CH3OD-XOD system, the results obtained at a 
high degree of coverage will be considered first. There is a 
very good fitting between the correlation time r Dd ob
served at 8 =  1.7 anc that observed for molecular diffu
sion in the proton resonance study. Probably the contribu
tion of the orientational effects to the relaxation becomes

much less important than in the CD 3O H -X O H  system 
because the transversal relaxation rate is much higher. 
Though surprizing, the fact that a “translational” correla
tion time is derived from the deuteron Ti and T2 in this 
case is in agreement with similar observations by O’Reil
ly, et a l.,5 who compared the translational correlation 
time derived from the self-diffusion coefficient (D ) ob
tained by the field gradient technique in CH3OD with the 
rotational correlation time of OD using eq 1. If the former 
is expressed as t = (/2)/12D, then for l ^ 5 A, r = 0.8 X 
10"11 sec while from eq 1, r = 0.5 X 10"1 1  sec. Moreover, 
the activation energies are the same within 0 . 1  kcal.

The reason for this agreement is probably that a mole
cule does not reorient appreciably in a manner to modu
late the QCC unless during diffusional jumps. It might 
then be objected that, as shown in Figure 5, toC 1 is 
about 1 0 0  times higher than j n i and therefore that 
tumbling does not imply diffusional steps. The answer is 
then that the rotational motion accompanying diffusion 
and modulating the CH3OD QCC is different, for instance, 
from the methyl group (as a unit) rotation about the OD 
axis.

At lower degree of coverage (8 = 1.3) the deuteron Ti 
data cannot be fitted unless an important contribution 
from an exchange mechanism between two populations is 
assumed, in agreement with the model used for the proton 
resonance in the symmetrical CD3OH-XOH system. In 
the S population the main contribution to relaxation 
mechanism is the deuteron exchange between surface 
deuteron and CH3OD, the “active” intermediate being 
CH3 0 D2+. In the L population the main contribution is 
that of a molecular rotational diffusion. In this respect at 
8 = 1.7, the observed relaxation effect would be almost 
entirely due to that of population L.

Finally, there is an exchange of nuclei between the two 
populations at a frequency that was suggested to be of the 
order of 103 sec" 1 from the proton resonance study. With 
consideration of this model, it is possible to account for 
the experimental Ta at 8 = 1.3 (Figure 4) by assuming 
that the exchange between populations contributes for ap
proximately 60% to the relaxation rate. Also, the transver
sal relaxation time which, for the reason already dis
cussed, is not influenced markedly by a orientational ef
fect would be associated by the correlation time Toe 
shown in Figure 5. This correlation time is in the region 
where the correlation times for proton exchange (in popu
lation S) were obtained previously. These correlation 
times at room temperature are approximately two orders 
of magnitude lower than that observed by Luz, et a l.,20 in 
protonated liquid methanol (see the star in Figure 5). 
This was discussed before, 2 but a rather unexpected con
sequence of the above model is that the QCC that has to 
be considered to account for the relaxation times in case 
of a deuteron exchange mechanism is markedly lower than 
that used for the neutral molecule. At 0 =  1.3 in the 
CH3OD-XOD system, the QCC used to calculate the lin
ear variation of T2 in Figure 3 is approximately 90 kHz 
while a value of 200 kHz was used for the neutral adsorbed 
species. It seems appropriate to suggest that this strong 
decrease of the quadrupole coupling constant is associated 
with the presence in the “ S” population of CH3OD2+ in
termediates. Figure 6 , which points out that the deuteron 
quadrupole coupling constant increases markedly with 
Pauling’s electronegativity of the atom to which the deut
eron is attached, suggests that the electronegativity of the
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oxygen decreases by approximately one unit in our sys
tem. That this is reasonable is seen from results in com
parable examples1 7  where the deuteron QCC changes con
siderably with the presence of ionic species, e.g ., in liquid 
ND3 QCC is 282 kHz, 21 while the QCC of ND4+ is of the 
order of 180 kHz.22 If the above interpretation of T 2 is 
correct, a measurement of the QCC of adsorbed species 
would be of considerable interest in acid catalysis.
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Secondary Effects Due to the Presence of Sulfur Hexafluoride in Hydrocarbon 
Radiolysis

J. Niedzielski* and J. Gawlowski

L a b o r a to r y  o f  R a d io c h e m is t r y  e n d  R a d ia t io n  C h e m is t r y ,  W a rs a w  U n iv e r s it y .  0 2 - 0 8 9  W a rs a w , P o la n d  ( R e c e iv e d  J u n e  2 5 , 1 9 7 3 )

SFs, used as an electron scavenger in the radiolysis of gaseous ethylene and propane, is found to decom
pose with a yield close tc the yield of electrons. The products of SF6 decomposition do not compete with 
parent molecules for electrons. The radiolysis of gaseous ethylene-«s-2-butene-l,3-butadiene-SF6 
mixtures reveals that secondary products, derived from SF6 , react with butadiene and act as chain car
riers of cis-trans isomerization. Both processes involve the same radical species. A free-radical mecha
nism is established on the basis of photoelectron and vacuum-uv photolysis experiments.

Introduction
We have recently reported some preliminary results on 

the secondary reactions, due to the presence of SFp, used 
as an electron scavenger in the radiolysis of gaseous ethyl
ene. 1 These reactions led to the decrease in the yields of 
higher unsaturated hydrocarbons, in particular of 1,3-bu
tadiene. A similar observation has been reported in the 
radiolysis of liquid ethane. 2 It was suggested in both pa
pers that the products, resulting from the decomposition 
of SF6- ions undergoing neutralization, are responsible for 
the effect.

On the other hand, there are many data in the litera
ture on the radiation-induced cis-trans isomerization of 
olefins in the gas3 5 and liquid phases.6 -7 Negative SF6 ~ 
ions and SF5 radicals have been suggested as the chain 
carriers. We present here evidence that both the decrease 
in the yields of olefins and cis-trans isomerization are due

to processes involving the same intermediary radical 
species derived from SFg, most probably SF5 radicals.

Experimental Section
M aterials. All hydrocarbons, ethylene, propane, cis-2- 

butene, and 1,3-butadiene, were Fluka puriss. grade. They 
were rigorously purified by gas chromatography before 
use. Matheson sulfur hexafluoride was used after trap-to- 
trap vacuum distillations.

V acuum -U ltraviolet P h otolyses. Resonance lamps, oper
ated with a high-frequency discharge from a 22.7-MHz 
high-frequency power supply, were used. The lamp filled 
with 10% H2 in argon at a total pressure of 1 Torr emits 
Lyman emission (1216 A, 1 0 . 2  eV) . 8 The lamp was fitted 
with a lithium fluoride window and a ballast volume of 
about 250 ml to freeze out the impurities during operation 
of the lamp.9 Lamp intensities, measured by NO acti-
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nometry, using a 2 0 0 -ml cell equipped with a pair of rec
tangular 4 X 10 cm nickel electrodes positioned 3 cm 
apart and used in conjunction with a Unipan nanoammet
er, were in the range 5 X  10xl-5 X 1012 quanta sec-1 .

The Xe lamp was fitted with a sapphire window which 
eliminates the 1 2 9 5 - A  resonance line and transmits only 
the 1 4 7 0 - A  line. The lamp was provided with a titanium 
getter assembly similar to those described in the litera
ture. 10 Ethylene was used as a chemical actinometer, 
based on the quantum yield of acetylene formation 0.9. 11  

Lamp intensities were of about 1012 quanta sec-1 .
The vacuum system and 200-ml photolysis cell were 

mercury free. All experiments were performed at ambient 
temperature.

Photoelectrons. A photocell constructed from a Pyrex 
tube, fitted with a titanium wire anode of 1 -mm diameter 
in the center and an aluminum photocathode made from 3 
X  10-cm foil, positioned 2 cm apart, was used. Photoelec
trons were generated at the cathode by the action of ultra
violet light from a medium-pressure mercury lamp. A 0.5 
cm thick filter of 2 M  aqueous solution of CH3COONa 
was used to eliminate light below ca. 2400 A; 1 0  V voltage 
was applied to the cell electrodes during experiments.

Radiolysis. Dosimetry, irradiation, and gas chromato
graphic procedures have been previously described. 12 All 
experiments were conducted at room temperature to 
about 0 .1 % conversion.

Results

Radiolysis. The yields of radiation-induced cis-trans 
isomerization of 3.3% cis-2 -C4H8 + 0.5% SF6 in ethylene 
are shown in Table I, along with the yields obtained in the 
presence of different scavengers. The dependence of the 
yield of isomerization on the presence of 1 ,3-butadiene, 
added to ethylene-ci'.s-2-butene-SF6 mixtures, is present
ed in Figure 1.

The dependence of SF6 concentration upon dose is 
shown in Figure 2. From the slope of the straight line, 
seen in this figure, -G(SF8) = 3.65 ± 0.2 may be in
ferred. The effects of O2 and NH3 on the decomposition of 
SF6 in irradiated ethylene and propane are shown in 
Table II. Neither of the scavengers used has any apprecia
ble effect.

P hotoelectrons. The yield of cis-trans isomerization of 
pure cis-2 -butene subjected to the action of photoelectrons 
at 2.4 Torr was found to be 1.5 molecules per electron. 
The total charge collected was 3.8 x 10“ 5 C. A nearly 
twofold increase was observed upon addition of 8 % SF6 to 
cis-2 -C4Hg at the same total pressure, the yield being then 
equal to 2.75 molecules per electron. The total charge col
lected in this experiment was 2.5 X  10“ 5 C.

V acu u m -U v P hotolysis, (a) 1 0 .2 -e V  P hotons. The yield 
of cis-trans isomerization of pure cts-2 -C4H8 photolvzed 
at a pressure of 0.9 Torr was M/N+ < 3 molecules per ion 
pair (the limit of detection under the experimental condi
tions). Photolysis times were about 40 min in duration, 
equivalent to about 0.05% conversion.

In the presence of 8 % SF6 in «'s-2 -C4H8 (other experi
mental conditions being unchanged) the yield of isomer
ization was greatly enhanced, M/N+ = 540 molecules per 
ion pair.

(b ) 8 .4 -e V  P hotons. In a mixture of 0.5% cis-2 -C4H8 in 
SF6 irradiated at a pressure of 20 Torr for 20 min about 
20% of the ci's-2-butene underwent isomerization. When 
argon was used instead of SF6 the yield of isomerization

(1 ,3 -C ,H 8] ,% V 0 I

Figure 1. Radiolysis of 3.2% c/s-2-butene +  0.5% SF6 in ethyl
ene in the presence of 1,3-butadiene; total pressure 200 Torr, 
dose absorbed 0.11 Mrad. Dependence of G (frans-2-butene) on 
the concentration of butadiene.

D ose, M rad

Figure 2. Radiolysis of ethylene at 300 Torr in the presence of 
SF6. Dose dependence of SF6 concentration.

TABLE I: 7 Radiolysis of Ethylene +  3.3% c/s-2-Butene +
0.5% SF6. Dependence of G (Isom) on the 
Presence of Additives“

Additive concn, mol %

n h 3 0.5 2 1.9
0 2 0.9 . . . 0.7
NO 2.2

1,3-C4H6 . . . 0.1 0.1 0.1

G (isom ) 6700 6650 6480 30 < 3 77 63 8

° Total pressure 200 Torr, dose absorbed 0.11 Mrad, dose rale 0.44
Mrad hr- '.

was greatly reduced, the conversion of cis isomer being 
less than 0.05%.

Discussion

E ffec t o f B utadiene on B u ten e Isom erization. We have 
previously established that 1,3-butadiene, formed as a 
product of ethylene radiolysis as well as that purposely 
added to ethylene (3 x 10“ 3%) before irradiation, is con
sumed entirely in the presence of SFe. 1 The present re
sults shown in Table I and Figure 1  indicate that the pres
ence of butadiene greatly reduces the yield of cis-trans 
isomerization. This effect is apparently due to the capture 
by butadiene of isomerization catalysts—intermediary 
species formed in the presence of SF6. This may be taken 
as evidence that both secondary effects due to the pres
ence of SF6, i.e., the catalysis of isomerization and the re
duction in the yields of some unsaturated hydrocarbons, 
involve the same reactive species derived from SFg.

The Journal of Physical Chemistry. Voi. 77, No. 24, 1973



Secondary Effects of SF 6  in Hydrocarbon Radiolysis 2855

Therefore from now on we will be concerned mainly with 
the elucidation of the mechanism of isomerization, this 
process being easier to observe.

In the presence of radical scavengers such as O2 and NO 
the yield of cis-trans isomerization is markedly reduced. 
Thus, a radical mechanism of isomerization may be as
sumed, involving the reversible addition of radical species 
to crs-2-butene. Such a mechanism was originally pro
posed by van Ingen and Cramer in their study of liquid 
pentenes. 7 The neutralization of negative SFe ions was 
assumed to involve dissociation, yielding SF5 radicals, 
subsequently adding to the double bond of an olefin. Re
lating this mechanism to butenes rather than to pentenes, 
the following sequence of reactions is proposed.

RH+ + SF6" = R + HF + SF5 (1 )

SF5 + cis-2-C4H8 = SF5C4H8 (2)
SF5C4H8 = SF5 + t r a n s - 2-C4H8 (3)

Our results may well be accounted for by this mechanism 
except for the effect of ammonia which was found to in
hibit the yield of isomerization of liquid 2 -pentene, where
as it has no effect on this yield in our experiments, as may 
be seen in Table I.

SF5 radicals are known to react with ethylene. 13

SF5 + C2H4 = SF5C2H4 (4)

In the system C2H4- 3 .2 % cis-2 -C4Hg-SF6, reaction 4 
probably competes with reaction 2 for SF5 . The high value 
for G(isom) clearly indicates that reaction 2 is a few or
ders of magnitude faster than reaction 4.

The inhibiting effect of 1,3-butadiene on the isomeriza
tion as well as the elimination of butadiene from the radi
olysis products seems also to be due to the scavenging of 
SFs radicals.

SF5 + 1,3-C4H6 = SFsC4H6 (5)

On the assumption of this mechanism the rough kinetic 
treatment (neglecting the changes in butadiene concen
tration as the radiolysis proceeds) leads to the relationship 
shown in Figure 2. The values of k5 and are approxi
mately of the same order and can be shown to be at least 
1 0 4 times greater than fc4, i.e., equal to about 1 0 s M - 1  

sec-1 , based on the value fe4 = 1.6 x 104 M ~ x sec- 1 .13

A free-radical mechanism has also been advanced in 
two studies which have been reported on the isomeriza
tion of gaseous 2-butene. Radical catalysts were CH3S14 

and SH, 15 respectively. In both cases the inhibiting effect 
of butadiene has been observed. The value for the rate 
constant of CH3S addition to butadiene determined by 
Graham and Soltys is 6.9 X 107 ikf- 1  sec- 1  which is very 
close to our estimate for k$.

The radical mechanism disagrees, however, with Hum
mel’s suggestions that the cis-trans isomerization is due 
to the interaction of negative SFg- ions with the double 
bond of an olefin. 3 From now on the major effort in this 
paper will be directed at establishing the correctness of a 
free-radical mechanism. To this end the photoelectron 
and vacuum-uv photolysis experiments have been carried 
out.

Radical M ech a n ism  of Isom erization. Photoelectrons 
ejected from an aluminum cathode are expected to attach 
to SFs molecules, forming negative SF6 ions, drifting to 
the anode upon the application of an electrostatic field. 
Applying the electric field at X / P  of about 0.7 V cm- 1  

Torr- 1  at the cathode, and assuming a mean electron

energy of 0.072 eV, 16 an average electron drift velocity of 4 
X 106 cm sec- 1 , 16 and a rate coefficient of electron at
tachment to SF6 of 2.2 X 10- 7  cm3 molecule- 1  sec- 1 , 17 

we obtain the mean path of free electrons of approximate
ly 0.005 cm. Thus, electrons drift practicady the whole 
distance between the cathode and anode as SF6 - ions 
under our experimental conditions. The mean lifetime of 
a negative ion (i.e., drift time between cathode and 
anode) is given by r n = d2/ n V ,  where d is the cathode- 
anode separation distance, n is the negative ion mobility, 
and V  is the voltage applied. Taking a mobility of ap
proximately 200 cm2 V- 1  sec- 1  for negative ions at 2.4 
Torr (based on p0 = 0.57 cm2 V - 1  sec- 1  for SF6 - at 760 
Torr, 273°K18) gives rp = 2 x 10- 3  sec. This has to be 
compared with the mean negative ion lifetime in the radi
olysis experiments equal, at the dose rate reported in 
Table I, to t t = 4 X 10- 3 sec (the ion recombination rate 
constant for SF6 ~ taken as equal to ca. 1 0 - 6  cm3 ion- 1  

sec-119). It follows that taking into account the differ
ences in butene concentration in both experiments the 
number of collisions which SFe~ undergoes with butene 
molecules is about six times less in the photoelectron ex
periment than in radiolysis. If the initiator of isomeriza
tion were a negative ion, the presence of SF6 should lead 
to the increase in the yield of trans isomer in the photo
electron experiment up to a value of ca. 250 molecules per 
electron. In fact, the increase observed is inappreciable— 
less than twofold (from 1.5 to 2.75 molecules per electron) 
as compared with more than two orders of magnitude 
greater increase caused by irradiation with 10.2-eV pho
tons.

This observation is inconsistent with Hummel’s mecha
nism, assuming that SF6- is directly responsible for the 
catalytic effect. The electrons formed in the photoioniza
tion of cis-2 -C4Hg would be scavenged by 3F6, and the 
SF6- ions would ultimately undergo neutralization with 
the less reactive breed of positive ions, derived from 
C4Hg+. This would be a process analogous to reaction 1 . 
In photoelectron experiments neutralization of negative 
SF6" ions on the electrode rather than in the body of the 
gas may change the nature of the neutralization process, 
thus suppressing the formation of SF5 radical.

A slight increase in the yield of geometric isomer upon 
addition of SF6 to cts-2 -butene in photoelectron experi
ments may be due to the inhomogeneity of electrostatic 
field applied in our reaction cell. Some contribution may 
also be due to the dissociative attachment of higher ener
gy electrons to SF620

SF6 + e = SF5~ + F (6 )

Radical ions SF5- neutralized on the anode may yield 
species catalyzing the isomerization.

Finally, the ionic mechanism is inconsistent with the 
observation that photolysis of ca. 0.5% cis-2 -C4H8 in SF6 
with 8.4-eV photons leads to very efficient isomerization. 
At this photon energy no ionization is possible in the sys
tem, I.P.(ds-2-C4H8) = 9.13 eV, I.P.(SF6) = 19.3 eV.21 
This may well be conclusive evidence for a radical mecha
nism.

D ecom p osition  of SFs. The secondary radical interme
diates, catalyzing the isomerization, are expected to be 
formed in neutralization of SF6- . It is commonly assumed 
that the mechanism of such neutralization involves disso
ciation as in reaction l .19 According to some authors, 
however, an alternate reaction 7 is also possible. 22
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TABLE II: Dependence of — G(SFg) on the 
Presence of Additives“

Ethylene Propane

Additive -G (S F 6) Additive -G (S F 6)

3.65 ± 0 .2  . . .  4.4 ±  0.4
0.5% 0 2 3.4 ±  0.4 2% NH3 4.4 ±  0.4
2% N H3 4.1 ± 0 .4

2 % N H 3 +  O.5% 0 2 3.9 ± 0 .4

a Hydrocarbon pressure 300 Torr; initial concentration of SF6 0.2%. 
Dose absorbed 6 Mrads, equivalent to about 50% conversion of SF6.

RH+ + SFg" = RH + SF6 (7)

To assess the contribution of these two reactions the 
yields of radiolytic decomposition of SFg in ethylene were 
determined. The yield depends linearly upon dose as 
demonstrated in Figure 2. It indicates that the products of 
SFô decomposition do not compete with SFg for electrons. 
The value — G(SFg) = 3.65 ± 0.2 corresponds well with 
Geiectron = 3.92, based on W (C2H4) = 25.5 eV. 23 It is 
noted in Table II that -G(SFg) is unaffected by the pres
ence or absence of the additives O2 and NH3 . The deter
mination of -G(SFg) in irradiated propane gives also the 
value very close to that of the yield of electrons: —G( SFe)  
=  4.4 ± 0.4, Ge = 4.22, based on W(C3Hg) = 23.7 eV.24

Thus, it may be concluded that independent of the na
ture of the hydrocarbon, and the presence of scavengers, 
ion-ion neutralization of SFg- leads to the dissociation of 
excited neutral molecules of SFg, most probably according 
to reaction 1 .

R eactions o f S F 5 Radicals. The identity of the radical 
intermediate acting as the chain carrier of isomerization 
and scavenging unsaturated hydrocarbons is not certain. 
Even though the choice of SF5 species seems to be ob
vious, it should be pointed out that we lack definite proof. 
We could not unambiguously establish the occurrence of 
radiolysis products of the type RSF5 or S2F1 0 . Moreover, 
the occurrence of either reaction 8 or 9 in the radiolysis of 
ethylene may be rejected on the ground that the decrease 
in the yields of products resulting from the reactions of 
primary radicals CH3 and C2H5 when SFg is added is 
much less than that expected on the basis of SFg decom
position.25 Thus, the fate of the products derived from 
SFg remains unknown.

R + SF5 = RSF5 (8)

R + SF5C2H4 = SF5C,H4R (9)

Conclusions
(1) SFg used as an electron scavenger in the radiolysis 

of hydrocarbons undergoes decomposition upon neutral
ization of SFg- ions with a yield close to that, of electrons.

(2) The products of SFg decomposition do not compete 
with the parent molecule for electrons.

(3) Radicals derived from SFg, most probably SF5, act 
as catalysts for cis-trans isomerization.

(4) The same radicals reduce the yields of some unsatu
rated hydrocarbons (in particular of 1,3-butadiene) in the 
radiolysis of ethylene. This is probably true in the case of 
other hydrocarbons. Thus, care should be taken not to 
overestimate the contribution of ion neutralization pro
cesses on the basis of the observed effect of SFg on radia
tion yields.
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Pulse radiolysis studies are carried out in pure and doped metaphosphate, borate, and silicate glasses in 
the range between 80 and 315°. The observed decay patterns are shown to be due to the recombination of 
ions, holes, and electron centers, within spurs. The time dependence of the fraction of surviving radicals 
is in good agreement with the empirical expression F(f) = exp(ks/ a )  eric(kst / a ) 1 2  (where a is a constant 
and k s is the diffusion-controlled recombination rate constant) predicted by Rzad, et  al ,  for systems 
undergoing spur recombination processes. Differences of several orders of magnitude among the diffusion 
coefficients of the various ions and centers explain the large variations in the rates of the corresponding 
diffusion-controllec electron-transfer reactions in glasses. The possibility of calculating relative diffusion 
coefficients in glasses from the annihilation data is discussed. Our results indicate that the diffusion 
coefficient of Mn3+ is ( 3  ± 1 ) x 1 0 s higher than that of Cd+ in the temperature range 80-240°.

Introduction
The effects due to the nonhomogeneous initial distribu

tion of the primary irradiation products in photochemistry 
and radiation chemistry have been the subject of consid
erable experimental and theoretical work. The terms 
“cage” and “spur” are correspondingly used in photo- and 
radiation chemistry to denote the isolated volume ele
ments in which the primary irradiation products are gen
erated in sets. Phenomenologically both effects are indi
rectly reflected through the dependence of the final irra
diation yields on the presence of high concentrations of an 
external scavenger, capable of competing efficiently with 
radical recombinations within the cage or the spur. A 
more powerful tool in the experimental investigation of 
such recombinations involves pulse irradiation techniques, 
leading to the direct observation of the initial, nonhomo
geneous, radical decay processes. Very short pulses, com
bined with nanosecond and subnanoseccnd detection sys
tems, are necessary in order to follow the initial decays in 
ordinary liquids at room temperature. In highly viscous 
liquids or glasses radical diffusion rates are slowed by sev
eral orders of magnitude so that spur and cage reactions 
may occur within the more accessible microsecond, mil
lisecond, and even second ranges. Unfortunately, time- 
dependence data attributable to such nonhomogeneous 
processes are still limited. However, while no direct obser
vation of a photochemical cage recombination has been 
reported yet, a few cases of transient decay processes in 
radiation chemistry have been ascribed to radical recom
bination within spurs. Some of these studies concern 
trapped or solvated electrons (es ). Thus, Thomas and 
Bensasson1 and Buxton2 attribute the initial decay of 
eaq~ observed in the nanoseconds range, after firing a 5- 
nsec electron pulse in liquid water, to spur recombination 
processes. Various investigators, 3-5 working in low-tem
perature aqueous glasses, observed nonhomogeneous elec
tron decay reactions which, being slowed by the high 
viscosities of the system, occur in time ranges between 
~10 - 5  and =¡10 sec. A similar cbservation was also re
ported by Taub and Gillis in the case of the initial decay 
of es~ in squalane at -140°,6 Nonhomogeneous decays of 
irradiation products other than solvated electrons were 
also reported. These involve CH3 or C2H5 in 3-methylpen-

tane, 7 TPA+ and TPA~ in TPA (triphenylamine) , 8 bi
phenyl and anthracene radical ions in hydrocarbons, 9 as 
well as the intermediates in the pulse radiolysis of poly
styrene.10

In the present work we have submitted various inorgan
ic glasses to pulse irradiation, carrying out a quantitative 
analysis of radical recombination kinetics. We have pre
viously1 1  pulse-irradiated sodium metaphosphate glasses 
observing a series of consecutive decays in the microsec
ond range, due to transients attributed to electron excess 
and electron deficiency (hole) centers. It was concluded 
however that such decays represent unimolecular reac
tions of the corresponding centers with the phosphate ma
trix rather than intercenter recombination processes. 
Thus, the observed decay patterns did not seem to be rel
evant to the problem of the primary radical distribution. 
In the present work we have doped metaphosphate, sili
cate, and borate glasses with metal-ionic electron and 
hole scavengers (M) capable of preventing the formation 
of all centers by reacting with their mobile (“dry”) pre
cursors.1 1  Due to the very high efficiency of the scaveng
ing process, it was reasonable to assume that the primary 
(mobile) electron and hole species react with M close to 
their initial location, yielding a nonhomogeneous distribu
tion of the corresponding reduced [M(red)] and oxidized 
[M(ox)j species. We therefore expected that the annihila
tion reactions of the scavenging products (such as M(ox) 
+ M(red) —► 2M) should reflect the initial distribution of 
their precursors. In addition to the interest associated 
with the direct observation of spur processes in radiation 
chemistry, the results of the present work bear also upon 
the mechanism of electron transfer reactions in inorganic 
glasses.

Experimental Section
The accelerator (operated at 5 MeV, 200 mA) and the 

optical analyzing system, as well as the preparation of the 
metaphosphate glass rods, have been previously de
scribed. 11 Borate and silicate samples were cast in the 
same way after melting Na2B4O7 -1 0 H2O and Na2Si0 3 - 
9H20 at 1150°. The glass rods were heated and pulse ir
radiated in an oven illustrated in Figure 1. Temperature 
variations in the sample did not exceed ± lc. Before irra-
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F igu re  1. Oven: A, heating elements; B, copper block; C, su- 
prasil windows and round copper slits; D, asbestos insulation; E, 
thermometer; F, glass sample.

diation, samples were kept for at least 1 hr at the desired 
temperature obtained by regulation of the voltage across 
the heating elements. Most experiments were carried out 
in the 80-315° range since at higher temperatures phos
phate glasses undergo fast devitrification.

TIME — »
F igure 2. Oscilloscope traces at 390 nm obtained in 0.4 m Co2+ 
in MP at 240° with the same 1.5-/rsec pulse.

Results
(I) Scavenging Efficiencies o f Prim ary H ole and E le c 

tron Centers. In our previous pulse radiolytic study11 

dealing with pure metaphosphate glasses at room temper
ature, transient absorbance changes in the 500-700-nm 
range were observed which could be described by the con
secutive exponential decays of three spectrally distin
guishable fractions (I, II, and III). After all decays, a re
sidual permanent absorption at 500 nm (fraction IV) was 
left. The effects of doping the glass with characteristic 
electron and hole scavengers, reacting with the precursors 
of the various decaying species, led to the conclusion that 
fraction I (ri/2 = 3.2 /usec) is a (solvated) electron center. 
Fractions II (ri/2 = 0.29 msec), III (tj 2 = 6.3 msec), and 
IV were assigned to various electron deficiency (hole) cen
ters. Denoting the mobile precursors of the various species 
by Xi, Xu, Xiu, and Xiv, simple competition schemes 
such as

( X, —̂ - (fraction I) 1 

(X, +  M M(red)J

and

j  Xn — *- (fraction IT) j 

\ x n M M(ox)j

etc., were found to describe quantitatively the effects of 
[M] in decreasing the yields of each fraction and, corre
spondingly, in increasing the yields of the scavenging 
products, M(red) or M(ox). The analysis of the M concen
tration effects led to the scavenging-efficiency parameters 
K i = k^' / ki  and K u = k u '/k u  for each of the scavengers 
employed.11

In the present work, pulse irradiation experiments were 
carried out in a pure sodium metaphosphate (MP) glass 
as well as in MP doped with Cd2+, Ni2+, Co2+, Ag+, 
Pb2+, and (Mn2+ 4- Cd2 + ). (Except for Pb2 + , added as 
carbonate, the sulfates of all other cations were employed. 
In the case of Ag+ identical results were obtained fol
lowing the addition of Ag2S0 4  and AgNC>3 .) The relative 
scavenging efficiency parameters of the above scavengers 
are presented in Table I along with the concentrations

TABLE I: Re la tive Rate Constan ts fo r M ob ile  E lec trons  
(#Ci, K i* )  and Holes ( K u * )  in the  Pulse Radio lys is o f MP

Rel rate constants,0 m

Cation Temp, °C Ki Ki* Ku*
scavenger 
concn,m

Ag+ 27 0.019 0.018 0.11 0.5
Ag+ 315 0.006
Ni2+ 27 0.069 0,073 0.03 0.3
Co2+ 27 0.045 0.045 0.06 0,4
Cd2+ 27 0.028 0.024 >0.5 0.4
Cd2+ 225 0.013
Mn2+ 27 0.23 0.06 0.4 (4-0.2 mCd2+)
Pb2+ 27 0.025 0.026 0.15 0 .6
Pb2+ 225 0.017

a Ki* and Ku* denote the relative rate constants values (ki'/Ki and 
k u ' / k u )  obtained, correspondingly, from the analysis of the scavenger 
concentration effects on the yields of fractions I and 11 (see ref 11 for de
tails). Ki is identical with Ki* but denotes the ratio k i ' / k i  obtained from 
the scavengers concentration effects on the yields of the M(red) prod
uct.

used in the present measurements. It can be seen that 
raising the temperature causes an increase in the scaveng
ing efficiency. In any case, with the only exception of 
Cd2+, which is unreactive to holes, more than 90% of the 
mobile electron and hole precursors are always scavenged 
at the ion concentrations employed. Borate and silicate 
glasses were doped only with Pb2+ (0.6 m ). Detailed com
petition kinetic experiments aiming at determining K  
values in Pb2+ doped borates and silicates were not car
ried out. In analogy with the corresponding phosphate sys
tems, it was assumed that all hole and electron precursors 
are totally scavenged at 0.6 m  Pb2+.

(//) General P ulse Radiolysis Patterns. Upon exposure 
to the electron pulse at relatively high temperatures, all 
glasses exhibited transient absorbance changes, extending 
over a time scale of several orders of magnitude (in the 
present work only the range between ^ 1 0 “ 6 and 1 0 2 sec 
was scanned). Figure 2 presents a characteristic oscillo
gram showing the transient phenomena (attributed to the 
process Co+ 4- Co3+ —►  2Co2+) in a metaphosphate glass 
doped with Co2 + . In a pure metaphosphate glass the tran
sient absorbance change observed at elevated temperature
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(above 140°) corresponds uniquely to the decay of the 
500-nm species (fraction IV). At such temperatures the 
decays of fractions I, II, and III are beyond the time reso
lution (=r2  ŝec) of our pulse radiolysis system, as con
firmed by the fact that the transient spectrum is main
tained unchanged throughout the decay process (Figure 
3a). A similar time independency of the transient spec
trum (corresponding to M(ox) or M(red)) was also ob
served in all doped metaphosphate glasses (Figure 3b f). 
(Figures 3c-f are available as supplementary material.) 
Special attention should be paid to the 0.4 m Cd2+-MP 
system (Figure 3b) where the 293-nm decay of Cd+ and 
that of the positive holes at 500 nm show the same time 
dependence. Below 140°, in pure MP and in Ag+ doped 
MP, the fast reactions associated with spectral changes 
preceding the final annihilation process are still observ
able in the microsecond range (Figures 4a-b).

In the case of a pure silicate glass, the thermal annihi
lation of the irradiation products was followed at 313, 440, 
and 620 nm. These wavelengths correspond to electron 
and hole centers which are stable at room temperature. 12 

As in the case of metaphosphate glasses, pulse irradiation 
at 30° is associated with transient spectral changes in the 
300-650-nm range which are probably due to interconver
sions between various electron and hole centers (see Fig
ure 5). We have not carried out a detailed study of such 
effects, but extended the pulse irradiation experiments to 
higher temperatures where the transient phenomena are 
due to the decay of the 313 electron, 440 and 620 nm 
(hole) bands, without being accompanied by a change in 
the spectrum. Under such conditions, one is uniquely fol
lowing the final thermal annihilation of the irradiation 
centers, the initial relaxation phenomena being beyond 
the time resolution of the apparatus. In the case of pure 
borate glasses the thermal annihilation was followed in 
the range 500-600 nm of the single (positive hole) absorp
tion band reported in the literature. 13 A peak around 550 
nm is observed. Again the transient spectrum was main
tained unchanged during the decay. It should be noted 
that in borate glasses we did not observe even at room 
temperature any initial decay process attributable to in
terconversions between irradiation centers. Figures 4a-l 
(Figures 4f-l are available as supplementary material) 
present the complete decay patterns for all investigated 
systems. A logarithmic time scale is employed to cover 
the entire range of the decay. In Figure 4e the measure
ments have been extended to the latest stages of the 
decay process. Such data, involving time intervals after 
irradiation which are too long to be observed using the 
pulse radiolysis detection system, were obtained by plac
ing an irradiated glass disk in a thermostated Beckmann 
DB-G spectrophotometer and measuring its absorbance 
vs. time using an unirradiated sample as reference.

(Ill) Principal Characteristics o f the D eca y Patterns. 
The examination of the decay patterns in the various 
glasses showed that a general feature, characterizing all 
systems, is the complete insensitivity of the decay kinetics 
to the following operations. (1) Variations of up to a factor 
of 8  in the pulse intensity. Such intensity changes were 
accompanied only by proportional changes in the absorb
ance at any determinate time during the decay, e.g ., Fig
ure 4e, g. (2) The accumulation of up to 100 pulses (1.5 
iisec and 2500 rads each). (3) Changes in the energy of the 
electron beam within the 2-7 -MeV range.

In some systems the relaxation kinetics were measured 
at different scavenger concentrations. [Co2 + ] in MP was

Figure 3. Absorption spectra of various glasses at high tempera
tures as a function of time: (a) pu'e MP, 315°; ib) 0.4 m Cd2+ 
in MP, 275°.

varied from 0.4 to 1 m  and [Ag+] from 0.5 to 1.5 m. The 
concentrations of the pair Mn2+ + Cd2+ in the same glass 
were varied correspondingly from 0.4 and 0.2 m  to 0.8 and 
0.4 m. In all three sets of experiments the decay kinetics 
were found to be independent of the scavenger concentra
tion.

Roughly, the main kinetic features can be summarized 
as follows: r0.9 (the time required for a 1 0 % drop in the 
absorbance) exhibits a nearly exponential time depen
dence, so that the decay fits neither a simple first-order 
nor a second-order process. Although a composite first- 
order characterization is formally possible, it requires not 
less than five arbitrarily defined first-order stages. It is 
also important to note (Figure 4) that the time scale over 
which the decay extends at a ceterminate temperature is 
substantially sensitive to the nature of the glass as well as 
to the presence and to the nature of the added cationic 
scavengers. However, the general shape of the plot is es
sentially identical in all cases: an initial plateau curving 
to a nearly linear section which finally flattens at low ab
sorbance. The slope of the linear section relative to the 
initial absorbance (s = AD/(D0A log t) is for all samples 
in the 0 .1 - 0 .3 range.

As the temperature in a determinate glass is increased, 
a small increase in the initial absorbance is observed 
(~ 10-20% in MP glasses). The value of s is however es
sentially independent of temperature, the only tempera
ture effect being that of shifting, almost parallelly, the 
whole S-shaped decay curve. In order to examine the tem
perature dependence of the decay rates we measured the
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Figure 4. Optical density (D) vs. log tim e plots for annihilation processes at various tem peratures: O , 30°; A , 80°; □ , 140°; • ,  240°; 
▲ , 275°; ■ , 315°. The lines were calcu lated according to the model of Rzad, et al.18 The appropriate values for D0 and for X (sec” 1) rep
resent the initial optical density, and the parameter X ,18 respectively, chosen for the calcu lations. I, J, K, and L denote pulse intensities 
of the same order of m agnitude (corresponding to 1.5-/xsec pulses used on different days and not norm alized): (a) pure MP, 580 nm, 
I; (b) 0.5 m Ag+ in MP, 365 nm, 0.075 I ; (c) pure NazB40 / ,  550 nm, 0.5 J; (d) pure Na2SiC>3, 440 nm, 0 .2 J ; (e) 0.4 m Mn2+ +  0 .2 m  
Cd2+ in MP, 380 nm, long tim e scales. (D calculated for one pulse of intensity K: O , 30°, 20 pulses; A , 80°, 100 pulses; X , 80°, 20. 
pulses).

parameter k0^  =  [In (1 0 /9 )]/to .9 for several phosphate 
glasses around the absorbances corresponding to 35 and 
65% decay (Figure 6 ). Table II shows the apparent activa
tion energies obtained from the slopes of the In k0 9 vs. 
1 /T  plots. It is apparent that such slopes, increasing with 
temperature, can be divided into two essentially linear 
sections with a sharp break around f T  = 240° for all MP 
systems. Table II shows that the same apparent activation 
energies ( E a) are obtained for 35 and 65% decay. E a is in 
all cases around 5 kcal/mol below the transition tempera
ture (fT), while it is around 40 kcal/mol above tT. With 
the only exception of Pb2+ doped silicates, borate and sil-

icate glasses are characterized by E a = 5-10 kcal/mol. Up 
to the highest temperature of the present investigation 
(around 315°) we did not observe any sharp change in E a 
indicative of a transition temperature for such glasses.

Discussion
(I) A nnihilation Reactions and Their A ssign m en t to R e 

com binations within Spurs. The annihilation processes 
observed in the glasses of the present work are associated 
with the following reactions. (1) In a pure, undoped, me
taphosphate glass
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TABLE II:  Apparent Activation Energies for Annihilation Processes in M P Glasses

35% decay 65% decay

Ea, kcal/mol Ea, kcal/mol

System ít , °C t < fx

Pure MP 245 4 ±  1
0.3 m Ni2+ in MP 248 5 ±  1
0.4 m Co2+ in MP 234 4 ±  1
0.2 m Mn2+ in MP 5 ±  1
0.4 m Mn2+ +  0.2 m

Cd2+ in MP 4 ±  1

t >  ÍT ít > °C t < ÍT t > tr

30 ±  10 227 <9 30 ±  10
40 ±  10 242 5 ±  1 4C ±  10
40 ±  10 232 4 ±  1 50 ±  10

6 ±  1

5 ±  1

Figure 5. Decay kinetics in pure Na2SiC>3 at 30° and pulse inten
sity 0.2 J at various wavelengths.

MP+ + MP“ — v 2MP

where MP+ and MP~ represent correspondingly a positive 
hole and an electron excess center. 1 1  As previously dis
cussed the process was followed at the 500-nm band of 
MP+. Due to experimental difficulties we have not fol
lowed the decay of the <250 nm electron center.14

The corresponding processes in silicate (SI) and borate 
(BO) glasses (SI+ + SI~ —►  2SI and BO+ + BO -* 2BO) 
were followed at the 440-nm hole absorption in the case of 
silicates and at the 550-nm hole band in the case of bo
rates. (2) In doped glasses the observed decays are attrib
uted to the following. 14 (a) Ag2+ + Ag2+ —>- 3Ag+, in Ag+ 
doped MP glasses. (The decay was followed at the 365 nm 
absorption of Ag2 + .)1:t (b) Ni+ + Ni3+ —►  2Ni2 + , in Ni2 + 
doped MP glasses. (The decay was followed at the 350 nm 
absorption of Ni+.) (c) Cd+ + Mp+ —► Cd2+ + Mp, in 
Cd2+ doped MP glasses. (The decay was followed at the 
313-nm band of Cd+ as well as at the 500-nm absorption of 
MP+.) (d) Co+ + Co3+ —► 2Co2+, in Co2+ doped MP 
glasses. (The decay was followed at the 390-nm absorption 
of Co+.) (e) Cd+ + Mn3+ —► Cd2+ + Mn2+, in MP glass
es doped with both Cd2+ and Mn2 + . (The decay was fol
lowed at the 380-nm tail of the Cd+ absorption band.) In 
the absence of Cd2+, the annihilation reaction is due to 
Mn+ + Mn3+ —►  2Mn2 + . The rate of this reaction was 
measured at 380 nm. Due to the relatively low absorban
ces the results are not very accurate. Values of to.9 are 
presented in Figure 6 . The results are very similar to 
those in Mn2 +-Cd2+ doped glasses, (f) Pb+ + Pb3+ * 
2Pb2+, in MP, SI and BO glasses doped with Pb2+. (The 
decay was followed within the 290-nm Pb+ band.)

All the decays represent radical recombinations within 
spurs, taking place between geminate partners which are

T
10 -

a

Figure 6. Arrhenius plots for the temperature dependence of the 
annihilation: O, MP; A , 0.3 m Ni2+ in MP; □ , 0.4 m Co2+ in 
MP; • ,  0.2 m Mn2+ in MP; ▲, 0.4 m Mn2+ +  0.2 m Cd2+ in 
MP: (a) at 35% decay; (bi at 65% decay.

inhomogeneously distributed in the medium. This conclu
sion is based on the following experimental observations. 
(1) The annihilation patterns do not obey second-order 
kinetics as implied for recombinations occurring between 
homogeneously spaced species. It is our estimate that the 
contribution of homogeneous (second order) recombina
tion never exceeds 10% of the total change. In one case 
(Figure 4e), where careful kinetic measurements were car
ried out following the decay for a period of ^30 hr, no 
contribution from homogeneous kinetics could be observed 
even after the system reached the 99% deray stage. (2) 
The decays are completely insensitive to variations in the 
pulse intensity. Contributions from homogeneous recom
bination processes would have easily been detected by the
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present intensity variations. (3) The possibilities that one 
is actually observing a set of unimolecular interconver
sions between various centers or a multistaged decay of a 
single species may be correspondingly ruled out by (a) the 
time independency of the transient spectra throughout the 
decay process, and (b) the fact that the general form of 
the S-shaped decay curve is the same for all investigated 
systems, being completely independent of the specific 
glass, the temperature, and the nature of the decaying 
species.

An elementary condition for the occurrence of an effi
cient geminate (spur or cage) reaction is a recombination 
rate constant which is diffusion controlled or very close to 
diffusion controlled. Our observation that the apparent 
activation energies of the decays are only function of the 
medium (and in some ranges also of the temperature), 
without being affected by the nature of the reacting 
species, is entirely consistent with this requirement. DTA 
measurements in pure and Co2 + -doped metaphosphate 
glass show the existence of a glass transition point at 230°. 
This corresponds to a phosphate chain length of 35-50 
monomer units. 15 It can be seen that the break in activa
tion energies in metaphosphate at (235 ± 10)° (Figure 6 ) 
coincides with this transition temperature. Since similar 
breaks at the transition point are generally observed for 
ionic diffusion rates in glasses1 6 -17 this provides a further 
confirmation of our analysis attributing the pulse radioly
sis phenomena to diffusion-controlled processes.

We should finally note that the time scale within which 
geminate recombinations occur is inversely proportional to 
the diffusion coefficients of the reacting species. Data con
cerning the diffusion of ions in glasses are only available 
for silicates. 17  At 200° ionic diffusion coefficients in such 
glasses are around 1 0 ~~9 cm2 sec- 1  as compared with 
^ 1 0 ~ 5 cm2 sec- 1  for ordinary liquids at room tempera
ture. Spur processes are therefore predicted to shift from a 
time scale of 1 0 ~10- 1 (R9 sec in ordinary liquids to 1 0 ~6- 
10~® sec in silicate glasses at 200°. Roughly, this agrees 
with the results of the present work. We shall later return 
to the discussion as to why large variations in the gemi
nate recombination rates are still observable for different 
pairs of reactants in the same glass and at the same tem
perature.

(II) Analysis of the Spur Processes. In an attempt to an
alyze the time dependence patterns observed in the pres
ent glass systems we first consider the data of Rzad, et 
al., concerning the scavenging of electrons in the radioly
sis of liquid hydrocarbons18 and of aqueous solutions.19 

The effects of high scavenger concentrations, interpreted 
in terms of the competition between scavenging and gemi
nate radical recombinations, were found to be described 
by the empirical expression

F(c) =  A +  (1 -  Al/aC/[l +  VaC]) (I)

F(c) denotes the fraction of radicals scavenged at a scav
enger concentration c, and a is an empirical parameter. 
A, the value of F(c) measured in very dilute solutions, 
when no spur scavenging occurs, represents the residual 
yield of radicals escaping geminate recombination. In hy
drocarbons, A 0, while in water A ~ 0.5. Hummel20 

has pointed out that F(c) is related to the time depen
dence for the rate of ion recombination (in the absence of 
scavenger), /(f), via the expression

1 — F(c) =  f  f ( t )  e x p ( -k Kct) dt (II)
" o

Thus, since 1 — F(c) is the Laplace transform of f(t), the 
latter function can be specified for a given form of F(c). 
Rzad, et al., obtained an expression for /(f) using empiri
cal expression I for F(c). The fraction of radicals in a spur 
surviving at time t, (given by F (t)  = j  t" 'fit)  dt assumes 
in such a case (for A = 0) the form

Fit) =  e x p ^  e r f c ^ y ' 2 ( m )

Such a dependence was found18 to represent quite satis
factorily the electron decay in low-temperature squalene6 

and that of the biphenylide negative ion in pulse-irradiat
ed cyclohexane solutions of biphenyl. 9 Both I and III (with 
the appropriate A values) are correspondingly in fair 
agreement with the concentration dependence and the 
time dependence of the aquated electron yields as predict
ed by Schwarz21 by applying the spur diffusion model to 
water.

In the present glass systems it is essentially impossible 
to verify eq I. This is due to the difficulties associated 
with finding a scavenger for M(ox), M(red), MP+, MP~, 
etc., which will compete with their recomoination in the 
spurs without inhibiting their formation by reacting with 
the corresponding hole and electron precursors. 11 We have 
therefore proceeded to checking the applicability of eq III 
to the time-dependence observations of the present work. 
As pointed out previously the assumption A ~  0 is valid 
in the systems of the present work where, in analogy with 
the hydrocarbon systems of Rzad, et al.,18 the observed 
residual yields are essentially zero. The analysis is carried 
out in Figures 4a-l for a few representative cases in which 
complete decay curves are available. (At high and low 
temperatures the initial and final stages of the decay are 
correspondingly out of our observation ranges.) The log D 
vs. log t plots, presented as inserts in the various cases, 
show the fulfillment of the long-time approximation of eq 
III16: F(t) ~  [a/irk t̂]1'2, predicting a limiting t~1/2 de
pendence of F(t).

An important conclusion which can be derived from the 
above analysis is that spur recombination kinetic patterns 
are essentially the same in liquid hydrocarbons, in liquid 
water, and in the present inorganic glasses Such systems 
widely differ in the nature of the recombining radicals, in 
their initial separation, in the polarity and :n the viscosity 
of the medium, in the number of radicals in each spur, 
and in the number of possible spur reactions. This point 
has already been commented on by Balkas, e t  a l.,19 in ref
erence to their hydrocarbon and aqueous systems, by 
pointing out that the solutions of the Smoluchowski equa
tions show essentially little dependence on whether the 
recombination is between oppositely charged ions or be
tween neutral radicals. Our present data are entirely con
sistent with such a conclusion extending it to reactions in 
solids between ions with varying charges of the same sign. 
The deviations from eq III in several systems may be due 
to differences in encounter-pair lifetimes among those 
pairs of various reactants which are initially separated by 
small distances.22

We tested the following theoretical treatments on our 
results: (a) the treatment by Noyes23 based on the consid
erations of Chandrasekhar, 24 for a single pair of neutrals; 
(b) the diffusion model of Kuppermann, 25 (c) the analysis 
according to Mozumder2 6 ’ 27 for two or ten radicals per 
spur.

In all cases, the theoretical calculations of concentra
tions vs. log t gave much steeper decays as compared with
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the experiments. However, we are unable to rule out the 
possibility that the model of Mozumder might agree with 
our results when an appropriate distribution of radicals in 
the spurs is taken into account.

The large variations in the rates of annihilation 
unaccompanied by similar differences in activation ener
gies among various reacting species in the same medium 
may seem surprising. The annihilation reactions must be 
diffusion controlled, otherwise the initial nonhomogeneous 
distribution of species would not have influenced the re
sults, and no agreement would have been obtained with 
any kind of spur kinetics. Differences in rates of diffusion- 
controlled reactions in the same medium may arise from: 
(a) differences in the reaction radii and (b) differences in 
the diffusion rates.

(a) Differences in reaction radii are not expected to be 
very large among the reactants investigated here, unless 
we invoke tunnelling effects.28 However, even so, the large 
differences which it is necessary to assume are in contra
diction with the spur model. Suppose a smallest radius of 
reaction ~0.3 nm. In order to account for the rate of anni
hilation observed in the Mn2+ doped glasses which is 
105-fold faster than the slowest rate observed (in Co2+ 
doped glasses), one must assume a reaction radius of >300 
nm for the reaction of Mn3+ with Mn+ or with Cd+. Such 
a reaction radius is much larger than the sizes of the 
spurs.

(b) The main reason for the large differences in the life
time of the transients must be due to differences in their 
diffusion rates. In ordinary liquids, diffusion rates are in
versely proportional to the radius of the diffusing entity, 
and no large differences in rates between similar ions such 
as Mn3+ and Co3+ are expected. This is contrary to our 
observations in metaphosphate glasses which imply that 
Mn3+ diffuses about 105-fold faster than, e.g., Co3+. The 
possibility that different ions may have very different dif
fusion rates in glasses with identical activation energies 
for the diffusion has been demonstrated by Doremus29 

who measured electrical conductivities and tracer diffu
sion in silica glasses. He found that the relative diffusion 
coefficients of Na+, Li+, K+, and Ag+ ions were 1, 0.15, 
>0.002, and 0.08, respectively. This supports the hypothe
sis that the different annihilation rates in our systems are 
due to differences in diffusion rates. Note that the reac
tions Mn3+ + Cd+ ► Mn2+ + Cd2 + and Mn3+ + Mn+ 
—►  2Mn2+ have the same exceptionally fast rates at all 
temperatures. This is in agreement with the suggestion 
that Mn3 1 has a relatively high rate of diffusion, as com
pared with all other species in the phosphate system.

The large variation in diffusion coefficients among dif
ferent ions may be in part due to different degrees of asso
ciation with the medium. The formation of phosphate 
complexes in metaphosphate glasses has been reported 
previously.30 The greater the degree of association, the 
smaller the apparent diffusion coefficient expected. Other 
factors, such as the size of the diffusing species and the 
relation with the geometry of the matrix, are also impor
tant.

As the rate of a diffusion-controlled reaction depends on 
the diffusion constants of both reacting species it is not 
possible to obtain from our data the separate diffusion 
coefficients directly. In a few cases, where an ion was in
vestigated in two separate reactions (Mn3+ + Mn+ and 
Mn3+ + Cd+, MP+ + Cd+ and MP+ + MP"), the rela
tive diffusion coefficients can be calculated. From Figure 
4 we find that the diffusion coefficient of Cd+ is smaller

Diffusion Processes in Pulse Irradiated Inorganic Glasses

by a factor of (3 ± 1) X 103 than the diffusion coefficient 
of Mn3+ in the temperature range 80-240°. For the other 
ions, only upper limits can be calculated from the relative 
decay rates. All other diffusion coefficients are lower than 
that of Cd+.

By the use of additional combinations of various metal 
ions, our method can be used for measurement of relative 
diffusion coefficients.
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Yields from the 7 -irradiation of 3 -methylpentane-/ii4 (3MP-/ii4) as a gas (300°K), liquid (273°K), and 
glass (77°K), and from the 7 -irradiation of 3MP-d14 glass, have been determined for 40 products in the 
mass range from H2 to C12 hydrocarbons. The G  values (molecules per 100 eV absorbed) for total prod
ucts from the gas, liquid, and glass are 16.6, 12.7, and 9.0, respectively. The yields of C6 compounds (iso
mers of 3MP and olefins) are all lower in the liquid than the glass and in the gas than the liquid, where
as the yields of most other products are higher in the liquid than the glass, and in the gas than the liq
uid, but with major differences in the magnitude of these phase effects. The yield of each hydrocarbon 
product from 3 MP-di4 is essentially the same as that from 3MP-h14.

Introduction
The purposes of this work have been to determine the 

effect of phase (gas at 298°K, liquid at 273°K, and glass at 
77°K) on the yields of stable products formed by the 7 - 
radiolysis of 3-methylpentane (3MP), and to compare the 
yields from radiolysis of 3MP-hi4 and 3MP-di4 in the 
glassy phase. 3MP glass has been extensively used as a 
matrix for trapping and examining radiolytically and pho- 
tochemically produced radicals, electrons, and ions, 3 but 
no systematic study of the stable products which result on 
melting following irradiation has previously been made.

Earlier studies of the effects of phase on the radiation 
chemistry of hydrocarbons have included (1 ) comparisons 
of the G  values of H2 and C1 -C5 carbon compounds from 
crystalline re-heptane at 77°K with those from the liquid 
at 300°K;4 (2) comparison of the H2 yields from cyclohex
ane and isooctane at 77°K with those at 300°K;4 (3) com
parison of other yields from cyclohexane in the gas, liquid, 
and solid phases; 5 (4) radiolysis of n-butane in the gas, 
liquid, and solid phases; 6 (5) radiolysis of re-hexane in the 
gas, liquid, and solid phases; 7 (6 ) comparison of the radi
olysis of neopentane in the gas and liquid phases;83 (7) 
determination of H2 yields from 13 saturated hydrocar
bons at 77, 201, and 293°K.8b Effects of changes in tem
perature without change in phase have also been noted in 
liquid re-hexane, 4 ’ 9 -10 cyclohexane, 4 and isooctane. 4 Isoto
pic hydrogen and hydrocarbon yields from selectively deu- 
terated liquid re-hexane have been investigated. 9 The hy
drogen and hydrocarbon product yields from the radiolysis 
of liquid 3MP have been determined. 11

Experimental Section
3-Methylpentane (Phillips Pure Grade) was purified by 

passage through freshly activated silica gel, repeated 
freeze-pump-thaw cycles, pumping on the liquid, and 
storage over a sodium mirror on the vacuum line. The 
only detectable impurity by gas chromatographic analysis 
was 2-methylpentane present at less than 0.2 mol %. 3- 
Methylpentane-di4 (Merck Sharp and Dohme) was puri
fied by preparative gas chromatography and the same de
gassing and storage used for 3MP-hi4. It contained less 
than 0 .1 % impurity as tested by gas chromatography.

The irradiation cells for liquid and solid samples con
sisted of 2.5 mm i.d. Pyrex tubing attached to a greaseless 
stopcock which had a Teflon plug and Viton O-rings. In

troduction of the known amounts of sample to the cell was 
done by condensation of 3MP vapor from a volume of 
known P V T . The cells for irradiation of gaseous 3MP con
sisted of a glass annulus ca. 3 cm high, 17 mm i.d., and 22 
mm o.d. with an annular gas volume of 10 mm. This was 
connected by capillary tubing to a capillary stopcock 
which could be attached to the vacuum line for filling the 
cell from a metered volume.

7 -Irradiations were performed with a small high specific 
activity source positioned adjacent to the liquid and solid 
samples and in the center of the annulus holding the gas
eous samples. The solid samples were irradiated with the 
cell and source under liquid nitrogen (77°K); the liquid 
samples were irradiated in an ice-water bath at 273°K; 
and the gaseous samples were irradiated in air at room 
temperature. A dose of 1.2 X 1021 eV g - 1  was used for 
every sample. The dose rates, determined by Fricke 
dosimetry, and corrected for the relative electron fractions 
in the dosimeter solution and 3MP, range from 4.1 X  1018 

eV g - 1  min- 1 to 3.8 x 1018 eV g- 1  min -1. A value of 2160 
M - 1  cm - 1  at 305 nm and 22.5° with a temperature coeffi
cient of 0 .8 % per degree was used as the absorbency of the 
dosimeter solution, and G(ferric ions) was taken as 15.6. 
Hydrocarbon analyses were made with a Varian-Aero- 
graph Hy-Fi, Model 600-C, gas chromatograph with flame 
ionization detector and nitrogen as the carrier gas in a 3 
m long 3.8 mm i.d. glass column packed with Chromosorb 
P coated with 20 wt % of GE SF-96 silicone oil. Tempera
tures of 27 and 103°, and flow rates of 8  and 75 ml min-1, 
were used for the low and high boiling products, respec
tively. The hydrocarbons were eluted in the order of their 
boiling points.

In analyses of samples where bromine had been added 
to convert alkenes to dibromides a 6  m long 1 . 2  mm i.d. 
stainless steel column packed with 3% Ucon 50HB 2000 on 
Chromosorb P was used at 1 0 0 ° at a flow rate of 25 ml 
min-1. This resulted in the retardation of the polar 
species relative to the alkanes.

The area under each product peak (height times half
width) indicated the number of molecules injected. The 
proportionality factors were read from a plot of log (reten
tion time) us. (molecules/peak area) for 13 known hydro
carbons.

For determination of the low boiling products from irra
diated samples (solid, liquid, or gas), the total sample was
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vaporized on the vacuum line and an aliquot was taken 
and injected into the gas chromatography line with the 
aid of a Carle microvolume valve. Samples for analysis for 
the high boiling products were removed from the liquid 
phase of the irradiated 3MP with a 10-ul syringe and in
jected into the gc column. For this purpose the gaseous 
samples were condensed in a small side arm of the irra
diation tube.

To separate olefins from the other hydrocarbons, bro
mine was added on the vacuum line (in the dark) to some 
of the irradiated samples. Excess bromine was removed by 
distillation onto mercury.

Analyses for H2 and D2 were made on the noncondensi
ble gases from irradiated samples at 77°K, collected by 
means of a Toepler pump. An AEI MS-10 mass spectrom
eter calibrated with standard samples of H2, D2, HD, 
CH4, and air was used.

Results
Table I shows the G  value (molecules per 100 eV) ob

tained in this work. These yields are, in each case, the av
erage of at least three independent experiments. The 
maximum deviations from the average G  values listed, for 
different G  value ranges, are G >  1 , ±5%; G = 0.1-1, 
±8 %; G  =0.01-0.1, ±12%.

The gas chromatographic techniques used did not, in 
general, resolve compounds with boiling points within 2 ° 
of each other in the range above 90°, or within 3° of each 
other above 189°. Consequently, some of the values in 
Table I represent two or more products, but individual 
boiling point estimates are included where partial resolu
tion was achieved. The boiling points in column 2 of 
Table I were estimated from the retention times of the gc 
peaks by reference to a plot of retention times of known 
products vs. their boiling points. The major low boiling 
compounds were identified by comparison to the gc reten
tion times of known compounds. Other products were ten
tatively identified by comparing their boiling points to 
those of compounds which might be expected products 
from the radiolysis of 3MP.

Peaks 20, 23, and 24 were absent in the gc analysis of 
liquid and solid samples exposed to bromine before analy
sis. This coupled with boiling point comparisons indicates 
that they are 3-methylpentenes. No higher molecular 
weight alkenes were observed, as has also been found to 
be the case in n-hexane. 9 Alkenes of molecular weight 
lower than 50 would not have been detected in the present 
work.

Peaks 41-45 are thought to represent dodecane (Ci2) 
isomers. Ten such isomers could conceivably be formed by 
various combinations of 3MP chains. The boiling point of 
diethyloctane is given in the literature as 203°.5 Six dode
cane isomers which would not be expected to be produced 
from 3MP have boiling points ranging from 186 to 216°.6b 
In our analyses the glassy 3MP samples seem to yield at 
least five isomers, no one of which predominates; the liq
uid samples give at least six; anc the gaseous samples at 
least eight.

The mass spectrometric results for hydrogen yields 
given in Table I, row 1, are the average, for each phase, of 
determinations on at least three irradiated samples with a 
maximum deviation from the average value of 5.6%.

The G values for the products from glassy 3MP-di4 

(Table I, column 6 ) appear to be within experimental 
error of the analogous products from 3MP-hi4 (Table I, 
column 3). The values in column 6  are the average from

three irradiated samples which showed a maximum devia
tion from the average of 15% for G >  0.1 and 20% for G < 
0 . 1.

As an example of a rather satisfactory reproducibility of 
G  values from laboratory to laboratory, the results for 
groups of compounds from liquid 3MP shown in Table I 
are compared with earlier work1 1  in Table II.

Discussion
Table I shows that the yields of most products of the ir

radiations are higher in the liquid than in the solid and 
are higher in the gas than in the liquid. Exceptions are 
those for the C6 species and peak 25, which decrease for 
both phase transitions, and the species of peaks 3, 6 , 8 , 
11, 16, 35, and 36, which decrease from the liquid to the 
gas. The trends are summarized in Table III. In general 
they are consistent with the expectation that permanent 
fragmentation of molecules decreases with increasing den
sity of the medium as a result of increasing probability of 
energy transfer from excited molecules to the medium and 
of reduction in fragmentation by caging effects. Examined 
in more detail, however, there are large differences in the 
effects of the phase transitions on different products. This 
would be expected considering the many processes con
tributing to product formation. These include combina
tion, disproportionation, and abstraction reactions of free 
radicals; ion-molecule reactions and other charge transfer 
steps; and excitation and deexcitation encounters. Some 
of these are surely temperature sensitive as well as phase 
sensitive. It is impossible to speculate meaningfully on the 
precise identity of the interrelated reaction steps responsi
ble for the phase effects. The major trends are similar to 
those observed by others for phase effects in alkanes. 4-7

A yield of particular interest in relation to studies of 
trapped electrons and ions in glassy 3MP is the sum of the 
olefins, since experiments in which olefins have been 
added prior to irradiation indicate that they are able to 
trap positive charge, thereby enhancing the yields of 
trapped electrons. 12 The sum of the yields of peaks 20, 23, 
and 24 from glassy 3MP, which have been assigned to ole
fins, is 1.63. This is a minimum value for the olefin yield 
since analysis for olefins of molecular weight less than 50 
was not made and since olefin gc peaks underlying alkane 
peaks would not have been observed. If this value is cor
rect and independent of dose, then for doses in the range 
of 1019-1 0 20 eV g-1, which are typical of those used in 
charge trapping studies, the mole fraction of olefins is in 
the range of 2 X 1 0 --5 to 2 X 10~ 4. This is much lower 
than the concentration of added olefin demonstrated to 
have a scavenging effect for positive charge. 12 However, 
the effective  concentration of olefins for charge scavenging 
is increased if they are localized in the spurs. On the other 
hand, most of those olefin molecules which are formed by 
disproportionation between trapped radicals which must 
diffuse before encountering each other are not available 
for charge scavenging at 77°K until minutes or hours3 

after the end of irradiation. At least half of the olefin mol
ecules are formed by processes other than disproportiona
tion, as noted in the next paragraph.

The Ci2 yield of G  = 0.68 in the glassy state sets an 
upper limit of G =  1.4 for 3-methylpentyl radicals which 
decay by radical-radical combination, which is about half 
of the trapped radical yield of 3.1 ± 0.3.13 This suggests 
an upper limit of 50% for the probability of combination 
rather than disproportionation when 3-methylpentyl radi
cals encounter each other in the glass at 77°K and during
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TABLE I: Gc Elution Order, Estimated Boiling Points, G Values, and Tentative Identification of Products from 7 -Irradiation of 
3MP-/i 14 Glass, Liquid, and Gas, and 3MP-c/ 14 Glass0

Peak
no. Bp, °C

G (glass) 
3M P -b14

G (liquid) 
3M P -b14

G (gas) 
3M P -b 14

G (glass) 
3M P -d14

Probable
product

1 - 2 5 3 3.2 3.4 3.6 Hydrogen
2 -1 6 1 0.08 0.20 0.80 0.09 Methane
3 - 1 0 4 0.20 1.00 0.86 0.20 Ethylene
4 - 3 9 0.45 1.90 1.98 0.45 Ethane
5 - 4 5 0.02 0.09 0.40 0.02 Propane
6 - 2 8 0.02 0.01
7 - 1 5 0.02 0.14 Isobutane
8 - 4 0.19 0.37 0.60 0.20 1-Butene
9 - 0 .5 0.31 0.45 1.45 0.30 n-Butane

10 +  3.0 0.14 0.22 0.30 0.16 2-Butene
11 +  3.0 0.05 0.15 0.06 0.05
12 +  16 Trace
13 +  26 0.01 0.06 0.31 0.01 2-M ethylbutane
14 +  32 0.03 0.03 Trace 0.03 2-Methyl-1 -butene
15 +  34 0.04 0.07 0.08 0.04 2-Pentene
16 +  37 0.05 0.09 0.03 0.06 n-Pentane
17 +  38 Trace
18 +  40 0.02 0.05 0.07 0.02
19 +  47 Trace Trace
20 +  57 0.40 0.27 0.11 0.41 3-M ethyl-1-pentene
21
22

+  60 
+  63

0.80 0.65 0.10 0.79 2- Methylpentane
3 - Methylpentane

23 +  70 0.80 0.55 0.82 3-Methyl~2-pentene
24 +  78 0.43 0.26 0.16 0.46 3-M ethyl-1 ,3- 

pentadiene
25 +  84 0.42 0.28 0.19 0.46 Dimethylpentane
26 +  92 0.18 0.26 1.50 0.20 3-M ethylhexane,

3-ethylpentane
27 +  109 0.06
28 +  120 0.21 0.51 1.26 0.23 2-Ethyl-3-

methylpentane,
3-methylheptane,
3-ethyl-3-
methylpentane

29 +  139 0.03 0.07 3,5-D im ethy - 
heptane

30 +  143 0.02 0.04 0.17 0.02 3-M ethyl-4-
ethylhexane

31 +  148 0.09
32 +  158 0.05 3-M ethyl-5-

ethylheptane
33 +  160 0.04 0.08 0.03 3,6-D im ethy - 

octane; 3,4- 
diethylhexane

34 +  163 0.07 0.07 3,4,5-Trim ethyl-
heptane

35 +  166 0.08 0.29 0.20 0.08 3,4-D im ethyl-3-
ethylhexane

36 +  171 0.05 0.17 0.17 0.04
37 +  181 0.02 0.03 0.06 0.02 An undecane
38 +  185 0.02 0.05 0.09 0.02 3,4-D im ethyl-5-

ethylheptane
39 +  -87 0.07
40 +  '8 9 0.03 3-M ethyl-3,4-

diethylhexane
41 +  193 0.16 Dodecane isomers
42 +  198/201 0.36 0.63 0.78 0.32
43 +  202, 204 

207
0.32 0.35 0.43 0.29

Dodecane
44 +  211 0.02 Trace isomers
45
Total

+  217
9.02

0.11
12.65

0.14
16.63 5.90"

“  Dashes in the  G va lue co lum ns ind ica te  that no gc peak could be detected. The blank in co lum n 6 of row  1 ind ica tes that G (D 2) was not determ ined. 
In every case the  results are for sam ples w hich had received a dose of 4 X  1021 eV g _1 . * The va lue fo r G (to ta l) from  glassy 3MP-c/14 is fo r the products 
o the r than D2.
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TABLE II: Comparision of Product Yields from Liquid 3MP as 
Obtained in this Work and that of Dewhurst11

This
work Ref 11°

h 2 3.4 3 .4

c h 4 0.2 0 .2

c4 1.5 2 .4

C5 0.3 0 .3

c7 0.5 0 .5

C8 0.6 1.1

C10 0.5 0 .7

C1 2 1.1 1 .0

“  Using 800-keV  e lectrons, a dose rate of 8 X 1023 eV g _1 m in -1  and a 
dose of 2.9 X  1021 eV g _1 . The dose ra te  from  60Co radia tion fo r the de 
te rm ina tions of the present w ork , reported  in the  second co lum n, was 
4 X 1018 eV g ~ 1 m in ~ 1 and the dose was 1.2 X 1021 eV g _1.

TABLE III: G Values for Groups of Products Produced by 
7 -Radiolysis of 3MP

G values

Solid Liquid Gas

h 2 3.20 3.40 3.60
C1-C5 1.59 4.72 7.09
C6 +  

peak 25 2.85 2.01 0.56
C7-C11 0.70 1.41 3.87
C12 0.68 1.11 1.51
Total 9.02 12.65 16.63

warm-up for analysis. If combination of radicals is respon
sible for all of the C1 2 yield, only half of the observed ole
fin yield of 1.6 can be accounted for by disproportionation 
of the observed radicals [(3.1 — 1.4)/2 = 0.8] since two 
radicals are used in forming one olefin molecule.

The similarity of the yields of each of the hydrocarbons 
from CgDi4 as compared to those from C6H14 is striking 
and argues against those types of intermediate reactions 
which would be expected to show isotope effects.

Of related interest to the phase effects reported here is 
evidence that (1) the radiolytic yield of trapped free radi

cals in glassy 3MP at 77°K as determined by esr (G = 
3.1) 13 is less than half the radical yield found in the liquid
at 298°K by scavenger methods ( G  = 7) ; 16 (2) the trapped 
free radicals formed by 7 -irradiation of glassy 3MP are 
predominantly sec-3-methylpentyl radicals, 17  whereas in 
the liquid and gas phase substantial fractional yields of 
several radicals are normally produced from alkanes; 18 (3) 
thermal H atoms are produced in liquid hydrocarbons19 

but not in glassy hydrocarbons. 20
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The pulse radiolysis method was used to study deaerated aqueous solutions of the mercuric ion in the 
wavelength range 220-300 nm. The transient mercurous ion gave two absorption maxima at 225 and 250 
nm with c255 = (1.4 ±  0.1) x 104 M ^1 see“ 1. Stable mercurous ion, Hg22+, was formed via an additional 
step after the disproportionation reaction of the initial species: Hg+ + Hg+ " Hg° +  Hg(II); Hg° + 
Hg(II) ► Hg22+. The formation rate of Hg22+ depended on the concentration of mercuric ion and the pH 
of the solution. The result was ascribed to the reaction of Hg° with three partially hydrolyzed species of 
mercuric ion. Rate constants for the reactions were determined.

Introduction
The radiolysis of aqueous solutions of some metal ions 

gives various species in unstable valence states by the ac
tion of the transient primary products from water, such as 
OH radical, H radical, and hydrated electron. The tech
nique of pulse radiolysis, as well known, is used to investi
gate the reaction processes of such short-lived species. By 
this method cadmium and zinc of group lib metals have 
been investigated in detail; their monovalent states are 
strong reducers1 and show transient absorptions, due to 
charge transfer spectra, at about 310 nm.2-3

The chemistry of mercury differs from that of zinc and 
cadmium not only because of inherent peculiarities of the 
element but also because of the existence of the stable 
mercurous ion, Hg22+, which is readily obtained by reduc
tion of mercuric salts. According to Higginson,4 Hg22+ 
dissociates to Hg+ at low concentrations and the absorp
tion spectrum of the monomeric ion is entirely different 
from the charge transfer spectra for other group lib met
als. On the radiolysis of an aqueous solution of mercuric 
ion, the hydrated electron or H radical reduces the ion to 
form the mercurous ion. Recently, Faraggi and Amozig5 
have reported that the transient Hg+ shows an absorption 
maximum at 272 nm by the pulse technique.

The present report sheds light on the chemical pro
cesses between stable and unstable mercurous ions by 
studies in the range 220-300 nm. The obtained spectrum 
of the transient species was fairly different from the result 
by Faraggi and Amozig. Another interesting result ob
tained is that the stable mercurous ion is produced by the 
bimolecular reaction of the zero-valent mercury with mer
curic ion after disproportionation of the transient monova
lent mercury.

Experimental Section
The electron beam was produced in a linear accelerator 

(High Voltage Engineering Co.) giving 10-Mev electrons 
with a variable pulse width up to 5 /nsec; its peak current 
being about 0.4 A. The electron beam, spread by an alu
minum plate 4 mm thick, entered the cell through a brass 
slit and fell on a brass collector. The current was moni
tored as voltage on a condenser with a digital voltmeter 
having a holding mechanism.

The irradiation cell was 1.5 cm long, made of quartz 
having thermal end windows. The sample solution was re

freshed from a Pyrex stock bottle of 0.5-1 1. by combina
tion of argon and a magnetic valve.

The analytical system consisted of a 150-W D2 lamp, 
three lenses, a mirror, a Bosch and Lomb grating 
monochrometer, and a 1P28 photomultiplier tube. This 
combination gave only a little scattered light of lower 
wavelength, which was about 5.5% at 22C nm and less at 
longer wavelength.

The water used throughout this work was triply dis
tilled. The aqueous solutions of mercuric ion were pre
pared from two sources: mercuric perchlorate and usually 
mercuric oxide with perchloric acid. The solutions were 
deaerated by bubbling with argon for longer than 2 hr. All 
materials were used without further purification from the 
commercial sources. Only nitrous oxide was specially or
dered (0 2 < 0.1%).

The determination of the concentration of mercuric ion 
was carried out spectrophotometrically as its EDTA com
plex in acidic solution at 247 nm where the complex has 
an absorption maximum with c = (2.28 ±  0.05) x 103 
M _1 cm _1.

The dosimetry was carried out by means of 0.1 M  
KCNS solutions saturated with oxygen using the reported 
value ofe475(CNS)2-  = 7600 cm-1 and G = 2.8.®

Results
Pulse radiolysis of deaerated aqueous solutions of mer

curic ion yielded a transient species, Hg+, with two ab
sorption maxima at 225 and 250 nm. Figure 1 shows the 
spectrum 2 /¿sec after the pulse and its change with time 
in a 50 nM  HgO solution at pH 4.3. The half-lives of the 
absorptions at two peaks were identical within experimen
tal errors and were inversely proportional to the initial ab
sorption. Similar results were obtained in the solution of 
perchlorate salt. After the initial species has decayed, an
other absorption, which has a peak at 236 nm and can be 
assigned to a stable mercurous ion, Hg2£ ',  appears and 
reaches constancy within a few milliseconds. The perma
nent absorption was formed faster in solutions of higher 
concentration of mercuric ion or of lower pH. Figure 2 
shows the typical synchroscopic traces of absorptions at 
236 nm. Decay of the initial species and formation of the 
stable mercurous ion are not simultaneous. Essentially 
similar results were obtained with the addition of ferf- 
butyl alcohol, although the spectrum of its radical over-
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Wave length ( nm )

Figure 1. Spectrum and its change with tim e after a pulse in a 
deaerated aqueous solution of 50 fiM HgO at pH 4.3: average
dose, 2700 rads/pu lse ; (------- ) 2 /¿sec, ( .......) 15 /¿sec, (— )
50 /¿sec, (------) 1550 /¿sec, (— ) 500 /¿sec, (— ) 3 msec.

lapped. However, little absorption appeared in the solu
tion saturated with nitrous oxide. In a solution of 1 mM  
HgO at pH 2 the spectrum of tie transient species was 
similar to that in Figure 1. However, the absorption yield 
of the transient at a fixed dose increased markedly com
pared with that obtained in the solution of 50 /¿M at pH 
4.3. Also in the presence of ferf-butyl alcohol, the yield 
increased with increase in the concentration of Hg2+ up to 
a few millimoles per liter. The dependencies were similar 
between the absorptions of the transient at 255 nm and of 
stable mercurous ion at 236 nm. The contribution from t- 
BuOH radical to the observed absorption was negligible at 
255 nm.7 Both yields reach constant values at above 10 
mM  of mercuric ion. The Hg+ yield is reduced at low con
centrations of mercuric ion by the competion of H radical 
recombination. Then, the product G values should be 
equal to that of H radical at 10 mM  mercuric ion. Taking 
G(H) = 3.2, each molar extinction coefficient is calculat
ed to  be t255(Hg+) = (1.4 ±  0.1) X 104, e236(Hg22+) = 
(2.4 ±  0.2) X M  104M -1 cm-1 , where the molecular yield of 
Hg2 2+ is half of that of the transient according to the stoi- 
chiometrical relation.

Figure 3 shows that the plots of 1/D us. time after the 
end of the pulse fall into a good linear line in a 50 /¿M 
HgO solution of pH 4.3. The slope of the lines equals 2k/d  
where k is the second-order rate constant, t is the molar 
extinction coefficient, and l is the light path length in the 
irradiation cell. In a 1.0 mM  HgO solution of pH 2.0, the 
linearity was not as good due to the fast formation of sta
ble mercurous ions. In this case, the results were im
proved by plotting 1/D', where D ' = D0(D — D J /(D 0 ~ 
Do* ), on an assumption that Hg+ ions recombine simul
taneously to form Hg22+. D ' represents the optical density 
of the pure transient species. The improved slopes are also 
shown in Figure 3. Table I lists the results in both pH so
lutions containing various concentration of sodium per
chlorates. The second-order rate of decay of the transient 
at each pH approximately equals within experimental

Figure 2. Synchroscopic traces at 236 nm obtained In a deaer
ated aqueous solution of 50 /¿M of m ercuric ion, pH 4.3: pulse 
doses, 1420 rads/pu lse ; ordinates. 4 .4 % /cm  fo ' (a) and (b); 
abscissa, (a) 2 0 /rs e c /d iv  sion, (b) 1 m sec/d iv is ion .

Figure 3. Test of second-order rate law for the decay of tran
sient absorption at 255 nm in the presence of 2 m/W ferf-butyl 
alcohol: ( • )  1/D , 50 /¿W HgO at pH 4.3; dose, (upper) 1800 
rads/pulse, (lower) 2800 rads/pu lse; (O ) l /D ',  1 m/W HgO at 
pH 2.0; dose, (upper) 1800 rads/pu lse, (lower) 2800 rads/ 
pulse, where D ' =  D0 (D — D „ )  / (D0 -  D œ ).

TABLE I: Decay Rate Constants of Hg+ in Solutions of 50 /¿ftf 
HgO at pH 4.3 and 1 mM HgO at pH 2.0 with Various 
Concentrations of NaCIOi

pH [HgO]
iNaCI04],

M
2 k/t X 1 0 - 5 
cm  s e c -1

2k0 X 10-9 M~ 1 sec - 1

4.3 50 /¿/W 0 3.9 ±  0.2 5.2 ±  0.5
0.15 5.1 ±  0.2

2.0 1.0 m/W 0 3.9 ±  0.3 4.9 ±  0.5
0.03 4.2 ±  0.3
0.08 4.8 ±  0.3

error and increases with increase in ionic strength. 2k0 in 
the last column shows the rate constant at zero ionic 
strength, by plotting log 2k/t as a function of /¿1,2/( 1 +  
/¿1/2), multiplied by e.

The formation of the stable mercurous :on obeyed the 
first-order rate law in the absence of ferf-butyl alcohol, 
the radical of which was effective to some extent in ab
sorption at 236 nm. When the formation of Hg221 was rel-
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TABLE II: Rates of Formation of Hg22+ at 236 nm, Abundance Ratios of the Mercuric Ion in the Three Hydrolyzed Forms, and the 
Resulting Rate Constants of the Respective Components

pH [H gO],a fiM Rates of fo rm ation  X 
1 0 -3  s e c -1 k rpH X  1 0 - 8

4 .0 59 3 .6  ±  0 .3

36 2 .5  ±  0 .2 0 .6 7  ±

16 1 .2  ±  0.1

3 .5 36 5 .9  ±  0 .5 1 .66 ±
15 2 .5  ±  0 .2

3 .0 16 6 .8  ±  0 .7 4 .2  ±

k„ =  5 .9  X  1 0 8. kt3 =  5 .0  X  1

M 1 sec - 1 a 0 7

0 .0 7 0 .0 1 9 0.038 0 .9 4 3

0.1 0 .1 5 0 0 .0 9 5 0 .7 5 5

0 .4 0 .5 8 8 0 .1 1 8 0 .2 9 8

0 8, ky < 5 X  1 0 7 M-' s e c “ 1

°  C orrected  va lues w ith consum ption  by eaq and H radica l.

Figure 4. First-order form ation of Hg22 + at 236 nm in the ab
sence of ferf-butyl alcohol, average dose, 1250 rads/pu lse : ( • )  
36 nM HgO at pH 4.0; (O ) 36 fiM HgO at pH 3.5; (A )  16 ¡j.M 
HgO at pH 3.0.

atively slow, the linearity of the plots of log (D„. -  D) vs. 
t was satisfactory in a considerable range of time except 
in an earlier stage (Figure 4). The apparent rate of forma
tion calculated from the slope appeared to vary along an
S-type curve against pH (pK  ~ 3.5) in the 50 \iM  HgO 
solution. Even at this concentration, however, the lineari
ties of the plots were poor at low pH’s due to the fast for
mation of Hg22+. Therefore, the rates at low pH’s were 
determined in the more diluted solutions of HgO. The re
sults at three pH’s were listed in Table II.

Discussion
In order to explain the appearance of the transient mer

curous ion, the following reactions were taken into consid-
eration, based on the scavenger effects.

ELO ------->■ eaq~, H. OH, other stable products (1)

e „r  +  Hg(II) — ► Hg+ (2)

H +  Hg(H) —  Hg+ (3)
e,q-  +  N.O — *- N, +  OH +  OH“ (4)

OH + f-BuOH — *• i-BuOH radical +  H,0 (5)
In pH 2 solutions reaction 3 plays the important part, 

since eaq - reacts with H + to form the H radical.
eiiq" +  H+ —*■ H (6)

The reaction of the H radical with t-BuOH can be ne
glected. 8 In the absence of t-BuOH most of the OH radi
cals must be consumed by their recombination reaction; 
some would oxidize the transient.

The unstable monovalent cations of some other metals 
have been reported to have charge transfer spectra at 
about 300 nm. 2 ’ 3 The transient mercurous ion seems to be 
unique in the spectrum and its large absorption coeffi
cients at the maxima. Our result of the absorption maxi
mum is not consistent with Faraggi and Amozig. 5 They 
have reported that the maximum is situated at 272 nm. 
We have also obtained the same result in 1  mM  mercuric 
perchlorate solution using a xenon lamp as the light 
source. 9 The difference might arise from the presence of 
much scattered light when the xenon lamp is used at 
short wavelength settings of the monochromator. Accord
ing to Higginson, 4 Hg+ has an absorption spectrum rising 
monotonously from 250 nm to the shorter wavelength and 
its absorption coefficient is at most 3 X 103 M _ 1  cm - 1  

even at 225 nm. The transient species observed here 
might be alternatively assigned to HgH2+, which has been 
proposed in matrix experiments by esr, 10 though the ma
trix is extremely acidic. However, the slcpe of the plots, 
log 2k vs. m1 / 2 ( 1  +  M12), is calculated to be rather smaller 
than +1, even in the solution of pH 2.0. This result 
suggests that the transient carries a single charge with it, 
based on the Debye-Bronsted theory. Thus, the transient 
may be assigned most likely to Hg 8.

The analysis of the second-order rate of decay is expect
ed to be complicated because the absorption of Hg22! in
tervenes at the rates according to the concentration of 
HgO and the pH of the solution. Thus, two simple condi
tions were chosen to determine the rate: ( 1 ) a solution of 
50 ¡iM  HgO at pH 4.3, where the formation rate of Hg22+ 
is slow (The pH (4.3) was chosen since the solution of 
mercuric perchlorate shows that the pH in that concen
tration would be due to hydrolysis.); (2 ) a solution of 1 

mM  HgO at pH 2.0, where it would be assumed that 
Hg22+ forms instantaneously after the transient has de
cayed. In this case, D ' was used instead cf D  (the appar
ent optical density), where D ' = Do(D -  £ ) .) /(  Do -  
D ). Good agreement with the rates of decay between 
the two solutions suggests that the transient absorptions 
in both solutions originate from the same species, Hg+.

In high pH solutions of HgO the stable mercurous ion 
does not appear immediately after the decay of the tran
sient as seen in Figure 1 and 2. However, it was concluded 
that the transient finally becomes Hg22+ after one or more 
steps, because both yields (transient Hg+ and Hg22+) de
pended similarly on the concentration of mercuric ion. 
The dependencies can be interpreted by the competition 
of the reaction 311 with the recombination reaction of H 
radicals. 12 Thus, the following reaction mechanism is as
sumed for the formation process of Hg22+. The transient 
may disproportionate to form zero valent mercury, Hg°,
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and mercuric ion. Later, Hg° may react with Hg(II) to 
form the stable mercurous ion.

2Hg+ — -  Hg" +  Hg(II) (7)
Hg" +  Hg(II) «-»■ Hg=-+ (8)

Equation 8 is a well-known equilibrium reaction (log Kg 
= 1.92 at 25°)13 when an aqueous solution of mercuric ion 
contacts with liquid mercury. Further support of the 
mechanism is presented by two facts of the formation rate 
of Hg22+: the pH dependency and the linear propro- 
tionality to the concentration of mercuric ion 
(Table II). It should be noted that the forma
tion rate is not shown correctly at the low pH region since 
it becomes fast and the apparent rate is affected by the 
decay of the transient. Therefore, the values obtained in 
more diluted solutions are listed in Table II.

The pH dependency of the formation rate may come 
from the fact that Hg(II) has three conjugate forms, ac
cording to the pH.14

Hg2+ ~  HgOH+ «  Hg(OH), (9)H H
where K a = 10 3-T, Kb = 10” 2-6. From equilibrium 9, the 
total concentration, [Hg(II)]T, is the sum of the three 
components
[Hg(II)]T =  [Hg-+] +  [HgOH+] +  [Hg(0H)2] =

<« +  /? +  7 )[Hg(II)]T
then, d[Hg22+]/dt = (kaa + kefi + h77)[Hg(II)]T[Hg0]. 
The apparent rate constant of formation of Hg22+ at a 
given pH value, ferpH- is expressed as

/c f pH =  k a a  +  kjfH +  ky y

The respective rate constants for the three forms of Hg(II) 
were resolved from the ternary simultaneous equations 
which are obtained from the values in Table II. The abun
dance ratios (a, d, and 7 ) were calculated from Ka and Kb 
at the respective pH. All values used and the resulting 
rate constants are listed in Table II. These results suggest 
that the rate is determined by the exchange process be
tween a ligand and a mercury nucleus, considering that

Hg2+ is also complexed with water molecules. The larger 
value of k„ than that of ky is compatible with the general 
concept that a metal ion makes a more stable complex 
with a ligand having opposite charge.

It is interesting that even Hg(OH)2 reacts with Hg° at 
such a rate, while dissolved mercuric oxide does not react 
with metallic mercury in a neutral solution. We are also 
studying neutral solutions by the pulse technique and find 
that Hg22+ is not observed but a species having another 
spectrum is found just after the decay of a transient 
species. More detailed information will be expected from 
the successive investigation.

Figure 1 also reveals that an absorption appears at 285 
nm that reaches maximum in & few tens of /asec after the 
pulse, and then decays. It may correspond to Hg2+ pro
posed by Faraggi, et al. 5

H + Hg.2+ — ► Hg,+ + H+ (10)

A small part of the H radicals or hydrated electrons might 
be able to react with the product, Hg22+.
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Spectra of the solvated electron were determined at —55, —65, and —75° for solutions in NH3 and in 
NH3 0.08 M  in Nal by extrapolations to infinite dilution. Spectra obtained for Na-NH3 solutions and for 
Na-NH3-NaI solutions were shown to fulfill the expectations of a two absorber model. The data rule out 
the possibility that the second absorber incorporates only a single solvated electron. The data support 
the assumption that the second absorber involves a binary combination of solvated electrons. Spectra of 
the second absorber are obtained at all three temperatures and for solutions in both NH3 and in NH3 
0.08 M  in Nal. Spectra due to Gold and Jolly appear to be characteristic of the second absorber and not
the solvated electron.

Introduction
There have been a number of experimental studies of 

the optical spectra of dilute metal solutions in liquid am
monia. The conclusion that has been drawn in connection 
with most recent studies is that the broad structureless 
band in the near infrared, observed in all metal solutions, 
arises from the solvated electron.1̂ 6 The observed shift of 
the band which correlates with solution composition has 
been attributed to ion pair formation.7 However, the opti
cal studies have covered a range of metal concentrations 
over which magnetic properties change appreciably.8 10 As 
a result there has arisen an apparent paradox.11 It appears 
that the optical spectrum obeys Beer’s law under condi
tions where the species in solution change their relative 
concentrations drastically. This state cf affairs has been 
rationalized through an ionic cluster model of these solu
tions3 in which all the species are constructed from sol
vated electrons and metal cations such that the solvated 
electron retains essentially the same light absorbing prop
erties in all the aggregates which contain it. It has been 
pointed out that available data do not support this view 
entirely, and suggested that a two absorber model be ap
plied to account for the dependence of spectra on metal 
concentration.12

In this work, the idea that different ionic associates of 
the same species have similar light absorbing properties 
(an idea originally incorporated in the icnic cluster model) 
is applied in conjunction with a two absorber model for 
the optical spectra of Na-NH3 solutions. The two absorb
er model is tested and its validity established. Spectra of 
the solvated electron are obtained. These spectra differ in 
important details from some spectra previously purported 
to be due to the solvated electron. Spectra of a second 
species formed by the coalesence of two solvated electrons 
are also obtained by resolution of experimental spectra by 
a method described previously.13

Experimental Section
Samples were prepared using standard high-vacuum 

techniques. Details of sample preparation and apparatus 
construction are reported elsewhere.14 Optical spectra 
were obtained with the aid of a Cary Model 14R spectro
photometer equipped with a dual range absorbance slide-

wire. Details on the maintenance and operation of the 
spectrophotometer during these experiments are given 
elsewhere.15 One problem encountered which can lead to 
serious errors in absorbance readings deserves special 
mention. The lead sulfide detector used at longer wave
lengths than 600 npi had a sufficiently large time constant 
in its response to incident light at room temperature and 
below so that the chopped light signal persisted into the 
dark period. As a result readings greater than about 1.4 
absorbance units were too high. At about 2.0 absorbance 
units the error amounted to 3%. This difficulty was mini
mized by thermostatting the lead sulfide cell at about 30°. 
Under this condition absorbance readings of around 2.0 
were accurate to about 1%. At higher temperatures the 
signal-to-noise ratio for the cell deteriorated perceptibly. 
The temperatures of sample and reference optical cells 
were thermostatted to within ±0.1°. The apparatus and 
procedure for maintaining a constant temperature have 
been described previously.14

Optical spectra of 13 different sodium solutions in liq
uid NH3 and in 0.08 M  Nal solutions in liquid NH3, in 
the approximate concentration range from about 1(D6 to 
10_ 3 M, were measured from 2400 to 375 mp. Cells with 
pathlengths 1.00, 0.107, and 0.0302 cm were employed. 
Spectra were obtained at -55, -65, and -75°. For the 
most part three successive spectra were recorded for each 
set of conditions.

Results
The general characteristics of the spectra observed in 

this work are in most respects similar to those reported in 
earlier works. In all cases spectra consisted of a single 
broad asymmetric band peaked in the near infrared with a 
long tail extending through the visible. However, the data 
pertain to solutions more dilute in sodium than have been 
previously studied. Some of the solutions, in which metal 
concentration and temperature were varied, contained 
fixed amounts of Nal so that a clearer picture of the con
centration and temperature dependences of the spectrum 
emerges. In this paper, only those data pertinent to mak
ing connections with previous work and to making tests of 
a two absorber model are presented. A more detailed pre
sentation of the data is given elsewhere.15
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TABLE I: Band Parameters for Na-NH3 Solutions

Soin
no.

Am/Ia j, b A71/2<

-55° - 6 5 ° - 7 5 ° - 5 5 ° -65° - 7 5 ° - 5 5 ° - 6 5 ° - 7 5 °

1 0.586 0.570 0.565 6863 7067 7273 3245 3231 3214
2 0.751 0.736 0.733 6863 7067 7252 3277 3261 3246
3 1.355 1.364 1.376 6863 7042 7257 3271 3231 3223
4 6.87 6.93 7.00 6868 7038 7194 3287 3241 3245
5 12.42 12.48 12.92 6854 7027 7133 3293 3246 3218
6 17.62 17.95 18.18 6830 6983 7092 3291 3255 3233
7 56.4 52.4 52.3 6711 6817 6920 3276 3232 3175

a Am/l - absorbance  at m a x im u m /c e ll path le rg th . Actua l absorbances w ere  between 4 and 1.9. Cell path lengths w ere  1.00, 0.107, b v = w ave num ber of m axim um  absorbance. c Av-\ /2 = w idth at ha lf-he igh t in wave num bers.
and 0.0302 cm .

TABLE II : Band Parameters for N a -N al- N H 3 Solutions“

Soin
no.

Am/1 i>m A ¡>1,2

- 5 5 ° - 6 5 ° - 7 5 ° -55° -65° -75° - 5 5 ° - 6 5 ° - 7 5 °

os 0.430 0.442 7123 7289 3296 3260
1S 0.860 1.017 1.110 6925 7092 7231 3308 3288 3258
2S 1.226 1.131 1.076 6920 7082 7231 3319 3301 3258
3S 1.716 1.619 1.547 6916 7062 7194 3308 3301 3241
4S 10.80 9.78 8.12 6803 6920 7032 3287 3262 3138
5S 16.03 14.49 14.35 6780 6882 6978 3293 3187 3080
6S 27.65 28.00 28.90 6711 6826 6920 3240 3138 3003

a See foo tno tes to  Table I .

Values of A m/l, Pm, and Api/2 are given for each solu
tion of Na in pure NH3 at each temperature in Table I. 
The variation of vm with changing sodium concentration 
at —65° is presented graphically in Figure 1. The present 
results combined with results from previous investiga
tions17 '14 reveal the trend in which is emphasized by 
the dashed curve in the figure.

Different values of the temperature coefficient of v for 
Na solutions in liquid NH3 at —65° have been reported by 
different investigators.1'7'14 These values, along with ones 
obtained in this work are plotted as a function of log (Am/ 
l) in Figure 2. The magnitude o: the temperature coeffi
cient apparently reaches a maximum value at low sodium 
concentrations and passes through a minimum as sodium 
concentration is increased. The range of sodium concen
trations over which AvmjAT  changes is about the same as 
the range in which vm changes.

Values of A m/l, vm, and Av1/2 are given for each solu
tion of Na in 0.08 M  Nal in NH3 at each temperature in 
Table II. The principal effect of added salt is to shift the 
spectrum.1-2'4“6 The direction of the shift depends on 
temperature and metal concentration. At low temperature 
and high metal concentrations a red shift occurs while at 
high temperatures and low metal concentrations a blue 
shift occurs. The values of Xm obtained in this study for 
solutions with and without added Nal are summarized to
gether in Figure 3. Data obtained in other works1“3'5'16-17 
were not included in the figure because the salt concen
trations differed from 0.08 M, the value used here.

Determination of the Spectra of the Solvated Electron
Spectra of the solvated electron were determined by 

extrapolating polynomial least-squares fits of the experi
mental reduced absorbances, F(v) = A(v)/A(vm), vs- 
A(vm) to infinite dilution.14 Decails of the extrapolation 
procedure are given elsewhere.15 The results of these ex-

Figure 1. Variation of with changing optical absorbance for 
sodium solutions at — 65°: ▼, this work; ▲, H urey;14 • ,  Douth- 
it and Dye;7 X , Gold and Jolly.1

AsCvZ-O

Figure 2. Variation of temperature coefficient of vm as solution 
composition changes at —65°: ▼, this work; •  , Douthit and 
Dye; x ,  Gold and Jolly.

trapolations for Na-NtU solutions are given in Figure 4. 
For solutions containing 0.08 M  Nal the spectra at infinite 
dilution were nearly identical with those shown in Figure 
4 except for a blue shift of about 50 cm“ 1. Band parame-
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Figure 3. Variation of Am with changing optical density for sodi
um solutions in NH3 and in NH3 with added Nal: triangles, 
— 55°; squares, —65°; circles, —75°; open symbols no Nal.

ters for the spectra at infinite dilution are given in Table
III. These parameters refer to the absorption band of the 
solvated electron in pure NH3 and in NH3-NaI solutions.

At a given temperature the absorption band of the sol
vated electron in NH3 occurs at appreciably higher 
frequencies than has been previously reported by some in
vestigators. For example, according to Gold and Jolly1 at 
-65°, vm = 6500 cm-1 while Quinn and Lagowski4-5 re
port a value of Tm = 6870 cm-1 . Both of these values are 
lower than the 7067 cm-1 obtained in this work. In fact, 
as we shall see later, the value of vm reported by Gold and 
Jolly actually refers to the absorption band of a species 
other than the solvated electron. On the other hand, spec
tra in the most dilute solutions reported by Douthit and 
Dye7 resemble the spectra of the solvated electron very 
closely in both shape and position (see Figure 1).

Application of the Two Absorber Model to the Analysis 
of the Results

For the most part, the effects reported in this work, i.e., 
the variation of Tm witn changing temperature, metal, or 
salt concentration, have been noticed by previous investi
gators. However, the effect of such concentration changes 
appears not to have received the attention it deserves, 
often having been minimized and sometimes even having 
been overlooked. For example, virtually no mention is 
made in the recent literature of the variation of Acm/A T 
with changing metal concentration even though values ob
tained by different investigators differ by as much as a 
factor of 2. In addition, the reporting of how vm depends 
on metal and on salt concentrations has nearly vanished 
in recent work in accordance with the view that the spec
tra of these solutions arise from a single absorbing unit, 
the solvated electron, independent of metal concentration. 
Although the concentration dependent shifts are relatively 
small, as much as 600 cm-1 for the band whose breadth 
at half-height is about 3000 cm-1 , these shifts are real 
and correlate with changes in sodium and sodium iodide 
concentrations, as well as changes in temperature, as is 
shown in Figures 1 and 3. Also, ATm/A T at -65° varies 
smoothly as sodium concentration is increased as is shown 
in Figure 2.

Whether the relatively small changes in spectra assocat- 
ed with changes in metal concentration indicate only 
minor structural changes in the absorbing species or not is

Figure 4. Spectra at infinite dilution (solvated electron spectra): 
from left to right —55, —65, and —15°.

TABLE III: Band Parameters for fi (T)

Vm Al',/2

t. °c NS S“ NS S“

-5 5 6863 6925 3275 3316
-6 5 7067 7123 3255 3296
-7 5 7273 7321 3232 3283

“  [N a l] =  0 .0 8 /Wat -7 5 ° .

a moot question which cannot be answered in any defini
tive fashion with the aid of the present results. However, 
it is clear that a single absorber model, such as is assumed 
in conjunction with the ionic cluster model, cannot liter
ally account for the observed compositional dependences 
of the optical spectra.

On the other hand, a two absorber model can account 
for spectral shifts that are observed with changing concen
trations. For example, both the variation of Tm and of 
Ai7m/AT (see Figures 1 and 2) which take place over the 
same range of metal concentrations can be accounted for 
by the conversion of one absorber into another. Clearly, 
the second absorber, i.e., the one which becomes more im
portant at higher metal concentrations, must absorb at 
relatively longer wavelengths than the solvated electron. 
Consequently, the red shift of the band produced by addi
tion of Nal to the more concentrated sodium solutions can 
also be attributed to an increased importance of the sec
ond absorber. These observations provide sufficient impe
tus to subject the data to an analysis which provides a 
quantitative test of the two absorber model.

An analysis using a two absorber model had been pre
sented previously.13 For sake of clarity the method of 
analysis will be reviewed and amplified in the present 
context. The basic assumption of the two absorber model 
is that the observed absorbance, A{v), can be expressed as

A(v) = Aj(i') +  A (v )  (1)
in which the subscripts denote the distinctly absorbing 
species. In this discussion species 1 is identified as the sol
vated electron and species 2 is unknown. It is convenient 
to express the absorbances in terms of normalized line 
shape functions, i.e.

A(v) = F(v)A(vm)
-4I(") =  f\(v)A{vlm) (2)
A.Av) =  f 2(v)A.,{v 2m)

in which j>m, Tim, and v2m are the frequencies of maxi-
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mum absorbance for the composite absorption, for the sol
vated electron, and for the second absorber, respectively. 
F(v), fi{v), and f2 (p) are the respective normalized line 
shapes. Consequently, in terms of these shape functions, 
we may write

F{v) =  xf^v) +  y f 2(v) (3)

where x =  A-i(plm)/A(pm) and y =  A2(i>2m)/A(i>m). Clear
ly, both x and y depend on composition, but not on v. In 
fact xA(vm) is proportional to the concentration of the sol
vated electron and yA(pm) is proportional to the concen
tration of the second species. On tine other hand, and 
f2(v) depend on frequency alone and are independent of 
the composition of the solution. It is important to empha
size that the succeeding analysis makes no restrictions of 
an ad hoc character about the f  s except that each is nor
malized to unity at its maximum. In particular, they need 
not be identical in shape18 with one another, nor need 
they have any prescribed functional form such as gaussian 
orlorentzian.

In order to determine yf2{v) (and hence f2(p) since 
/ 2(i<2m) = 1) from eq 3 it is necessary to know F(p), x, and 
f\(v). Since only the first and last of these quantities are 
directly determinable from the available experimental 
data, a less direct procedure must be employed. By rear
ranging eq 3 we get

F(v) U v)

fi(v) X y f M
(4)

In addition, differentiation of this equation with respect 
to v yields

d dv (5)

Clearly, any extremum in F{v)/f±(v) as a function of p 
implies an extremum in f2{v)/fi{~p) at the same frequency, 
po- But since the ratio f2(p)/fi(p) must be independent of 
the composition of the solution so also must Vo- This re
quirement of the two absorber model is satisfied by the 
data since plots of F(p)/fi(p) us. p, such as those shown in 
Figure 5, do reveal minimum values all of which occur at 
the same frequency. As a result we proceed to a more de
finitive test of the model.

This can be accomplished by first representing the ex
perimental spectra by

F(v) =  x 0 f x(v) +  y j 2 {v) ( 6 )

in which / 2° is an empirical shape function that is fixed by 
requiring f2°(po) = 0 as well as being normalized to unity 
at its maximum. As a result of this choice

x 0 =  F ’( i ' 0) / / V > o )

which ratios are obtained entirely from the experimental 
data. These values of xo determine the amounts of solvat
ed electron spectrum to be subtracted from the F(v) to 
give the difference spectra, yof2°(p)- Since the empirical 
shape function is normalized to unity at its maximum, yo 
is simply the value of the difference spectrum at this 
maximum.

Values of xo and yo are given in Table IV. The test of 
the two absorber model is obtained by comparing the 
empirical shape functions for different amounts of dis
solved sodium at a given temperature. A comparison 
among the empirical shape functions for solutions of Na in

Figure 5. Plots of F/f 1 for Na solutions in NH3 containing 0.08 
M Nal at 75° for solutions 2S through 6S.

Figure 6. Results of analysis of spectra of solutions 5 and 6 ac
cording to eq 2 at —65°: O, no. 5; • ,  no. 6 .

TABLE IV: Parameters Resulting from Analysis 

According to Eq 2

Soin
no.

- 5 5 ° - 6 5 ° - 7 5 °

*0 yo Xo yo x 0 yo

1 1.000 0.000 1.000 0.000 0.991 0.014
2 1.000 0.000 1.000 0.000 0.999 0.004
3 1.000 0.000 1.000 0.000 0.986 0.017
4 1.000 0.000 0.990 0.015 0.967 0.047
5 1.000 0.000 0.968 0.050 0.933 0.102
6 0.987 0.022 0.966 0.058 0.920 0.127
7 0.938 0.115 0.891 0.180 0.826 0.266
1S 0.985 0.016 0.979 0.030 0.938 0.087
2S 0.985 0.017 0.975 0.039 0.940 0.085
3S 0.982 0.025 0.970 0.050 0.930 0.106
4S 0.929 0.095 0.887 0.160 0.831 0.230
5S 0.923 0.114 0.865 0.191 0.787 0.290
6S 0.886 0.162 0.823 0.241 0.748 0.334

NH3 at —65° is given in Figure 6. These shape functions 
are independent of Na concentration within experimental 
error for each set of Na solutions at a given temperature 
and with and without added Nal. Solutions with y0 great-
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er than about 0.05 (see Table IV) yielded sufficiently reli
able fi&Ys so that comparisons could be made. Because 
/ 2°( f') is independent of Na concentration, the data pro
vide further support for the two absorber model for the 
optical spectra.

The next step leading to a determination of f2 {v) in
volves relating xo and yo to the actual concentrations of 
the two absorbers. Combination of eq 3 and 6 and intro
duction of f2°(v) = 0 leads to

x 0 =  X  +
A W
f  iK )

( 8 )

so that xo depends on the concentrations of both species 
in a linear way. Furthermore eq 8 may be used with eq 3 
and 6 to yield

v f / > )  n) \
° t /a V )  fi(v0) f " (v )V 0 )

Since the quantity in brackets is independent of solution 
compositionyo is proportional toy.

We are now in a position to determine values of x by re
quiring the data to satisfy an appropriate equilibrium re
lationship. Combination of eq 8 and 9 show that values of 
x are constrained in their relation to corresponding values 
of xo and yo that are obtained from the data by

x =  x0 -  (3y0 (10)

in which /3 is a constant to be determined. Consequently, 
each choice of /? yields a set of x’s which may be tested 
along with the corresponding y0’s in an equilibrium con
stant expression

g(A mx, Amy0) h (11)

in which g is a function of quantities proportional to the 
concentrations of the two absorbing species and k depends 
on the equilibrium constant, activity coefficients, concen
trations of nonabsorbing species, molar extinction coeffi
cients, and values of spectral shape functions at particular 
wavelengths. The important point about eq 11 is that k 
can be assumed to be a constant over a wide range of Na 
concentration under attainable conditions, i.e., that nei
ther activity coefficients, nor concentrations of nonabsorb
ing species vary appreciably. We shall assume that these 
conditions are met for the solutions containing 0.08 M 
Nal. Certainly, the mean ionic activity coefficients and 
[Na+] ought to remain virtually constant in such solu
tions.

The simplest chemical equilibrium which can be as
sumed is one in which a single solvated electron is con
verted to a single second absorber. In this particular case 
eq 11 may be expressed as

A mx/Amy0 = k (12)
For eq 12 to be satisfied the relative contributions of the 
two absorbers to spectra at varying Na concentrations 
must remain fixed. Were this to be the case the value of 
Am would be independent of Na concentration. In fact, as 
can be seen from the data in Figure 3 and in Table II, Am 
varies appreciably with changing Na concentration. Clear
ly, the assumed equilibrium cannot account for these 
variations in Am. Consequently, a number of possibilities 
for the second absorber are ruled out. Important among 
these are all species with stoichiometry Na or Na2+.

A second simple possibility is an equilibrium in which 
the second absorber is formed through the coalesence of

Figure 7. Fitting optical data for Nal containing solutions to 
pairing equilibrium at —75°.

Figure 8. Comparison of spectra at —65°: ---, solvated elec
tron; — , second species; X, Gold and Jolly.

TABLE V: Band Parameters for f2(v)

V m  A io /2

t. ° c NS S° NS 3 “ d

- 5 5 6 3 2 9 6 4 7 3 3 0 2 9 2 8 5 4 1 .76
- 6 5 6 4 9 4 6 6 3 6 2 9 4 3 2 8 5 9 1 .4 7
- 7 5 6 6 5 3 6 7 8 0 2 8 3 0 2 76 8 1 .28

a [N a l] =  0.08 M at —75°. b This va lue of /3 is a guestlm ate.

two solvated electrons. In this case, the relationship im
plied by eq 11 is

(Amx f  I A my0 = k (13)

Accordingly, the method adopted in testing this pairing 
equilibrium was to plot (Amx)2 vs. Amy0 for different 
values of until a straight line was obtained. Results of 
this procedure for -75° are illustrated in Figure 7. 
Straight line fits were also obtained at -6 5  and -55° al
though the scant three data points at -55° made the 
value of /? highly uncertain at this temperature. The 
straight line fits obtained serve to validate the pairing 
equilibrium so that the second species is identified as 
incorporating two solvated electrons. Values of /? assigned 
(see Table V) to the Nal containing solutions were as
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sumed to apply also in calculating values of x for solutions 
without added Nal.

Finally, with the values of x available, eq 3 in rear
ranged form is used to determine the spectra of the second 
absorber. Parameters characterizing fi{v) at the three 
temperatures in solutions with and without added Nal are 
given in Table V. The average temperature coefficient of 
/2(F) is between -15  and -2 0  cm^1/degree, a value simi
lar to that for fi(v). The shape of / 2(F) is also similar to 
the shape of /i(P) as is shown in Figure 8. However, /^(O is 
somewhat narrower than fy(v) (cf. data in Tables III and 
V), and also has a longer tail into the visible as can be 
seen in Figure 8. However, the most striking difference is 
that f2(v) peaks about 600 cm' 1 to the red of fav).

Included in Figure 8 for comparison are reduced absor
bances calculated from Gold ana Jolly’s data on their 
0.0295 M  solution of Na in NH3. Clearly, Gold and Jolly’s 
spectra resemble f2 (v) very closely and so are characteris
tic of the second absorber and not the solvated electron.
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The signs of the fluorine hyperfine coupling constants of monosubstituted benzyl radicals have been de
termined by CIDNP studies of fluorobenzyl phenyl ketones. The para and ortho couplings are found to be 
positive whereas the meta coupling is negative.

The signs of isotropic hyperfine coupling constants in 
free radicals are essential for their theoretical interpreta
tion, but there are only a limited number of methods from 
which the signs can be deduced in an indirect way: for ex
ample, from asymmetric line width variations in electron 
spin resonance (esr) spectra, from spectra of partially ori
ented radicals in liquid crystals, or from higher order cor
rections of the line positions in esr spectra. However, all 
these methods require some knowledge about other mag
netic resonance parameters, such as the g tensor or the di
polar interaction in the radicals, and such data are rarely 
available. The knowledge is particularly scarce concerning 
the signs of halogen coupling constants.1

Whereas the signs and the magnitudes of proton hyper
fine coupling constants aH can be related to the spin den
sity pt. at the adjacent carbon atom according to the

McConnell formula2 aH = QHPc with QH = —29.3 G, there 
is some discrepancy in the literature as to how to relate 
the fluorine hyperfine splitting aF to the spin density 
Pc-3'4 At least three different relations have been pro
posed, but none of them yields satisfactory results. In the 
simplest approach, a formula similar to McConnell’s is 
assumed aF = QFpc,5 and it has been shown for a number 
of analogous radicals that Qh/Qf = “ 2.5.1 Accordingly, 
the fluorine hyperfine coupling constants should always be 
larger than the corresponding proton hyperfine coupling in 
the parent fluorine free radicals, and they should have the 
opposite sign. However, there are difficulties encountered 
with this simple approach, and in some cases the above 
relation breaks down. Thus, for example, in phenyl and 
fluorinated phenyl radicals, the ortho and meta proton 
and fluorine coupling constants are both positive.6 On the
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other hand, in CH3 and CF3, respectively, the proton and 
fluorine hyperfine coupling constants appear to have op
posite signs.7

To account for such difficulties, equations with up to 
three parameters relating aF with pc, with the spin density 
at the fluorine atom, and with the spin polarization of the 
C-F bond have been proposed, but no set of consistent 
parameters has yet been found.3 A definite knowledge of 
the signs of the fluorine hyperfine coupling constants in 
odd alternate carbon radicals, where the signs of the spin 
densities at the various carbon atoms are obvious, would 
be most useful: for example, in allyl, benzyl, or cyclohexa- 
dienyl radicals.

We wish to report the determination of the signs of the 
fluorine hyperfine coupling constants in mono-fluorinated 
benzyl radicals with the chemically induced dynamic nu
clear polarization (CIDNP) method. The rules of this 
method relate the sign of the observed nuclear spin polar
ization (enhanced absorption or emission) with four pa
rameters: the spin multiplicity of a radical pair, the g 
value difference of the radicals forming the radical pair, 
the pathway to the diamagnetic reaction product (separa
tion or combination product of the pair) in which the nu
clear spin polarization is observed, and the signs of the 
isotropic hyperfine coupling constant of the nucleus under 
investigation. For detailed description see ref 8 and 9.

If three of these parameters are known, the fourth can 
be determined from CIDNP studies. We have chosen a 
system involving the three isomeric mono-fluorinated ben
zyl radicals,10 where the chemical details and all other 
magnetic resonance parameters but the signs of the fluo
rine hyperfine coupling constants are known from previous 
CIDNP studies, namely, the photolysis of benzyl phenyl 
ketone.11 We have studied the photolysis of fluorobenzyl 
phenyl ketones with fluorine CIDNP.

Experimental Section
The fluorobenzyl phenyl ketones were prepared accord

ing to Fischer, et al.,12 by Friedel-Crafts acylation of ben
zene with fluorophenylacetyl chlorides. The phenylacetyl 
chlorides were obtained by refluxing the commercially 
available fluorophenyl acetic acids (PCR, Inc., Gaines
ville, Fla.) with thionyl chloride.

Solutions of the fluorobenzyl phenyl ketones in carbon 
tetrachloride were irradiated inside the modified probe of 
a Varian HA 60 nmr spectrometer in an all-quartz appa
ratus at room temperature. The light source was a 5 kW 
Hanovia 932-B39 high-pressure mercury-xenon lamp. The 
light was filtered through water to reduce the warming up 
of the sample.

Results and Discussion
Figure 1 shows the benzylic proton region of the proton 

nmr spectrum before (A) and during (B) irradiation of the 
p-fluorobenzyl phenyl ketone. The absorption of the CH2 
group in the ketone at a = 4.4 ppm downfield from TMS 
turns into emission upon irradiation. Simultaneously, a 
new enhanced absorption line of the product p-fluoro- 
phenyl-2,2,2-trichloroethane is observed at cr = 4.1 ppm. 
In agreement with earlier CIDNP studies of fluorine-free 
benzyl phenyl ketones11 we explain the polarization of 
these products with the following scheme (Figure 2).

Thus benzyl phenyl ketone (BPK) decomposes from a 
triplet state into a pair of a benzyl and a benzoyl radical 
with triplet multiplicity of the two unpaired electrons.11 
The g values of the two radicals are known13 and quite

F - { ö y C H 2 - C C I 3

5 <5tm s) 4 ppm

Figure 1. (a) 1H nmr spectrum of the benzylic region of p-fluo
robenzyl phenyl ketone, (b) CIDNP spectrum curing photolysis.

o .
products + <p ) - C H 2- C C 13 ♦ —  <gy-CH2»+»C Cl3 ( o ^ C H 2 - C g o )

f  F F
Figure 2.

different. This g value difference gives rise to a net polar
ization of the nuclear spins in the reaction products; i.e., 
they appear in enhanced absorption or emission. The 
quantum yield for product formation is low in this sys
tem,14 probably because of a high degree of recombination 
of the radical pair in the solvent cage. The radicals diffus
ing out of the solvent cage attack the solvent and abstract 
chlorine atoms or they combine with other radicals, for 
example, with the trichloromethyl radical resulting from 
the solvent after chlorine abstraction. Because of the in
tersystem crossing in the triplet radical pairs, which is 
nuclear spin dependent and which has to occur prior to 
the cage return, the products and the starting material 
show CIDNP. Of the products, the recombination product 
of the benzyl radical with the trichloromethyl radical 
gives rise to the strongest CIDNP.

From the above and the rules of CIDNP,8'9 it follows 
that an emission line resulting from a nucleus in the ben
zyl group of the starting material indicates a negative hy
perfine coupling constant of the corresponding nucleus in 
the benzyl radical, whereas an enhanced absorption line 
indicates a positive hyperfine coupling constant. Con
versely, in the product p-fluorophenyl-2,2,2-trichlo- 
roethane (p-FPTE) the opposite relation holds; i.e., emis
sion for a positive and absorption for a negative coupling 
constant.

As the same rules hold for fluorine nuclei, we have 
studied the 0 -, m-, and p-monofluorobenzyl phenyl ke
tones with both proton and fluorine CIDNP and came to 
the following conclusions: the proton spectra showed
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Figure 3. (a) 19F nmr spectrum of p-fluorobenzyl phenyl ketone, 
(b) 19F CIDNP spectrum during photolysis.

emission for the benzylic protons of the starting material 
and enhanced absorption of those for the isomeric FPTE 
in all three cases, indicating that the three fluoro ketones 
decomposed photolytically in the same way as the fluo
rine-free parent ketone.

Figure 3 shows the 19F nmr spectrum before (A) and 
during (B) irradiation of the p-FBPK. The enhanced ab
sorption of the fluorine nucleus in the starting material at 
¿(CFCI3) = 110 ppm and the emission of the fluorine in 
the product p-FPTE indicate a positive sign of the para 
fluoro coupling in the benzyl radical. Analogously, we 
have found a positive sign of the ortho fluorine coupling. 
The relative changes of the intensities are in agreement 
with the absolute magnitudes of the known values |aF(or- 
tho)| = 8.17 G and |aF(para)| = 14.53 G, which have been 
measured in esr spectra.19 The meta isomer showed the 
inverse behavior relative to the ortho and para isomers in 
the fluorine CIDNP studies, from which we conclude that 
the meta fluorine hyperfine coupling constant in the ben
zyl radical is negative.

To assure these conclusions we have generated the three 
isomeric FPTE and their precursors, i.e., the pairs of a

trichloromethyl and a fluorobenzyl radical, by an inde
pendent chemical pathway, namely, by photolysis of di- 
ierf-butyl peroxide in a mixture of fluorotoluenes and 
CCI4. All these compounds are commercially available. 
Thus we observed, for example, emission for the p-FPTE, 
which proves the correctness of the above results, i.e., a 
positive hyperfine coupling constant for the para fluorine 
in the benzyl radical.16

These results agree with earlier assumptions of Hudson, 
et al. , 11 who calculated the signs and the values of the 
fluoro hyperfine coupling constants in fluorobenzyl radi
cals with the Pople INDO and with the McLachlan meth
od.

Our observations are also in line with the findings of 
Sinclair and Kivelson, who derived aF > 0 for p-fluoro- 
phenyldiphenylmethyl radicals from line width variations 
in esr spectra.4

The exact knowledge of the fluorine hyperfine coupling 
constants is of great importance for future CIDNP studies 
involving the fluorobenzyl radicals, and we have already 
used them successfully in order to determine the photolyt- 
ic decomposition scheme of phenylacetaldehydes in solu
tion, which cleave into benzyl and formyl radicals.18
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The exchange of monoalkylammonium ions into potassium Y  zeolite proceeds to certain lim its. X -R ay 
powder diffraction and structure analysis were preformed on K Y  samples partially exchanged with 
N H 4+, CH3NH3+, C 2H gNH3+, or C3H7NH3+. The samples exhibit a gradual change of physicochem ical 
properties. Variations in the distribution pattern of the K + ions are related to the state of hydration of 
the samples. Although the alkylam m onium  ions were not located, some speculations can be made on the 
exchange mechanism.

Introduction
The exchange of alkylammonium ions in Linde M olecu

lar Sieves X  and Y  has been studied by Theng, e t  a l . 1 
These authors also review earlier work of other investiga
tions in the same area. They found that each organic ion 
is characterized by a given m aximum exchange limit. 
This lim it decreased linearly with increasing molecular 
weight of the organic ions and was also influenced by the 
nature of the outgoing ions. It was postulated by Vansant, 
e t  a l . ,  that the maximum exchange lim it was not exclu
sively due to space requirements but was dependent on 
therm odynam ic conditions.2 A satisfactory explanation 
has not been given thus far.

The present structural study has been undertaken to 
help the understanding of the exchange phenomena by lo
cating the unexchanged inorganic cations (potassium). It 
was not our intention to locate the alkylam m onium  ions, 
since they hardly fit the sym m etry of the faujasite fram e
work.

Experimental Section
A Linde Zeolite Y , containing 54.7 exchangeable cations 

per unit cell, was saturated with K+ ions by repeated ex
changes with a 0.1 JV K C 1 solution followed by washing. 
Aliquots of this sample (~ 3  g) were equilibrated at room 
tem perature during three days in 200 ml of 0.5 N  solutions 
of ammonium or alkylammonium chlorides. The alkylam 
monium ions (R N H 3+) used were methyl-, ethyl- and pro- 
pylammonium. W ith N H 4+ a second exchange was per
formed to ensure m aximum exchange. Only one equilibra
tion was made with the alkylammonium ions. It was the 
intention to replace only an amount of K+ ions approxi
m ately equal to the “ loosely bound” or “ unlocated” ions. 
From previous work3 we know that there are 20.1 such 
ions per unit cell in the hydrated K Y  sample. The propyl- 
and ethylammonium samples were indeed exchanged to 
that extent, but the amount of methylam m onium  ions 
was significantly higher. The samples were washed free 
from excess electrolyte, air-dried at room temperature, 
and stored in an 80% hum idity atmosphere until they 
reached constant weight. The unit cell composition of the 
samples was inferred from the weight loss upon calcina
tion at 800° and from che alkylammonium content deter

mined by the m icrokjehldahl method.1 The unit cell com 
position of the samples is given in Table I. The symbols 
quoted in that table contain the initials of the exchange
able cations and are used throughout the text.

The X -ray method was essentially the same as that 
used in previous work3-4 on the distribution of the K+ 
ions in the K Y  samples. Therefore we only mention here 
the most important definitions and specific modifications 
used for this work.

The spectra were recorded on a Phillips diffractometer 
at a scanning rate of 0.02°/min. For the estim ation of the 
peak intensities a least-squares program was used which 
fitted an experimental profile with a set of theoretical Cu 
K « i-C u  K«2 combined line profiles. The theoretical pro
file for K P rY  was a Gauss function. For the other samples 
we used an experimental profile obtained by the method 
described by Gangulee.5 In this way the intensity ratio of 
overlapping peaks could be determined accurately. Details 
of this procedure were published elsewhere.6

The least-squares refinement was performed using a 
block-diagonal approximation as described earlier.3 This 
program refined on the basis of structure factors. A  modified 
version of the full-m atrix program P O W O W ,7 refining 
on the basis of intensities, was used for the statistical 
treatm ent explained further. It m ust be remembered that 
the standard deviations obtained in the block-diagonal 
approach are too small.

To strengthen the validity of our conclusions we made 
some statistical comparisons. A  subset of q  parameters 
(di) of one structure is statistically compared to the same 
set of parameters (do) of a reference structure using the 
expression

Q =
(/?■■ -  / u s , ( f t  -  à ,)

2 q s -
f  a—p{oc)

S1 is the q  X q  matrix on the coefficients of the normal 
equations, s2 = S( v 7F7A,)2/(n -  p), n  is the number of 
observations { n  = 128), and p is the total number of p a
rameters. If Q  >  F q  n -  p(n) we m ay reject the equality of 
the two-parameter vectors with probability a  to take a 
wrong decision. The test is performed on a conditional 
basis, i . e . ,  that the remaining p - q  parameters are not con
sidered. The same method was applied to the hydrated
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and dehydrated K zeolites X and Y and described else
where in full detail.8

The application of liquid scattering functions to unlo
cated scattering material has been successful in the study 
of the hydrated KX and KY zeolites.3 Therefore we ap
plied a similar technique in this work. RNH3+ and water 
molecules were considered as unlocated material. They 
were supposed to be randomly located in a sphere with a 
radius of 2.3 A inside the cuboctahedra, or in a shell 
formed by two concentric spheres with radii Ri and R2 in 
the large cages. An additional temperature factor of 15 A2 
was applied. In fact, the occupancy of the sites T, IT, and 
II must be considered as superimposed on a background, 
since the sphere of statistically distributed scattering ma
terial includes these sites. The residuals were defined as

R f  = I>]F„| -  |F..|)/2>|F„|
hhi hhl

and

R\ =  X > A  -  / , ) / ! > / . .
N  A’

The interatomic distances and bond angles were calculat
ed using the ORFFE program.9

We used the cation site notation proposed by Smith.10 
The sites I (16 per unit cell) are inside the hexagonal 
prism. The sites V (32 per unit cell) are inside the cuboc- 
tahedron sharing a six ring of oxygen ions with the sites I. 
Sites II and IF (32 per unit cell of each) are inside the su
percages and inside the cuboctahedra, respectively, shar
ing the free six-membered ring of oxygen ions of the 
cuboctahedra. Sites III are inside the supercages, associ
ated with a four-membered ring of oxygen ions of the 
cuboctahedra. In former work3-4 we defined sites III' as 
being inside the supercages and composed of four oxygen 
ions ( O 4 - O 1 - O 1 - O 4 ) .  Evidence for the location of cations 
on sites III' was given by Mikovsky, et al.11

Results
The unit cell compositions and parameters are given in 

Table I. The structure parameters are listed in Table II, 
together with the fiF and fi, values. The interatomic dis
tances, the bond angles, and the distances between the 
center of the large cage or of the cuboctahedron and the 
surrounding atoms are collected in Table III.

For the samples KPrY and KEtY an electron density 
peak was obtained at site III on a difference Fourier map 
in a plane passing through this site. For the sample 
KAmY difference Fourier calculations located an electron 
density peak at the site IT. These peaks seemed to refine 
by least squares, but the uncertainty is large. They will 
not be discussed further.

Table IV is a summary of data characterising the sam
ples. It contains the number of water molecules and the 
number of K+ and RNH3+ ions per unit cell. Assuming 
that the electron density at the ion exchange sites is due 
to K + or water molecules (at site II) a cation distribution 
was calculated as given in Table IV. The data obtained 
earlier for KY hydrated3 and KY dehydrated4 are includ
ed in that table for comparison. A list of Ia and Ic values 
is available. (See the paragraph of the end of this article 
regarding supplementary material.)

The statistical comparisons are presented in Table V. 
Two different parameter vectors are considered: (i) the 10 
positional framework parameters and (ii) the same frame
work parameters together with the two positional parame-

TABLE I: Composition of the Samples and Unit 
Cell Parameter a0

Sym bols C om position a0, Â°

KPrY Pri8.8K35.9 AI5 4 ,7Sii37.3 0 3 8 4 - 101 H2O 24.754(3 )
KEtY Et23.4K3i .3Al54.7Sii37,30384- 1 1 1 H20  24 .748(2)
KMeY M e27.5K27.3Al54.7Sil37.30384-124H20  24.742 (3)
KAmY Am 39.5Ki5.2Ai54.7Sii37 30384* I 9OH2O 24 .739(3)

a Obtained by ex trapola tion  against cos2 11/ sin II.3
ters and the two occupancy factors of the potassium ions on 
the sites I' and II. The matrix S1 was obtained from the sec
ond cycle of a full matrix refinement with POWOW. The 
reference vector jd0 is obtained by POWOW. Together with 
the variance-covariance matrix it defines the confidence 
region for this vector. The vectors to compare (do) are 
those given in Table II. n -  p is close to 100, and FQ,n- p- 
(a) is not sensitive to small changes in n — p. Therefore 
we included in Table V a list of Fga00 (74) for several 
values of (a). In Table V we italicized the Q values 
which indicate that there is no significant difference be
tween a given structure and the selected reference struc
ture, with a probability of 0.995. As can be seen in Table 
V, each particular sample has been taken as a reference 
structure for the other samples, which resulted in the 
most complete statistical comparison between the investi
gated samples.

Discussion
The Framework Parameters. With the exception of 

KPrY the frameworks of the different samples are not sig
nificantly different from each other and from the original 
hydrated sample KY. The significant difference of KPrY 
is clearly apparent in Table VA in which the lower row 
(KPrY compared to all the other samples) and the last 
vertical column (KPrY taken as a reference) contain high 
values for F 10,100 (0,005). The similarity between the 
other samples is confirmed by all the values in the lower 
left half of Table VA (italicized). The figures marked with 
an asterisk in the upper right half of that table do not 
confirm the corresponding figures of the other half, but 
such exceptions can be due to the size and shape of the 
confidence region of the reference structure. Differing re
siduals (Table II) are an indication of more or less well 
defined structures and subsequently also of the different 
size and shape of the confidence region.

These observations become especially meaningful when 
they are compared to the statistical results obtained with 
the framework parameters of hydrated and dehydrated 
synthetic faujasites with widely different A] contents (be
tween 49 and 85 aluminum atoms per unit cell).8 It was 
found for these samples that there was no significant dif
ference between the framework of the hydrated samples. 
A significant difference was found between the framework 
of the hydrated and dehydrated zeolites. This was taken 
as proof that dehydration results in a considerable distor
tion of the framework. The absence of water molecules or 
the increased cation population of site I after dehydration 
were considered as possible reasons for these distortions.8

The difference in framework between KPrY and all the 
other samples indicates a distortion in the framework of 
KPrY. These distortions can be ascribed to the same 
causes as in the dehydrated synthetic faujasites.8 Indeed, 
the data in Table IV reveal a marked decrease of the
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TABLE II: Atomic Parameters“ and Residuals for the Samples K--C3H7NH3-Y, K -C 2H5NH3-Y, K-CH3NH3--Y, and K-N H 4-Y

KPrY KEtY KMeY KAmY

Si X 0.1245 (2) 0.1241 (2) 0.1245 (2) C.1253 (2)

y 0.9445 (2) 0.9452 (2) 0.9446 (2) C.9450 (2)

(192Í) Z 0.0346 (2) 0.0353 (2) 0.0354 (2) C.0356 (5)
£ 1.29 (14) 1.68 (12) 2.23 (10) 2.15 (10)

O i° x = - y 0.1080 (7) 0.1062 (9) 0.1044 (7) C.1073 (7)
(96h) Z 0.0 0.0 0.0 C.O

E 0.22 (30) 0.70 (38) 1.12 (30) 0.57 (31)

o 2 x = y 0.2491 (8) 0.2502 (11) 0.2524 (9) 0.2535 (10)

(96g) Z 0.1397 (6) 0.1389 (6) 0.1392 (6) 0.1376 (8)
B 1.30 (33) 2.20 (50) 2.38 (35) A.72 (53)

o 3 x = y 0.1688 (9) 0.1723 (10) 0.1726 (9) 0.1722 (9)

(96g) Z 0.9684 (7) 0.9645 (8) 0.9646 (6) 0.9664 (6)
B 3.32 (47) 3.25 (50) 3.27 (37) 2.23 (36)

0 4 x = y 0.1795 (10) 0.1776 (13) 0.1785 (11) 0.1792 (10)
(96g) Z 0.3232 (7) 0.3239 (9) 0.3213 (8) 0.3216 (7)

B 4.67 (50) 6.52 (65) 6.79 (52) 4.71 (50)
K ( I ) x =  y = z 0.0

Occ. 0.338 (37)
B 9.28 (2.03)

K (l') x =  y = z 0.0778 (17) 0.0806 (22) 0.0797 (17) 0.0788 (22)
Occ. 0.515 (22) 0.580 (30) 0.367 (17) 0.260 (16)

(32e) B 3.48 (55) 6.91 (83) 1.75 (54) 0.12 (84)
K ( 11) x = y =  z 0.2620 (17) 0.2590 (24) 0.2616 (22) 0.2635 (48)
(32e) Occ. 0.470 (19) 0.457 (23) 0.319 (17) 0.218 (23)

B 3.53 (59) 2.47 (88) 0.68 (77) 4.10 (2.01)
H20 ( l l ' ) x =  y = z 0.1999 (168)
(32e) Occ. 0.169 (67)

B 10.38 (8.88)
H20 ( l 11) x =  y -0 .125  (0) -0 .125  (0)

z 0.2383 (259) 0.1221 (240)
(48f) Occ. 0.121 (36) 0.097 (38)

B 0.28 (4.54) 0.0 (5.23)
H20 NIIIIX 0.125 0.125 0.125 0.125
(8a) R,, R2 2.3; 0.0 2.3; 0.0 2.3; 0.0 2.3; 0.0

n molec. 28.24 16.0 32 32
B 15 15.0 15 15

H 20 x =  y =  z 0.375 0.375 0.375 0.375
(8b) Ri, R2 5.75; 2.0 5.7; 2.0 5.7; 0.0 5.7; 0.0

n molec. 136.6 164 160 240
B 15 15 15 15

Ri 0.1953 0.1785 0.1742 0.1625
f t  F 0.1276 0.1298 0.1265 0.1181

a The standard devia tions are ind icated in parentheses.

water content of the sample KPrY and a K+ content of 
site I which is similar to that of the dehydrated KY sam
ple. In all the other samples site I was found to be empty, 
as was the case in the hydrated KY sample.

The Population of Exchange Sites. The incomplete ex
change in this type of material has generally been as
cribed to ion sieve effects,1 but an unambiguous proof for 
this assumption was never given. Considering the size of 
the alkylammonium ions it is reasonable to believe that 
they remain inside the large cavities. The location of the 
ammonium ions is not unambiguous. NH4+ and K+ have 
the same radius and it is not clear why NH4+ would be 
excluded from the cuboctahedra while K+ ions can freely 
move through the six-membered ring of oxygen ions. On 
the basis of these assumptions we can translate the elec
tron density into a population of the different sites by K+ 
ions or H20  molecules as presented in Table IV.

Inclusion of the population and positional parameters of 
the sites T and II into the statistical comparison (Table

VB) reveals that there is a significant difference between 
the different samples, except maybe between KAmY and 
KMeY. KPrY is also significantly different from all the 
others by the high population of site I which is not includ
ed in the parameter vector (i.

The interatomic distances (Table III) do not enable us 
to make a clear distinction between potassium ions and 
water molecules located on sites II. From a distance of
3.26 Á between site II and 0 2 Baur12 concluded that this 
site was occupied by water molecules. The distance K -O 2 
was found to be 2.8 Á in the hydrated samples.3 The dis
tance site II-O2 of 3 Á found in this work indicates that at 
least an important fraction of this site is occupied by K+ 
ions. The distance site P-O3 in all the samples is in agree
ment with an occupancy by K+ ions.

The KPrY sample has a population of K+ inside the 
small cavities which is comparable to that of the dehy
drated sample KY. It was stated for the hydrated samples 
KY and KX as well, that one-fourth of the cations were
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TABLE III: Interatomic Distances'2 (A) and Bond Angles'2 (deg) for the Samples KPrY, KMeY, KEtY, and KAmY

KP-Y KEtY KMev KAmY

Tetrahedron
T-O, 1.61 (2) 1.61 (2) 1.58 (2) 1.63 1.2)
t - o 2 1.67 (2) 1.65 (3) 1.65 2) 1.63 12)
t - o 3 1.68 (2) 1.63 (3) 1.64 2) 1.66 12)
t- o 4 1.68 (3) 1.68 (4) 1.65 ;3) 1.64 12)
Mean 1.66 1.64 1.63 1.64
T -O 1-T 133.9 (1.2) 137.2 (1.8) 142.6 (- .2) 136.7 (1.1)
T-O 2-T 141.8 (1.2) 145.4 (2.5) 148.3 ('.2 ) 153.5 (1.5)
T -O 3-T 138.6 (1.1) 145.6 (2.8) 144.2 ( '.0 ) 142.2 (1.0)
T-O 4-T 141.8 (1.3) 141.5 (3.1) 144.6 (-.5) 142.8 (1.4)
Mean 139.0 142.4 144.4 143.8
O1-T -O 2 117.8 (8) 114.8 (1.3) 111.4 (0.8) 110.6 (1.0)
0 , - T - 0 3 119.2 (9) 112.8 (1.6) 111.1 (0.9) 113.6 (0.9)
O ì -T -04 106.0 (9) 107.0 (1.9) 111.8 (-.0) 108.1 (0.9)
O2-T--O3 101.1 (9) 104.9 (1.9) 106.0 (0.9) 104.9 (1.0)
0 2-T ~ 0 4 107.4 (9) 110.4 (2.2) 108.5 C.0) 111.0 (1.1)
03-T -04 104.2 (1.1) 106.7 (1.6) 107.7 C .2) 108.7 (1.2)
Mean 109.3 109.4 109.4 109.8
O1—C>2 2.81 (3) 2.74 (4) 2.67 (3) 2.68 (3)
0 ,-0 3 2.84 (2) 2.69 (4) 2.65 (2) 2.75 ’2)
O1-O 4 2.63 (3) 2.64 (4) 2.68 (3) 2.65 ;3)
O2-O 3 2.59 (3) 2.74 (4) 2.63 (3) 2.61 (3)
O2-O 4 2.70 (3) 2.74 (5) 2.68 (3) 2.70 ;3)
O3-O 4 2.66 (3) 2.65 (4) 2.66 (3) 2.68 (3)
Mean 2.71 2.70 2.66 2.68

Cations
K (l) -O 3 2.95 (2) 2.86 (3) 2.85 (2) 2.85 (2)

-K ( l ') 3.34 (4) 3.48 (3) 3.42 (4) 3.38 (5)
- 0 2 3.46 (2) 3.43 (4) 3.65 (2) 3.41 (2)
0 , 3.78 (2) 3.72 (2) 3.45 (1) 3.75 [2)

K (l')  -O 3 2.71 (5) 2.89 (5) 2.85 (4) 2.78 (6)
-O 2 3.10 (5) 3.18 (4) 3.23 (5) 3.23 (6)

K(l I) -O 2 3.06 (4) 2.99 (6) 3.05 (6) 3.13 (12)
- o 4 3.26 (5) 3.27 (6) 3.26 (6) 3.28 (12)

H20 ( l 11)-0, 4.48 (46) 3.15 (7)
-04 4.51 (58) 2.19 (3)
-02 5.04 (31) 4.34 (41)
-03 2.71 (47)

K ( ll ')  -O 2 2.43 (41)
-O 4 3.10 (41)
-K ( l ') 3.16 (42)

Framework 
Center cuboctahedron

-K ( l ') 2.02 (4) 1.88 (3) 1.94 (4) 1.98 (5)
-O 3 4.17 (2) 4.30 (4) 4.30 (2) 4.26 (2)
-O 2 4.36 (2) 4.39 (3) 4.47 (2) 4.51 (2)
-T 5.03 (1) 4.97 (1) 4.98 (1) 4.97 (1)
-O 4 5.26 (2) 5.26 (5) 5.21 (2) 5.22 (2)
— K ( I ) 5.33 (0) 5.36 (0) 5.36 (0)
- K ( l l ') 3.21 (41)

Center large cage
—site (HI) 3.38 (64) 6.26 (60)
—K ( 11 ) 4.84 (4) 4.97 (5) 4.86 (5) 4.78 (12)
-O 4 6.96 (2) 7.02 (3) 7.00 (3) 6.98 (2)
-O 2 7.30 (2) 7.30 (4) 7.24 (2) 7.25 (2)
- 0 , 7.31 (2) 7.35 (2) 7.39 (2) 7.32 (2)
-T 7.55 (1) 7.57 (1) 7.56 (1) 7.55 (1)

a The standard  devia tions are ind icated in parentheses.

located in the small cavities in order to obtain an equal 
statistical neutralization of the negative charges supposed 
to be spread statistically over the different types of oxygen 
ions.3 This would amount to 13.7 ions per unit cell for the 
present samples. This value is reached and even exceeded

for the samples KPrY and KEtY, indicating that not only 
KPrY but also KEtY has a tendency to behave like a de
hydrated KY. In the samples KMeY and KAmY the pop
ulation of site I' is definitely lower than 13.7. The rule of 
the statistically uniform neutralization of charges seems
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TABLE IV: Sum m ary of Data on the K -A lkylam m onium  Y Sam ples, the Hydrated KY Sam ples, and the Dehydrated KY Sam ple

KY Deh KPrY KEtY KMeY KAm Y KY Hydr

K + /U.C. 54.7 35.9 31.3 27.2 15.2 54.7
h 2o / u .c .
NH4+ or

101 111 124 190 240

r n h 3+ / u .c . 18.8 23.4 27.5 39.5
Site I (K) 5.4 5.4 1.3
Site I' (K) 
Sites I +  I'

18.1 16.5 18.6 11.8 8.4 13.3

(all K + ) 23.5 21.9 18.6 11.8 8.4 14.6
Site II (K) 26.8 15 14.6 10.2 7.0 20.0

o r (H 20) 30 29.2 20.5 14.1
Unloc. K + 4.4 -0 .5 -1 .9 5.2 -0 .2 20.1

TABLE V: Statistical Com parison of Som e Fram ew ork and 
Cation Param eters

A. q = 10; Positional Framework Parameters

Reference KY hydr KAmY KMeY KEtY KPrY

KY hydr 0.93 6.62* 4.03* 5.34* 4.40
KAmY 2.81* 2.32 7.51 5.15* 4.31
KMeY 2.27 1.66 0.39 2.82* 4.88
KEtY 1.15 2.24 1.14 7.18 2.66
KPrY 2.78 6.33 3.65 6.14 2.62

a F io.ioo (« )

0.10 1.67
0.05 1.94
0.025 2.20
0.01 2.46
0.005 2.77

B. q = 14; Positional -ramework Parameters +  Positional
Parameters and Occupancy Factors of the Cations in Site I' and 11

R eference KY hydr KAmY KMeY KEtY KPrY

KY hydr 0.84 36.14 13.3 8.20 8.89
KAmY 8.14 2.49 1.10 13.2 6.03
KMeY 4.16 5.16 0.49 4.87 4.23
KEtY 2.25 15.4 3.90 1.22 3.83
KPrY 2.32 21.1 6.77 4.86 7.73

a F1 4 , 1 0 0  (ft)

0.10 1.58
0.05 1.81
0.025 2.02
0.01 2.29
0.005 2.52

not to hold for these systems with large cations, although 
the total amount of K + ions in the sample is sufficient to 
satisfy that rule.

Relevance of These Data for the Understanding of the 
Ion-Exchange Behavior. Theng, et al. , 1 and Vansant13 
have stated that the limited exchange of the alkylammon- 
ium ions in zeolites X  and Y cannot be understood only on 
the basis of space requirements of the bulky ions. The 
present data show that ion sieve effects, i.e., the inacces
sibility of the small cavities for large ions, cannot be con
sidered either as the exclusive factor responsible for incom
plete exchange. Indeed, the sample KAmY was saturated

by NHU+ to the maximum possible limit,1 and there is 
still an appreciable number of K+ ions in the large cavities.

The samples KMeY, KEtY, and KPrY were not ex
changed to the maximum possible level The two latter 
samples already have a population of the sites (I + P) 
which is comparable to that in dehydrated KY (see Table 
IV). Obviously the increase of the number of K 1 ions in the 
small cavities is due to the decrease in the hydration 
level. In the hexagonal prisms and inside the cuboctahe- 
dra the K+ ions can still realize optimal coordination with 
framework oxygen ions and water molecules. In extensive
ly exchanged samples the number of unexchanged K + 
ions was found to be 20.3, 22.7, 24.3, and 28.1 for samples 
KAmY, KMeY, KEtY, and KPrY, respectively.1 Even for 
a maximum occupancy of the sites inside the small cavi
ties (23.1 as in KY dehydrated) there would still be, at 
least for the sample KPrY, unexchanged potassium ions 
in the large cavities.

Since the present samples were never heated or out- 
gassed we assume that the sample compositions and water 
contents given in Table I are close to that of the samples 
in the ion-exchange suspension. This is in line with the 
interpretation of the limited exchange behavior given by 
Vansant.13 When an RNtL* ion enters the zeolite cage it 
replaces an inorganic ion but also a number of water mol
ecules sufficient to allow accomodation of the large in
coming ion. Vansant considered the possibility that the 
exchange limit is reached when a further introduction of 
organic ions would require the removal of the first hydra
tion shell of the remaining inorganic cations. This hypoth
esis seems to be justified for the larger alkylammonium 
ions, but it is not applicable to the KMeY sample, which 
behaves more like the ammonium sample.
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Potential Energy Curves and Dissociation Energy of Titanium Monoxide

V . S. K u s h a w a h a

Department of Physics, Banaras Hindu University, Varanasi-221005, India (Received May 24, 1973)

Potential energy curves for T i-0  interactions corresponding to the X 3Ar, A3<j>, and C3A states of the TiO 
molecule have been calculated using the method of Rydberg-Klein-Rees as modified by Vanderslice, et 
al. The ground-state dissociation energy has been estimated using Lippincott’s three-parameter form of 
the potential function and also using the chemical energy available in a chemiluminescent reaction of 
TiCR + O2 in the presence of potassium vapor. From the chemiluminescent reaction its value was found 
to be 167.82 ±  2 kcal/mol.

Introduction
As TiO is observed very strongly in the spectra of M 

and S type stars, its spectroscopic study has been the 
subject of interest of many workers,1-14 and seven elec
tronic band systems are known in the region 3000-1000 
A. High-resolution studies of the TiO bands have con
firmed two singlet and three triplet states in the energy 
region 10000-2000 cm -1. The ground state of TiO is well 
confirmed9 to be the 3Ar, with a very low lying 4A state at 
about 581 cm-1 and a slightly higher state at about 
2295 cm-1 . Uhler’s9 study of the electronic spectrum of 
TiO has revised the previous designation of the molecular 
states from X 3;i>, B32 and C37i> to X 3Ar, A3<t> and C3Ar 
and has given a new set of molecular constants for these 
states only. The molecular constants of the two singlet 
states are still uncertain. The present communication 
deals with the experimental potential energy curves of 
these electronic states using the molecular constants re
ported by Uhler.9

The ground-state dissociation energy of TiO has been 
determined by a number of workers using different meth
ods, but the values are different from each other. D0(TiO) 
is 156.9 ±  2.2 kcal/mol by Hampson, et al. , 15 167.38 ± 
2.30 kcal/mol by Wahlbeck, et al. , 16 159.9 kcal/mol by 
Groves, et al. , 17 157 kcal/mol by Berkowitz, et al. , 18 
158.62 kcal/mol by Wheatley,19 157 kcal/mol by 
Herzberg,20 and 129 kcal/mol by Carlson, et al. 12 In the 
present communication an attempt has been made to 
clarify the exact value of D0(TiO) using the potential

energy curve of the ground state of TiO and the chemical 
energy available in a chemiluminescent reaction.

Experimental Section
Construction of the Potential Energy Curves. The po

tential energy curves have been calculated from the ex
perimental energy levels, using the method of Rydberg- 
Klein-Rees,21-23 as modified by Vanderslice,24 known as 
the RKRV method. This is a WKB method where one 
starts with the observed energy level E and from this cal
culates the maximum and minimum points of vibration. 
This method gives the potential function very accurately 
but it is restricted to known energy levels. Ginter and 
Battino25 have suggested an extrapolation of the RKRV 
curves which are best for the region of the potential curve 
immediately beyond the last point determined from the 
experimental data, but they often can be extended mean
ingfully to as many as twice the number of vibrational 
levels known experimentally or to the dissociation limit, 
whichever is reached first energetically. The spectroscopic 
data used in the calculation are given in Table I and the 
results of the calculation are given in Table II.

Determination of the Ground-State Dissociation Ener
gy. (/)  Curve-Fitting Method. The method of curve fitting 
has been used to estimate the ground-state dissociation 
energy of a number of molecules. This method involves 
the comparison of the RKRV curves for the ground state 
of the molecule to an empirical potential function with 
different values of dissociation energies. The value of the
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TABLE I: M olecular Constants (cm  ’ ) Used in the Calculation

State Te WeXe «e Be re, À

C3A 19434.6 837.9 4.55 0.0029 0.4889 1.695
A3<f> 14242.6 866.3 3.83 0.0032 0.5074 1.664
X3A r 0 1008.4 4.61 0.0030 0.5355 1.620

dissociation energy giving the best fit is taken to be an es
timate of the actual dissociation energy.

The Lippincott potential function in the modified form
n(r — re)2i

U(r) =  De

1

1 exp

( 7 2 \ 1

- £
r -  r.) e x p { -  ( | i )  (r -

has been shown to fit the RKRV potential energy curves 
of a large number of molecules to a very great extent. Ac
cording to Steele and Lippincott,26 the factors inside the 
squared brackets are independent of De if we put

a - F / l + f F ;» - £ Q ;6 -  1.065; F
a eWe
6 B j

Now in the above expression Oe is varied till a good fit to 
the RKRV curve is obtained. This value of De is a good 
estimate to the dissociation energy. The result of such cal
culation for TiO is given in Table III.

(it) Chemical Excitation of TiO. Pathak and Palmer14 
have reported the electronic excitation of TiO in a low 
pressure diffusion flame of a mixture of TiCU + O2 burn
ing in the presence of potassium vapor. The authors14 
have reported a band system in TiO in the region 2900- 
3200 À which involves the ground state of TiO and a new 
upper electronic state D. On the basis of some previous 
observations on BO27 and GeO,30 they have proposed the 
following reaction primarily responsible for exciting TiO 
to the new energy state D.

TiCl(G.S) +  KO(G.S) — ► TiO* +  KCKG.S.) (I)
where (G.S) and the superscript asterisk refer to the 
ground state and the electronically excited molecule, re
spectively.

The above reaction assumes a two-body collision process 
between TiCl and KO in their ground states which is a 
valid assumption in view of the fact that no emission was re
corded by Pathak and Palmer14 from TiCl, KO, or KC1. 
Furthermore, at the temperature (~400°K) of the reac
tion, one estimates that nearly 70% of the reacting mole
cules would be in their ground state. Thus eq I would be 
quite likely.

It is to be noted that Pathak and Palmer14 have ob
served an abrupt cutoff in the emission of TiCl4 + 0 2 + 
K at 2920 A. This cutoff of the emission clearly gives the 
upper limit of the chemical energy available in the reac
tion and correspond to the exothermicity of the reaction. 
From this observation the ground state dissociation energy 
of TiO can be calculated. Writing the reaction I in equi
librium condition we have
A>(TiO) +  D0(KC1) -  D0(TiCl) -  D0(KO) =  AH 0 (II)
where D0 and AH0 represent the ground-state dissociation 
energy and the exothermicity of the reaction at 0°K, re
spectively. Substituting Do(TiCl) = 101 ±  20 kcal/mol,28 
D0(KO) = 70 kcal/mol,29 D0(KC1) = 101 kcal/mol,29 and 
AH0 = 34239 cm' 1 = 97.82 kcal/mol in eq II, we have 
Oo(TiO) = 167.82 ±  20 kcal/mol.

TABLE II: RKRV Potential Curves for the G rourd and 
Excited States of TiO

State

X3A r

A 34>

C3A r

V U(r), 
cm 1

f  rryni 
A

rm$.x>
A

Te + U, 
cm "1

0 503.05 1.5936 1.6558 503.05
1 1,502.23 1.5592 1.7095 1,502.23
2 2,492.19 1.5358 1.7491 2,492.19
3 3,472.93 1.5195 1.7818 3,472.93
4 4,444.48 1.5068 1.8109 4,444.48
5 5,406.75 1.4965 1.8378 5,406.75
6 6,359.83 1.4878 1.8632 6,359.83
7 7,303,69 1.4804 1.8875 7,303.69
8 8,238.33 1.4740 1.9110 8,238.33
9 9,163.75 1.4684 1.9339 9,163.75

10 10,079.95 1.4636 1.9563 10.079.95
11 10.986.93 1.4593 1.9782 10.986.93
12 11,884.69 1.4556 1.9999 11,884.69
13 12,773.23 1.4524 2.0212 12,773.23
14 13,652.55 1.4495 2.0424 13,652.55
15 14,522.65 1.4471 2.0635 14,522.65
16 15,383.53 1.4450 2.0844 15,383.53
17 16,235.32 1.4432 2.1052 16,235.19
18 17,077.63 1.4418 2.1260 17,077.63
19 17,910.85 1.4406 2.1467 17,910.85
20 18,734.85 1.4397 2.1674 18,734.85
21 19,549.63 1.4390 2.1882 19,549.63

0 417.82 1.6392 1.7011 14,660.42
1 1,290.83 1.5997 1.7618 15,533.43
2 2,141.81 1.5751 1.8052 16.384.41
3 2,985.13 1.5581 1.8410 17,227.73
4 3,820.79 1.5451 1.8730 18.063.39
5 4,648.79 1.5347 1.9027 18,891.39
6 5,469.13 1.5260 1,9307 19,711.73
7 6,281.81 1.5187 1.9576 20,524.41
8 7,086.83 1.5126 1.9836 21,329.43
9 7,884.19 1.5074 2.0C89 22,126.79

10 8,673.89 1.5029 2.0337 22,916.49
11 9,455.93 1.4991 2.0581 23,698.53
12 10,230.31 1.4960 2.0821 24,472.91
13 10,997.03 1.4933 2.1C59 25,239.63
14 11,756.09 1.4912 2.1295 25,998.69
15 12,507.49 1.4894 2.1530 26,750.09
16 13,251.23 1.4881 2.1763 27,493.83
17 13,987.31 1.4872 2.1995 28,229.91
18 14,715.73 1.4866 2.2228 28,958.33
19 15,436.49 1.4864 2.2460 29,679.09

0 419.08 1.6666 1.7493 19,853.68
1 1,246.61 1.6288 1.7939 20,681.21
2 2,066.31 1.6033 1.8378 21,500.91
3 2,876.91 1.5854 1.8739 22,311.51
4 3,678.41 1.5715 1.9C62 23,113.01
5 4,470.81 1.5602 1.9362 23,905.41
6 5,254.11 1.5506 1.9646 24,688.71
7 6,028.31 1,5425 1.9918 25,462.91
8 6,793.41 1.5355 2.0181 26,228.01
9 7,549.41 1.5293 2.0438 26,984.01

10 8,296.31 1.5240 2.0690 27,730.91
11 9,034.11 1.5192 2.0937 28,468.71
12 9,762.81 1.5151 2.1182 29,197.41
13 10,482.41 1.5114 2.1425 29,917.01
14 11,192.91 1.5083 2.1665 30,627.51
15 11,894.31 1.5055 2.1905 31,328.91
16 12,686.61 1.5031 2.2143 32,021.21
17 13,269.81 1.5011 2.2382 32,704.41
18 13,943.91 1.4994 2.2620 33,378.51
19 14,608.91 1.4980 2.2858 34,043.51
20 15,264.81 1.5968 2.3097 34,699.41
21 15,911.61 1.4960 2.3337 35,346.21
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TABLE I I I :  Calculations for the G round-State Dissociation 
Energy of the TiO M olecule Using the Lippincott Function 
(Three-P aram eter Form )

r, Â
De = 60,000, 

c m -’
De = 58,500, 

cm-1
De = 56,000, 

cm-1
RKRV,
cm-1

1.6558 533.13 506.21 441.15 503.05
1.7095 1,559.28 1,525,31 1,420.10 1,502.23
1.7818 3,551.91 3,501.81 3,380.32 3,472.93
1.8109 4,573.45 4,511.35 4,354.71 4,444.45
1.8632 6,478.61 6,398.20 6,240.38 6,359.83
1.9110 9,382.35 8,290.51 8,108.67 8,238.33
1.9563 10,288.71 10,103.62 9,882.25 10,079.95
1.9782 11,352.63 11,054.43 10,663.35 10,986.93
2.0212 13,086.92 12,821.21 12,493.82 12,773.23
2.0635 14,769.81 14,572.74 14,222.65 14,522.60
1.5358 2,610,73 2,512.62 2,422.53 2,492.19
1.4965 5,521.37 5,441.32 5,319.62 5,406.75
1.4804 7,414.81 7,343.29 7,228.84 7,303.69
1.4684 9,275.38 9,180.87 9,092.63 9,163.75
1.4556 12,165.91 11,921.37 11,312.80 11,884.69
1.4495 13,858.72 13,691.38 13,198.61 13,652.55
1.4450 15,585.23 15,431.03 15,065.39 15,383.53
1.4432 16,462.11 16,275.61 15,876.27 16,235.19
1.4406 18,186.25 17,971.64 17,501,72 17,910.85
1.4390 19,814.61 19,580.52 19,336.11 19,549.63

Results and Discussion
The experimental potential energy curves for the three 

states of TiO are shown in Figure 1. The most prominent 
feature of these curves is that these are narrow well type 
potentials which indicate that the molecule behaves ap
proximately like a harmonic oscillator rather than an 
anharmonic oscillator. The ground-state potential curve is 
comparatively narrower than the upper state potential 
curve and therefore, one should expect a large value of a>e 
in the ground state than in the upper states which ex
plains the observed coe value for the lower and the upper 
states. The three curves are lying approximately one 
above the other which indicates that the structure of the 
molecule in the ground and in the upper states should be 
nearly the same. The observed re values corresponding to 
the X 3Ar, A3</>, and C3Ar states are nearly equal and sup
port the predicted structure of the molecule. In addition, 
the Franck-Condon principle is also satisfied and thus it 
explains the maximum intensity of the (0,0) band and 
slightly lesser intensity of the (0,1) and (1,0) bands ob
served in the A -X  and C -X band systems of TiO. The 
most interesting feature would be due to the presence of 
the potential curve of the C3A state which is inside the 
potential curve of the A3<f> state. Because of the presence 
of this potential curve a strong perturbation should be ob
served in the A -X  and C -X  systems. This explains the 
perturbation observed by Phillips7 in the A -X  system but 
such perturbation has not been observed in the C -X  sys
tem. In the analogous molecule ZrO, similar perturbations 
have been observed in the A -X  and C -X  systems.9

The results of calculation for the ground-state dissocia
tion energy of TiO is given in Table III. This table shows 
that the best fit to the RKRV curve is obtained when we 
put De = 58,500 cm -1 . The most probable value of De 
from our calculations is 166.75 kcal/mol from which we 
get D0(TiO) = 165.37 kcal/mol. From the consideration of 
the chemical energy available in the chemiluminescent 
reaction, we have observed a value D0(TiO) = 167.82 ±  20 
kcal/mol. The magnitude of the two results is in very

Figure 1. Potential energy curves for TiO.

good agreement, but each of them is larger than the spec
troscopic value20 of 157 kcal/mol derived from the linear 
Birge-Sponer extrapolation of the ground state and also 
larger than the theoretical value12 of 129 kcal/mol. How
ever, the present values are nearly equal to the value 
167.38 ±  2.30 kcal/mol reported by Wahlbeck, et al.16 
The spectroscopic value is based on only five vibrational 
spacings which add to about one-tenth the dissociation 
energy and the theoretical result is low because of the 
limited basis set and the uncertainty in the correlation 
data.

The value of D0(TiO) reported by Hampson, et al.,15 
depends directly on the dissociation energy of ScO(g), 
which in turn depends on mass spectroscopic measure
ments involving numerous other oxides and metal species, 
notably those of lanthanum, yttrium, germanium, and sil
icon. In the abscence of a spectroscopic dissociation ener
gy for a gaseous metal monoxide, the authors15 have re
ported that the dissociation energy of TiO is less satisfac
tory. Moreover, they have also admitted that there could 
be an error in D0(ScO) and hence in D0(TiO), due to an 
inaccurate relative ionization cross section of TiO(g) and 
T i0 2(g). The result of Walhbeck, et al.,16 seems to be 
more accurate than any other value of D0(TiO) reported 
previously, but it is to be noted that these authors16 were 
unable to pin down the principal reaction responsible for 
the vaporization of Ti30 5(S). Of course, they performed 
some relatively crude mass spectroscopic measurements to 
identify the principal species but all these measurements 
were not in agreement and therefore the dissociation ener
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gy of TiO(g) obtained using such measurements may not 
be very accurate.

In the present work, we have obtained a value D0(TiO) 
= 167.82 ±  20 kcal/mol using the position of a band head 
which corresponds to the highest value of the chemical 
energy available in the reaction and the precision of mea
surement of this band head is ±5 cm " 1.14 The value of 
the ground-state dissociation energy of TiO reported in 
this work may therefore be regarded as much more reli
able than any other value.

We have obtained Z)0(TiO) experimentally as well theo
retically, which matches very well with the value of 
Uo(TiO)16 obtained using entirely different experimental 
procedure. This agreement provides strong evidence in 
support to the high value of Z)0(TiCl) = 101 ±  20 kcal/ 
mol28 rather than a low value Do(TiCl) = 25 kcal/mol de
rived from a linear Birge-Sponer extrapolation of the 
ground state. Also, a comparison of D0(TiO) = 167.82 ±  
20 kcal/mol (present work) and .Do(TiO) = 167.38 ±  2.3 
kcal/mol16 shows that the uncertain value (±20 kcal/mol) 
in the present work (this is due to D0(TiCl)) should be the 
same as in Wahlbeck’s16 result since the magnitude of the 
certain value is equal, and thus the D0(TiCl) and D0(TiO) 
may be equal to 101 ±  2 and 167.82 ±  2 kcal/mol, respec
tively.
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CN D O /2 Studies on Ion Solvation
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CNDO/2 calculations on the interaction of Li+ with a variety of donor molecules such as H2O, ether, 
carbonyl compounds, NH3, acetonitrile, pyridine, and HF to give complexes of the type Li+(donor)n 
show that the binding energy decreases while the Li+-donor distance increases with increase in n. These 
calculations satisfactorily describe the nature of charge transfer in these complexes as well as their stereo
chemistry. The changes in bond distances and spectral properties of carbonyl donors due to complexa- 
tion are also predicted. The potential energy surfaces obtained from the study can be fitted into the Len- 
nard-Jones 6-12 potential function. Based on the CNDO/2 calculations, comments have been made re
garding the nature of the second hydration layer, different types of ion pairs, and the quantized vibra
tions of Li+ in solvent cages.

Solvation of ions in aqueous and nonaqueous media is of 
primary importance in the theory of polar liquids. It ap
peals to reason that in the region of the primary solvation 
sphere where the ion is closest to solvent molecules there 
will be strong interaction, while at large distances the sol
vent is essentially unperturbed. We can also visualize an 
intermediate region where the solvent molecules are

slightly perturbed and there is some disorder in the sol
vent structure. Although classical models1-2 are somewhat 
successful in the study of ion-dipole interactions, they 
provide little information on the electronic structure of 
the solvated ions and on the nature of binding forces. 
However, semiempirical LCAO MO SCF methods would 
be particularly useful in examining ion-solvent complexes,
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M(S)„, which approximate the primary solvation sphere 
since such methods have been successful in providing fair
ly satisfactory descriptions of hydrogen-bonded systems.3-5

In the present study, we have employed Pople’s CNDO/2 
method6 to investigate the potential energy surfaces for 
the interaction of lithium ion with water and other oxygen 
don»rs such as ether, formaldehyde, formamide (FA), N- 
methylacetamide (NMA), N.N-dimethylformamide 
(DMF), and cytosine, nitrogen donors such as ammonia, 
acetonitrile, and pyridine as well as HF to yield com
plexes of the general formula Li+ ( d o n o r ) I n  the case of 
1:1 complexes we have investigated the stereochemistry in 
some detail. Further, we have examined the nature of the 
second solvation sphere in the case of Li+(H20 )„  and var
ious types of ion pairs formed fcy Li+F". Although the 
CNDO/2 method does not provide good values of binding 
energies in such calculations, the results are expected to 
show reliable trends of binding energies and bond dis
tances with changes in donor and stoichiometry. Based on 
the potential energy curves from the CNDO/2 calcula
tions, we have arrived at an empirical potential function 
which is applicable to the large variety of systems exam
ined by us. We have also predicted changes in the struc
ture and spectra of the donors in these ion complexes and 
the nature of the quantized vibration of lithium ion in 
solvation spheres and complexes.
Method

In the CNDO/2 calculations, we have made use of the 
following Slater exponents in the calculation: H, 1.2; Li, 
0.65; C, 1.625; N, 1.950; 0 , 2.275, and F, 2.600. In the 
case of water and other oxygen donor molecules except 
dimethyl ether we have employed CNDO/2 minimized 
geometries: H20, r0-H = 1.03 A, zHOH  = 107.1°; H2CO, 
rC-„ = 1.11 A, rc=o = 1.25 A, zH CO = 120°; NH2HCO, 
rc-N = 1.37 A, rc=o ~ 1.26 A, r -̂H = 1.02 A, J'c-h ~ 1.09 
A, all angles 120°; N-methylacetamide (NMA), rc_N =
1.38 A, rN_c = 1.44 A, ro c  = 1-53 A, rc=o = 1-27 A, Tn„h 
= 1.06 A, rC-H = 1-09 A, z H 3CNH = 107°, zN CO  = 
zOCC = 120°; N,7V-dimethylformamide (DMF), rc_N =
1.38 A, rfv-c = 1.44 A, rc ) — 1.27 A, ron = 1.09 A, all 
angles 120°. The geometries of various 1:1 complexes of 
Li+ are shown in Figure 1. Geometries of 1:2, 1:3 and 1:4 
complexes were generally symmetrical structures and are 
described in appropriate tables or in the text.

The geometries of dimethyl ether, cytosine, and nitro
gen donors were taken from Sutton’s compilations of 
structural data.7 In the 1:2 complex of acetonitrile, Li+ is 
situated in a position 0 = 60° with respect to both the 
CH3CN molecules and the CH3 groups are trans with re
spect to Li+. The 1:2 complex with NH3 is linear with 
zNLi+N  of 180°. In the 1:4 complex, the four nitrogens 
and Li+ are in the same plane and the complex is square- 
planar; a tetrahedral configuration is not more stable than 
this structure. In the case of cytosine, Li+ was taken along 
the carbonyl bond. In the case of HF complexes, the H-F 
distance was minimized by the CNDO/2 method (rH_F = 
0.915 A). The various possible geometries of 1:2 and 1:4 
complexes with H-F are described in the text.

Results and Discussion
Li+ Complexes with Water. After we initiated this 

study, there were several molecular orbital calculations 
reported in the literature8-14 on Li+{H20 )„  complexes. 
We will, however, indicate our results briefly since they 
are pertinent to the discussion of other systems investi

(R ,,R S,=H ) 
(R, =H, R2 = NH2)

Figure 1. Geometry of 1:1 Li+ donor complexes.

Figure 2. Typical potential energy curves showing the variation 
of A £  with U + -- -0  distance (r), in Ll + -H 20, I (0 =  126.5°), 
and Ll + -ether, II (0 = 124.5°).

gated by us. A typical potential energy curve showing the 
variation of the binding energy, AE, with the LÍ+---0 
distance, r, is shown in Figure 2. The variation of AE with 
0 (Figure 3) is roughly comparable to that predicted by ab 
initio calculations8 although the actual values of binding 
energies differ. The results of our calculations on 
Li+(H20 )2, Li+(H20 )3, LD(H20 )4, and Li+(H20 )6 are 
summarized in Table I. The stabilization energy is not 
additive in these complexes and our results are in general 
agreement with the CNDO/2 calculations recently pub
lished on these systems by other workers.9" 12

We are in a position to compare our results with those 
from the recent ab initio calculations13-14 and with the 
experimental equilibrium interaction energies (in the gas 
phase) between Li+ and H20  to give different Li+(H20 )„  
complexes (1 < n < 6) reported by Dzidic and Kebarle.15 
The CNDO/2 binding energies are much higher than the 
values from experiment and ab initio calculations: the 
CNDO/2 binding energy, however, decreases with increase 
in n just as in the case of H+(H20 )n complexes.16 The
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Figure 3. Variation of A£ with <f> in planar 1:1 Li + -H 20  (II) and 
Ll + -ether (111) complexes at L I+ ---0  distance of 2.3 and 2.4 
Â, respectively. Curve I shows the ab initio results on the 1:1  
L i+ -H 20  complex.

TABLE I: CNDO/2  Calculations on Interaction of Water with Li +

-  AE, k,
kcal / I ! + ••• mdvn 1

Adducts Ex, au
kcal /  
m o l“

Li + .. .
O, À A qt M. D

mdyn /
Â

1 1s - 1 9 . 9 6 3 6 46 2 .3 6 - 3 . 1 6 7 .9 0 .9

1 1c - 1 9 . 9 6 7 0 4 8 2 .3 6 - 3 . 1 7 9 .2 1 .0

2 1 " - 3 9 . 9 2 1 9 4 4 2 .3 7 - 3 . 1 6 0 .0 0 .9

2 1c - 3 9 . 9 2 9 7 46 2 .3 7 - 3 . 1 7 0 .0 1 .0

3 1* - 5 9 . 8 7 0 5 41 2.41 - 3 . 1 4 3 .3

3 1c - 5 9 .8 8 2 1 4 4 2.41 - 3 . 1 5 3 .0

4 1 b,d - 7 9 .8 1 5 1 39 2 .4 3 - 3 . 1 3 0 .0 0 .9

4 -\c,d - 7 9 . 8 3 1 2 4 2 2 .4 3 - 3 . 1 4 0 .0 1 .0

6 -\c,e - 1 1 9 . 7 1 4 6 39 2 .4 7 - 0 . 1 2 0 .0

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

6 -|6,g - 1 1 9 . 6 5 1 3 39 2 .4 3 - 0 . 1 4 0 .0

a A E  is the  average stab iliza tion  energy per L i+ - " 0  bond of the co m 
plex (H 20  energy =  -1 9 .8 9 0 9  au). 6 L i+ along the b isector o f the  HOH 
angle (in the plane of HOH and away from  hydrogens). c L i+ along the 
lone pair of oxygen. d Te trahedra l a rrangem ent o f H20  m olecu les. e O cta 
hedral a rrangem ent o f H20  m olecu les. '  To exam ine the  e ffec t o f second 
sphere  of hydra tion , we have taken tw o H20  m olecu les bonded to L i+ and 
fou r H20  m olecu les hydrogen bonded to  the  tw o inner H20  m olecu les. 
*  Here, the  second sphere  of coord ination  is fo rm ed by tw o  outer H20  
m olecu les hydrogen bonded to  tw o o f the  w ater m olecu les in L l+ (H 20 ) * .

equilibrium L i+ ---0  distance also increases with n, but 
the CNDO/2 value (~2.35 A) is much higher than the 
value from ab initio calculations (~1.85 A) reported by 
Clementi and others.13'14 The equilibrium distance ex
pected from the sum of the van der Waals radius of H20  
and ionic radius of Li+ is between these two values (~2.0 
A). The charge transfer associated with the formation 
Li + (H20 )n complexes is shown in Figure 4. We see that 
the charge of hydrogens is transferred to the Li+ ion. The 
net charge transfer, AqT, to the cation in the various com
plexes is given in Table I ;  A<Jt  decreases as n increases in 
accordance with the other changes.

In order to examine the effect of the second layer of hy
dration on the Li+-H20 interaction, we have calculated

Li *
( * 1.00)

H<* 0.135) 

(-0.270) -

(.0.135)

Li- •
(.0.826)

H (- 0.211 ) 
(-0.250) 

( . 0 .211)

H( .0 .1 9 8 )

(-0.225)

(*0.198)H' .

Li (*0.550) f.H2°

;h2o)

■ • Li • •
(.0.665)

c rt-0.226)

'H.

(+0.206)

+ 0.206)

Figure 4. CNDO/2 charges In Li(H20 ) „  complexes.

the energies of Li+(H20)6 where two or four molecules of 
water are in the outer layer as shown below.

H— O’

H
H H \

\  /  , 0 - H

H\  i / H 

■H .0. H

H— 0.

\ H' 
H
H

/

H

H

0 — H

H\  + / H
< > • i*: o

H H.
H— O’ O— H

\ /
H

We see from Table I that the binding energy of 
Li+(H20 )n is not affected by the water molecules in the 
second hydration sphere. However, the hydrogen bond 
energy in both these systems is considerably higher (17 
kcal m o b 1 per hydrogen bond) than in the corresponding 
hydrogen bonded trimer or dimer of water (6-10 kcal 
mol 4). The 0 - - -0  distance here is 2.5 A compared to 
2.6 A in the simple hydrogen bonded species.3’17 This is 
what we would expect considering the nature of charge 
transfer; water molecules polarized by Li+ form stronger 
hydrogen bonds than ordinary water molecules. This ef
fect would be expected to diminish as we add water mole
cules in successive layers. Preliminary calculations show 
that beyond the fourth layer we will essentially have un
perturbed hydrogen bonds similar to those in bulk water.

Complexes of F  with Water. Halide ions form strong 
hydrogen bonds with water. Our CNDO/2 calculations 
give AE values of 77 and 58 kcal mol 1 per F •••() bond 
in F - (H20) and F~(H20 )2 complexes, respectively. Ex
tensive CNDO/2 calculations on F_ (H20)^ complexes by
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TABLE II: CNDO/2 Calculations on Hydration of Ion Pairs“

System
-AE, kcal 

m o l_1
O — F “  or 
0 - - -U  + , Â

h 2o — f - - ••Li + 2 0 d 2 2b'c
H20 — Li + '■ ••F - 3C)e-f 2.4
h 2o — u + -

0
CM

X1LI_ 9 4 e 2.4
Li + . . .H 20 ' • • F - 1 8 1 e 2.4
h 2o - l i+- ••H20 - - F “ ---H 20 6 9 e 2.3
Li +  — H20-■••H20 — F - 144e,g 2.2

“ Equilibrium  U + - - F -  d is tance  is 2.2 A in the  m inim um  energy co n 
figura tion . 6 0 " - F ~  d is tance  in the m in im um  energy struc tu re . c The O -H  
d istance hydrogen bonded to  F is about 1:1 A. c Per F -  •••H 20  bond. 
“ Per Li + ---O H 2 bond. 'S im ila r  ca lcu la tions  w ith  H20 - - U + • ••N O 3-  
gave a A E va lue  of —32 kca l m o l- 1 . g The hydrogen bond energy of 
H20 ” -H 20  in H20 - - -H 20 - - - F -  is 25 kca l m o l-1  (0 ** -0  d is tance =  2 4  
A).

other workers10'12 show a decrease in AE with n. The cal
culated E values are generally much higher than the ex
perimental values18 just as in the case of Li+(H20 )n com
plexes. Our calculations on F~ •••H20 " -H 20  show that 
the hydrogen bond energy between the two water mole
cules is much higher (25 kcal mol-1) than the ordinary 
water dimers, a situation similar to that encountered with 
the second solvation sphere of LD(H 20 )„  complexes.

Hydration of Ion Pairs. We have examined the hydra
tion of the Li+-F _ ion pairs to see the effect of the coun
teranion in different types of ion pairs on the energy of 
hydration of Li+. We have considered three types of ion 
pairs:19 hydrated cage pairs, H20---F~Li+, 
H20---L i+ ---F - and H20 --L i+ -- -F _ ---H20 ; ex
tended cage pairs, Li+"-H 20 -” F-  and H20 --L i+- 
•••H20 ” -F •••H20  and the solvent-separated pair, 
L i+ "-H 20 - " H 20 ” -F- . The results of our calcula
tions are summarized in Table II. We see that the binding 
energy of the L i+---0  bond or the F_ ---0 hydrogen 
bond is lower in the cage pair compared to that found in 
the interaction of Li + or F-  alone. This is understandable 
since the H20  molecule competes with the counter anion 
or cation for bonding in the cage pair. In the extended 
cage pair, Li+ ---H20 ---F _, the stabilization energy of 
the L i+---0  bond is very large; this is in the expected 
direction since hydrogen bonding of H20  with the anion 
would make the oxygen more negative. When extra water 
molecules surround such an expended cage pair as in 
H20"-L i+ -"H 20 -" F - ---H20, the stabilization energy 
comes down considerably, but is still higher than 
in an isolated 1:1 L i+ "-H 20  complex. In the solvent 
separated pair, Li+---H20---H 20 ---F _ , the stabiliza
tion energy is lower than in the extended cage pair as ex
pected. We can readily visualize that as the number of 
water molecules separating the ion pair (as well as the 
number of H20  molecules surrounding each ion) in
creases. AE will approach the value in the isolated 
Li + (H20 )„  or F- (H20 )„  complexes. An examination of 
the CNDO/2 charges of the ion pairs shows that the varia
tions in charges are in the expected direction and consis
tent with the energy changes discussed above.

Li+ Complexes with Other Oxygen Donors. We have 
calculated the energies of a variety of Li+- 0  donor com
plexes as functions of the Li+---0  distance. Typical po
tential energy curves for 1:1 complexes with dimethyl 
ether, formaldehyde, formamide, and IV-methylacetamide 
are shown in Figures 2 and 5. In the 1:1 complexes (Figure 
1), we have studied the variation of binding energies with

Figure 5. Typical potential energy curves showing the variation 
of AE with Li + - - -0  distance in (I) Li + -formaldehyde (0 = 
180°), (II) Li + -formamide (0 =  180°), and (III) L i+-N - 
methylacetamide (0 =  180°).

cp  , degree

Figure 6. Variation of AE with <t> in planar 1:1 Li+r formaldehyde 
complex at Li+ -- -0  distances of 3.0 À (I), 2.0 A (II), and 2.3 
Â (III).

the orientation of Li+ with respect to the oxygen donor. 
Variation of AE with 0 in the Li+-ether system is com
pared with that in Li+-H 20  in Figure 3. We see that the 
orientational dependence in the two systems is quite simi
lar. The AE in the ether complex is highest when <LiOC 
is between 90 and 180°; when Li+ is along the lone-pair 
direction AE was 103 kcal mol-1 , which is less than that 
found in the most stable planar structure. In the case of 
the Li+-formaldehyde complex (Figure 6), the binding 
energy is maximum when Li+ is located at the center of 
the C = 0  bond ( zLiOC = ±60°). In the case of planar Li+ 
-formamide (Figure 7), however, the most stable configu
ration is one where the NH2 group is trans with respect to 
Li+ and 0 is -60°. A slightly more stable configuration is 
found when Li+ is above the plane (0 = 60°) of form
amide. It is interesting that in all these Li+-oxygen donor
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Figure 7. Variation of AE with <p in planar 1:1 L i+ -fo rm am ide  
complex (solid curves) at U + - - - 0  distances of 2.8 À (I), 2.0 
À (II) , and 2.3 Â ( I II) .  Angle <fi Is positive when the NH2 group 
is cis to LI+ and negative when NH2 group is trans to Li + . 
Dashed curves show the variation of AE with 4> when Li+ is In a 
plane perpendicular to that of formamide.

TABLE III: CNDO/2 Results on the Most Stable Configurations of 
Complexes of L i+ with Oxygen Donors'2

Li + — O t 
À

-  AE, 
kcal 

mol 1 A p t M, D

k,
m d yn /

1 ; 1 Complexes

h 2o 6 2.36 48 -0 .1 7 9.2 1.0
(CH3) 2Oc 2.40 125 -0 .3 5 8.1 1.1
H2C O + e 2.28 102 -0 .3 0 9.5 1.1
h 2n h c c v 2.32 116 -0 .3 2 9.5 1.4
NM At 2.30 152 -0 .4 0 9.6 1.1
DMFd 2.35 116 -0 .3 4 7.1 1.1
Cytosine 2.20 99 -0 .2 7 21.8

1 :2 Complexes

H20 6 2.37 46 -0 .1 7 0.0 1.0
(CH3) 20 6 2.22 94 -0 .2 5 6.1 1.1
H2COd 2.40 99 -0 .3 0 0.0 1.1
H2N H C (y 2.40 113 -0 .3 1 0.0 1.1

1 :4 Complexes
H20 + « 2.43 42 -0 .1 4 0.0 1.0
H2C 0 6-h 2.40 53 -0 .1 5 0.0 1.0

0 Data for the m ost stable configu ra tions. A E  is the  stab iliza tion  energy 
per L I+ -- -0  bond of the  com p lex  com pared  to  the  com ponents. 6 Along 
the  lone pair d irection . c Z  L OC =  180° planar arrangem ent. d z LiOC 
=  60° (L l+ in the  plane of the carbonyl ske le ton ); C = 0  d is tance in
creases on com plexation . e There is an increase in C = 0  d istance by 0.01 
Â. ! Z L iO C  =  60°; L i+  in the  d irection  perpendicu la r to the  m olecu lar 
plane; C = 0  d is tance  increases on com plexa tion . g Tetrahedra l a rrange
m ent. h Z  LiOC =  120°.

systems, the configurations where Li+ is along the direc
tion of the oxygen lone pair are not the most stable ones. 
This is in accordance with a similar observation made in 
hydrogen-bonded systems where also there is no prefer
ence for bonding along the lone-pair vector.20-21 

In Table III, we have summarized the results of our 
CNDO/2 calculations for the most stable configurations of 
1:1, 1:2, and 1:4 complexes of Li+ with oxygen donors. 
The results clearly show that of all the oxygen donors,

TABLE IV: CNDO/2 Charges in Li + -Oxygen Donor Complexes'2

Li O Other sites

1: 1 Complexes

h 2o 0.828 -0 .2 5 0 H 0.211
(1.000) ( -0 .2 7 0 ) (0.135)

(CH3) 20 0.650 -0 .1 8 5 C 0.135
(1.000) ( -0 .2 0 9 ) (0.138)

H 0.062 to 0.021
( — 0.015 to -0 .0 0 8 )

h 2c o 0.698 -0 .0 9 5 C 0.250
(1.000) ( -0 .1 9 5 ) (0.206)

H 0.056, 0.090
I;-0 .0 0 5 )

H2NHCOi’ 0.683 -0 .2 5 3 C 0.362, N -0 .2 0 9
(1.000) ( -0 .3 2 0 ) (0.345) ( -0 .2 4 5 )

H 0.045
I( -0 .0 3 7 )

NMAC 0.597 -0 .2 9 3 C 0.363, C ' -0 .0 9 3
(1.000) ( -0 .3 7 4 ) (0.353) ( -0 .0 9 9 )

N -0 .1 8 3 , H 0.153
(-0 .1 9 0 )  ( +  0.098)

DMF6 0.658 -0 .2 8 2 C 0.371
(1.000) ( -0 .3 3 8 ) (0.324)

N -0 .1 0 3 , H 0.019
(-0 .1 4 0 )  ( -0 .0 3 0 )

1::2 Complexes

H20 0.665 -0 .2 4 6 H 0.206
(CH3) 20 0.499 -0 .1 8 6 C 0.134

H 0.034 to 0.019
h 2c o 0.397 -0 .0 9 8 C 0.254

H 0.080, 0.066
h 2n h c o 0.368 -0 .2 6 1 C 0.373, N -0 .2 0 3

H 0.042

1 :4 Complexes

h 2o 0.439 -0 .2 4 5 H 0.193
h 2c o 0.386 -0 .1 6 2 C 0.252

H 0.045 to 0.018

“  Charges in the  parentheses are for the parent system . 6 The hydrogen 
atom  is the  C -H  hydrogen. c The hydrogen atom  is the  N -H  hydrogen; 
C ' is the carbon of the  CH3 group linked to C = 0  and C is the  carbonyl 
group.

amides by far have the strongest interaction with Li+. Ac
cordingly, the net charge transfer, A(?t , between the ion 
and the oxygen donor is also highest in amides. The stabi
lization energy (AE per L i+---0  bond) and Aq-i in all 
the complexes decreases with increase in n just as in the 
case of Li+(H20)n complexes. Accordingly, with increase 
in , the L i+ ---0  bond becomes weaker and hence the 
L i+---0  distance becomes longer. The most significant 
change in CNDO/2 charges on complexation is the trans
fer of charge from oxygen to Li+ (Table IV). In addition, 
there seems to be small charge transfer from some of the 
atoms adjacent to the donor atom as well.

With the carbonyl donors, the carbonyl distance is 
slightly higher in Li+ complexes. In the case of formalde
hyde, the increase in C = 0  distance is 0.01 A and in am
ides it is 0.03 A. In amides, there is also a shortening of 
the central C-N bond by 0.03 A. The bond distance 
changes would be expected to result in significant changes 
in the vibrational and nmr spectra of these complexes. 
Such changes in spectra are indeed observed. Thus, in the 
case of the acetone-Li+ complex, a decrease in C = 0  fre
quency is reported,22 while in amide complexes, a de-
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TABLE V: C N D O /2  Calculations on L D -A m id e  Complexes

- A  £,
kcal L I---0 , 8a.

A m idea m o l-1 À A qt kcal m o l- '

F A 6 72 2 .2 0 - 0 . 2 4 25 (1 6 .0 )
N M A C 88 2 .2 0 - 0 . 2 8 31 (1 6 .0 )
D M F d 83 2 .2 0 - 0 . 2 7 31 (1 6 .5 )

°  In all these cases, ¿1 LiOC — 180°. This is not the most s tab le  con 
figura tion  (see Table I I I ) ,  but the  trends in properties rem ain s im ila r In 
other configu ra tions as well. Values of barrie r height, £a , given in b rackets 
are for parent am ides. 6 A(Ĉ O) = 0.02 Á and A (C -N )  =  - 0 .0 2  Á. 
c A ( C = 0 )  =  0.02 Á and A (C -N )  =  - 0 .0 3  Á. d A ( C = 0 )  =  0 02 Á, 
and A (C -N ) =  - 0 .0 3  Á.

crease in the amide I frequency and an increase in the 
amide II frequency have been noted.23 Nmr studies on 
tertiary amides like DMF or N,iV-dimethylacetamide in 
the presence of Li+ salts have shown an increase in the 
coaelesence temperature of CH3 signals.23 This is consis
tent with the higher C-N bond order in the complexes. 
CNDO/2 calculations also predict an increase in the bar
rier to rotation, Ea, in these amide complexes (Table V). 
The changes in bond distances and spectra found in Li+ 
complexes of carbonyl compounds are comparable to those 
found in protonated amides.24’25

Solubility of lithium salts in amides is known to be ap
preciable.26 It is also known that polypeptides and pro
teins undergo conformational changes in aqueous lithium 
salt solutions.27 Although there are a few reports on the 
nature of interaction of Li+ with amides,28 polypep
tides,29’30 and proteins,31 it is not clear whether the interac
tion involves Li+ binding to specific sites. The present stud
ies indicate strong binding of Li+ to the carbonyl oxygen of 
the peptide bond. Swenson32 as well as Johnston and 
Krimm33 have found alterations in the amide I bond of 
poly-L-proline in the presence of lithium salts suggesting 
ion-induced changes in the peptide geometry. Our calcu
lations on the interaction of Li+ with cytosine (Table III) 
show that the interaction with the carbonyl group is 
strong just as with amides.

There are no experimental data on the binding energies 
of Li+ with any of the oxygen donors discussed here. The 
only case where we can roughly estimate the binding ener
gy is in amide complexes. The enthalpies of solvation of 
formamide and iV,N-dimethylformamide are around 215 
kcal mol-1 and the enthalpy of solvation of lithium ion in 
these amides is ~130 kcal mol- - (compared to 106 kcal 
mol-1 in the case of Na+).34 Assuming 1:4 coordination 
and correcting for Born energy, this gives an estimate of 
25-30 kcal mol-1 for the energy of one Li+-amide bond. 
Just as in the Li+(H20)„ complexes this estimated value 
of the binding energy is much smaller than the calculated 
values.

Interaction of carbonyl compounds with Li+ is in many 
ways comparable to protonation of these compounds. 
CNDO/2 calculations as well as spectroscopic studies 
have shown that the site of protonation in carbonyl com
pounds is the carbonyl oxygen.24-25 In the case of formal
dehyde, protonation increases the C = 0  distance by 0.3 A. 
In amides, the increase in C = 0  distance is around 0.06 A, 
while the decrease in C-N distance is about 0.05 Á. Bar
rier heights to rotation, Ea, in protonated amides are con
siderably higher than in the parent amides.

Li+ Complexes with Nitrogen Donors. The geometry of 
1:1 complexes of Li+ with acetonitrile and pyridine are 
shown in Figure 1. In the case of the LÍ+-NH3 complex,

Figure 8 . Potential energy curves showing the variation of A£ 
with Li+ • • - N distance In I, NH3-L i+ , II, C5H5N -U + (0 =  
60°), and III, CH3CN-U+ 10 = 75°) systems.

TABLE VI: C N D O /2  Calculations on L i+ -N itrogen  
Donor Complexes

- A  E, k.
kcal L i+ *” N, m d yn /

Donor Et, au mol ~ 1 0 Â Aqt A ' M, D

n h 3 -14.0164
1:1 Complexes 

95 2.13 -0 .2 9 1.7 7.6
c h 3c n * -28.1356 193 2.20 -0 .3 9 1.8 10.6
c 5h 5n c -51 .1273 164 2.20 -0 .4 8 1.7 5.1

n h 3 -28.0280
1:2 Complexes 

94 2.20 -0 .2 8 0 .0
CH3CN6 -56.1989 171 2.15 -0 .3 9 10.5

n h 3 -55.9737
1 :4 Complexes 

81 2.30 - 0.22 0 .0

“  A £  is the average stab ilization energy per L i+ — N bond of the co m 
plex. £ t  of NH 3, C H 3CN, and C5H5N are -1 3 .8 6 4 4 , -2 7 .8 2 6 8 , and 
— 50.8660 au, respective ly . f  This Is the  m ost s tab le  configu ra tion , 0  =  
60°. c This is the  m ost stable configura tion , 0  =  75°.

the Li+ was along the lone-pair direction. Typical poten
tial energy curves for these 1:1 complexes are shown in 
Figure 8. We see that the binding energies with nitrogen 
donors (Table VI) are somewhat higher than with the oxy
gen donors (Table III). The variation of binding energies 
with 0 in the case of 1:1 acetonitrile and pyridine com
plexes are shown in Figure 9. In the case of Li+-CHsCN, 
the orientation where Li+ is above the center of the C =N  
bond (0 = ±60) is most stable. In the planar Li+-pyridine 
complex, the most stable configuration is one where 0 = 
75°.

The stabilization energy per Li+---N bond decreases as 
the number of coordinating donor molecules, n, increases 
just as in the oxygen donor complexes (Table VI). The 
CNDO/2 charges in these complexes show that the charge 
is transferred from the nitrogen to Li+; there is also some 
charge transfer from other atoms such as the hydrogen 
atoms in the case of NH3, the nitrile carbon atom in 
CH3CN, and the a-carbon atom in the case of pyridine.

Recently, Yamdagni and Kebarle35 have experimentally 
determined the binding energy of K +-CHsCN to be 24 
kcal mol-1 . Considering the trends in the water-alkali
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Figure 9. (a) Variation of A E with 0 in CH3CN-Li+ at N ---U  + 
distances of 3.0 A (I), 1.9 A (II), and 2.1 A (III), (b) Variation 
of AE with 0 in C5H5N -L i+ at N ---L i + distance of 3.0 A (I), 
1.9 A (II), and 2.2 A (III).

TABLE V II: CNDO/2 Calculations on Li + (H F )„ Complexes

-AE,

System au
kcal

mol-1
U+---F,

A M. D

1:1 Complexes
HFa -28.4462 16 2.7 10.4
HF* -28.4461 16 2.7 11.1

1:2 Complexes
HFa -56.8905 17 2.7 0.0
HF* -56.8905 17 2.7 0.0

1:4 Complexes
HFa -113.7732 16 2.8 0.0
HF* -113.7728 16 2.8 0.0

a 0 = 180° (linear arrangement) and Li+ is at the fluorine end; ET = 
— 28.4179 au and n — 1.85 D for H-F molecule. 6 d> = 135°.

metal ion complexes (where AE decreases going from Li+ 
to Na+ or K+), we would estimate the binding energy of 
Li+-CH3CN to be around 45 kcal mol-1 , which is again 
lower than the calculated value. Searles and Kebarle36 
have determined the thermodynamics of association of 
NH3 with NH4+ giving rise to the complexes of the type 
NH4+(NH3)„ and AE in these complexes decreases with
n.

Li+ Complexes with HF. The results of the CNDO/2 
calculations on Li+(HF)n complexes are summarized in 
Table VII. The bonding energies in these complexes are 
smaller as compared to the values in oxygen or nitrogen 
donor complexes. Accordingly, the Li+---F distance is 
also much longer than the L i+ ---0  or Li+ •••N distance 
in complexes. A similar result is found in mixed hydro
gen-bonded dimers of H20, NH3, and HF; the hydrogen 
bond energies of dimers where the hydrogen bond is

formed between the fluorine of HF and the proton of an
other donor is generally weak compared to other dimers.37 
Further, AE does not change with n in these HF com
plexes and charge is transferred from botn H and F atoms 
to Li+.

CNDO/2 Binding Energies and Potential Function for 
Li+-Donor Interactions. In the previous sections it was 
pointed out that the values of binding energies calculated 
by the CNDO/2 method are generally much higher than 
the experimental values. The equilibrium distances also 
differ from experiment. These discrepancies arise from 
limitations of the CNDO/2 method. The basis sets in the 
CNDO/2 method are small, valence basis sets; inclusion 
of Is and 3d orbitals in some form would probably im
prove the results.38 Further, the parameters in the 
CNDO/2 program were not optimized in our calculations; 
reparameterisation is likely to yield better agreement with 
experiment.

In spite of the disagreement of absolute values of bind
ing energies with experiment, the CNDO/2 binding ener
gies and equilibrium distances exhibit the correct trends 
with n in Li+(donor)„ complexes. We therefore feel that 
the CNDO/2 method rightly predicts the form of the po
tential curve (variation of AE with distance) for Li+- 
donor interaction. Assuming that the form of the potential 
function for the variation of AE with r is rightly given by 
the CNDO/2 method, we next attempted to see if the 
function can be fitted to the empirical equation of the 
type

_  A  _  B 
A F.

where a and b are constants. Here, AE is the interaction 
energy of the complex Li+(donor),i where Li+ is at the 
same distance r from all the donor molecules. We used the 
CNDO/2 stabilization energies, AE, at the equilibrium 
distances to calculate A and B for different values of a 
and b. We find that for all the systems studied here, the 
best values of a and b are 12 and 6, respectively. We thus 
see that the classical Lennard-Jones potential holds good 
for the ion-dipole interactions studied presently, a conclu
sion which has also been arrived at by Saluja and Schera- 
ga.12 Once having obtained the correct potential function, 
we can evaluate A and B if we know the correct values of 
AE. Unfortunately, experimental AE values are available 
only for Li+(H20 )re and A and B have been evaluated for 
this system.12

Stretching Vibrations Involving Li+ in Li+(donor)n 
Complexes. The Li---donor (Li---C> or Li---N) 
stretching force constants calculated from the CNDO/2 
potential energy curves are given in Tables I, III, and VI. 
We see that the force constant is of the order of 1 mdyn/A 
in all the complexes studied by us. The essential constan
cy of the L i-• -donor distances and the stretching force 
constant in these complexes indicates that the Li-■-do
nor stretching frequency must be about the same. We 
have calculated the asymmetric stretching frequency in 
linear Li(donor)2 as well as tetrahedral and planar Li(do- 
nor)4 complexes employing standard relations39“41 with 
stretching force constants of 1.0 and 0.6 mdyn/A, the lat
ter being taken as a likely lower limit. The donors em
ployed for the calculations are oxygens (as may be present 
in oxides or oxyanion salts), water, and dimethyl ether.

The results of these calculations show that the asym
metric stretching frequency in these systems is between 
440 and 750 cm -1 immaterial of the Conor when the
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stretching force constant is 1 mdyn/A; with 0.6 mdyn/A 
the range is 350-590 cm -1 . It appears that a value of 500 
±  100 cm ' 1 would cover the likely range for the L i(0 )n 
asymmetric stretching frequency if the force constant is in 
this range. A force constant of 0.7 mdyn/A has indeed 
been suggested by Edgell and coworkers41 for the Li+ vi
bration in the solvent cage of oxygen donors.

It would be relevant to discuss briefly the nature of cat
ion vibrations in the oxygen polyhedra formed by the 
coordinating solvent molecules. Alkali metal salts dis
solved in oxygen donor solvents such as ethers, ketones, 
and amides exhibit broad low-frequency absorption band 
characteristic of alkali metal ions in the infrared 
spectra.22-41' 43 In the case of lithium salts, this band 
appears at around 400 c m 1. This is essentially indepen
dent of the anion and the solvent in polar solvents and the 
solvation number is 4.22,42,44 The lithium cation-solvent 
cage band around 400 cm' 1 has a corresponding band in 
well-defined 1:4 coordination compounds of Li+ with 
amides as well as in lithium oxide glasses.45 These bands 
appear to be characteristic of specific cation-oxygen co
ordination polyhedra (L i+(0)4 in the case of L i"), similar 
to those found in the spectra of crystalline oxyanion salts by 
Tarte.46-47 Lithium salts also exhibit a band at around 
400 cm-1 in nitrogen-donor solvents such as pyridine and 
acetonitrile41’45'48 just as in oxygen-donor solvents. Ac
cordingly, the force constants for the L i+ --N  and 
L i- "0  vibrations in Li+-donor complexes are of the 
same order. It is remarkable that the low-frequency bands 
characteristic of quantized vibrations of cations in differ
ent systems require only the short range order of the first 
coordination sphere. These bands will undoubtedly serve 
as useful probes in the study of coordination of cations in 
solutions, glasses, crystals, and other systems and also 
ion-solvent interactions.

Concluding Remarks
Although CNDO/2 calculations do not provide correct 

values of interaction energies, AE, between Li+ and donor 
molecules to give Li+(donor) „ complexes, the calculated 
AE values show a decreasing trend with increase in n as 
expected. Accordingly, the Li+--donor distance in
creases with n. Assuming that the CNDO method rightly 
predicts the form of variation of AE with Li ‘ ■ -donor 
distance, we find that the CNDO results can be fitted into 
a 6-12 potential function.

In the case of L i! complexes with water, the calcula
tions show that the molecules in the second hydration 
layer are very strongly hydrogen bonded to the molecules 
in the first layer; this hydrogen bond energy will approach 
the normal value in water as we go to successive layers of 
hydration. A similar situation seems to be present in the 
case of F~ complexes with water. Properties of hydrated 
ion pairs predicted by the CNDO method appeal to rea
son. Thus, in the case of solvent-separated ion pairs, as 
the number of water molecules separating the ion pair in
creases, the stabilization energy, AE, approaches the 
value for the isolated Li+(H20)„ or F~(H20)n complex.

Based on CNDO calculations, the orientations of donor 
molecules with respect to Li+ in Li+(donor)„ complexes 
have been predicted. In all of the cases examined, the 
most stable orientation is not along the direction of the 
lone-pair orbital of the donor, a situation similar to hydro
gen-bonded systems. The present calculations correctly 
predict the trends in the variations of bond distances in 
the donor due to interaction with Li+. The predicted bond

distance changes can be experimentally verified in terms 
of infrared band shifts as well as nmr spectra. For exam
ple, in the case of carbonyl donors, the predicted increase 
in the C = 0  distance in carbonyl donors causes a lowering 
of the C = 0  stretching frequency. In amides, a decrease in 
the C-N bond distance increases the barrier to rotation 
about the C-N bond. In this regard, interaction of Li+ 
with donors is comparable to the protonation of donors. 
Based on CNDO calculations we can predict the nature of 
the quantized vibration of Li+ in Li+(donor)n polyhedra. 
Characteristic infrared bands due to such vibrations have 
indeed been reported.

It is heartening that in spite of the approximations of 
the CNDO method, the calculations are able to describe 
the gross features of ion solvation to some extent. The 
main shortcoming, however, is that these calculations do 
not provide the right values of interaction energies and 
bond distances.
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Esr spectra of the reduced forms of the molybdovanadophosphoric heteropoly acids (Hs+xMoia-jV*" 
PO-Krrch^O, where x = 0, 1, and 2) have been observed in their solid state, and exhibit well-resolved an
isotropic hyperfine structure. From the analysis based on the second-order perturbation theory, it was 
found that replacements of molybdenum by vanadium ions afforded a very promising way to clarify the 
nature of the reduced form of the heteropoly compounds. The hyperfine coupling constants of the vana- 
dium(IV) observed for x = 1, 2 are almost the same as those of organic vanadyl complexes, which indi
cates localization of one electron on the vanadium ion. A mechanism for this localization in the hetero
poly acids is proposed. Several parallel lines of the x = 1 and 2 species were found to be split by about 15 
G, due presumably to interactions with neighboring hydroxylated molybdenum anions. The narrow line 
width of the peaks is attributable to the separation of the paramagnetic ions in the heteropolv cage, large 
enough to remove dipolar broadening. By the estimation of the line width with a cubic lattice model, it 
was found that only one paramagnetic ion existed in one molecule. Mo(V) is the sole paramagnetic 
species in the x = 0 acid, whereas V(IV) is assumed to be that in the x = 1 and 2 acids. The possibility 
of the existence also of Mo(V) components in the esr signal of the latter acids remains, because of the 
obscuring effect of the stronger intensity of the vanadium(IV) lines.

The reduction of molybdenum and vanadium com
pounds generally gives rise to blue products associated 
with molybdenum!V) and vanadium(IV), respectively. 
Many esr studies of the reduced states have been re
ported,1-4 sometimes with an interest in their relation to 
catalytic activity.1-4 In the case of the reduction of oxides 
of vanadium5 and its mixed oxides with molybdenum,5-6 
the esr spectra usually show a broad line (with no hyper
fine structure and apparently small anisotropy), due to 
the large line width caused by fast spin-lattice relaxation6 
or dipole-dipole interaction.7

In the study of such oxides, it is often observed that the 
esr spectrum is strongly affected by the conditions of sam
ple preparation. A single crystal of V20 5, prepared by 
crystallization after zone melting, for instance, gives sev
eral kinds of paramagnetic species, dependent on small 
changes in the cooling rate or in the atmosphere. Mixed 
oxides with completely identical chemical and physical

properties are difficult to produce. Thus, Mann and 
Khulbe1 observed a complicated structure in the esr spec
trum of a low V2O5 content V2O5-M0O3 system, whereas 
Yoshida5-6 reported only a broad singlet throughout the 
composition range. One of the most promising ways to 
achieve reproducibility is to prepare pure compounds, 
with definite molecular or crystal structure. In the present 
study, a series of molybdovanadophosphoric heteropoly 
acids was selected as a model compound for the V2O5- 
M0O3 composite oxides. These heteropoly acids are, in 
general, prepared by the condensation of aqueous solu
tions containing VO3- , M o042~, and PO43-  oxyanions 
with sulfuric acid. The famous Keggin structure8-9 is gen
erally accepted for the 12-molybdophosphoric heteropoly 
acid and the identical structure10 was-proposed for all the 
molybdovanadophosphoric acids with the general formula 
Hs+jMoja-ArViPOio • nH20, where x is a number from 0 
to 12, and n is the number of waters of crystallization.
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The reduced form of molybdcphosphoric heteropoly 
acid is generally used in analytical chemistry for the de
tection of trace amounts of phosphorus, utilizing the 
strong blue colorization generally called heteropoly blue. 
This colorization is associated with the formation of lower 
valent molybdenum ions among the polymeric units in the 
heteropoly cage, but the valency of such reduced ions is 
not yet identified. Several polarographie11 and spectro
scopic12 studies of the reduction of heteropoly tungstates 
have shown that the compounds have low reduction po
tentials and the addition of electrons is so fast that it is 
sometimes difficult to discriminate between one and two 
electron transfers. Esr spectra of such a reduced phos- 
photungstate11 have shown the applicability of this tech
nique to the study of the mechanism of the reduction, but 
the spectral pattern is a broad singlet with little anisotro
py and hyperfine structure, so that the usefulness is only a 
limited one. In the present study it will be shown how va
nadium substitution into the molybdophosphoric hetero
poly acid is a promising way for the elucidation of the re
duction process and the chemistry of the reduced com
pounds. The heteropoly acids with the above formula have 
a stability against reduction and thus were useful in the 
present study.

Experimental Section
Dodecamolybdophosphoric acid was prepared from 

aqueous solution of the stoichiometric mixture of Na2- 
MoCh^HaO and Na2HP04-12H20  by condensation with 
sulfuric acid (d = 1.84), followed by extraction with ether. 
All these were analogous to the method for preparation of 
the vanadium-substituted heteropoly molybdates pro
posed in ref 13. Commercial grace dodecamolybdophos
phoric acid (H3MOi2PO40-24H2O) was also used in the 
experiment with the same results. 11-Molybdo-l-vanado- 
phosphoric and 10-molybdo-2-vanadophosphoric acids 
were prepared following the method of Tsigdinos and Hal- 
lada.13 The vanadium and molybdenum condensation 
ratio was confirmed by X-ray fluorescence analysis. The 
mixed oxides of the M0O3-V 2O5-P 2O5 system were used 
in order to compare with the results of the heteropoly 
acids. They were prepared by mixing the aqueous solution 
containing calculated amounts of the corresponding am
monium salt, i.e., (NH4)6Mo7024-4H20, NH4VO3, and 
(NFLthHPCU, respectively. The mixed solution was evap
orated to dryness under vacuum (20 Torr) at 40°, and fur
ther dried in an oven at 150°. The dry mass was ground in 
an agate mortar and the powder was placed as a thin layer 
(2~3 mm) in a Pyrex tube. It was heated under flowing 
dried air in an electric furnace, with the programed heat
ing rate of l°/m in from room temperature to 600° followed 
by 2 hr of calcination at that temperature. Several molyb
denum compounds were also selected for the esr study of 
their reduced oxyanions. The reduction of these com
pounds was carried out in a dual quartz tube, the inner 
diameters being 4 and 2 mm, respectively. The sample 
powder was placed in the inner tube to about 20 mm 
height, the bottom being stuffed with a small amount of 
quartz wool, through which hydrogen gas preheated in the 
outer tube flows. The reduction of the heteropoly acids 
was carried out below 300° for less than 10 min, where
upon a strong esr signal with resolved hyperfine splitting 
(hfs) was observed. All the spectra were recorded at 77°K, 
after rapidly evacuating the sample to less than 10" 4 Torr 
at 100°. An X-band spectrometer JES-P-10, Japan Elec

tron Optics Co., was used throughout the present investi
gation. The analysis of the anisotropic hfs signals was car
ried out by the parameter optimization technique ex
plained in the Appendix. In this paper the direction of the 
magnetic field has been indicated in the figures by an 
arrow, whose length corresponds to 250-G width.

Results
(A) Dodecamolybdophosphoric Acid. The fresh com

pound dodecamolybdophosphoric acid is a yellow micro- 
crystalline powder, and does not give any esr signals. Re
duction (5 min) at 280° in H2 caused no apparent color 
change but gave an esr spectrum with the anisotropic hfs 
shown in Figure 1. Further reduction caused the forma
tion of black portions in the sample, and the complete re
duction required 1 hr, accompanied by a uniform color 
change to black. The higher the degree of reduction, the 
less resolved were the esr observed, and another signal 
with broader line width appeared with increasing intensi
ty. The spectrum in Figure 1 is quite different from that 
of the molybdenum oxide supported on alumina,4 in its 
sharp line width and the clear resolution of hfs compo
nents. The signals in Figure 1 are grouped into two sets, 
one being the perpendicular and the other the parallel 
components. The assignment of the second derivative 
spectrum is given in Table I. It was found that the re
duced sample was very soluble in water, just as the orig
inal heteropoly acid. This fact indicates that the sample is 
not decomposed to the composite oxide by the present 
treatment. The stability was also confirmed by X-ray dif
fraction and ir spectroscopy.

(B) Undecamolybdovanadophosphoric Acid. The or
ange-colored sample showed an esr signal even before re
duction with H2. The reduction in H2 at 280° was very 
fast, with colorization to dark blue, but the esr spectral 
pattern was almost unchanged except for the larger signal 
intensity and the broader line width and, hence, de
creased resolution. The partial reduction of the original 
heteropoly acid seemed to have occurred in the synthetic 
stage, possibly due to the presence of sulfur compounds in 
the ether,13b for which the commercially available G.R. 
grade sample was used without further purification. The 
spectrum in Figure 2 was obtained from the original 
heteropoly acid at 77°K after evacuation at 100° to below 
10“ 4 Torr. It is remarkably similar to that of oxovana- 
dium(IV) in frozen glasses14 or vanadium pentoxide sup
ported on alumina,5 and thus the signal is reasonably as
signed to the vanadium(IV) ion substituting for one of the 
12 octahedral molybdenum(VI) oxyanions in the heteropo
ly cage. The spectrum seems not to retain even a trace of 
the signal pattern of the dodecamolybdophosphoric acid 
shown in Figure 1. Thus, the analysis of Figure 2 given in 
Table I is based completely on the anisotropic hfs of 
vanadium(IV). The sample reduced in H2 to a dark mass 
was soluble in water, just as the original heteropoly acid. 
The stability of the compound against reduction was fur
ther confirmed by the ir spectroscopy.

(C) Decamolybdodivanadophosphoric Acid. The red
dish-orange powder was very easily reduced at 280° in H2 
and was changed to a dark mass. The esr signal was, how
ever, observed even in an original sample before H2 reduc
tion, which is quite similar to the case of B (the same 
method of preparation).

The spectral pattern of such a partly reduced sample 
(Figure 3) resembles that of the H2-reduced one, and the
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Figure 1. Esr (first derivative) spectrum of reduced H3M012PO40 
(solid, 77°K).

Figure 2. Esr (first derivative) spectrum of reduced 
H4M011VPO40 (solid, 77°K).

Figure 3. Esr (first derivative) spectrum of reduced 
H5Mo10V2PO40 (solid, 77°K).

change in the spectrum was also consistent with B. Its 
analysis was based on the assumption that vanadium(IV) 
substitutes for one of the 1 2  octahedra in the heteropoly 
cage, and that there is no interaction between vanadi- 
um(IV) and vanadium(V). The results are shown in the 
figure and in Table I. Just as in the previous two hetero
poly acids, the original and the reduced samples were 
equally very soluble in water, from which it was reason
ably concluded that the heteropoly acid was not decom-

Figure 4. Esr (first derivative) spectrum of reduced (NH4)3 - 
M0 1 2PO40 (solid, 77°K).

posed on reduction. This point was further confirmed by 
the ir spectroscopy.

(D) Dodecamolybdophosphoric Acid Ammonium Salt. 
The commercially available ammonium dodecamolybdo- 
phosphate ((NH4)3Moi2P0 4 o-3 H20 , Guaranteed Grade, 
Kishida Chemicals) was reduced at 350° with a 30-min 
treatment under a stream of hydrogen. The esr spectrum 
thus obtained is given in Figure 4. It resembles the signal 
pattern of the free dodecamolybdophosphoric heteropoly 
acid in Figure 1, but with a little poorer resolution. The 
analysis was carried out from the second-derivative spec
trum, and the results given in Table I were obtained.

(E) Ammonium Heptamolybdate. The commercially 
available ammonium heptamolybdate ((NH4)6Mo7 0 2 4- 
4 H2O, Guaranteed Grade, Kishida Chemicals) was 
powdered in an agate mortar and reduced under the same 
conditions as in D. The white powder, when reduced in a 
stream of hydrogen, turned grey and gave an esr spectrum 
shown in Figure 5a. However, this compound gave a quite 
different esr signal (Figure 5b) when decomposed in a 
stream of air (and hence in an oxidative atmosphere) and 
with a programed temperature treatment described in the 
Experimental Section (see section G). The spectrum of 
the reduced sample in Figure 5a is apparently composed 
of two kinds of lines, one with anisotropic hfs lines and 
the other probably with isotropic hfs lines.

(F) Sodium Molybdate Dihydrate. The commercially 
available microcrystalline sample of sodium molybdate 
dihydrate (Na2Mo04-2H20, Guaranteed Grade, Kishida 
Chemicals) was powdered and reduced as described in D 
and E. The white powder maintained its original color 
and gave no esr signal.

(G) Molybdenum Trioxide. The commercially available 
sample of molybdenum trioxide (M0 O3 , Commercial 
Grade, Kishida Chemicals) was a mixture of variously 
shaped crystals (approximately 2 X 1 X 1  mm) with ex
tremely pale greenish yellow color. This sample was pow
dered and reduced as described in D, but there appeared 
only very weak esr signals. The grey sample obtained after 
reduction at 400° for 30 min in a stream of hydrogen gave 
no esr signals. The alternative method was applied for 
preparing M0O3, utilizing ammonium heptamolybdate 
powdered and calcined in a thin layer in flowing air with 
the programmed temperature elevation. The powder thus 
obtained was pale grey, which was confirmed to be M0 O3 

by X-ray diffraction and infrared spectrum. This sample 
gave an esr signal shown in Figure 5b even before reduc
tion.

(H) Mixed Oxides of the M 0 O3-V 2O5-P 2O5 System. 
Three mixed oxide samples of the M0O3-V2O5-P2O5 sys
tem showed esr signals even without reduction. The spec-
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Figure 5. Esr (first derivative) spectra (solid, 77°K) of (a) reduced ammonium heptamolybdate, (b) molybdenum trioxide, and the 
composite oxides with (c) Mo:V = 10:2 (d) Mo:V:P = 10:2:1, and (e) Mo.P = 12:1 atomic ratios.

TABLE I: g  and TTensor Parameters for the Reduced Molybdovanadophosphoric Heteropoly Acids

Param agnetic
Compounds ion 9x 9il ( g ) 7\l ° T||a (7)“

H3MO12PO40 Mo(V) 1.953 1.947 1.951 -0.416 -0.534 -0.455
H4MOHVPO40 V(IV) 1.982 1.923 1.962 -0.690 -1.751 -1.043

(1.919) (1.961) (-1.724) (-1.034)
H5MO10V2PO40 V(IV) 1 982 1.928 1.964 -0.678 -1.730 -1.029

(1.924) (1.962) (-1.702) (-1.019)
H5Mo10V2PO40h V(IV) 1.965 -1.037
(NH4)3MCH2PO40 Mo(V) 1.95 1.95 1.95 -0.387 -0.711 -0.495
Oxide" V(IV) 1.99 1.89 1.96 -0.675 -1.708 -1.019
Mo(V) complex'* Mo(V) 1.975 -0.32
V(IV) complex" V(IV) 1.980 1.945 1.972 -0.618 -1.674 -0.974

a 10 -2  c m - 1 . & A ce to n itr ile  so lu tion: room  tem pera ture  (re f 21). c Com posite  oxide w ith Mo: V: P =  10:2:1 a tom ic ra tio, second-order co rrec tio n  was 
not made because of the broad line w idth. d Cysteine com plex (pH 9, in the 0.2 M phosphate buffer) (re f 26). e Vanadyl ace ty lace tona te  in p y rid ine - 
to luene glass (re f 14).

tram of the mixed oxide with the atomic composition but its second-derivative showed the more complicated
Mo:V = 1 0 :2  is shown in Figure 5c. The first-derivative nature of the anisotropic hfs lines. The spectral pattern
spectrum is approximately regarded as a broad doublet, resembles that of M0 O3 in Figure 5b, but it has weak sup-
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plementary hfs signals originating from V(IV). The sam
ple with Mo:V:P = 10:2:1 showed the spectrum in Figure 
5d. This pattern is completely different from that of the 
sample without phosphorus, and rather resembles that of 
the vanadium-substituted heteropoly acid given in B of 
this section. It was composed of two kinds of lines, one 
with a broader line width, and was assigned as in Table I. 
The latter and sharper lines are too weak for detailed 
analysis. The esr signal of the sample with Mo:P = 12:1 is 
very similar to that of the molybdenum trioxide prepared 
by the oxidative decomposition of the ammonium hepta- 
molybdate (see F). It was composed of lines from aniso
tropic origin and had only parallel hfs components re
solved (Figure 5e).

These mixed oxides were further investigated by X-ray 
diffraction and infrared spectroscopy, but both analytical 
tools indicated only the presence of M0O3, with only one 
exceptional compound MoV206 in the X-ray diffraction of 
the Mo:V = 10:2 sample. The appearance of the Mo:V:P 
= 1 0 :2 : 1  sample was, however, quite different from the 
other two; i.e., it was yellowish brown whereas the others 
were grey. The former sample was further found to be 
completely soluble in water to give an orange-colored so
lution. The last behavior is quite unexpected for the ordi
nary oxides after heat treatment at 600°.

Discussion
The molybdophosphoric heteropoly compounds contain 

a complex and high-molecular weight anion which con
tains 1 2  hexavalent molybdenum atoms around one cen
tral phosphorus. Pentavalent vanadium or niobium can 
replace some of the molybdenum atoms in the heteropoly 
structure, and this property provided a promising hint for 
the present study. Many successful esr studies have been 
made on the vanadium compounds, in which the strong 
anisotropy and the large hyperfine coupling constants of 
the 5 1V(IV), I  =  7/2, have been used to elucidate the de
tailed electronic structure. The information from these 
studies was found to be applicable to the heteropoly an
ions replaced by vanadium. The esr spectrum1 1  of the 
electrochemically reduced tungstophosphoric heteropoly 
acid, H3W12PO40, has been reported, but it contains no 
hyperfine structures from the 183W(V), I  =  1/2, due to the 
masking by the large signals from the natural tungsten 
isotopes with a nuclear spin of zero. In the case of the 
molybdophosphoric heteropoly acid, the situation becomes 
a little better thanks to the greater natural abundance of 
95Mo(15.70%) and 97Mo(9.45%), both with a nuclear spin 
5/2. The anisotropic hyperfine structure in Figure 1 is re
solved fairly well. However, the coupling constants are not 
large enough for accurate analysis and the higher field 
perpendicular components are overlapped with the paral
lel hfs signals. Furthermore, in the case of the ammonium 
salt of this acid, the resolution of the hfs components is 
incomplete due to the broader line width. In the present 
esr study of the reduced form of the molybdovanadophos- 
phoric acids, vanadium(IV) signals were used as markers 
reflecting the electronic properties in relation to their 
heteropoly structure. The esr parameters of the x = 1  and 
x = 2 acids, listed in Table I, were found to be compara
ble in magnitude to those of the oxovanadium(IV) che
lates. 14 This clearly proves the localization of one electron 
on the vanadium ion in the heteropoly cage. However, the 
preferential occurrence of the electron on the vanadium 
ion could not be anticipated, i.e., if it is assumed that the

reaction proceeds in order of the iomzation potential, 
V(V-IV) = 65 eV and Mo(VT-V) = 6 8  eV and Mo(V-IV) 
= 61.2 eV, or the electronegativity, V(V) = 17.6 and 
Mo(VI) = 23.4, Mo(V) = 19.8, and Mo(IV) = 16.2. Since 
both of these parameters suggest the preferential reduc
tion of Mo(VI), it is reasonable to conclude that the V(IV) 
is not formed by the first electron introduced into the 
molecule. If the reduction proceeds via a two or multielec
tron process, as have been observed electrochemically in 
tungstophosphoric acid, 1 1  these electrons should be dis
tributed among the molybdenum-vanadium cluster. In 
this case, a larger probability would be expected for the 
vanadium(V) ion to abstract one electron from the sys
tem, although it remains uncertain which of the reactions 
would occur prior to the other, V(V) —*• V(IV) or Mo(V) —*■ 
Mo(IV). These considerations suggest a mechanism of the 
formation of vanadium(IV) in the x = 1 acid. There, how
ever, remain two other questions still to be solved. The 
first is whether or not molybdenum(V) coexists with 
vanadium(IV) among the x = 1 molecules. From the spec
trum of the reduced x = 1  acid alone, possible superim
posing by the x = 0 spectrum (Figure 1) of molyb- 
denum(V) cannot be excluded. The spectrum of the x = 2 
species was observed, in expectation of information on 
this question. The spectrum in Figure 3 was slightly dif
ferent from that of the x = 1  species, but it was success
fully analyzed on the assumption that there is only one 
vanadium(IV) in the heteropoly cage and there is no in
teraction between vanadium(IV) and vanadium(V). An
other explanation, that there are two identical vanadi- 
um(IV) ions which do not interact each other, will give 
the same result. However, the coexisting of two paramag
netic ions in one molecule will be excluded by a line- 
width analysis which will be described later. Hence one 
possible solution to the first question is that heteropoly 
molecules with molybdenum(V) ion in the heteropoly cage 
may exist among the x = 1  and 2 species, just as in the 
case of the x = 0 species, but that it must be a sole para
magnetic ion in the molecule and it snould have little 
electronic interaction with the neighboring vanadium(V) 
ion. This model is related to the second question, namely, 
what is the chemical structure of the reduced heteropoly 
acid? Recently, Pottkamp and Umland15 proposed, from 
their polarographic study of the reduction of the x =  0 

heteropoly acid, the following scheme of the reaction; i.e.

H,PMo1vO40 — - H3PMo, A 8(OH)2 —
E.PMo, ,0 :J6(OH)4, HjPMojA /O H  )6

Their intermediate compounds correspond to the simulta
neous reduction of two Mo(VI)-0 bonds to Mo(V)-OH. If 
it is assumed that the two Mo(VI)-0 bonds are of a dou
ble bond nature, this corresponds to the disappearance of 
a -¡¡--electron system on these molybdenum(V) ions, and 
thus they will be electronically isolated by taking the a- 
bonding framework, as above. This model is convenient 
for the explanation of the analysis of the first question. In 
this respect, however, it would be useful to take into con
sideration the chemistry of the oxygen atom coordination 
to the molybdenum and vanadium ions.

It is well known that there are two possible structures 
for molybdenum oxyanions, one is Mo(VI) surrounded by 
four O2- in the tetrahedral configuration and the other 
Mo(VI) surrounded by. six 02  ̂ in the octahedral configu
ration. Sodium molybdate is one of the representative tet
rahedral compounds, whereas the octahedral coordination
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is usually found in the polymeric state. Molybdenum oxy- 
anions are easily condensed under proper conditions to 
form many isopoly or heteropoly compounds, 16 and both 
tetrahedral and octahedral oxyanions are known to take 
part in the reaction. The interconversion between the tet
rahedral and the octahedral state is extremely fast;17 the 
pH of the aqueous solution is the predominant factor af
fecting it. The tetrahedral anion is condensed to the octa
hedral anion, usually by sharing its corner oxygen as a 
bridging ion. Octahedral anions have two additional ways 
of condensation. One is to share its corner oxygen with the 
neighboring octahedral ions, in the same way as stated 
above. The other is to simultaneously share its two comer 
oxygen ions with the neighboring octahedral ions. The lat
ter type is regarded as an edge-sharing condensation. The 
oxygen-containing molybdenum compounds are generally 
composed of the regular arrangement of these oxyanions 
or of their condensed polymeric anions.

Several molybdovanadophosphoric heteropoly com
pounds and their analogs, dealt with in the present study, 
have structural characteristics as shown in Table II. 
Among these compounds, the heteropoly acids are charac
terized by their easy reducibility and stability in the re
duced state, while Na2MoC>4 is reduced less easily by hy
drogen at 350 or 400°. This difference toward reduction 
may reasonably be attributed to such structural differ
ences as (A) whether the environment of Mo(VI) is tetra
hedral (M0 O4) or octahedral (M0 O3), and (B) whether the 
Mo(VI) oxyanion is isolated (Na2Mo0 4) or condensed. 
The former is presumably a minor factor, since the ionic 
radii of Mo(VI) ions in the tetrahedron (0.59 A) is smaller 
than in the octahedron (0.62 A), implying more abundant 
outer shell electrons and hence smaller electron affinity in 
the octahedral ions. As to the latter point it.is more inter
esting to know how the type and the degree of condensa
tion affect their reduction-oxidaticn properties. Thus, the 
sample compounds selected for the present study have 
seven, twelve, and infinite numbers of octahedra, all of 
which have, however, different types of condensation. All 
the samples with octahedral oxyanions were reduced 
under the stream of hydrogen at 350°, to give an esr signal 
originating from Mo(V). One exception is the case of crys
talline M0 O3 in which, as discussed in ref 6 , it was usual
ly impossible to detect the esr signal even after reduction 
at 400°. In the present study, however, a complicated esr 
signal was observed in the M0O3 prepared by the calcina
tion of ammonium heptamolybdate in an oxygen environ
ment, while this sample gave an identical X-ray diffrac
tion pattern with that of a well-developed single crystal. 
The present esr study of the reduction of the compounds 
in Table II clearly indicated the importance of the termi
nal oxygen (Ot) ligand of molybdenum and vanadium ions 
in an octahedral environment. The localization of the 
electron on Mo and V was observed only in compounds 
with this type of oxygen. The terminal oxygen atoms pre
sumably favor localization of electrons introduced by re
duction, whereas the bridging oxygen atoms may cause 
electron transfer from one molybdenum ion to another,
i.e., fast spin-lattice relaxation. The double-bond nature 
and the catalytic importance of the terminal oxygen 
atoms have been pointed out by Trifiro and Mitchell,18® 
and this property would be convenient for the localization 
of electrons by the mechanism described earlier. On the 
other hand, an electron transfer through an outer-sphere 
cage structure into the central C0 O4 tetrahedron has been

TABLE II: Molecular and Crystal Structure of Several 
Molybdenum Oxyanions

Compounds

Structure of unit 
molybdenum 

oxyanions
Type of condensation 

and oxygen0 Ref

Na2Mo04-2H20 1 tetrahedron No Condensation (4 Ot) 18
M0 O3 Octahedra 2 edge sharing (3 Ob)

+  2  corner sharing 
(2 Ob) 6 (5 Ob + 1 Ot)

19

(NH4)6Mo70 24-
4H20

7 octahedra 3 edge sharing 
(4 Ob + 2 Ot)

20

H3MO12PO4O 12 octahedra 2 corner sharing >2 Ob) 8

H5 MO10V2PO4O + 2 edge sharing (3 Ob) 
)5 Ob + 1 Ot)

20

0 Ob for bridging (both corner and edge sharing) and Ot for terminal
oxygen anion; the number of these anions per molybdenum is also given.
6 There are three d iffe ren t types for the sharing oxygen, w hich  are shared 
by 2, 3, and 4 octahedra , respective ly

observed in the reduction process of the dodecatungstoco- 
baltate anion,18b which implies that the existence of such 
terminal oxygen with double-bond nature is not a satisfac
tory condition for this electron localization phenomenon. 
Thus the crystalline M0 O3 has one terminal oxygen in 
each of their molybdenum oxyanions, but no esr spectrum 
has been observed after reduction by hydrogen at 400°.

In the case of heteropoly compounds presumably anoth
er type of electron transfer is possible, which has been 
confirmed experimentally by nmr spectroscopy of the 
crystalline dodecamolybdophosphoric acids. 180 In the case 
of dodecatungstocobaltate, the transfer was through the 
cage structure, while the proposed is based on the surface 
structure of these heteropoly compounds that contains 
many lone-pair electron clouds of the sp2-hybridized oxy
gen atom of the Mo(VI)=0 and V(V)=0 bonds. Several 
-OH bonds that exist in the free heteropoly molecule 
would cause hydrogen bonding with these lone-pair elec
trons, which causes dissociation and apparent electron 
transfers by leaving one Mo(VI)=0 to make one new -OH 
bond. The possibility of this affecting the electronic state 
of V(IV) will be discussed later.

The molybdovanadophosphoric heteropoly acids gave 
esr spectra with resolved hfs originating from V(IV). It 
should be emphasized that even when two vanadium ions 
occupy two sites of the 1 2  possible molybdenum octahe
dra, they will tend not to occupy neighboring positions, 
thus escaping from the increase of structural and electro
static strains caused by ions with different radius and dif
ferent charge (0.59 A for V(V) and 0.62 A for Mo(VI)). 
This makes the distance between two intramolecular va
nadium ions large enough to minimize the dipolar interac
tion, thus leading to the narrower line width. In the case 
of undecamolybdovanadophosphoric acid, this separation 
is the order of one molecule, across which only negligible 
electron transfer can occur. If the line width of the esr sig
nal is determined by the dipole-dipole interaction alone, 
as was assumed by Van Vleck, 22 the half-width, AH, for 
the spin quantum number S is given by the equation

AH = 2.35
gP

3 S(S +  1)

where B,k =  (3/2)g'’/32(3cos-d,t — D/r,*’.
The observed half-width (AH = 1.177Afimsl) was nearly
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13.2 G for the heteropoly acids with x = 0, 1, and 2, which 
for a simple cubic lattice model corresponds to 14.2 A for 
the average distance between the paramagnetic ions. This 
supports the above-mentioned assumption that the para
magnetic species are formed independently of each other 
since the size of the heteropoly molecule is about 1 0  A in 
diameter. The distance makes unlikely existence of two or 
more paramagnetic ions in the same heteropoly cage, and 
rather suggests the formation of one paramagnetic ion and 
tetravalent molybdenum ions in the x =  0 and 1  species 
when they are reduced by adding a number of electrons. 
This is also applicable to the x = 2 species, in which only 
one electron is introduced to vanadium ions. The average 
distance becomes shorter with increasing degree of reduc
tion, causing broader line widths. In the case of the heter
opoly acids, however, it is to be noted that the line width 
of the slightly reduced solid sample is nearly equal to that 
of vanadyl(IV) ion in aqueous solution.23 Furthermore, 
AH  in the solid heteropoly acids remained roughly con
stant at both room and liquid nitrogen temperatures, 
hence the spin exchange interaction24 or the motional 
narrowing are presumably less effective factors.

Completely random electronic interactions are expected 
in the case of M0 O3-V2 O5 and M0 O3-V2O5-P2O5 compos
ite oxide system. These oxides are constructed from clus
ters with random condensation of the composite oxy- 
anions, whose polymeric unit is much larger than that of 
the heteropoly anions. Since the average intervanadi- 
um(IV) distance is a little shorter than that of the hetero
poly acid with the same atomic composition, it causes 
random but possibly larger magnetic interactions. Almost 
all of the hfs lines dissappeared in the spectrum (Figure 
5c) of the composite with Mo:V = 10:2 atomic ratio. A 
broader line width (~50 G) was observed for almost all 
the lines in the spectrum (Figure 5d) of the composite 
withMo:V:P= 1 0 :2 : 1  atomic ratio.

In the esr spectra of the two molybdovanadophosphoric 
heteropoly acids, parallel components of the hfs lines were 
found to be split. It has been shown that split spectral 
patterns can be explained by D ix but not by Civ symme
try. In the latter, the approximation that g xx =  gyy  and 
T xx =  Tyy  is not allowed and hence splitting of the three 
hfs components occurs. The present splitting of the paral
lel components cannot be explained by this type of sym
metry lowering, except for the possibility of interchange of 
parallel and perpendicular components, which cannot be 
excluded, judging from the following estimation of the 
energy differences. In a rhombic field, with compression 
along the Z  axis, g values are related to the energy levels 
by

g, =  ge(1 -  4X/A)

and
g ± = ge(l -  X/<5)

where ge is the g  value of the free electron, X is the spin- 
orbit coupling constant, A and d are the energy differences

A = d(x2 — y 2) — d(x.y)

of vanadium(IV) species in the reduced cage structure. 
The plausibility of this is not small if we refine the mech
anism of reduction suggested by Pottkamp, that is, their 
difference depends on the distance of the reduced molyb
denum (Mo(IV)-OH) from the reduced vanadium 
(V(IV)=0 or V(IV)-OH). Here the valency of this molyb
denum ion would rather be Mo(IV) from the line-width 
analysis. If the reduction of molybdenum occurs at the 
nearest neighbor of vanadium, the hydrogen bonding be
tween Mo(IV)-OH and one or two of the lone-pair elec
tron clouds on the sp2-hybridized oxygen of V = 0  would 
cause some perturbation on the electronic state of the 
V(IV) ion. Here it must be recalled (Results section) that 
the vanadium-substituted heteropoly acids gave weak esr 
signals even before reduction. The esr spectral pattern 
was, however, quite similar to that of the H2-reduced 
sample except for the signal intensity and the increase of 
the intensity was found quite parallel for the two splitting 
lines (those in the parallel and lower field m n = -7/2 and 
-5/2 lines). Hence the splitting observed in Figures 2 and 
3 should be indifferent to the degree of reduction. Another 
assumption that some contaminants have given one or 
other of the split lines or vanadium species is similarly ex
cluded. Furthermore the intensity ratio of the two split
ting lines is nearly identical in the x = 1 (Figure 2) and x 
= 2 (Figure 3) species, while the content of vanadium ions 
in the heteropoly cage is twice as large in the latter 
species, so that the splittings observed in these species are 
concluded to be indifferent to the vanadium content. Al
though the stoichiometry of condensation (Mo:V ratio) of 
the x = 1  and x = 2  species has been confirmed, with a 
similar result as in ref 13a, this would have, hence, little 
effect on this observation. Further discussion on this geo
metric charge isomerism will be given in our forthcoming 
paper.
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Appendix
Analysis o f  the Anisotropic Hfs Signals. The analysis of 

the anisotropic hfs signals was carried out by the approxi
mate solution, correct to second-order perturbation, of the 
spin Hamiltonian

•1C = /?[£,, H .Â  +  g yyHySy +  guH A  ] +  Ty jySy +

TyylySy +  T . , I  S  + Q'[ I  g  ~  ( l / 3 ) K  I  + D] (l) 

The solution14 is given by

u  =  JTL. _  -  hc~
' g j  g . S  4 g j v

X

[ T J  +  T yy2] [ I ( I  + 1) -  m„2] (2)

5 = d ( y z , z x )  — d(xy)

Assuming X = 209 cm- 1 for vanadium(IV) , 25 8 is estimat
ed to be 20,400 cm-1, whereas A is estimated to be 
21,000~22,500 cm-1, almost equal in magnitude to 5. In 
the present case, another explanation of the splitting of 
the parallel components is given by considering two kinds

H, =
h v h e

) T x xtnn
he2

XgxJ3 g xxP  xx" in 4g xxf3v

[Tyy2 + T J ] [ I ( I  + d  -  m „2] -
he

2 g rrPTxx ( Q ' f [ 2 I ( I  + 1) -  2m n2 -  1 \mr (3)
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Here v is the microwave frequency, and the T tensor 
components are in units of cm-1 . Hy is obtained from (3) 
by interchanging subscripts x and y, but in the present 
case, axial symmetry was assumed. The least-squares fit 
of the data was carried out by initial estimation of the 
second-order terms, AHui2 ){mn) and AH\_[2)(mn), from 
data in the literature14 and then determination of gt and 
T, by assuming the following linear equations

Hiobsi(mn) +  A t f i 'V * )  =  j j j  -  J p T ‘mn (4)

h r 2
AH ,(2\mn) =  +  1) -  mn2]

h r 2
* H xw(mn) =  ^ J - V\T 2 +  T M I  +  1) -  m j]  +

he
2g p T (Q02 [2 /( /  +  1) -  2m„- -  1K  (5)

All the gi and T* (where the subscript i stands for paral
lel and perpendicular components) values were compared 
with their previous estimation and the calculation recy
cled until convergence was attained. The value Q' for 
V(IV) is fixed to 0.0002 cm-1,14 whereas that for Mo(V) is 
assumed to be zero. The negative sign of T,’s was as
sumed, following ref 14. In the present case, the analysis 
of the x = 1 and 2 species was based on the assumption 
that there are two kinds of radicals, both exhibiting the 
same (i . e indistinguishably superimposed on each other) 
perpendicular but different parallel signal patterns, caus
ing the apparent splitting of the mn = -7 /2 , -5 /2 , and 
-3 /2  lines.
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An investigation of the vibrational spectrum of the naphthalene anion radical is reported. Infrared data 
were obtained at 295 and 77°K; Raman, at 295°K. Six of the required twenty-four Raman fundamentals 
were observed as well as thirteen of the expected twenty infrared modes. Tentative assignments were 
based upon analogy with the spectrum of the parent molecule, neutral naphthalene, and comparison of 
band intensities and spectral shifts between naphthalene and its anion. It is suggested that, for appropri
ate molecules, additional aids for vibrational assignments are provided by the examination of ions of the 
neutral species together with isotopic variants of both compounds.

Introduction
An investigation of the vibrational spectrum of the 

naphthalene anion radical is reported. Six of the required 
twenty-four Raman active fundamentals were observed 
while the infrared spectrum provided thirteen of the ex
pected twenty bands. Infrared data were obtained at 295 
and 77°K; Raman, at 295°K. Tentative assignments were

based upon analogy with the spectrum of the parent mole
cule, neutral naphthalene, and comparison of band inten
sities and spectral shifts between naphthalene and its 
anion, the assumption being that the mechanical descrip
tions of the normal modes for both species are approxi
mately equivalent. This assumption is supported by the 
fact that both compounds possess D2h symmetry, spectral

The Journal of Physical Chemistry, Voi. 77, No. 24, 1973



2904 Charles L. Dodson and James F. Graham

shifts are small, and bond lengths and angles change only 
slightly.

This experiment was encouraged by (1) a suggestion 
that out-of-plane bending vibrations might be responsible 
for some of the observed effects of temperature on esr cou
pling constants1-2 of certain aromatic radical ions; (2) the 
opportunity of studying directly the effect of an added ir 
antibonding electron on the fundamental modes of an oth
erwise unchanged aromatic structure; and (3) the possibil
ity of obtaining evidence useful for the clarification of the 
vibrational spectrum of aromatic molecules by an exami
nation of their ions, naphthalene itself having a substan
tial history in the spectroscopic literature.3-28 To our 
knowledge, Kachkurova29-30 has reported the only work of 
this type on aromatic radicals.

Experimental Section
Standard techniques from the esr literature have been 

used to prepare the naphthalene anion by alkali metal re
duction in highly purified solvents, tetrahydrofuran 
(THF), and dimethoxyethane (DME).1 An initial 99.9% 
commercially pure sample of naphthalene was zone re
fined by 24 passes. All alkali metals used in the prepara
tion were twice distilled in vacuo. All solvents were vacu
um distilled, refluxed over an Na-K mixture with an aro
matic hydrocarbon, which established solvent purity by 
forming an anion as signified by known color changes. The 
solvent was distilled into a storage container equipped 
with a helium leak-tested stopcock, and used as required. 
Each withdrawn solvent sample was initially used to form 
the naphthalene anion and then redistilled into a final 
reaction tube for preparation of the spectral samples. No 
solvent so stored for 8 months has failed to give the hydro- 
carbon-to-anion reaction.

Five-mm round Pyrex tubing or 8-mm square tubing 
was attached directly to the U-shaped preparation tube 
and served as the Raman cell. These tubes contained a 
fine porosity (4-5.5-^ pore diameter) or medium porosity 
(10—15-yu pore diameter) fritted filter which largely re
moved suspended and unreacted metal particles, thereby 
reducing light scattering from this source. THF was used 
as the solvent for all Raman work and presented no spec
tral interference since only one THF bond is observed
914.8 cm -1 from the Raman excitation frequency.

Infrared spectra were obtained from samples which had 
been transferred under vacuum to cells equipped with 
NaCl or KBr windows. Vacuum preparation and transfer 
are necessary since the naphthalene anion is very sensitive 
to both oxygen and water. A cell for use at room tempera
ture consisted of a conventional liquid cell inside a con
ventional gas cell with appropriate interior and exterior 
connections for transferrence of sample from the reaction 
tube to the liquid cell under vacuum conditions. A cell for 
use at liquid nitrogen conditions was of a slightly modified 
Walsh-Willis type31 and adapted for the transfer of sam
ples under vacuum conditions. An anion sample was ob
tained on a single KBr window precooled by liquid nitro
gen, warmed to about 150°K, which permitted removal of 
solvent by a mechanical vacuum pump, recooled with liq
uid nitrogen to 85°K, and the infrared spectrum was then 
obtained. Spectra of the better samples so prepared 
showed no evidence of solvent although traces of neutral 
naphthalene were present.

Infrared spectra were obtained on a standard Beckmann 
IR-10 spectrometer equipped with a 10-in. strip chart re

corder. Calibration of the system incorporated molecules 
and data provided by IUPAC tables.32 The Raman spec
trometer consisted of a Spectra-Physics, Model 125, he
lium-neon laser; Spex Industries Model 1400 Czerny- 
Tumer double monochromator; RCA C3100E photomulti
plier tube; Princeton Applied Research Corporation HR-8 
lock-in amplifier; and the necessary associated electronics 
and recorder. This instrument was calibrated by the 
6328-A He-Ne laser line and the Raman spectra of CCR, 
CHCI3, and benzene utilizing data given by Herzberg.33 
Precision of the infrared data is ±2 cm-1 at 1000 cm -1 ; 
the Raman data, ±4 cm -1.

An intensity problem arises in the Raman spectrum of 
naphthalene anion since the 6328-A He-Ne laser line lies 
in the wing of an electronic transition, i.e., the resonance 
Raman effect is present. The signal to noise ratio is about 
optimal at an anion concentration of « 8  X 10 ~3M  rather 
than 0.5 M  which was used initially. A better approach, 
however, may be to incorporate a rotating Raman cell as 
discussed by Bernstein and Kiefer.34

Table I contains a summary of all the data obtained to
gether with a tentative assignment. Thirteen infrared 
bands and six Raman bands were observed. Comparisons 
are made, where applicable, with the data of Kachkurova 
and with data from the literature for the parent molecule. 
All naphthalene data in columns II and HI were obtained 
in this work under the same environmental conditions en
suring the validity of the comparison between anion and 
neutral species. Raman data in column I were taken from 
the work of Stenman;12 similar infrared data, from Mitra 
and Bernstein.3 The naphthalene assignment follows that 
of Scully and Whiffen.8

Results and Discussion
Normal modes for naphthalene have been computed 

from rather different force fields by Schmid,10 Luther and 
Drewitz,6 and Freeman and Ross.18 Comparison of these 
demonstrates such equivalence that the last authors con
clude compellingly that the forms of the normal modes 
are qualitatively secure. Since the frequency shifts from 
neutral to anionic naphthalene are small, it is assumed 
that normal modes of both species are approximately 
equivalent.

This assumption combined with Table I allows the fol
lowing observations on the frequency shifts, Ac, from neu
tral to anionic naphthalene.

(1) Ac for the observed Raman active modes, 0-7 cm -1, 
is smaller than those for infrared active modes, 10-75 
cm -1 . (This statement may be artificial in that the six 
observed Raman modes are similar in type to the ir modes 
with small Ac, and since the Raman spectrum was ob
tained in a solvent at 295°K while the ir spectrum was ob
tained at 77°K in no solvent.)

(2) Ac increases for normal modes in a manner de
scribed by their predominant component as follows: hy
drogen stretching, 4 cm -1 ; skeletal carbon motions, 10-30 
cm -1 ; bending hydrogen motions, 40-60 cm -1 ; combined 
hydrogen and carbon motions, 70-80 cm "1. It is clear that 
the normal modes consist of composite contributions in 
terms of the standard usage of stretches and bends, i.e., 
the comment in (2) above is idealized. However, stretch
ing and bending motions do predominate :n many modes 
and thereby provide consistency for the statement.

The criteria for the recommended assignment are (a) fit 
with the parent molecule’s assignment (Scully and Whif-
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TABLE I: Comparative Vibrational Data for 
Naphthalene and Its Anion

Sym
metry
spe
cies“

As
sign
ment0

(I) c 10H8, 
literature 
values,“ 

c m -1

(ID
C-ioHg, 

this 
work,d 
cm -  1

(III) c 10H8-  
this work,d 

cm -  1

(IV)
CioHß ,

Kach-
kurova,“

c m " 1

A 17,
ii -  III, 
cm - 1

A g v-\ 3056 3062
¡72 3021
V  3 1576 1585
*>4 1464 1470 1471 1
¡m 1383 1384
re 1147
V i 1021 1028 1026 2
V i 764 764
v<s 513 516

B iu V M 3060 (3052) 3050 8 h
v 1 8 3027 (3024) 3023 3h
r i9 1592 1595 59
V 2 0 1387 1379 1320 vw
V2 1 1267 1249 1 '9 5  m 1190 54
V 2 2 1128 1140 1 0 9 3 vw 47
V2 3 877 877 840  vw 840 37
V 2 4 359

B 2u V 2 3 3076
r 3o 2987
r 3i 1506 1510 1485 tn 1485 25
r 32 (1361)7 1369 1291 m w 78
r 33 1210 1220 1174 vw 46
r 34 (1 1 4 4 )e
r 3 5 1011 1001 m 1003 10
r 3 6 618 595 (24)

B 3g r 3 7 3051 2967® 2062 5
r 3 8 3006 2878 2876 2
r 3 9 1628
¡Mo 1443 1445 1446 0
P41 1244 1242 1235 7
¡»42 1168
¡¡4 3 951
^ 4 4 509

B 3 U ¡ ¡ 4 5 958 968 928 m w 40
¡¡4 6 782 789 715 m 727 74

¡M 7 476 481 461 vw 466 20
¡¡4 8 176

“  Species designations follow the recommendations of Mulliken on co
ordinate axis definition35. “ No bands in species B1g or B2g were observed 
and consequently omitted from the table. Species Au modes are inactive 
in both Raman and infrared spectroscopy. The assignments follows those 
of Scully and W hlffen8 and essentially those of Loise13 who disagrees with 
the former in v-1 2 , r-14. <M6. " 27, <’28. and Only vw  was observed in this 
work. c Raman data from ref 12; infrared, ref 3. “  All data for B lu , B2u, and 
B3u were obtained at liquid nitrogen temperature; for Ag and B3g, at room 
temperature. e References 29 and 30. Kacnkurova assigned bands 1190 
and 840 cm ~1 as 1733 and ¡735, respectively, "ather than as y21 and ¡*23. See 
discussion for explanation, f  Reference 8. «These large melt to THF 
solution shifts were consistently obtained horn all samples regardless of 
origin of naphthalene or solvent. h These values are obtained as the dif
ference between columns I and III.

fen); (b) relative changes in dipole moments and therefore 
infrared band intensities; (c) relative changes in primary 
force constants (diagonal elements of the F matrix); (d) 
the reduction of all force constants relative to the neutral 
parent when an electron is added to an antibonding mo
lecular orbital, and the subsequent decrease in frequency 
for all modes of the anion; (e) the established electron 
densities by esr at the a and /3 carbons as 0.180 and 0.069, 
respectively, thereby providing a measure of overall force 
constant relaxation, and insight on relative dipole mo
ment changes; (f) and a somewhat crude force constant

rule analogous with the Teller-Redlich isotopic rule. Rec
ognizing that the product of all roots, A¡ = 4wr, of the sec
ular equation are equal to the product of the determinants 
of the Wilson G and F matrices

nx = \G\\F\
i

one obtains the Teller-Redlich product rule by accepting 
]jF| as equivalent for both isotopic species, i.e.

where the presence and absence of primes distinguish the 
two isotopic species.

Analogously

for cases where masses of the two chemical species are the 
same, symmetry is preserved, and bond lengths and an
gles vary slightly. This is the case for neutral and charged 
species of the type considered here since the addition of 
an electron is a trivial change in mass, symmetry is pre
served, and although bond lengths and angles change 
somewhat, their ratios in |G|/|G'| do not markedly de
viate from unity. (Mass, symmetry, and geometry are also 
approximately preserved by some excited electronic states 
relative to the ground state of selected molecules.)

These concepts are given meaning by an initial exami
nation of the B3U fundamentals since their assignments 
for the neutral molecule are generally agreed to be most 
satisfactory.

Table II provides a resume of the relevant information. 
The relative intensities decrease in the order 1746 > ¡<45 > 
¡747 indicating a corresponding trend for the changes in di
pole moment. Examination of the normal modes suggests 
this is reasonable. Mode ¡747 consists of essentially nonpla- 
nar carbon motions which involve small excursions rela
tive to hydrogen, and since a and ¡5 carbons move in oppo
site directions the overall change in the center of negative 
charge and therefore the dipole moment, will be slight. 
(Recall the charge distribution of the unpaired electron at 
the a and ¡3 positions is 0.180 and 0.069, respectively.) 
Whereas ¡746 consists of all positive centers (hydrogen) 
moving oppositely to all negative centers (carbons) result
ing in a much larger change in the dipole moment. i<4S is 
an intermediate case. Also, ¡746 with a A17 of 74 cm -1 is a 
composite of the types of motion for ¡745 and ¡747, i.e., 40 + 
20 cm-1 shifts.

These arguments applied to B iu and B2u modes deter
mine the asignments of V21 as 1195 cm -1 and ¡733 as 1174 
cm-1 rather than the reverse which would contradict the 
observed intensity relationship for ¡721 and ¡<33 and require 
two modes of similar type to have A m /A r'53 equal to 3:1 
rather than the observed 1:1. The remaining infrared as
signments are similarly derived including those not ob
served, i.e., comparative changes in dipole moments indi
cate that those of unobserved bands are smaller than 
those of observed bands.

Unfortunately, similar intensity comparisons between 
neutral and anionic species could not be made due to 
large differences in concentrations which were known only 
approximately.

No Raman bands below 1000 cm" 1 were observed. This 
eliminates from consideration all Big and B2g modes
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TABLE II: Summary of Data For the B3u Normal Modes

C10H8 fre- C ioH8- fre-
Assignment quency, cm -1 quency, c m -1 A v Rel intensity Normal mode“ Remark

V 4 5 968 928 40 mw

v u 789 715 74 m

V i l 481 461 20 vw

Predorrinantly 
hydrogen bending

Carbon and
hydrogen bending

Predominantly 
carbon bending

“  A +  refers to motion above the plane of the drawing; —, below. vt8 at 17 6  cm 1 Is outside the range of our Instrumentation.

which contain only nonplanar bends of such type as to 
suggest small changes in polarizability. (Indeed this corre
lates with the Raman spectrum of the parent molecule as 
given by Mitra and Bernstein3 on naphthalene melt at 
90°.) The absence of bands below 1000 cm -1 also elimi
nates from consideration the two lowest modes in both Ag 
and B3g species. Of the remaining 13 bands, the tentative 
assignment depends primarily on nearness of fit with the 
parent molecule. A number of alternative assignments to 
that suggested here were considered, but all of them re
quired Raman shifts markedly larger than those in the in
frared.

Application of intensity arguments to the Raman bands 
is difficult. In general, the polarizability of the anion 
should be larger than the neutral compound. This is sup
ported experimentally since a Raman spectrum was ob
tained from a solution of about 8 X  1 (U 3 M  in anion. Be
yond this, little can be said even though marked differ
ences in intensities between neutral and anionic species 
were observed, e.g., vs is much reduced in the anion while 
vi increases considerably. The presence of a resonance 
Raman effect is known to complicate intensities relative 
to their normal Raman values, and the nature of these 
changes in specific cases is unclear.36 When such difficul
ties are absent, it may be possible to take advantage of 
the variations in polarizability suggested by the different 
symmetries and charge distributions between the highest 
occupied molecular orbitals of neutral and charged 
species. A survey spectrum of the benzophenone anion in 
the Raman suggests that such intensity considerations can 
be utilized but with difficulty nevertheless.

Conclusions
Only three nonplanar vibrations were observed. The 

shifts in frequency for and vs& are not sufficiently large 
to explain temperature variations of esr coupling con
stants. It does not appear likely that those which were not 
observed would have much larger shifts.

Although obviously limited in scope, these results 
suggest that ions of the same symmetry as the parent 
molecule may be useful in clarifying vibrational assign
ments of the parent molecule. Both frequency shifts and 
intensity variations occur upon moving from the neutral 
molecule to the ion. Finally the advantages provided by 
isotopic substitutions may be applied equally well to the 
ionic molecule. This provides normal and isotopically sub
stituted neutral and radical species, all of which are inter

related by symmetry, basic geometry, and known mass re
lationships.
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Sedimentation Equilibrium Studies on Indefinitely Self-Associating Systems. 
JV-Methylacetamide in Carbon Tetrachloride

G. J. Howlett, L. W. Nichol,* and P. R. Andrews

D e p a r tm e n t  o f  P h y s ic a l  B io c h e m is t r y .  J o h n  C u r t in  S c h o o l o f  M e d ic a l  R e s e a rc h .  A u s t r a l ia n  N a t io n a l  U n iv e r s it y .  C a n b e r ra .  A .C .T . .  

2 6 0 1 . A u s t r a l ia  (R e c e iv e d  D e c e m b e r  4 . 1 9 7 2 ; R e v is e d  M a n u s c r ip t  R e c e iv e d  J u n e  4. 1 9 7 3 )

Theory is developed to permit simulation by numerical integration of sedimentation equilibrium distri
butions pertaining to systems undergoing indefinite self-association. The treatment includes consider
ation of volume changes on reaction, nonideality effects, and density variations with radial distance aris
ing as a result of solute redistribution and compressibility effects. The development, initially in terms of 
an isodesmic association, is extended to cases where two equilibrium constants apply. For both models, 
expressions for the second derivative of the concentration distribution are obtained and discussed in rela
tion to the evaluation of nonideality coefficients corresponding to the conventional second and third viri- 
al coefficients, and to the appearance of maxima in schlieren records. The theory is applied to the analy
sis of sedimentation equilibrium results obtained with N -methv 1 acetarnide in carbon tetrachloride. It is 
shown that the distributions may be described in terms of an isodesmic indefinite association character
ized by an equilibrium constant of 2 x 103 M ~1, in agreement with previous findings. However, it is also 
shown that this solution is not unique and, indeed, the same experimental results are fitted with a distri
bution computed on the basis of a model in which dimer formation is governed by an equilibrium con
stant of 1 M -1 and addition of monomer to higher polymers by an association constant of 50 M _1. These 
values are in substantial agreement with those used to interpret previous infrared and nuclear magnetic 
resonance results obtained with the same system. Accordingly, the work resolves the apparent controver
sy between previous interpretations given to spectrophotometric and sedimentation equilibrium results.

Introduction
Sedimentation equilibrium results obtained with sever

al systems1-5 have been analyzed successfully in terms of 
an indefinite self-association, for which a single equilibri
um constant suffices to describe the formation of a series 
of polymers. The treatments have included the depen
dence of the activity coefficients of the solute species on 
total concentration, but have not accounted for possible 
volume changes on reaction or effects due to density vari
ation with radial distance. One purpose of the present 
work is to present equations whiclr account for these ef
fects and which permit computer simulation of equilibri
um distributions pertaining to indefinitely self-associating 
systems. Such simulations have proved useful in analyz
ing results obtained with systems undergoing discrete self
associations6 and heterogeneous associations.7*8 In addi
tion, an expression is obtained defining the appearance of 
a maximum in the schlieren record of a sedimentation 
equilibrium experiment conducted with an indefinitely 
self-associating system. In previous work,9 with the single 
solute hyaluronic acid, the position of a maximum of this 
type proved useful in estimating the nonideality coeffi
cient corresponding to the conventional third virial coeffi
cient.

Although the relations to be presented are applicable to 
any indefinite self-association, they are used herein to 
reexamine the association of ¡V- methy 1 acetamide in car
bon tetrachloride under conditions where the schlieren 
plot of the equilibrium distribution exhibits a maxi
mum.10 The self-association is thought to occur by linear 
hydrogen bonding, the system serving as a useful model in 
the investigation of the contribution of peptide hydrogen 
bonds to protein and polypeptide stability.11-13 Previous 
sedimentation equilibrium results10 have been interpreted

in terms of an indefinite self-association described by a 
single equilibrium constant (an isodesmic association4) of 
approximately 2 X 10s M -1 , in marked contrast to lower 
values found from infrared14 and nuclear magnetic reso
nance15 studies. In the latter work, a model was preferred 
in which dimer formation was characterized by an equi
librium constant of —1—1.5 M _1 and higher polymer for
mation by a constant of ~  24-38 M -1 . In an attempt to 
correlate these findings, the present experimental results 
are analyzed in terms of both models, with allowance for 
nonideality, density variation, and possible volume 
changes in the isodesmic case.

Theory
Isodesmic Indefinite Self-Association. Consider first the 

system, A j _ i  + A  ;=± A,  (i = 1, 2, . . .), each equilibrium 
being governed by the equilibrium constant

7a, ,7a tnAMmA
where m denotes the molar concentration and y  the activ
ity coefficient on the same scale. The activity coefficient 
of each species A,- may be expressed as a virial expansion 
of the form916

In y A =  M A (Be +  Cc’ +  ■■■) (2)

where c is the total weight concentration (g l .-1), M A; is 
the molecular weight (= iM.\) of species A, and the noni
deality coefficients, B, C, etc., are assumed identical for 
each species. It follows that ta, / ta,_ i7a = 1 and from 
eq 1 that m A = K i m Al- \ m A. If all A, are se- equal, A, = 
K  (an isodesmic indefinite self-association) tne latter rela
tion becomes mAi = Ki- 1mAi. This equation has been de
rived on the basis of a model involving successive addi-
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tions of monomer to polymeric species, but is valid re
gardless of the pathway of formation of A, provided any 
polymer-polymer interaction is also described by K. The 
following useful relations may now be derived2 on the 
basis of sums of geometrical progressions since the com
mon ratio Km.\ < 1.

£  m\ =  ¿ ca, /M a, = m.A/ ( l -K m A) (3a)
/ =  1 i  =  1

c = £  CA . = M AmA/(1_ Km A) 2 (3b)
i  =  1

£ m aca. = M  A2mA(l + K m A)/ ( l -K m Af  (3c)
i = i

AV =  iM AvAi(r) — (i ~ D M AvA.Jr) — M AvA(r) (9a) 
or

vAj{r) = uA(r )+ \ (i— 1)AV / iM A\ (9b)
To complete the basic equations, it need only be noted 
that if A V ?2 0, K(r) varies with r according to19

dA((r)/d (r2) = -A V u 2p(r)K(r)/2RT (10)

Combination of eq 3, 4b, 6, and 9b yields

dc(r)/d(r2) =  t  =  a / 0  (11a)

a -  w- — w2p(r)]v.\( r) +  [.2AVKmA/M  A(l +  KmA]\ (lib)

£  cA, / £  M AicA. = (l — KmA) l M a(1 +  KmA) (3d)
0

2 R T (l -K m Af  4RT CM AmA
M A’mA(l +  KmA) il — KmA)2

(He)

At equilibrium in a sedimentation equilibrium experiment 
conducted at constant angular velocity lc and temperature 
T each species, A,-, distributes with radial distance r ac
cording to17

d In aA,(r)/d (r2) =  </>A,(r)M A, (4a)

4>Ai(r) = (1 — vA(r)pir))o:2/2RT (4b)

where aA,(r) and 0A|(r) are the activity and partial specific 
volume of A*, respectively, and p(r) is the solution density 
at r. Equation 4 may be rewritten as

d In rA,(r) d ln m A,(r) dln7,\.(r)
_ d( ? j ~  =  d( r2) = ^A'(r)M A, d (r ) (5a)

where from eq 2
dlnYA,(r) 

d( r2) M Al i B
dejr)
d(r2) +  2Cc(r)

dc( r ) 
d(r2) (5b)

Combination of eq 5a and 5b yields on summation over all 
i

dc(r ) £  ) M AlcAi(r ) /  £  M ,\,cAl(r)
d(r2) _  / ' i \ (b

( l / £ M AicA|(r)J + B  +  2 C c(r )+  -

In order to proceed it is necessary to examine the quan
tity <!).\t(r) defined in eq 4b. An expression for p(r) is avail
able as follows17

p(T) = p„{ r ) +  | £ ( 1  — CA,(r)p0(r))cA,(r)/10001 (7a)

where p0 (r) is the density of pure solvent in g ml-1 at r 
given by18

pair) = p n(rm)/\l — 0.5X\cp2Po(rm)(r-—r„,2)} (7b)

Po(rm) is the solvent density at the meniscus rm (1 atm) 
and xi is the isothermal compressibility of solvent. Simi
larly, the variation of yA, for each species with radial dis
tance may be written in terms of the isothermal 
compressibility of the species, xa;

Va ,(r ) = u.\,(rm) +  0.5XA,o)2(r,„2- r 2) (8)

Provided the reasonable assumptions are made that all 
Xa, are identical (xa; = X2) and the molar volume 
changes. AV,, associated with each successive equilibrium 
are also equal (A y  = AV), it follows that AV is a con
stant independent of r given by

In writing eq 11c the expansion in eq 2 has been truncated 
after the second term. It is now possible to describe the 
method by which a sedimentation equilibrium distribu
tion, 1p us. r. may be computed with known values of co, T, 
Ma, C’A(rm), po(rm), Xi, X2, K(rm), AV, B, C, and mA(rm). 
Equation 3b is used directly to obtain c(rm), while p(rm) 
is obtained from eq 12, a combination of eq 3a, 7a, and 
9b.

pi r)
c(r )(1 — i’A(r)p0(r)) p„(r',AVc(r)

Pn[r 1000 ~ 1000Ma

p0(r)AVm.\
1000(1 - K m A) {iZ)

Equation 11 now yields f ( r ra), which is used to calculate 
dmA(rm)/d(r2) from eq 13, a rearrangement of eq 5

dmA(r)/d (r2) =  <fiA(r)M AmA(r) — M AmA(r)\B4'(r) +
2Cc(r)t{r)} (13)

The value of 4>A(r) required follows by setting i = 1 in eq 
14 obtained from eq 4b and 9b

<j>A,(r) =  o)2|l — pi/')[u A(r) +  (AV / M A) — {AV / iM \ )]\/2RT
(14)

A value of dK(rm)/d(r2) is also available from eq 10. The 
improved Euler method20 may now be used to calculate K  
and mA at a small increment Ar from rm. Reiteration of 
the above procedure therefore yields dmA(rm + Ar)/d(r2) 
and d/0(rm + Ar)/d(r2) which provide the starting points 
for the application of the predictor-corrector method20 to 
the determination of the variation of mA (and hence c) 
and of K  (and hence all mAl) with radial distance. In at
tempting to simulate an actual experimental distribution 
two basic problems arise. First, even if values may be as
signed to parameters characterizing the system, the value 
of mA(rm) is not known. This problem may be overcome 
by refining chosen values of mA{rm) in successive simula
tions until the area under the computed c(r) vs. r2 curve 
conforms to the conservation of mass requirement. Sec
ondly, while values of co, T, Ma, va (1 atm), p0 (1 atm), 
Xi, and X2 are either known or available from separate 
experiments, attempts to fit an experimental result by the 
simulation procedure involve assignment of values to the 
parameters K(rm), AV, B, and C.

In this connection, differentiation of eq 11 with respect 
to r2 is useful since it provides a relation which permits 
calculation of C for particular values of K(r) and AV. The 
differentiation after extensive rearrangement leads to
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(1 — KmA)5(K'2mA2 +  4 KmA +  l.i 
2M A®mA2(l +  Km A)3

M AmA|l +  2/nA(Ä'i ~ K.,) +  K 2mA2(K> — Ki)\ /1C) s 
C =  (1 — K,m .\)2 <18a)

a>2pAVK (l — KmA) foJ2pAVmA (1 — KmA)2\ 
R T ^ M A(l +  KmAY \~4RT\p W A j

w'2

4 R T f2

( d fAp
(d(r-) +  ( 1 -  (JAp )

d In 
d( r2) J

u)2A V K m A (d p  dint/') ^
2 R T f2M A( l+ K m A) \d(r2) P d(r2) f  ( J

where all quantities refer to radial position r. In general, 
corresponding values of c and dc/dr (= 2np) are available 
from an experimental record whereupon d In \p/d(r2) may 
readily be calculated. For a selected value of K(r) eq 3b 
gives mA(r). With assigned AV, the solution of eq 15 for C 
requires only estimation of 0A, p, and their differentials 
with respect to r2 at the same value of r; eq 8 yields 0A(r), 
eq 7b gives po(r), and eq 12 then permits calculation of 
p(r). The required differentials are given by

d tA/d (r2) =  0.5X2ur (16a)

, , ., _  ( l - b Ap0)i/' _  p0AVKmA\p
d p /ü tf“) -  1000 500M A( l +  Km A)

p0AV2œ2KmA2p XiP.ruF t _  vAc ____AVc
2000RT(l — K 2mA2) 2 \L 1000 1000M A

AVmA I X > u 2c p „

1000(1 - K m j j  2000 (16b)

Once a value of C has been obtained, eq 11a and l ib  may 
be used to find the corresponding value of B whereupon 
the improved Euler method and the predictor-corrector 
method may be used to generate the entire distribution 
around the value of r selected. If this value of r is not rm, 
the simulation procedure itself gives K(rm) corresponding 
to the selected K(r). Indeed, if a maximum is observed in 
the schlieren plot, the experimenter may choose to utilize 
the point (rmax, \pmAX) which leads to the simplification in 
eq 15 that d In i//d(r2) equals zero. Moreover, further sim
plification of eq 15 is possible for particular systems. For 
example, Nichol, et al,,9 considered the sedimentation 
equilibrium of a single noninteracting solute (K = 0, AV  
= 0), where vA and p were independent of radial distance. 
With these substitutions eq 15 becomes C = l/[2MA3- 
(m  A)2max], in agreement with eq 6a of the previous workers.9 
In studies with polymerizing protein systems in aqueous 
solutions the following frequently employed approxima
tions may prove reasonable: AV = 0, xi = 0 (po = con
stant), X2 = 0 (0A = constant). In these cases, C may be 
evaluated from eq 17 employing the maximum, which 
may be observed at high total protein concentrations.

(1 —KmAT(K''mA2 +  4KmA +  1) _  ü?2pa(1 — i-’aAi) 
2MA2mA2( l +  KmAy 4dOORT\pm,s.

(17)

where the second term accounts for the variation of densi
ty with radial distance given by eq 16b.

A Model Involving Two Equilibrium Constants. In view 
of the conflicting results obtained with IV-methylacet- 
amide it is necessary to formulate equations applicable 
when the dimerization equilibrium constant K j differs from 
that describing the addition of monomer to higher poly
mers, K2 . The expressions analogous to eq 3b and 3c are

M A2mA\ 1 +  mA(4K l — 2>K>) +  
3 K 2m A2( K 1- K 1) +  K V m ^ l K . - K ^  

(1 — K . , m A f
(18b)

The basic eq 4-10 continue to apply, but for simplicity in 
what follows second-order effects contributing to the dis
tribution will be neglected by assuming AV = 0, po = 
constant, and vA = constant. In these terms eq 11 be
comes

, _  d c ( r )  co2j l  - V a P q ~  [ t A( l  ~  f  Ap 0) c ( r ) /  1000]} 

^ “ dCr2) 2RT {(1 / ’EM A.c Aj(r)) +  B +  2Cc<r)i ^

As before eq 18 and 19 could be used to simulate a distri
bution for comparison with an experimental result and it 
thus remains to comment on the evaluation of C for given 
values of K \  and K 2 from an observed maximum. For 
such a maximum, di//d(r2) = 0 and thus from eq 19

—co-F A(1 — vaPo) d ( l /2 M A,cAi(r)) 1
C = 4 0 0 0 d( 7A 2 ^  (20a)

where from eq 18a and 18b

d (l /2  M AlcAi(r)) M A-pm̂ F (m A)
T H -------------- ------ c « . * F  r 2 0 b )

F(mA) = \l +  4mA(2K l — K 2)+  K 2mA2(6 K 2 — 5Ei) +  
4K 22mA\Kx -  KJ +  K 23mAKK2 - K x)\l (1 +  4mA(Jf1 -  

K2) +  KpnA2(&K, -  7K x) +  4KFmA3(K 1 -  K 2) +
K 23mA ( K 2 ~  Ki)\ (20c)

Use of eq 20 to evaluate C requires only evaluation of \p 
and c at the maximum; mA may be found from c using eq 
18a by the Newton-Raphson method. It coulc be noted 
that when K 1 = K 2, eq 20 simplifies to eq 17.

Experimental Section
N-Methylacetamide (Fluka) was distilled before use, 

while carbon tetrachloride (Mallinckrodt) was used as ob
tained. Sedimentation equilibrium experiments were con
ducted at 25 ±  0.1° using a Spinco Model E ultracentri
fuge (fitted with an electronic speed control) and a cell 
comprising a 12-mm double sector filled-epon centerpiece 
and sapphire windows. Experimental records were ob
tained using a schlieren optical system and measured with 
a two-coordinate comparator (Gaertner Scientific Corp.).

At low speeds the baselines of the solution and solvent 
were coincident, both being elevated as the speed in
creased until at the time the operating speed was reached 
that of the solvent was above that of the solution; similar 
effects were observed by Albers, et a/.10 The observed ele
vations were used to calculate the compressibilities21 of 
the solutions employed and hence the isothermal 
compressibility of N-methylacetamide (x2 = 53 X 10“ 11 
cm2 dyn“ 1). The calculation involved the use of the fol
lowing parameters obtained from standard tables: xi for 
carbon tetrachloride 10.67 X 10“ 11 cm2 dyn“ 1 and refrac
tive indices of 1.4631 and 1.4301 for carbon tetrachloride 
and Af-methylacetamide, respectively. After the initial 
photographs had been obtained, the operating speed was 
maintained for 30 hr, a time sufficient to attain equilibri
um as was confirmed by the identity of the patterns ob-
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tained after 24 and 30 hr. The procedure described by Al
bers, et al.,10 was used to correct the equilibrium distri
butions for the effects of compressibility. The first step 
involved the calculation of the apparent concentration 
distribution (in refractometric units) of /V-methylacet- 
amide employing the observed baseline of carbon tetrachlo
ride, this calculation followed the procedure described by 
Schachman.22 Secondly, at each radial position, the ap
parent solute concentration was employed, together with 
the dependence on N-methylacetamide concentration of 
the difference in baseline elevations obtained in separate 
experiments at zero time to obtain a first estimate of the 
baseline corrected for compressibility and therefore appro
priate to the solution channel. This led to a revised esti
mate of the solute concentration distribution, permitting 
reiteration of the procedure until the values used for the 
baseline at each radial position converged.

The initial concentrations of iV-methylacetamide solu
tions were obtained in the required refractometric units 
from separate experiments conducted with a capillary- 
type synthetic boundary cell. In these experiments the 
rotor was initially accelerated to 10,000 rpm to equalize 
the menisci, whereupon the speed was reduced to 3000 
rpm to minimize compressibility effects. As noted pre
viously,10 the areas under the schlieren peaks so obtained 
were, within experimental error, directly proportional to 
the known weight concentrations of the solutions. The 
other parameters required in the calculations to be pre
sented were the density of carbon tetrachloride, taken as
1.583 cm3 g~J and the partial specific volume of the N- 
methylacetamide monomer, Da- For an isodesmic indefi
nite self-association, the weight-average partial specific 
volume may be related to Da by use of eq 3a, 3b, and 9b

= Va +  (A VKmA/MA) (21)

The concentration independence of the weight-average 
quantity previously observed10 may, therefore, be taken as 
an indication that AV ~  0 and that the reported value of 
1.042 cm3 g“ 1 equals Da- On the other hand, Km.\ remains 
essentially unchanged approximating unity over the con
centration range studied,10 and thus the possibility cannot 
be excluded that AV is nonzero; in this case, eq 21 per
mits estimation of v.\ for any assigned value of A V.

Results
Figures 1 and 2 summarize the results of sedimentation 

equilibrium experiments conducted with solutions of IV- 
methylacetamide of concentrations 103 g l.-1 and 158 g
l._1, respectively (other experimental detail being re
ported in the captions). The solid points represent the ex
perimental results corrected for the effects of compressibi
lity. The solid lines in each figure were computed assum
ing a model involving isodesmic indefinite self association 
and a zero volume change. These simulations commenced 
by using eq 15 and 16 to calculate C from the observed 
maxima and an assigned value of K. The corresponding 
value of the nonideality coefficient B was then computed 
using eq 11, which permitted calculation of an entire dis
tribution by the predictor-corrector method as described 
in the theory section. A range of values of K  was searched 
by this procedure, a value of 2 X 103 M -1 being found to 
best fit both sets of data. The solid lines in Figure 1 and 2 
were computed using this value of K and values of B and 
C reported in Table I. The value of K  reported is in excel-

Figure 1. Sedimentation equilibrium  results obtained from  a 
schlieren record of an experiment conducted at an angular ve
locity of 30,000 rpm with a solution of N -m ethylacetam lde in 
carbon tetrachloride of initial concentration 103 g I.- 1 . At equi
librium  the concentrations at the meniscus (rm =  6.64 cm) and 
base (rb =  7.20 cm) were 208 and 19.6 g I . - 1 , respectively. 
Experimental points are designated • .  The solid line was ca lcu 
lated on the basis of an isodesmic indefinite self-association (K 
=  2 X 103 M ~ 1) and was virtually identical with that calculated 
for a model described by the equilibrium  constants, K-, =  1 
and K 2 =  50 M ~ \  The broken line refers to a model for which 
K, =  1 M - 1 and K2 =  38 M  1.

Figure 2. A sedimentation equilibrium  distribution obtained with 
a solution of N -m ethylacetam ide in carbon te trach lo ride  of initial 
concentration 158 g I . - 1 . A column length of 1.2 cm was used 
and an angular ve locity of 44,000 rpm. At equilibrium  the m enis
cus concentration was 251 g I . -1 and that at the base 10 g 1. 1. 
Experimental points, • ,  are compared with the solid line com 
puted for an isodesmic association (K =  2 X 103 At-1) and for 
a model described by the equilibrium  constants, K =  1 M _1 
and K 2 =  50 M ~ 1.

TABLE I: Values of Nonideality Coefficients Derived from 
Analyses of Sedimentation Equilibrium Results“  Obtained with 
N-Methylacetamide in Carbon Tetrachloride at 25°

E quilib rium  f i,  mol /. g ~ 2 X 105 C, mol I.2 g ~ 3 X 108
constants, -------------------------------  ---------------------------------

M-' 1 2  1 2

K =  2 X 103 0.1 0.4 0.5 3.0

£  =  50 l  ° ' 2 ° ' 4 0 4 3 ' 1

Q The co lum ns headed 1 and 2 re fer respective ly  to  the  resu lts  shown in 
Figures 1 and 2.

lent agreement with that (1.96 x 103 M -1 ) found by Al
bers, et a i ,10 who assumed the same model but neglected 
variations of density with radial distance in treating their

The Journal ot Physical Chemistry, Voi. 77, No. 24, 1973



results by a differential procedure.2 Estimation of values 
of nonideality coefficients is subject to greater uncertainty 
and thus the values of B reported in Table I are consid
ered to compare favorably with the average value of 0.3 X 
10 5 M g -2 found by the previous workers.10'23 Similarly, 
the value of C found from Figure 1 is in approximate 
agreement with the average value23 0.97 x 10-8 mol l.2 
g-3 , while that found from Figure 2 is somewhat higher. 
This could arise from the neglect of higher order virial 
coefficients, which may also explain the relatively poor fit 
in Figure 2 of the solid line to the experimental points 
near the meniscus, where the concentration of TV-me thy 1- 
acetamide is highest. Accordingly, it would appear that 
there is substantial agreement between the present and 
previous analyses of results based on the model involving 
isodesmic association, a mechanism which at first sight 
seems to describe quite satisfactorily the interactions oc
curring in solution.

The problem remains however that other results14’15 in
volving spectrophotometric determination of the weight 
fraction of monomer as a function of total concentration 
have indicated that the indefinite self-association may not 
be isodesmic. The alternative model proposed involves 
two equilibrium constants and the present results have 
also been explored in this light by utilizing eq 18-20. The 
use of eq 20 to find C (and hence B) requires specification 
of the constants K\ and K 2 and implicitly assumes that 
AF = 0 and compressibility effects are negligible (xi = X2 
= 0). Guided by previous work,14-15 a value of 1 M -1 was 
selected for the dimerization constant K\, and a range of 
values of K 2 were examined by computing entire distribu
tions on the basis of the derived values of B and C. It was 
found that the values of the parameters reported in the 
second row of Table I best fitted the results, the sign and 
magnitudes of the nonideality coefficients being similar to 
those obtained with the isodesmic model. The computed 
distributions corresponding to the parameters reported in 
Table I are again shown by the solid lines in Figures 1 and
2. It is immediately apparent that these simulated distri
butions are virtually identical with those computed for 
the isodesmic association (K  = 2 x 103 A /-1 ); slight dif
ferences between the results could not be shown on the 
present graphs.

Discussion
In relation to the results obtained with iV-methylacet- 

amide, the major point emerges that the sedimentation 
equilibrium distributions are not necessarily at variance 
with the interpretation given to spectrophotometric re
sults.14'15 The computed distributions in Figures 1 and 2 
clearly show that the present experimental results, which 
agree basically with those found earlier,10 cannot be inter
preted uniquely on the basis of an isodesmic indefinite 
self-association with K  = 2 x 103 M  1. Indeed the weight 
of evidence, taking cognizance of both sedimentation 
equilibrium and spectrophotometric results, favors a 
model described by two equilibrium constants. Two 
points merit comment in this connection.

First, the simulations based on the latter model as
sumed that AV, xii and X2 were zero. It is therefore rele
vant to comment briefly on the effects on computed simu
lations of pressure and density variations with radial dis
tance. This may be done more easily in relation to the 
theory pertaining to the isodesmic model. A distribution 
was simulated employing the parameters relevant to Fig
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ure 2 but with AV = —7 ml mol-1 , the maximum value 
expected for a system involving linear hydrogen bond
ing.24 It was found with a value of 0A estimated from eq 
21 and xi and X2 as before, that K  varied by only 7% 
down the solution column and that the entire distribution 
was almost indistinguishable from that shown by the solid 
line in Figure 2. The corresponding variations in p0 and 
were also small, 3 and 1%, respectively. These findings il
lustrate that computed distributions would be little af
fected by neglecting terms involving AV, xi, and X2, pro
vided these quantities are of small magnitude as in the 
present study. On the other hand, the variation in p was 
12%, showing that the variation of solution density with 
radial distance, arising as a result of solute redistribution 
rather than compressibility effects, is the major second 
order effect. This effect has been accounted for by the use 
of eq 19 and 20 in the computation of distributions per
taining to the model involving two equilibrium constants, 
only the less significant second-order effects being ne
glected by assuming that A V, xi, and X2 equal zero.

Secondly, the closeness of fit of the two models involv
ing K = 2 X  103 M -1 and )K\ = 1, K 2 = 50j might 
suggest at first sight that analysis of sedimentation equi
librium results in terms of indefinite self-associations is 
insensitive to values of equilibrium constants selected. 
That this is not the case for a particular model is illus
trated by the broken line in Figure 1 computed with K\ = 
1 M “ 1 and K2 = 38 M _1, which is clearly distinguishable 
from the solid line and deviates more from the experimen
tal points. On the other hand, it is not claimed that the 
set i 1,50} uniquely describes the system; indeed, it may be 
shown using eq 3b, 3c, 18a, and 18b that when monomer 
concentration is negligible with respect to c, the variation 
with c of 2 M AicAi (and hence of if/) in the two equilibrium 
constant model is the same as that in the isodesmic case, 
provided only that the equilibrium constants are related 
by K = K22 / K\. Thus, although further refinement of the 
values of the equilibrium constants may be possible using 
very low concentrations, it is felt that the agreement be
tween the set ¡1,50| and previously reported values14'15 
¡1-1.5, 24-38| is quite reasonable, particularly in view of 
the experimental errors encountered in the different types 
of study. It thus appears that the basic mechanism of the 
indefinite self-association of IV-methylacetarmde is coop
erative25 in the sense that the equilibrium constant for 
dimer formation is less than that governing the addition 
of monomer to higher polymers.

Final attention is given to the general applicability of 
the theory developed herein to the interpretation of sedi
mentation equilibrium results. The present approach is 
based on a numerical integration procedure which permits 
account to be taken of density variations due to solute re
distribution and compressibility effects and which there
fore may be extended to density gradient sedimentation 
equilibrium studies. In this sense, it offers advantage over 
the differential method2 employed to interpret indefinite 
self-associations, which proceeds by determining the con
centration dependence of apparent weight-average molec
ular weights assuming that the solvent and solution densi
ties are independent of radial distance. The present ap
proach also permits simulation of distributions pertaining 
to a wide range of solute concentrations which may have 
to be studied to distinguish between possible models. 
Moreover, it is possible using such distributions to esti
mate the molar volume change, which for certain protein

2911
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polymerizations may be sufficiently large to lead to more 
pronounced effects than were estimated for the N- 
methylacetamide system; a marked variation of equilibri
um constant(s) with pressure and hence radial distance is 
difficult to interpret when results are presented in differ
ential form.6 Finally, the present theory may readily be 
modified for systems governed by more than two equilibri
um constants and simplified in cases where C = 0, the 
situation frequently encountered in protein studies and it 
is hoped, therefore, that it will be of assistance in the elu
cidation of polymerizing systems of diverse type.
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Interpretation of Migration Patterns for Interacting Mixtures of Reactants That Travel 
in Opposite Directions
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Experimental sedimentation-flotation studies with lipoprotein-protein (or polysaccharide) mixtures, or 
electrophoretic studies with proteins of opposite charge, may lead to complicated migration patterns due 
to the reactants travelling in opposite directions and because binding yields complexes with intermediate 
velocities. Theory is presented to describe the migration behavior of such systems both for cases involv
ing single complex (A + B <=> C) and higher order complex (A B ^j + B ¡=> ABj) formation. For the former 
situation, it is shown that by treating velocities as vector quantities the mathematical solution obtained 
by Gilbert and Jenkins in fact covers the range of situations encountered but their treatment is extended 
to illustrate the seemingly diverse patterns which may be recorded experimentally. It is shown that for a 
given system the constituent velocity of A or B may change sign depending on the mixing composition of 
A and B, and the equilibrium constant. Such a situation has been observed experimentally in the mov
ing boundary electrophoresis of a mixture of bovine serum albumin and lysozyme, which form a 1:1 com
plex. The mobility of this complex was determined for the given conditions (pH 7.4, ionic strength 0.05 
phosphate buffer) and an equilibrium constant determined. Finally methods are presented for using ob
served constituent velocities to determine the number of binding sites and the intrinsic binding con
stants for systems in which one of the macromolecular species binds at multiple sites on the other.

Introduction
Use of the mass migration methods of chromatography, 

sedimentation velocity, and electrophoresis to study rap
idly equilibrating systems of macromolecular constituents 
has been facilitated by the theoretical treatment provided 
by Gilbert and Jenkins2a for heterogeneous associations of 
the type A + B ^  C. Their solutions for situations where

both reactants move with identical velocities or where the 
complex and faster moving reactant travel together have 
been applied directly to the interpretation of gel chroma
tographic results obtained with protein systems undergo
ing heterogeneous associations:20-3 in the latter instance 
(uc = vA) the treatment has also been extended to sys
tems wherein multiple binding of ligand leads to a series
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of complexes, all moving with the velocity of acceptor.4 s 
The behavior encountered in the migration of systems 
where the complex travels faster than either reactant, 
each moving with a different velocity, has also been illus
trated,6-8 and means established for evaluating the equi- 
libriuni constant for single complex formation.

Gilbert and Jenkins23 noted that the situation where 
the complex moves with a velocity intermediate between 
those of the reactants would be encountered frequently in 
moving boundary electrophoresis, and, indeed, behavior 
consistent with their theoretical predictions for this case 
has been observed in the electrophoresis of several inter
acting systems (see, e.g., ref 6, 9-14); in these studies, 
conditions were generally selected such that all species 
migrated in the same direction. It is the purpose of the 
present work to consider in greater detail cases where the 
velocities of the reactants are of opposite sign. This situa
tion may arise in practice in moving boundary electropho
resis of an interacting protein mixture at a pH value be
tween the isoelectric points of the reactants (e.g., 
conalbumin-lysozyme mixtures at neutral pH14), or in 
sedimentation velocity of an associating protein-lipopro
tein or lipoprotein-polysaccharide system in a medium 
with a density between those of the two reactants. Elec
trophoretic patterns obtained with mixtures of lysozyme 
and bovine serum albumin in 0.05 ionic strength phos
phate, pH 7.4, are presented to illustrate (a) some of the 
essential features of migration patterns which may devel
op, and (b) a method for analyzing the patterns in terms 
of interaction constants. The theory extends previous 
treatments by considering situations where a series of 
complexes is formed.

Theory
A Description of Possible Boundary Forms. Consider 

first the simplest type of heterogeneous association, A + 
B ;=* C, where the velocities of the reactants are denoted 
by the vector quantities vA and vB. Discussion is restrict
ed to the case where the velocity of the complex vc is in
termediate between vA and vB, which may arise even 
when jvA| = |vB| if vA and vB are of opposite sign. The an
alytical solution for this case provided by Gilbert and 
Jenkins23 is applicable regardless of the signs of vA and 
vB. It describes a reaction boundary separating the origi
nal solution plateau from one of pure reactant, this being 
A on one conjugate side and B on the other. This is illus
trated in Figure 1 drawn in terms of constituent concen
trations defined on a molar basis as

mA = mA +  m c (la)
mB = mB +  mc (lb)

The convention has been adopted that vA > vB, with elec
trophoretic mobilities of anionic species being classed as 
negative velocities, as are those of solutes that migrate 
centripetally in sedimentation velocity. This convention 
permits consideration of the conjugate side without the 
relabeling of reactants (see Chapter 4 of ref 15 for discus
sion of alternative conventions for labeling species). Con
sideration of the conservation of mass requirement16 
shows that the velocity of the median bisector of the A 
constituent gradient across which A disappears is the con
stituent velocity.

vA =  (v AmA +  vcmc) /m A (2a)

Similarly, vB obtained from the median bisector of the

Figure 1. Schematic representation of a migration pattern for 
the system A +  B a  C with vA > >  vB, conjugate sides
being illustrated. The ord nate axis refers to the constituent 
concentration of each reactant.

constituent gradient of B on the conjugate side in Figure 1 
is defined by

vb = (vBmB +  vcmc)/m B (2b)

The signs of vA and vB determine the directions of move
ment of the reaction boundaries since the constituent gra
dients of A and B in both reaction boundaries are neces
sarily coextensive (t.e., it is not possible to have a region 
where only B and C or A and C coexist). In relation to 
these reaction boundaries, two basic possibilities arise: 
the first encompasses situations where the reaction 
boundaries move in the same direction (vA and v.< being 
of the same sign, either positive or negative), and the sec
ond involves reaction boundaries moving in opposite di
rections. However, each of these possibilities must be con
sidered in relation to the migration of the boundaries of 
separated reactants (Figure 1), and thus for this purpose 
the possibilities are summarized in greater detail in Table
I. The physically unreasonable situation is omitted involv
ing the formation of a complex with a velocity of opposite 
sign to that of both reactants. This also excludes the case 
vA = 0 and vB = 0 (eq 2). However, the possibilities re
main that vA = 0 and vB ^  0 provided vA > 0, vB < 0, 
and vc < 0, or that vA ^  0 and vB = 0 provided vA > 0, vB 
< 0, and vc > 0: these are merely special cases of two of 
those now to be discussed. Utilizing Figure 1 and Table I, 
it is now possible to discuss the seemingly diverse pat
terns which may arise experimentally.

In moving boundary electrophoresis both conjugate 
sides may be observed, this being facilitated by shifting 
the initial boundaries to the central region of both limbs 
prior to applying current. In case 1, for which A and B are 
both cationic, all boundaries are seen to migrate in the 
positive direction. Case 2 differs from the first in that the 
boundary of pure reactant B moves in the opposite direc
tion from that of the other three boundaries. A similar 
comparison applies to cases 3 and 4, case 3 in the electro
phoretic situation being analogous to case 1 but with an
ionic rather than cationic reactants. Cases 5 and 6 differ 
from the previous ones in that the two reaction boundaries 
are seen to converge, while in each limb the boundary of 
pure reactant and the reaction boundary migrate in oppo
site directions; this description applies even in the special 
case that one reaction boundary remains stationary. Since 
for all cases a boundary arises between solvent and a pure 
reactant on both sides, there is the possibility of convec
tive disturbance due to a density inversion in the event 
that either reactant is less dense than solvent. For these
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unusual cases the description of the distribution given in 
Figure 1 will be to this extent modified and thus compli
cate quantitative interpretation.

In conventional sedimentation velocity, migration is 
usually in one direction only and the systems would thus 
conform with either case 1 (sedimentation) or case 3 (flo
tation). For case 1 a boundary of pure B sediments away 
from the meniscus and a reaction boundary with constitu
ent velocity vA moves ahead, other boundaries being ob
scured by pile-up at the cell base.16 For case 3 the bound
ary nearest the base of the cell and moving centripetally 
would represent separated reactant A, the reaction bound
ary moving in the same direction being characterized by 
velocity vB, with pile-up of solute occurring at the menis
cus; this type of flotation behavior may well be encoun
tered with lipoprotein systems in a medium of suitable 
density. In contrast to these situations where two bounda
ries are observed, with cases 2 and 4 only the respective 
reaction boundary appears. Nevertheless, in case 2 a re
gion of pure B exists between the meniscus (where pile-up 
occurs) and the reaction boundary, while in case 4 a 
plateau region of A separates the reaction boundary and 
the solute pile-up at the cell base. Systems conforming 
with cases 5 or 6, which differ in the sign of vc , exhibit 
identical behavior that is quite distinct from that of the 
preceding cases; two reaction boundaries appear and are 
seen to converge, leaving pure B near the meniscus and 
pure A near the base of the cell. For all cases the distribu
tions described are gravitationally stable since the sign of 
Vj (j = A, B, or C) is dictated by the sign of the buoyancy 
term (1 -  Djp).

Consideration of the Initial Mixing Concentrations. It 
should be stressed that assigning signs to the velocities vA, 
vB, and vc is not sufficient to determine the signs of vA 
and vB. For example, cases 2 and 5 of Table I define the 
alternative possibilities for which the sign of vB differs 
even though for each case the signs of individual species 
velocities are identical. Indeed, cases 2 and 5 could refer 
to the same system studied in the same environment and 
yet they display seemingly quite different behavior: the 
question thus arises as to the condition that dictates the 
nature of the migration pattern. A similar situation is en
countered with cases 4 and 6, because of the identity of 
the signs of the individual species velocities; again a given 
experimental system may conform with either case.

It is possible to reformulate the cases specified in Table
1 in terms of constituent concentrations and individual 
species velocities rather than in terms of constituent ve
locities. For example, it follows from eq 2 that cases 1 and
2 require that vA/v c > -  m c / m A and vB/v c > -  m c / m B. 
For the former these conditions are fulfilled for all values 
of m A and mB, since all species velocities are positive, but 
for case 2 the latter inequality must be examined further 
since vB/v c < 0. An equilibrium constant may be defined 
and rearranged using eq 1 to give

K  =  mc/mAmB = (mA — mA) / mA(mB — mA +  mA) (3)

Equation 3 is a quadratic in mA which may be solved to 
yield an expression for m A and hence for m c / m B ( = 
K m A), whereupon the condition vB/v c > - m c / m B may 
be written as
2vB + v c\KihA — K m B — 1 ± [ (K r h B — K r h A + l)2 +

4 K m AJ /2} > 0  (4)
These functions when plotted against mA intersect at a 
common value of mA on the rnA axis and assume positive

TABLE I: Possible Relative Signs of Velocities of Constituents
and Individual Species for a System of the Type A +  B 
vA >  vB and vA >  vc >  vB

— C with

Case VA vb vc VA vb

1 +  + + + +
2 + + + +

4 + - - -
5 + + + -
6 + - + -

values only when
m A -  ¡vb(tcJ S b + vc -  vB) / K v c ( v 3  - v c)! > 0 (5)

Therefore, for case 2, eq 5 requires mA to be greater than 
a positive number, the magnitude of which depends on 
m B for a particular system with defined species velocities 
and equilibrium constant. For values of mB satisfying eq 
5, the behavior attributed to case 2 pertains, but for other 
values of mB that described in relation to case 5 applies. 
This may be shown simply by noting 'hat the necessary 
and sufficient condition for case 5 is vB/v c < ~~mc/mB, 
which leads to eq 5 with the inequality sign reversed. 
Thus for a given system studied in a fixed environment 
(i.e., with defined K  and vA > 0, vB < 0, and vc > 0) it is 
possible in sedimentation velocity (for example) to ob
serve either a single sedimenting reaction boundary or two 
converging reaction boundaries, depending on the initial 
mixing concentrations. It follows that a particular set of 
values of mA and mB exists where vA ^  0 and vB = 0; a 
single reaction boundary would again be observed under 
these circumstances.

By similar reasoning it may be shown for case 4 that the 
necessary and sufficient condition is given by

m B -  |vA(vcf i A +  vc -  v a ) / A v c ( v a  -  vc)j >  0  ( 6 )

and that when vA > 0, vB < 0, and vc < 0 values of m B 
not satisfying eq 6 give rise to migration patterns de
scribed as case 6.

Determination of vA and vB. In moving boundary elec
trophoresis reaction boundaries are observable in conju
gate limbs for all cases listed in Table I, and thus esti
mates of vA and vB may be obtained directly, provided 
the electrolyte redistribution across the original boundary 
positions has a negligible effect on either the velocities of 
species or the equilibrium constant.10-11 The exact deter
mination of constituent velocities requires measurement 
of the median bisector of the gradient of that constituent 
within the reaction boundary across which it disappears,8-16 
and thus concentration gradients of the individual con
stituents should be recorded where possible by the use (for 
example) of absorption optics.

Similar comments apply to sedimentation velocity of 
systems conforming to cases 5 and 6. However, in the sed
imentation of systems encompassed by cases 1-4 inclu
sive, only one reaction boundary is observed, which may 
be used to obtain the relevant constituent velocity (either 
vA or vB); the other is derivable from the moving bounda
ry equation

m x e =  O T x " ( v r -  v x " ) / ( v '  -  v x ' 3 )  ( ? )

where the subscript X  denotes A or B, the superscript f} 
the region where pure reactant exists alone, and super
script a the region containing original solution. In the sit
uation that B separates as the ft phase, for example, v ' re-
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fers to the median bisector of the constituent gradient of 
B in the reaction boundary region and may thus approxi
mate to the constituent velocity of A. For cases 1 and 3, 
mx$ and vx/J may be measured from the observed bound
ary of pure reactant, while for cases 2 and 4 the use of ad
sorption optics would facilitate determination of m ^ , the 
magnitude of \ x <3 being obtainable by an integration pro
cedure or by conducting a separate experiment with X 
alone.

To this point the discussion has been restricted to the 
mass migration of systems undergoing the simple reaction 
A +  B C. For more complicated systems of the type 
ABj_i + B <=t AB, (where i = 1, 2, . . p), which still com
prise two constituents, it is possible to generalize the defi
nitions of constituent velocities given in eq 2 as follows

where from the definitions of the successive association 
constants X,

fflABi =  mAmB'UK, (9)
i

Nichol and Ogston17 have shown that the condition for 
the conservation of mass of each constituent (X = A or B) 
may be written as u dmx -  dvx mx = 0, where u is the 
velocity of a lamina of constant composition. It follows 
from eq 8 that

p

(u — vA)d7wA + ~ VAB,)dmAB, = 0 (10a)
t=i
p

(u — vB)dmB +  Xri'(u — vAB;)cbnAB, =  0 (10b)
!=1

It is now desired to show for the situation vB < all vAB(- < 
vA that the reaction boundary arises between vA and vB 
since this would extend the usefulness of Figure 1. By rea
son of symmetry it is only necessary to consider one side, 
and thus reference is made to the left-hand side of Figure 
1, with distances positive in the direction solvent —► solu
tion, so that the regions u < vB and u > vA refer to sol
vent and solution plateaux, respectively. When u = vA or 
u = vB, eq 10a and 10b require that all dmAB, = 0 and 
thus the reaction boundary (wherein all dmAB,' A 0) must 
arise between vA and vB. It follows that it is still possible 
to estimate vA and vB either directly or via eq 7 in the 
event that complexes of higher order than 1:1 are encoun
tered.

Use of vA and vB in Determining Equilibrium Con
stants. Consider a situation where the p sites on A are 
equivalent and independent so that all X, may be ex
pressed in terms of a single intrinsic binding constant, 
X A, where

x , =  [p - a  - i ) ] K A/i (id

It follows from eq 9 that

mABl =  mAmB' ^ri[P -  (i ~  1 ) ] / ^ X A' (12)

It also follows from the concept of equivalent and inde
pendent binding that

mB -  roB _  p X AmB 
mA 1 + XAmB

K  A
______ -  mB
mB(mB — mB — pm A) (13b)

Combination of eq 8b, 12, and 13b yields on rearrange
ment

m.a -  (vBmB — vBmB)/

¿ ¿ ( f i [ p -  a - 1)]/i
- mB -  mB — pmA)'

Similarly, combination of eq 8a, 12, and 13b yields
mA =  vAmA/

v.\ +  è  ( n[p ~  (i ~  1 )]/ A vAB,(mB -  mB)'/ 
L ,=i \ i /

(mB ~ mB ~  pmA)'

ah,(,71b -  mBy /

(14)

(15)

For the case A + B ¡=> AB (= C ) where p -  1, mA may be 
evaluated from eq 15 alone when written in the form 
(employing eq 1)

mA =  mA(yA -  vAb)/<va -  vAB) (16)

Alternatively, as Gilbert and Kellett8 have noted, it is 
possible to determine mA without knowledge of vAB if 
both constituent velocities (vA and vB) are employed. This 
may be seen by rearranging eq 1 and 2 to give

mA =  jmA(vA -  vB) -  MB(vB -  vB)J/  (vA -  vB) (17)

Once the equilibrium concentration of unbound A has 
been found, it is a simple matter to obtain X A from eq 3. 
The difficulty arises that only one value of X A is available 
from a single experiment and thus it must be regarded as 
apparent unless it is known that p = 1. Without this 
knowledge it would be necessary to perform a series of ex
periments with mixtures of different compositions and 
total concentrations, and to test the assumption that p = 
1 on the basis of constancy of apparent X A values. In the 
event that a larger value of p is indicated, eq 14 and 15 
may be combined and solved for mB (and X A evaluated 
from eq 13b) for a range of values of p. The final selection 
of corresponding values of p and X A would again be based 
on the observed constancy of apparent X A values derived 
from separate experiments. Three points in relation to 
this procedure merit comment. First, it requires the joint 
use of both constituent velocities, which offers no great 
problem in moving boundary electrophoresis provided the 
slight discrepancy between mobilities of a so.ute deter
mined from conjugate sides is disregarded. Secondly, it 
yields a single intrinsic binding constant and is therefore 
inapplicable to systems where p > 1 and the sites are ei
ther nonequivalent or mutually interacting. Thirdly, it is 
clear that when p > 1 the solution of eq 14 and 15 re
quires specification of all vAB;, whereas only vA and vB are 
readily available. Estimates of vABi could be obtained ei
ther from geometrical and hydrodynamic consicerations of 
possible models18'19 or by assuming a constant incremen
tal change, q (positive or negative), in vA induced by the 
successive addition of each molecule of B, i.e., by assum
in g«,20,21 that

VAB, = VA +  iq (18a)
In the latter connection, Schachman20-21 has suggested 
that an additional approximation may be reasonable in 
certain cases, viz.

vA = vA +
(mB -  mB) 

fr.A <7 (18b)
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Joint use of eq 18a and 18b permits vAB; to be expressed 
solely in terms of vA, mB, mA, and mB consistent with the 
use of eq 14 and 15 in solving for mH.

Experimental Section
Salt-free, crystalline samples of bovine serum albumin 

(Armour) and lysozyme (Worthington) were used without 
further purification. Stock solutions of the individual pro
teins (~2% ) were dialyzed at 5° against 4 X  500 ml of 
phosphate buffer, pH 7.4, ionic strength 0.05 (0.004 M  
NaH2PO<t, 0.016 M  Na2HPC>4), after which they were 
stored in air-tight containers until required for electropho
resis. Mixtures were prepared by weight from these stock 
solutions, the concentrations of which were determined 
spectrophotometrically at 280 nm on suitably diluted ali
quots: extinction coefficients ( £ a Cm1%) of 6.6 (ref 22) and
27.2 (ref 14) were used for albumin and lysozyme, respec
tively, the corresponding molecular weights being taken as
67,000 (ref 23) and 14,500 daltons (ref 24).

Immediately after preparation, the mixtures were used 
to fill the standard 15-mm cell of a Perkin-Elmer Model 
238 electrophoresis apparatus in the usual manner. After 
allowing sufficient time for the cell and contents to equili
brate with the bath temperature (5°), the procedure of 
compensation to bring the initial boundaries into view 
was continued until they were in the centers of the two 
limbs, in order to permit observation of solute migration 
in both directions. With an applied current of 6 mA such 
experiments had a useful lifetime of approximately 45-55 
min. Distances migrated were determined from tracings of 
schlieren patterns obtained with the diagonal slit assem
bly, median bisectors25 of asymmetric boundaries being 
used to locate their positions. In calculations of mobilities, 
the resistances of the mixtures were assumed to be those 
of the buffer; since conductivities were measured at 0°, 
the mobilities also refer to this temperature. However, the 
equilibrium constants determined refer to the reaction at 
5°, the temperature at which electrophoresis was per
formed. Boundaries corresponding to gradients of pure so
lute (lysozyme or albumin) were identified by distances 
migrated from the initial boundary positions, these being 
located in exposures taken prior to application of the elec
tric field.

Results and Discussion
Electrophoretic patterns for the individual solutes albu

min and lysozyme are shown in the upper and lower por
tions, respectively, of Figure 2. Single, fairly symmetrical 
boundaries were observed in each limb, although the pat
terns exhibited the usual degree of nonenantiography with 
respect to (a) boundary spreading and (b) discrepancies 
between apparent mobilities calculated from ascending 
and descending patterns. For example, apparent mobili
ties of —6.7 and —6.5 X  10~5 cm2 sec-1 V -1 were ob
tained from the ascending and descending patterns, re
spectively, for bovine serum albumin; since no account 
was to be taken of conductivity and pH differences across 
the boundary anomalies,10'11 the average of the two 
values was assumed to apply to both limbs. Thus values 
of —6.6 X  10~5 and +3.7 X  10~5 cm2 sec-1 V -1 were con
sidered to represent the electrophoretic mobilities of free 
albumin and free lysozyme, respectively, in mixtures 
undergoing heterogeneous association.

Table II summarizes the results obtained in moving 
boundary electrophoresis of mixtures of lysozyme and bo
vine serum albumin; in accordance with the adopted con

Figure 2. Electrophoresis of bovine serum albumin (upper pat
terns) and lysozyme (lower patterns) in phosphate buffer, pH 
7.4, ionic strength 0.05, the exposures being taken 45 and 50 
min, respectively, after applying a potential gradient of 14.6 
V /cm . Positions of initial boundaries are indicated below the 
patterns, those on the right referring to ascending limbs. M igra
tion is assigned as positive or negative on t ie  basis that cations 
have positive velocities.

vention that cationic species have positive velocities, lyso
zyme is the faster migrating reactant and is therefore la
beled A. Patterns obtained in these experiments were of 
two types (Figure 3): in experiments 1-5, inclusive, the 
electrophoretic behavior was typified oy the upper pat
terns, in which vA is positive and vB negative, while in ex
periments 6 and 7 the alternative situation (lower pat
terns) with vA and vH both negative was observed. Col
umns 2 and 3 of Table II indicate the constituent concen
trations of the two reactants, and columns 4 and 5 the re
spective constituent mobilities. These were measured 
from the rates of movement of the median bisectors of the 
reaction boundaries recorded refractometrically and hence 
may only approximate to the required constituent veloci
ties. These could only be determined precisely by record
ing the individual constituent gradients,8'16 a prohibitive
ly difficult task in the present examination of reacting 
mixtures of two proteins which absorb in the same wave
length region. On the other hand, the median bisector of 
the total concentration gradient within a boundary is a 
defined position which at least permits consistent com
parisons to be made between experiments involving 
mixtures of different initial composition. Column 6 tabu
lates the equilibrium concentration of free lysozyme, cal
culated from eq 17, use of which implies the formation of 
a 1:1 complex; the relative constancy of K (column 7) pro
vides some justification for this hypothesis. Further sup
port for the concept of single complex formation comes 
from calculation of its apparent mobility via the defini
tions of constituent velocities (eq 2a and 2b); the agree
ment between values of vc calculated from the two con
stituent velocities measured in a single experiment (the 
entries recorded in columns 8 and 9 for each run) estab
lishes the internal consistency of each experiment, while 
the close parallel between values of the complex mobility 
from different experiments implies identity of the com
plex species in each case. Such a result would not be ex
pected to pertain in the event that several complex 
species, each characterized by a different vc , coexisted at 
equilibrium, because the wide variation in the initial con
centrations and mixing ratios of reactants (columns 2 and
3) would have ensured differences in the relative amounts 
of the various complexes from experiment to experiment. 
However, the absolute magnitude of the apparent equilib
rium constant (K ) must await verification by use of a mi
gration technique capable of recording individual constit
uent gradients or the examination of the system by an 
equilibrium method.
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TABLE II: Electrophoresis of Mixtures of Lysozyme (A) and Bovine Serum Albumin (B) in Phosphate Buffer, pH 7.4, Ionic 
Strength 0.05, at 5°

C onstituent concn. C onstituent m o b ilitie s,a c m 2
M X 1 0 4 s e c “ 1 V “  1 X  10s

Expt no . m A me VA vb

1 3.00 0.86 +  2.4 - 4.5
2 3.41 1.24 +  2.2 - 4.6
3 2.81 1.15 +  2.0 - 4.7
4 1.36 1.06 +  1.6 - 5.3
5 1.70 1.87 +  0.7 - 5.4
6 2.37 2.91 - 0.5 - 5.1
7 1.59 3.48 - 1.1 - 5.8

“  Reactant m obilities: vA =  3.7 X 10-5  c m 2 s e c -1  V “ ’ ; vb =  - 6 . 6  X 1 0 “

Figure 3. Electrophoresis of m ixtures of lysozyme (A) and bo
vine serum albumin (B) at 5° in phosphate, pH 7.4, ionic 
strength 0.05, the exposures being taken 45 min after applying a 
potential gradient of 14.6 V /c m ; for details of the constituent 
concentration of each reactant see the relevant experim ent in 
Table II.

From the viewpoint of employing hydrodynamic models 
to predict complex velocities it is noted that the values of 
vc derived on the basis of a 1:1 complex lead to an esti
mate of the net charge borne by this complex which is 
consistent with that predicted from titration curves for 
the two reactants. Under the present conditions (pH 7.4, 
ionic strength 0.05), bovine serum albumin bears a net 
charge of -1 4  (ref 26) and lysozyme a charge of +6 (ref
27), whereupon a valence of —8 is predicted from titration 
data for the 1:1 complex on the assumptions of charge 
conservation and absence of specific ion binding effects. 
The same value was obtained18 with an average value of 
-3 .3  x 10~5 cm2 sec-1 V -1 for vc (Table II) and an esti
mated Stokes’ radius (rc 3 = rA3 + rB3) of rc = 36.9 A. The 
close agreement between the estimated valencies is some
what fortuitous, since the method of Abramson, et al. , 18 
as a general procedure for estimating charge is not with
out criticism.28 In this connection it is noted that Wald- 
mann-Meyer29 has established its validity for estimating 
the valence of bovine serum albumin, and the present re
sults confirm this inasmuch as cur mobility value also 
predicts the titration value of -14  for the net charge. On 
the other hand, application of the same procedure to lyso
zyme met with far less success; a value of +3, or approxi
mately half of the titration value, was obtained.

Finally, in connection with Table II, it is noted that the 
complex has a negative mobility, which now permits iden
tification of the observed patterns with the possible 
classes listed in Table I; experiments 1-5, inclusive, con
form with case 6, while experiments 6 and 7 typify case 4. 
The final column in Table II bears out the ability of eq 6 
to predict the changeover between these two classes of mi
gration patterns. By adopting the rather unlikely conven

Com plex m obility , cm 2 
s e c “ 1 V -1  X  105

/7?a , M  X 
104

K , M ~ 1 X 
10 — 3 From  va From  vb

Left-hand 
s ide of eq 5

2.45 7.2 - 3.4 - 3.3 < 0
2.67 5.5 - 3.2 - 3.2 < 0
2.13 6.8 - 3.3 - 3.4 < 0
0.95 6.6 - 3.3 - 3.2 < 0
0.99 6.2 - 3.5 - 3.5 < 0
0.98 9.3 - 3.5 - 3.5 > 0
0.58 9.4 - 3.2 - 3.5 > 0

cm 2 sec 1 V 1.

tion that anionic species are assigned positive velocities, 
experiments 1-5, inclusive, would be termed class 5, and 
experiments 6 and 7 class 2; again the changeover be
tween classes would have been predicted adequately, the 
relevant expression in this instance being eq 5. The 
changeover in the nature of the migration pattern (Figure
3) has been observed before by Ehrenpreis and Warner,14 
but they made no attempt to characterize the conditions 
governing the type of experimental pattern obtained. Al
though the present experimental results are only particu
lar examples of the migration behavior of interacting sys
tems with reactants moving in opposite directions, they 
serve to stress that while a single form of theoretical solu
tion23 (Figure 1) pertains for all systems of the type vA > 
vAb i > vB, the experimenter may be confronted with 
seemingly diverse migration patterns. In discussing these 
in greater detail than previously attempted23 for both 
electrophoresis and sedimentation velocity, we hope that 
the present study may aid the detection of interactions 
and in favorable cases the quantitative estimation of ap
parent equilibrium constants from measuraole constituent 
velocities and concentrations. The potential then exists 
for these estimates to be examined further by use of com
puter-simulated migration patterns to include the effects 
of diffusional spreading,30“32 and thereby to make use of 
the shapes as well as poshions of boundaries.
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The object of this research was to provide data for a detailed analysis of the analogy between tracer dif
fusion in polyelectrolyte solutions and gels and in aqueous solutions of a 1-1 electrolyte with the same 
chemical structure as the repeating unit in the polyelectrolytes. Tracer diffusion coefficients of HTO and 
simple inorganic cations and anions were measured at 25° in concentrated sodium p-ethylbenzenesulfon- 
ate (NapEBS) solutions and in the sodium form of cross-linked polystyrenesulfonate ion-exchange gels. 
The diffusion coefficients of all species decreased rapidly with increasing NapEBS concentration in con
centrated solutions of the latter. Much of this decrease can be attributed to an obstruction effect. An 
analysis of the HTO diffusion data suggests that the pEBS-anion has little net effect on the structure of 
water. Diffusion coefficients in NapEBS solutions are compared with those for sodium polystyrenesulfon
ate (NaPSS) solutions and for the sodium form of cross-linked polystyrenesulfonate ion exchange gels. Al
though a concentrated NapEBS solution is a far better “ model” for the polyelectrolyte systems than is a 
typical 1-1 inorganic electrolyte, the diffusion of cations is much more rapid in NapEBS than in either 
the NaPSS solution or in the ion exchanger. However, the diffusion coefficients for HTO and for the 
coion, 36CD, are nearly the same in all systems. It is concluded that the analogy between polyelectrolyte 
solutions and gels and 1-1 type model electrolytes has validity for diffusion of neutral species and coions, 
but not for the diffusion of counterions.

I. Introduction
The analogies between equilibrium and rate processes 

in concentrated electrolyte solutions and in organic ion
exchangers have been emphasized by a number of work
ers.3' 6 The hypothesis that concentrated electrolytes are 
useful models for organic ion exchangers at the same 
water content, provided the electrolyte has the same 
chemical structure as the repeating unit of the polymer, 
may be termed the “ model compound concept.” Several
studies supporting this concept are the following.

(1) Comparisons4 *-53 of the free energies and enthalpies 
of ion-exchange reactions with thermodynamic data on so-

lutions of model compounds show a close correspondence 
between their respective properties at high concentrations 
(i.e., >3 m). The poor correspondence observed at low 
concentrations (i.e., high water content) was attributed to 
the fact that the charged sites on the polymer are not sep
arated isotropically on dilution as are the ions in an elec
trolyte solution.

(2) Nelson5b measured tracer diffusion coefficients of 
Br~ in samples of Dowex-1 (8% DVB), which were equili
brated with various aqueous LiCl solutions, and compared 
these results with diffusion in mixtures of aqueous LiCl 
and benzyltrimethylammonium chloride. The correspon
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dence was not quantitative, but the diffusion coefficients 
in the model electrolyte solution did parallel those in the 
anion exchanger.

(3) Recently Paterson and Gardner3 have concluded 
that, when due account is taken of the tortuosity of a poly- 
styrenesulfonate membrane, transport phenomena in the 
membrane become comparable to the corresponding 
transport properties in aqueous sodium chloride solutions.

The principal purpose of this research was to provide 
experimental data for a detailed analysis of the analogy 
between diffusion in an ion exchanger, in a linear poly
electrolyte solution, and in aqueous solutions of the model 
compound, sodium p-ethylbenzenesulfonate (NapEBS). 
Tracer diffusion coefficients for HTO, 3 6 Cl , 24Na+, 
42K+, 65Zn2+, and 88Y3+ were measured in aqueous Na
pEBS solutions, and for HTO, 36CR, 24Na+, and 65Zn2+ 
in polystyrenesulfonate ion exchangers (Na form) of cross 
linking corresponding to nominal 1.7, 4, and 8% divinyl- 
benzene (DVB) contents.

Tracer diffusion coefficients for Na+ in aqueous solu
tions of the linear polyelectrolyte, sodium polystyrenesul
fonate, are available,7-8 hence, a comparison of Na+ ion 
diffusion in three systems of the same “ chemical struc
ture” but of differing degrees of “ polymerization” can be 
made. An examination of the model compound concept 
for trace diffusion of a neutral species (HTO), a coion 
(S6C1~), and counterions of single and multiple charge is 
made possible by our investigations.

II. Experimental Section
1. Aqueous Sodium p-Ethylbenzenesulfonate Solutions. 

Preparation of Materials. The synthesis and purification 
of NapEBS were conducted using the procedure described 
by Lindenbaum and Boyd.4b A value of 207.2 was ob
tained for the equivalent weight, compared with the theo
retical value of 208.2. Solutions were prepared from 
weighed quantities of dried salt and triple-distilled water 
and were made slightly acid (pH 4-5) to repress hydrolysis 
of multivalent cationic tracer species. However, the acidi
ty was sufficiently low for the measurements with tritium 
to reflect the diffusion of HTO and not T+ ion. It may be 
estimated at pH 4 using the analysis described by Eisen- 
berg and Kauzmann,9 that an average water molecule 
(HTO) would undergo ~5 X 104 translational “ jumps” 
before dissociating. Thus, the diffusion mechanism in
volves HTO predominantly and not T + .

The inorganic salts used were reagent grade chemicals. 
The potassium chloride was recrystallized once from 
water. Except for 24Na+ and 42K+, the radioactive iso
topes were obtained from the Isotopes Division of the Oak 
Ridge National Laboratory, Oak Ridge, Tenn. The 24Na+ 
and 42K+ were prepared by thermal neutron irradiation of 
the appropriate reagent grade carbonate. The radiochemi
cal purities of the y  emitting tracers were verified by 
checking their respective 7 -ray spectra.

Diffusion Measurements. The diaphragm cell apparatus 
and the general procedures were the same as previously 
described.10 The cells were periodically calibrated11 by al
lowing 0.5 N  KC1 to diffuse into pure water. The precision 
of the calibration experiments was about ± 0.1%.

The procedure used for measurements differed from the 
usual practice in that several diffusion coefficients were 
determined from a single experiment. For example, trace 
amounts of 24Na+, 65Zn2+, HTO. and 36CR were allowed 
to diffuse simultaneously in a diaphragm cell. The count-
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TABLE I: Tracer Diffusion Coefficients in 4.36 m Aqueous NaCI 
at 25° (Comparison with Literature Data)

Species 105Dj (this work) Species 105D¡ (lit.)

24N a+ 0.934 [0 .0 0 1 ]° 22N a+ 0.931 ±  0 .0 0513
36ci- 1.25s [0 .007 ] 35cr 1,262 ±  0 .0 0 6 13
HTO I . 6O2 [0 .013 ] HTO 1.64 ±  0 .0 6 14
65Z n2+ 0.687 [0 .004 ]

“ Difference between duplicate measures with different diaphragm 
cells.

ing rate of each isotope was determined uniquely by tak
ing advantage of the short half-life of 24Na+ (15 hr) and 
the counting characteristics of the other isotopes. Stan
dard techniques for liquid scintillation counting of doubly 
labeled samples (i.e., HTO and 36CR) were employed and 
the scintillation cocktail described by Bray12 was used.

Diffusion coefficients, D, were calculated with the mod
ified diaphragm cell equation10

D  =  (1 / P t )  In ( 1r ^ 7 ^ )  +

(1 //3t) In [(1 -  a-,)/( 1 -  «!>] (1)
where /3 is the cell constant (evaluated by calibration with 
potassium chloride) and t is the time of diffusion. The 
quantity /  is given by

where Vu and V1 are volumes of the upper and lower cell 
compartments, respectively, ( ~ 50 ml) and V’d is the vol
ume of the frit. The terms Cu and C1 represent concentra
tions (or specific counting rates) of solutions from the 
upper and lower compartments, respectively. The first 
term on the right-hand side of eq 1 is the conventional ex
pression11 for the evaluation of diffusion data from the 
diaphragm cell measurements. The second term is a theo
retical correction10 to the conventional expression, which 
is significant when the product of the prediffusion time 
and the diffusion coefficient is small. This term reflects 
the lack of “ filling” the frit to a linear concentration pro
file. The original paper10 should be consulted for a defini
tion of the quantities ai and «2 and for the procedure to 
be used in evaluating this term. The contribution of the 
“ correction” term to D was usually ~0.1%, except for dif
fusion of multivalent ions in the 3.0 and 3.25 M solutions. 
This term was largest for the diffusion of 88Y3+ in 3.24 M 
NapEBS where it represented 8.5% of D.

Tracer diffusion coefficients of 24Na+, 65Zn2+, 36C1~, 
and HTO were determined in aqueous 4.36 m NaCI at 25° 
as a check on the apparatus and procedure. These data 
are compared with literature values13-14 in Table I.

Strictly speaking, diffusion data for 24Na+ ion may not 
be compared with the corresponding data for 22Na4 . 
However, measurements of the D(22Na+)/D (24Na~) ratio 
in this laboratory15 suggest that isotope effects in tracer 
diffusion are negligibly small.

2. Ion-Exchanger Studies. Preparation of Materials. The 
cross-linked sulfonated polystyrene ion exchangers were 
custom synthesized by A. H. Greer of the Ionac Chemical 
Company, Birmingham, N. J. They were of nominal 1.7, 
4, and 8 wt % divinylbenzene (DVB) content, and were 
supplied as spheres of uniform diameter of ca. 1 mm. The 
preparations were wet screened to give narrow particle

The Journal of Physical Chemistry, Voi. 77, No. 24, 1973



2920 Michael J. Pikal and G. E. Boyd

size distribution and conditioned following Helfferich.16 A 
significant percentage of defective beads (t.e., cracked or 
broken, nonspherical) was present. These were removed 
by rolling the dried preparations on a flat surface to re
move the defective beads. A flat metal plate, oriented at a 
slight angle, and subjected to a periodic vibration acted to 
dislodge the defective beads leaving only the spherical 
beads.

The sodium forms of the exchangers-were equilibrated 
with a mixed electrolyte solution (hereafter denoted “ exter
nal solution” ) of composition 0.200 N  NaNC>3, 0.0200 N 
NaCl, and 0.0020 N  ZnCl2 (pH 5). The exchanger was 
placed in a column and a large excess of solution was 
passed through the bed. The equilibration was taken to be 
complete when the concentration of Zn2+ (determined by 
EDTA titration) in solution did not change on passing 
through the column.

Capacity, Water Content, and Size Determinations. 
Conventional procedures17 for capacity determination of 
strong acid ion exchangers were employed. The water con
tents were determined as follows. A sample which had 
been equilibrated with the external solution was blotted 
dry on filter paper until microscopic examination revealed 
no visible surface moisture. The water content was esti
mated from the weight loss on drying a portion of the 
sample in a vacuum oven at 110°. Water contents ob
tained in this way are not accurate to better than 1% be
cause of undetected surface moisture or partial drying.

The average bead diameter for a given sample of ex
changer was determined by microscopic examination of a 
large number (50-100) of beads in contact with the exter
nal solution.

Diffusion Procedure. The limited ba;h technique18 was 
used for the diffusion measurements. The only significant 
change in this research was that 24Na+ and 65Zn2+ were 
allowed to diffuse together, and 36C1~ and HTO were al
lowed to diffuse together.

Diffusion coefficients were evaluated from the measure
ments of the time dependence of the fractional attain
ment of equilibrium, F(t), with a computer and the equa
tion

F(t) =  1 — (2/3u>) /•"*. e~ x" 7 /{1  +  X, J/9w(l +  «>)] (3)
i

where a is the average radius of the spheres and w is the 
ratio of the total quantity of isotope in the spheres to that 
in the ambient aqueous solution

w = CV/CV (4)
In eq 4 C and C are the concentrations of the diffusing 
species (65Zn2 t , 24Na7 , etc) in the ion exchanger of vol
ume V and in the solution of volume V', respectively. The 
\n’s in eq 3 are the roots of the transcendental equation

X„cotX„ =  1 +  X„2/3  w (5)

and the dimensionless variable, r, is related to the time, 
t, and a and the particle diffusion coefficient, Dv, by

t  =  D vt / a J (6)
With HTO and 36CH diffusion, an accurate measure

ment of the sampling time presented a problem because of 
the short half-time for isotopic exchange. Accordingly, 
several evaluations of a diffusion coefficient were carried 
out to arrive at an average value. The use of eq 3 assumes

TABLE II: An Illu s tra tion  of the Correspondence between the  
Theory fo r Coupled F ilm -P a rtic le  D iffus ion C o rtro l (Eq 7) 
and Experim enta l D a ta “

Tim e, sec

Na+ d iffusion Zn2 + diffusion

F(t) expt F(t) ca lcd F{t) expt F[t) ca lcd

3 0 0 .3 5 3 0 .3 5 4 0.157 0 .1 4 8

6 0 0 .4 9 6 0 .4 9 5 0 .2 5 e 0 .2 5 6

9 0 0 .59s 0 .5 8 9 0 .33» 0 .3 4 2

130 O.669 0 .6 7 8 0.434 0 .4 3 4

5 0 0 0 .9 6 ! 0 .9 5 6 0.80» 0 .801

a 8% ion exchanger, a =  0.0513 cm . For N a + d iffusion, a — 5.3, £ — 
33.5 ±  9.0, 106D P =  1.32 ±  0.08. For Zn2+ d iffusion, a = 0.44, £ =  
5.70 ±  0.80, 106DP =  0.313 ±  0.030. U ncerta in ties given are standard 
devia tions of the coeffic ien ts .

particle diffusion control, and it is significant to note that 
the calculated diffusion coefficients showed no systematic 
trend with time which might suggest partial film diffusion 
control. Moreover, application of the usual criteria,19 
assuming plausible values for the film thickness, indicates 
that partial film diffusion control should not present a 
problem in the experiments with HTO and 36C1~.

The experiments with 65Zn2+, and, to a lesser extent, 
those with 24Na+ clearly involved partial film diffusion 
control. Partial film diffusion control might have been ex
pected19 because the ratio C/C was small. Moreover, as
suming complete particle diffusion control resulted in dif
fusion coefficients that systematically increased with 
time. Thus, it was necessary to use a model which in
cludes both film and particle diffusion mechanisms.

It has been shown20 for porous spheres in a limited bath 
that when both film diffusion and particle diffusion mech
anisms are operative, the fractional attainment of equilib
rium, F(t), is given by
F(t.) =  1 -

y _______ 6fX l_+  a)e^ "'r____________________
» = i (9 / «  +  a g ,,1 +  9)iy -  (6 +  a)g„-^ +  a g „4 

where gn are the nonzero roots of
tan g„ =  3g -  ag

g„ ( s -  1 )ag„2 + 3£
with «  = ur 1 and £ = {a/b)(Df/Dp){C/C), where 6 is the 
film thickness in cm and D( is the diffusion coefficient in 
the film. It is easily shown that eq 7 and 3 reduce to eq 3 
and 5 for pure particle diffusion (i.e., £ —*■<*>). Further, for 
the case a eq 7-8 will reduce to the equations of
Grossman and Adamson21 for partial film-partial particle 
controlled diffusion in spherical particles in an infinite 
bath.

The F(t) vs. t curve for a given experiment is a function 
of but two parameters, Dp and £, because a = w^ 1 is 
known from experiment. A fit of the Fit) data to eq 7 
using a non-linear “ least-squares” procedure will therefore 
give Dp and £.22 A representative example of the ability of 
eq 7 to reproduce the experimental F(t) data is afforded 
by Table II. Note that the data are fitted to well within 
the experimental error. Assuming the plausible23 values of
1.2 X 10~5 and 0.70 X 10 5 for the liquid film diffusion 
coefficients, Dr, of 24Na+ and 65Zn2+, respectively, the 
film thickness, 6, is found to be ca. 10-3 cm which is rea
sonable physically.
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TABLE I I I :  T race r D iffus ion  C oe ffic ien ts  in Aqueous Sodium  p -E thy lbenzenesu lfona te  (NapEBS) at 25°

Concn of NapEBS 105 D, em 2/s e c

m c HTO 36CI - 24Na + 42K 4 65Zn2 + 45Ca2 4 8 8 y 3  +

0 0 2 .2 6  ±  0 .0 8 a ( 2 .0 3 2 ) " (1 .3 3 3 ) (1 .9 5 6 ) ( 0 . 70 2 ) (0 .7 9 2 ) (0 .5 7 „)
0 .0 9 9 8 0 .0 9 8 2 2 .1 9  ±  0 .0 2 6 c 1 .8 6 8  ±  0 .0 0 5 1 .2 5 8  ±  0 .0 0 3 1 .8 5 3  ±  0 .0 0 6 0 .6 9 4  ±  0 .0 0 7 0 .7 3 7  ±  0 .0 0 6 O.589 ±  0 .0 0 8
0 .2991 0 .2 8 6 8 2 .0 6  ±  0 .0 0 3 1 .7 2 0  ±  0 .0 1 4 1 .1 6 8  ±  0 .0 0 3 0 .6 3 6  ±  0 .0 0 8
0 .9 9 7 0 .8 7 5 6 1.68 ±  0.010 1 .3 3 6  ±  0 .0 0 0 0 .9 2 0  ±  0 .0 0 6 1 .2 9  ±  0 .0 1 5 0 .4 7 3  ±  0 .0 0 3 0 .5 1 7  ±  0 .0 0 0 0 .3 8 5  ±  0 .0 0 3
2 .991 2 .1 1 0 1 .0 8 5  ±  0 .0 0 4 0 .7 4 6  ±  0 .0 0 6 0 .5 3 7  ±  0 .0 0 3 0 .2 3 4  ±  0 .0 0 2
3 .2 3 6 2 .2 2 7 1 .0 3 0 .7 2 0 .5 0  ±  0 .0 2 0 0 .2 1 8 0 .2 3 0 0 .1 5 2

“  Extrapolated by m eans o f the  least-squares equation, eq 9. The uncerta in ty  given is the standard deviation of the coe ffic ien t o f the  zero-order term . 
" All values In parentheses w ere ca lcu la ted  Torn the lim iting  Ionic co nductances.24 •' The data reported w ith an uncerta in ty  figure are the m ean of two in 
dependent m easurem ents. The uncerta in ty  g iven Is the d iffe rence  between dup licate  m easurem ents.

TABLE IV : Physica l Data fo r Ion Exchangers in Equ ilib rium  w ith  an Aqueous Solu tion o f C om pos ition 0.200 N  N a N 0 3,
0.020 N  NaCI, 0.002 N  ZnC I2

Nom inal cross- 
link ing  % DVB

C apacity Na form  
(m e q u iv /g  dry) Mol % Zn Wt % H20  (wet) Av d iam eter in mm (std ce v )a

% defec tive  
beads6

1.7 5.12 1.5 7 3 .8 (N o . 1 ) 1 .085  (0 .0 7 9 ) 3
(N o . 2 )1 .0 6 1  (0 .0 5 3 ) 4

4 4.73 4 .0 61.7 0 .9 5 2 (0 .0 5 8 ) 3
8 4 .8 2 5.1 4 4 .2 1 .0 2 5 (0 .0 3 2 ) < 2

“ Two Independently sized sam ples were used for the  1.7% DVB resin. The num ber of beads m easured was 50 for the 8% DVB resin and 100 fo r the 
o ther sam ples. b C racked, broken, o r nonspherlca l estim ated by m icroscop ic  exam ination.

TABLE V: T race r D iffus ion C oe ffic ien ts  at 25° in Sulfonated Polystyrene Ion Exchangers in Equ ilib rium  w ith Solu tions o f the  C om pos ition  
0.200 N  N aN 03, 0.02 N  NaCI, and 0.002 N  ZnCI2

105D „, c m 2/s e c °
C rosslinking  A/\y, e q u l v / -------------------------------------------------------------------------------------------------------------------------------------------------------------------

% DVB kg of H20  HTO 36C r  24Na i‘ 65Zn24

1.7 1.8 1.17  ± 0.04 0.67  ±  0.02

OÖ-HCDÖ COÖ

±  O.OD
4 2.9 0.96  ±  0.04 0.70  ±  0.03 0 . 31s ±  0 . 018 0 . 095 ±  0.008
8 6.1 0 . 41g ±  0.005 0.26  ±  0.01 0 . 14 ,  ±  O. OO4 0 . 0 3 0 , ±  0.001

°  U ncerta in ties  given fo r HTO and 36C! data are the standard devia tions of the mean rrm , defined by. <rm‘ , =  “ (D, — D)2/n(n — 1), where D, Is
the diffusion co e ffic ie n t for the  fth determ ination  and D Is the mean diffusion coe ffic ien t for n m easurem ents. The values of n ranged from  15 to 29. 
U ncerta in ties given for 24N a + and 65Z n2+ data w ere estim ated from  the standard deviations of the coeffic ien ts and the agreem ent be tw eer dup licate  runs.

III. Results

1. Aqueous Sodium p-Ethylbenzenesulfonate. The ex
perimental data for aqueous sodium p-ethylbenzenesulfo- 
nate solutions are summarized in Table III. All measure
ments were made at 25.00 ±  0.01°. Crude pycnometric 
density measurements were made to convert the experi
mental molalities, m, to molar concentrations c. Diffusion 
coefficients at infinite dilution were calculated from limit
ing ionic conductance data.24

The tracer diffusion coefficients for HTO were fit to the 
least-squares equation

105Dmo =  2.26 “  0.7:i6c +  0.08,3r2 (!))
with a standard deviation of ±0.006. Note that the ex
trapolated value of 105D h t o  in pure water of 2 .26  is in ex
cellent agreement with the value of 2.25 found by Devell14 
for HDO and HTO and with the value of 2.236 for HTO 
given by Mills.25

2. Ion Exchangers. Physical property data for the ion 
exchangers are summarized in Table IV. The data refer to 
the exchanger in equilibrium at 25 ±  2° with the external 
solution used in diffusion measurements. The third col
umn gives the mole per cent of zinc in the ion exchanger. 
Note that the exchangers were predominantly in the sodi

um form. Ionic self-diffusion does not appear to be 
particularly sensitive to the Zn2+ ion concentration in a 
predominantly sodium-form resin,26 hence, the diffusion 
data determined in this research are essentially equivalent 
to data for the Na form.

Tracer diffusion coefficients for HTO, 36C1~, 24Na+, 
and 65Zn2+ in the ion exchangers are given in Table V. 
The error limits for the HTO and 36CD data represent the 
standard deviation of the mean; those for the 24Na+ and 
65Zn2+ data were estimated from the standard deviations 
in the diffusion coefficients, as given by the computer fit 
of eq 7 to the data, and the reproducibility between dupli
cate runs. Note that D(CD) is essentially the same for the
1.7 and 4% DVB exchangers.

The HTO diffusion coefficients in Table V are in close 
agreement with the H2180  diffusion data of Boyd and 
Soldano18 in hydrogen-form polystyrenesulfonate ion ex
changers. However, the Na+ ion diffusion coefficients de
termined in this research are higher by about a factor of 2 
than reported by Boyd and Soldano. This apparent dis
agreement is probably not significant since the earlier 
Na+ diffusion study employed resin samples that were 
subject to a systematic error in DVB contents of ca. 33% . 

The H2180  and 82Br~ data reported by Boyd and Soldano 
were free of this error.
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IV. Discussion

1. Diffusion in Aqueous Sodium p-Ethylbenzenesulfon- 
ate Solutions. NapEBS as a Structure Maker and HTO 
Diffusion. It will be noted in Table III that D h t o  de
creases rapidly as the concentration of NapEBS increases. 
At 3 m, for example, the diminution in jDhto  is more than 
twice that observed with a typical inorganic 1-1 electro
lyte such as sodium chloride. From this observation, one 
might be tempted to conclude that the pEBS ion is a 
strong “ structure maker” (i.e., increases the hydrogen 
bonding of water). The essential observation, however, is 
simply that the translational freedom of the water mole
cule is greatly restricted. Such an effect would also be ob
served in a solution of large noninteracting particles in a 
structureless fluid. Large particles effectively block part of 
the area for diffusion of HTO, and therefore decrease its 
mobility. This is the so-called “ obstruction effect,” and its 
magnitude may be estimated from theory. The diffusion 
coefficient, D, of a small species in a medium containing a 
volume fraction, 02, of immobile obstructions has been 
shown by Prager27 to be given by

D/D° =  (1 -  02) X
02 +  (1 _  02) In (1 -  0 2)

2[02 +  (1 -  0O Tn7T- 02)]| -  (1/2X1 -  0o)[ln(l -  0 ,)?
(10)

where D° is the diffusion coefficient of the mobile species 
for 02 = 0. When 02 <  1, eq 10 reduces to

D/D° =  1 -  1.33302 (11)
Numerical calculations show that for 02 < 0.5, the differ
ence between eq 10 and eq 11 is quite small. A hydrody
namic analysis of the effect for spherical obstructions 
given by Wang28 yields

D/D° =  1 -  1.502 (12)
Considering the difference in approach to the problem, 
the results of the Wang analysis are in surprisingly good 
agreement with the Prager analysis. Several other ap
proaches2930 yield results which support the qualitative 
notion that an “ obstruction” will decrease the value of D. 
Moreover, the treatment of Weissberg31 for spherical ob
structions yields an expression which reduces to eq 12 as 
02 —* 0, and at higher 02, Weissberg’s equation is in rea
sonable agreement with eq 10.

Diffusion coefficients of water in aqueous NapEBS and 
diffusion coefficients of water in aqueous solutions of other 
large organic solutes are compared with eq 10 in Figure 1. 
The volume fraction of a large organic species may be 
evaluated from the molar volume of the species, Vm, in 
ml/mole, and the molar concentration c, using 0 2 = Vmc/ 
1000. In Figure 1, it has been assumed that the molar 
volume of the obstruction may be approximated by its 
partial molal volume at infinite dilution.32 Except for Na
pEBS, the data used to construct Figure 1 were taken 
from the literature.33-38 Densities for aqueous tetra-n- 
butylammonium chloride (Bu4NC1) used to calculate 
molar concentrations from molalities were estimated from 
the apparent molal volume data for Bu4NBr38 assuming 
the difference in apparent molal volume between the 
chloride and bromide salts is independent of concentra
tion. The net effect of a chloride ion on the mobility of 
water is very small.33 Thus, the effect of Bu4NC1 on the 
mobility of water is essentially due to the Bu4N + ion.

Figure 1. Comparison of the tracer diffusion coefficients of 
water at 25° in aqueous sodium p-ethylbenzenesulfonate and re
lated systems with the obstruction theory, eq 10.

It will be noted in Figure 1 that the mobility of water is 
decreased more than the theory would predict. For Na
pEBS (the solid circles), most of the deviation is caused 
by the “ structure making” Na+ ion. If the effects of the 
Na+ ion and the pEBS" ion on the mobility of water are 
separable, one may write

D/D° =  1 -  (¿NV) -  (V.B8-) (13)
where <5(Na+) and 5(pEBS~) represent the effects of the 
Na+ ion and the pEBS" ion, respectively, on the mobility 
of water. Since the Cl ion has little effect on the mobili
ty of water,33 5ci may be neglected and ¿ p e b s -  may be 
evaluated from diffusion data on aqueous NapEBS and 
NaCl solutions according to the relationship

{ no]  ~  (~no ~  0  =  1 — <5pEBS- (14)

The left-hand side of eq 14 thus represents the ratio D/D° 
in a hypothetical solution of pEBS" ions. If the pEBS" 
ion has little net effect on the hydrogen bonding in water, 
the data generated by eq 14 (i.e.. the half-filled circles) 
should be in good agreement with the obstruction theory. 
Within the uncertainties inherent in this analysis, Figure 
1 shows there is an agreement with the theory, suggesting 
that the pEBS" ion has little net effect on the structure 
of water. Due to the approximate nature of the preceding 
analysis, the presence of a small degree of “ structure 
making” (or “ structure breaking” ) by pEBS" ion cannot 
be denied. However, the ability of pEBS" to promote 
“ structure” in water is clearly much less than for Bu4N+ 
ion or tert-butyl alcohol (f-BuOH), and most, if not all, of 
the decrease in water mobility may be attributed to the 
obstruction effect and the “ structure-making” Na+ ion.

Ionic Diffusion. The general effect of NapEBS (Table
III) is to decrease the mobility of an ionic species without 
changing the order of mobilities observed in pure water. A 
closer examination of the data reveals specific effects. For 
the purpose of illustrating these effects, values of the 
quantity [Di/D;0 -  D h t o / D h t o 0 ] for the various ionic 
species are compared in Table VI at selected concentra
tions of NapEBS. The notation D ¡° refers to the tracer 
diffusion coefficient of ionic species i in pure water. The 
obstruction effect, as given by either eq 10 or eq 12, will 
cancel when the difference [D(/Dj° -  D r t o / D H T o ° ]  is 
formed. A value near zero will indicate that the interac
tion of ion i with the aqueous NapEBS environment is es
sentially the same as the corresponding interaction for 
HTO. A large negative value will be taken to indicate a
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TABLE VI: Values of [ D j / D , 0 — D H t o / D h t o ° ]  in 
Aqueous NapEBS

m 24Na+ 4 2 K  + 3 6 C | - e5Zn2+ 45Ca2 + 8 8 y 3  +

0.10 - 0 .02s — 0.025 — 0.05o +  0 .02 0 - 0 .0 3 9 +  0.05
1.0 — 0.053 - 0  083 - 0 . 0 6 9 -O .O 69 — 0.090 -0 .0 7 ;
3.0 - 0 . 0 7 e — 0 .108 -0 .1 4 s - O . I 63 -0 .1 8 ,

strong interaction (compared with HTO) between the ion 
i and the environment.

From Table VI, it will be noted that except for 65Zn2+ 
and 88Y3+  at 0.10 m, values of [Di/D,0 -  H h t o / O h t o 0] 

are negative and increase in magnitude as the concentra
tion of NapEBS increases. The positive values of [Dj/Dj° 
— H h t o / H h t o 0] for 65Zn2+ and 88Y3+ in 0 .1 0  M  NapEBS 
are believed to be real and not an experimental artifact. 
Thus, it appears that at low concentrations some mecha
nism exists which increases the mobility of a highly hy
drated ion. Partial dehydration of a highly hydrated ion 
by pEBS" is one possible mechanism. Tracer diffusion 
data in the literature39-40 suggest that the behavior of 
65Zn2+ and 88Y3+ in aqueous NapEBS at ca. 0.1  m is typ
ical of the behavior of multicharged ions in systems where 
ion-pair formation is expected. However, the effects ob
served in NapEBS are much less pronounced than the ef
fects in a strongly associated system. For example, the 
tracer diffusion coefficient of Zn2+ ion in aqueous KC1 in
creases from 0 .7  X  10~ 5 to 0 .97  x  10~ 5 over the concen
tration range 0 - 3  M, presumably because of ion-pair for
mation.

The data in Table VI also indicate that the “ coion,” 
36C1_ , interacts more strongly with the aqueous NapEBS 
environment than does the “ counterion” 24Na+. Although 
not conclusive, this result may be taken as evidence 
against a high degree of ion-pair formation between Na+ 
and pEBS~. However, in a polystyrenesulfonate type ion 
exchanger the counterion interacts most strongly with the 
polyanion.18 Thus, in this respect, aqueous NapEBS is 
not even a qualitative model for the ion exchanger. A 
comparison between diffusion in aqueous NapEBS 
solutions and diffusion in an ion exchanger will be elabo
rated in the next section.

2. Comparison of NapEBS Solutions with Polyelectro
lyte Solutions and Cross-Linked Gels. Tracer diffusion 
coefficients of Na+ ion are compared in Figure 2 in a 
“ typical” inorganic electrolyte (NaCl), in the model com
pound (NapEBS) solution, in the polyelectrolyte, sodium 
polystyrene sulfcnate (NaPSS) solution, and in cross- 
linked polystyrenesulfonate ion exchangers. Although Na
pEBS appears to be a far better model for the ion ex
changer than is a concentrated NaCl solution,41 the mo
bility of Na+ in the polyelectrolyte solutions and gels is 
significantly lower than in NapEBS. Moreover, the Na
pEBS and ion-exchanger curves do not appear to be ap
proaching one another at high concentrations. As expect
ed, the linear polyelectrolyte (NaPSS) and cross-linked 
polyelectrolyte (ion-exchanger) data are in close agree
ment. Cross linkmg in polyelectrolyte systems appears to 
have little effect on the diffusion of a small species such 
as Na+ ion.

The diffusion coefficient of Na+ ion in aqueous NaPSS8 
is about 0 .51  X 1 0 _ 5 cm2/sec between 0 .01  and 0 .05  

equiv/kg of H20. and as shown in Figure 2, goes through a 
maximum at ca. 0 .5  N. Assuming an infinite line charge

Figure 2. C om parison  o f log 106D (N a  + ) in se lec ted  aqueous 
e le c tro ly te  system s at 25°.

Figure 3. C om parison  of log 107D (Z n 2 + ) in se lec ted  aqueous 
e le c tro ly te  sys tem s at 25°.

Figure 4. C om parison  of 105D (H TO ) in se lec ted  aqueous e le c tro 
ly te  system s at 25°.

Figure 5. C om parison  of 105D(CI ) in se lec ted  aqueous e le c 
tro ly te  sys tem s at 25°.

as an electrostatic model for a polyelectrolyte, Manning42 
has developed a theory which predicts that the diffusion 
coefficient for a counterion will be independent of the 
concentration of the polyelectrolyte. An important feature 
of this theory is the demonstration of partial counterion 
condensation when the linear charge density is high. For 
NaPSS, the Manning theory gives H(Na+) = 0.46 x 10~5, 
in fair agreement with the data between 0.01 and 0.05 N, 
however, above 0.05 N. D(Na+) depends on the concen
tration.

Tracer diffusion coefficients for Zn2+ ion are compared 
in Figure 3 in a “ typical” inorganic electrolyte solution,
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aqueous KNO3,40 in aqueous NapEBS, and in cross- 
linked sodium polystyrenesulfonate. As with Na+ ion, the 
Zn2+ ion mobility in a polyelectrolyte system is much less 
than the corresponding mobility in aqueous NapEBS so
lutions. Moreover, there is no evidence to suggest that 
better agreement would be observed at higher concentra
tions. The difference in counterion diffusion coefficients 
between the ion exchanger and the model compound solu
tion is greater for Zn2+ than for Na+ ion diffusion.

The diffusion coefficients of HTO and 36C1~ in aqueous 
NapEBS and NaCl13-14 solutions and in cross-linked sodi
um polystyrenesulfonate are compared in Figures 4 and 5. 
As expected, concentrated NapEBS solutions are far bet
ter models for the ion exchanger than are sodium chloride 
solutions. Note that diffusion of waser (HTO) and coion 
(36C1~) proceeds slightly faster in concentrated NapEBS 
solutions than in the ion exchanger at the same concen
tration of sulfonate groups. However, the differences be
tween the NapEBS and the ion-exchanger data are fairly 
small, particularly for CH ion diffusion at ca. 3.0 equiv/ 
kg of H20 . The small, but presumably real, difference in 
HTO mobility between NapEBS and ion exchanger is 
consistent qualitatively with the expected43'44 stronger 
électrostriction of the solvent in a polyelectrolyte.

On the basis of our data, it is concluded that the model 
compound hypothesis is valid at concentrations greater 
than about 3 equiv/kg of H20  for the diffusion of neutral 
species or coions, but, for counterion diffusion, the hy
pothesis is not valid. This conclusion is consistent with 
Nelson’s data5 in that Nelson observed significantly lower 
counterion diffusion coefficients in the ion exchangers 
than in the corresponding model electrolyte solutions. 
Moreover, our conclusions agree with those of Paterson 
and Gardner3 only with respect to water and coion dif
fusion.

The reduced mobility of counterions in the polyelectro
lyte systems as compared with the NapEBS solutions 
probably is a consequence of their partial condensation on 
a polyelectrolyte chain. However, this interpretation does 
not imply necessarily that there is a significant difference 
between the polyelectrolyte and sodium p-ethylbenzene- 
sulfonate in the specific interaction of a “ counterion” 
with the structurally bound anion in concentrated solu
tions. The mobility of a cation associated with the pEBS~ 
anion in an aqueous solution is expected to be greater 
than if it were associated with a large polyanion, even if 
the energy interaction were the same in both cases.
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Interaction of a Polypeptidic Nematic Meso Phase with Acidic Molecules
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Orientation of the synthetic PBLG polypeptide in a strong magnetic field is investigated as a function of 
added acid, CH2ClCOOH or CF3COOH. The CH2CI2 solvent molecules serve as probes of the local 
order. The chloroacetic acid molecules are found to self-associate more strongly than they bind to the 
polymer. Trifluoroacetic acid complexes the PBLG molecules: even at concentrations well below the 
hehx-random coil transition, the rigidity of the macromolecules is diminished, and rapidly diffusing dis
ordered segments are generated.

The chiral polypeptide, poly(y-benzyl-L-glutamate) 
[PBLG], exists as the a  helix in solvents such as methy
lene chloride, chloroform, trichloroethane, or dioxane.1 
While concentrated solutions are cholesteric, application 
of a strong magnetic field removes the cholesteric twist 
and produces a nematic mesophase.2-3 At equilibrium, the 
long axes of the rodlike4 PBLG molecules are lined up 
within ±20° of the direction of the external field.5 This 
ordering phenomenon can be monitored by the dipolar 
splittings in the nuclear magnetic resonance spectrum of 
solvent molecules, such as methylene chloride.2-3-5

On the other hand, the helix-random coil transition of 
PBLG can be brought about by increasing the acid con
tent of a binary solvent mixture. This rather sharp transi
tion has been studied by a variety of methods.6-7 It de
pends slightly on the concentration, molecular weight, 
and polydispersity of the polymer. It will occur between 
ca. 9 and 20% CF3COOH by volume in the CHCI3- 
CF3COOH and CH2CI2-CF3COOH systems.6-7 It was of 
interest to confront these two phenomena. This paper in
vestigates the magnetic field ordering of PBLG molecules 
as a function of solvent composition in the following bina
ry mixtures: methylene chloride-chloroacetic acid and 
methylene chloride-trifluoroacetic acid.

Experimental Section
The PBLG samples were prepared according to Blout 

and Karlson8 with dioxane as the solvent and sodium 
methoxide as the initiator. The monomer concentration 
was kept below 3%, and the ratio of the N-carboxy anhy
dride of the amino acid to the initiator was chosen as 
200:1. The molecular weight of the polymer was deter
mined as 190,000 ± 15,000 by the viscomet.ric method of 
Doty, Bradbury, and Holtzer.1-9

Solutions were prepared using spectral quality redis
tilled and dry solvents. The concentration of PBLG was 
kept at 18% w/v in all cases. The various solutions were 
homogenized by shaking and were degassed in the usual 
manner by a repeated freeze-thaw cycle.

The proton magnetic resonance spectra were recorded 
on a Varian T-60 spectrometer at a probe temperature of 
30 ± 2°. The splitting of the solvent CH2 resonance was 
recorded both for nonspinning and spinning samples. 
These two techniques are in excellent agreement; the 
splitting obtained with a spinning tube is one-fourth of

that for a motionless tube, as theoretically predicted and 
as checked experimentally.5 Better accuracy can be ob
tained with a spinning tube since this leads to improved 
homogeneity of the magnetic field. The concomitant band 
narrowing allows one to simply “read” the order parame
ter S from the doublet separation in the spectrum; it suf
fices to multiply it by the above factor of 4. This obviates 
the need for deconvolution of the strongly overlapping 
doublet components, which are much broader in the spec
trum of a nonspinning sample.

The Methylene Chloride Chloroacetic Acid System
The maximum doublet splitting (S ) of the methylene 

chloride protons is plotted in Figure 1 as a function of 
added CH2C1C00H for solutions containing a constant 
18% w/v concentration of PBLG (this concentration is 
equivalent to 1.33 monomer units/!.). As tine splitting of 
the methylene chloride resonance is progressively reduced 
upon acidification, the splitting of the methylene reso
nance of CH2CICOOH conversely increases.

Assume as a first approximation the following model. 
The solvent molecules can exist in either of two environ
ments. They can be in an ordered environment, next to 
the PBLG macromolecules (state A), or they can be in a 
completely disordered environment (state B). Only one 
signal is found in the pmr spectrum: exchange between 
state A and state B is achieved through diffusion at a rate 
very fast compared to the chemical shift difference of A 
and B. The following equations then apply

(S ) =  P.\-SA +  Pb-8'r (1)

1 = pA + pH (2)
where pA and p K are the corresponding mole fractions; SA 
is the splitting characteristic of, say, the CH2OI2 protons 
in the ordered state, and Su is equal to zero in this treat
ment. Molecules in state A undergo anisotropic rotational 
motion, so that the angular part (3 cos2 6 -  1) for the di
polar coupling of the methylene protons is not averaged to 
zero. Molecules in state B completely undergo isotropic 
rotation, and the dipolar coupling vanishes.

A given splitting: (S)0 = p_\-SA (ca. 82 Hz) is thus mea
sured in pure methylene chloride. If we now consider a 
binary solution with mole fractions x and (1 -  x) of chlo
roacetic acid and methylene chloride, respectively, the
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Figure 1. Splitting (S) for the methylene protons of CH2CI2 
(lower trace) and CH2CI-COOH (upper trace), at 60 MHz. The 
dotted line is that calculated for the metnylene chloride protons 
if dilution by chloroacetic acid were the only phenomenon pres
ent.

splitting is reduced to (S) = (S)o-(l — x) provided the 
acidic molecules have no preference for site A over site B. 
Likewise, this simplified treatment predicts that the ob
served splitting for the methylene protons of CH2ClCOOH 
should increase linearly from zero with the mole fraction 
x. These expectations are borne out exactly only at small 
acid concentrations (Figure 1). The curvatures which are 
present both for the methylene chloride and for the chlo
roacetic acid protons imply that the chloroacetic acid 
molecules have a reduced preference for the type A envi
ronment as their concentration increases. This reduced 
affinity for the proximity of the PBLG molecules in favor 
of the bulk solution is consonant with a greater degree of 
self-association on the part of the carboxylic acid mole
cules. Mainly because of the relative inaccuracy of the 
data, but also because distinct polymeric species may be 
present, no limiting (S')o values can be derived for the mo
nomeric and for the polymeric, possibly dimeric, 
CH2CICOOH molecules.

The Methylene Chloride-Trifluoroacetic Acid System
As we shall now see, the opposite behavior is found for 

the trifluoroacetic acid molecules. Again using as a con
ceptual reference the simple statistical distribution (dot
ted line in Figure 2), the CF3COOH species is seen to 
manifest a marked preference for the type A sites, close to 
the PBLG molecules. When methylene chloride is diluted 
with the stronger trifluoroacetic acid, the splitting (S) for 
the methylene protons is reduced by a significantly great
er amount than would be expected on the basis of purely 
physical dilution. The PBLG-CF3COOH interaction 
clearly competes favorably with the self-association of tri
fluoroacetic acid molecules. It is also noteworthy that the 
«-helix conformation is retained to a considerable extent 
up to a concentration of 15% CF3COOH by volume. Con
centrations greater than 20% are necessary for the appear
ance of the random coil conformation. The spectrum of 
the PBLG protons is then seen and the doublet observed 
for the methylene chloride protons in the oriented nemat
ic phase collapses. The helix-random coil transition oc
curs in our experimental setup between 15 and 20% 
CF3COOH by volume. We did not focus our attention on 
this transition, which is already very well studied.6-7

5  1 0  15
%  v o l u m e  CF3COOH

Figure 2. Splitting (S) for the methylene protons of CH2CI2 In 
methylene chloride-trlfluoroacetic acid mixtures, at 60 MHz. 
The dotted line is that calculated for the methylene chloride pro
tons if dilution by trifluoroacetic acid were the only phenomenon 
present.

Figure 3. Rapidity of order acquisition by the PBLG samples as 
measured by the change with time in the apparent splitting (S) 
(± 2  Hz) of the methylene protons for methylene chloride—triflu
oroacetic acid mixtures. Note the substantia acceleration pro
duced by even small (1-2% by volume) acid concentrations. 
After 12 hr, the doublet separation (S) for solution with 1% 
CF3COOH has become greater than for the 2% CF3COOH solu
tion.

Rather, the pretransition range, 0-15% CF3COOH by vol
ume, deserves careful consideration.

Notice the continuous change of the (S) parameter in 
Figure 2. Rather than a plateau leading to an abrupt 
drop, it decreases progressively. Since (S) is a weighted 
average for the CH2CI2 molecules present in the ordered 
sites A and in the disordered sites B, the first effect of the 
trifluoroacetic acid molecules could be to deplete the pop
ulation at sites A in favor of the B sites, or alternatively,
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the acid molecules produce a decrease in the degree of 
order SA at the A sites. It is possible, we submit, to ex
clude the former possibility in favor of the latter.

The first possibility would correspond to a reduction in 
size, an erosion of the nematic domains. Yet, no spectrum 
of the PBLG molecules appears; it is lost in the noise 
below 15% CF3COOH by volume. All of the PBLG mole
cules continue to be aligned; there is no evidence that the 
nematic domain does not encompass the whole sample. 
The alternative explanation, a decrease in the local order 
in the immediate vicinity of the PBLG molecules, is more 
consistent with the data. What is the origin of this re
duced ordering? It should be argued that the reduction in 
the local order is due to charging of the PBLG rods, due 
to their protonation by the acidic CF3COOH molecules. 
Then, electrostatic repulsion of the solute molecules 
would prelude their mutual approach below a given dis
tance and thereby diminish the degree of order SA. This 
explains, assuredly, the “ unbundling” of the PBLG mole
cules. Upon addition of a little acid (1-2%) deaggregation 
occurs6’10 and the rate of acquisition of order is accelerat
ed markedly (Figure 3). However, this phenomenon ap
pears to be constant over the 1-15% v/v range of concen
trations studied. Also, formal protonation of the PBLG 
molecules by CF3COOH has been excluded.7 It could then 
be argued that reduction in the local order SA simply 
arises from the breakdown of segments of the helical 
structure of the PBLG molecules; rigid rod and random 
coils fragments would coexist within the same macromole
cule. We believe that such an interpretation, in static 
terms, can be ruled out by the experimental evidence. 
This would effectively amount to orientation of PBLG 
molecules with a molecular weight equal to a fraction of 
that of the original sample, viz. 190,000. Using similar ex
perimental conditions, we could not achieve any measur
able splitting of the methylene chloride resonance in the 
presence of M  = 35,000 polymeric units, without any acid 
added.

These various incorrect interpretations, namely (a) de
crease of the mean volume -associated with a nematic do
main, (b) repulsion between the positively charged PBLG 
rods due to protonation, and (c) segmentation of the 
PBLG macromolecules into rigid rod fragments separated 
by coiled portions, are thus to be rejected. An explanation 
of the observed decrease in local order as a function of 
added acid, must be consistent with (a) a nematic meso-

phase encompassing the entire sample, (b) absence of for
mal protonation of the PBLG molecules, and (c) increased 
flexibility of the PBLG molecules which, however, main
tain the same conformation along the polymeric chain 
(e.g., without coexistence of fixed helical and coiled struc
tures).

The true phenomenon, we believe, has a dynamic char
acter; locally, a few residues would be altered by the pres
ence of the acidic molecules. There would be a number of 
such deviations from the ideal a helix at various points 
along a polymeric chain. These defects would be diffusing 
linearly back and forth along the chain, in the general di
rection of the magnetic field. This would preserve the in
tegrity of the macromolecule as a rodlike object. It would 
mostly increase the flexibility of the rods, on a time aver
age, and in a gradual fashion as more and more acid is 
added.

In short, in the pretransition range of 0-15% CF3COOH 
by volume, the transition is prepared by a gradual loos
ening of the helical structure, which loses rigidity as the 
acid concentration is increased.
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COMMUNICATIONS TO THE EDITOR

Solubility of Helium in Water and Aqueous Sodium 
Chloride. A Reply

Sir: In a recent paper1 we reported the solubility of heli
um in water and in aqueous sodium chloride at pressures 
up to 600 atm at various temperatures. The data were fit
ted by least squares to log (f2/X2) = a0 + a-yP + a2P2 for 
each solvent at each temperature (where f2 and X 2 are fu- 
gacity and mole fraction of helium and P is the total pres
sure), with no weighting, and treating the pressures as er
rorless. On the assumption that Henry’s law is valid, the 
parameters led to values for the limiting Henry’s law con
stant, K°, the limiting partial molar volume of dissolved 
helium, V2°, and the compressibility of the dissolved heli
um, ¡3° = — (1/ V20) (dV2/dP)r.

Hsieh and Eckert2 have criticized our treatment of the 
results. They claim that (1) the data do not warrant the 
above-mentioned three-parameter treatment, but are ade
quately expressed by a two-parameter (linear) one, i.e., 
log if2/X 2) = ao' + aPP, (2) a two-parameter fit gives 
“ superior” values for K° and V2°, (3) a three-parameter fit 
yields values of ¡3° which are incredibly large.

Table I presents the standard deviations, a, for both the 
two- and three-parameter fits for all eight runs, where a = 
[2 (residuals in log (f2/X2) ) 2/no. of degrees of freedom]172 
In every case a for the three-constant fit is the smaller of 
the two. It is true that application of the F test at the 0.05 
level of significance shows that the third constant is not 
warranted for runs 2, 5, 7, and 8, but it is also true that, 
in the two-constant fits, the signs of the residuals for the 
highest and lowest pressures are, in all eight runs, oppo
site to those for medium pressures, whereas in the three- 
constant fits the signs occur randomly. Since, then, three 
constants were indicated statistically in at least half, and 
probably more than half, of the runs, we treated all eight 
on that basis. Hsieh and Eckert claim, further, that at 
100° “ even a three-constant fit of the data gave standard 
deviations of 3-5%.” This does not agTee with our results 
in Table I. If one subjects the data tc a two-parameter fit 
as they suggest, it is implied that there are experimental 
errors in log (f2/X2) as large as 0.01 at 50° and 0.02 at 
100°, in which case the data are not of the quality cred
ited to them by these same authors. We believe that the 
experimental uncertainties in log (f2/X2) are roughly one 
order of magnitude less than those just mentioned.

The interpretation of the parameters is a different mat
ter. Our interpretation in terms of K°, Vh0, and ¡3° rests 
on the applicability of Henry’s law to the dissolved helium 
at all pressures and temperatures studied. It is possible 
that this is not so, but the arguments presented by us 
seem to eliminate alternative interpretations. There is, of 
course, considerable uncertainty in the derived values of 
K°, V2°, and ¡3°, and Table II gives these uncertainties 
calculated from the standard deviations in a0, «i, and a2. 
With regard to K° and V2° it must be pointed out that no 
measurements of X 2 were made at pressures below 100 
atm (sometimes 200 atm) so that quantities derived for 
the limit of zero pressure are really outside the range of 
measurement. The claim that the two-constant equation

TABLE I: Standard Deviation of Fit for Two- and 
Three-Parameter Functions

Run
no.

Solvent and 
tem pera ture , °C

Two-
param eter

Three-
param eter

1 1.003 m  NaCI at 25° 0.0010 0.0003
2 4.067 m NaCI at 25° 0.00342 0.00336
3 Water at 50° 0.0083 0.0009
4 1.003 m NaCI at 50° 0.0067 0.0012
5 4.067 m NaCI at 50° 0.0030 0.0011
6 Water at 100° 0.0142 0.0036
7 1.003 m NaCI at 100° 0.0179 0.0066
8 4.067 m  NaCI at 100° 0.0065 0.0064

TABLE II: Estimated Uncertainties in K ° , V 2 ° ,  and ¡3° from 
Three-Parameter Fits

Run
no.

K°,
atm

x n r 5

v2°.
cm3/
mol

(3°,
atm 1
x 103

Run
no.

K°, 
atm 

x u r 5

72°,
cm 3/
mol

(3°,
atm  1 
x 103

1 0.002 0.2 0.03 5 0.031 1.5 0.16
2 0.096 4.1 0.50 6 0.013 3.0 0.22
3 0.005 0.7 0.08 7 0.039 5.4 0.34
4 0.009 0.8 0.04 8 0.151 9.8 0.82

gives superior values for V20 and K° is not substantiated
bv the figures in their table. Measurements of V2° for he
lium under the conditions of the eight runs by any other 
method are nonexistent. For other gases (N2, CH4) two- 
parameter V2° values3 are lower than tnose measured di
rectly by dilatometry.4 Addition of a third parameter 
would be expected to increase them, and so may be con
sidered as a move in the right direction. The values of K°, 
obtained with two parameters, show better agreement 
with the results of other workers in only two of the four 
comparisons made. Furthermore, Hsieh and Eckert find 
for helium in water at 50° that V2°, calculated with two 
parameters, agrees better with that found from Wiebe’s 
data5 than with that found by us using three parameters. 
However, Wiebe’s work is subject to an admitted error 
which seriously affects two-constant treatments of his 
data.

We share the surprise of Hsieh and Eckert at the size of 
/30 and can only remark that at present it is simply a re
sult obtained as a consequence of making certain reason
able assumptions.
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Comment on the Bending Mode of Al20 1 2a

Publication costs assisted by the Office of Naval Research
Sir: In an article entitled “ Infrared Spectra of the Alumi
num Family Suboxides” 2b published in this journal, a 
weak absorption at 503 cm' 1 in the spectrum of what was 
assumed to be matrix-isolated A120  was assigned to the 
bending mode i>2. This was not observed in either the orig
inal investigation of Linevsky, White, and Mann3® nor in 
the subsequent studies3b of Snelson which focused exclu
sively on the missing bending fundamental i/2. In both of 
these earlier studies it was suggested that this vibration 
should be observable below 250 cm-1 , a conclusion based 
on the assumption of ionic bonding4 as well as what is ob
served in the analogous case, Li20 .5 This unusually high 
frequency of 503 cm' 1 for the bending mode of the sym
metric nonlinear molecule A120  was justified bv Carlson, 
et al.,2b in terms of metal-metal bonding. This argument, 
although interesting, does not, however, seem plausible. 
We have therefore reexamined the spectrum of A120  with 
particular emphasis on impurities that on occasion give 
rise to bands attributable to molecular aggregates formed 
on matrix deposition.

In the three matrix isolation experiments discussed 
above,26-3 the molecular species A120  is formed by the 
reaction of liquid aluminum with solid A12C>3. The molec
ular beam effusing from a Knudsen cell at approximately 
1300°K containing these materials consists, however, of 
several species. Mass spectrometric analysis of these va
pors shows not only gaseous Al20(g) but also Al(g). Thus 
deposition on the optically transmitting cold window pro
duces a solid rare gas matrix containing atomic aluminum 
as well as A120 . As we have observed in our lithium ex
periments6 the spectrum of such matrices, i.e., matrices 
containing the free metallic atoms together with other im
purities, can be quite complex, particularly if diffusion 
occurs. The reason for this, as demonstrated by Andrews,7'8 
is the formation of peroxides and superoxides on the 
surface of the crystallizing matrix by the reaction of the 
metal atoms with molecular oxygen. These are not only 
characteristic of the alkali metals,8 but also metals in 
other groups of the periodic table.9

In this brief report we examine the effect of the impuri
ty, molecular oxygen, on the spectrum of the matrix-iso
lated mixture of A1 and A120. The conditions here are 
identical with what has previously been reported in ref 2b 
and 3, namely, effusion from a Knudsen cell containing 
liquid aluminum in contact with Al2(>3. The. results are 
shown graphically in Figure 1 where we focus on two spec
tral regions, namelv, the i>s region of Al20(g) at approxi
mately 1000 cm-1 and the 500-cm '1 region where Carl
son, et al.,2b reported the bending mode r2. The asymmet
ric stretch, 1/3, of A120  is the most intense feature in the 
spectrum, when the mixture A1 and A120  is trapped in the 
argon matrix at liquid helium temperatures (upper panel 
A of Figure 1). There is no evidence for even a very weak 
feature in the vicinity of 500 cm-1 . Introducing approxi
mately 3% 160 2 in~o the argon stream produces the spec
trum in panel B. There is now a strong band at 496 cm-1 
which is directly attributable to the oxygen impurity that 
codeposits with the A1 and A120  on the cold window. In 
panel C the isotope 180 2 is now introduced as the impuri
ty. Whereas v% of Al20(g) is unaffected by the presence 
of 180 2, the band at lower frequency shifts to 481 c m '1. 
This clearly demonstrates that the absorption at 500 cm' 1 
is not due to an oxygen-containing species effusing from

FREQUENCY (cm)
Figure 1. C o m p o s ite  s p e c tr a  o t m a jo r  a b s o rp t io n  f e a tu r e s  o b 
s e rv e d  a t  4 ° K  fo llo w in g  th e  d e p o s it io n  o f AI a to m s , fro m  an  
AI2O3 K n u d s e n  c e ll, w ith  v a r io u s  is o to p ic  o x y g e n  m o le c u le s  in 
a rg o n  in th e  fr e q u e n c y  ra n g e  1 1 0 0 - 4 3 0  c m ' 1: (A )  n o  o x y g e n ;  
(B) 5% 160 2 o n  a rg o n ; ( C l  5% ,8Oi in a rg o n ; (D) 5% 180 2 , 
180 160 , 160 2 in a rg o n .

the Knudsen cell, but rather a molecular aggregate 
formed on deposition of the matrix. Finally, the lower 
panel D clearly illustrates that the oxygen-containing 
molecule formed in the matrix contains two oxygen 
atoms.

Although one cannot at this time assign the band to a 
particular molecule, in all probability it is due to an alu
minum peroxide. From its location, intensity and 160 - 180  
shift, we are presently inclined to assign it to the B2u 
mode of rhombic A120 2. This will be discussed in greater 
detail elsewhere.
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2930 Com m ur ¡cations to the Editor

On the Ammonia-Hydrogen Chloride Complex

Publication costs assisted by the Petroleum Research Fund

S i r :  A  recent article by A ult and Pim entel1 offers partial 
experimental confirmation of the existence of an ammo
nia-hydrogen chloride complex first postulated by d e m 
enti and G ayles . 2 This letter reports the results of a model 
calculation which supports in part the experimental find
ings of A ult and Pimentel.

Using a C 3u model of the N H 3-H CI complex, the signif
icant vibrational motions characteristic of the complex 
are: (1) a modified HC1 stretch ( c o i ) ;  (2) a new N -H  (com
plex bond) stretch (0)2 ); (3) a new N -H -C l bend (<03); and
(4) a new N H 3 bend (or rock) (oi4).

The critical parameters for the approximate C3 „ calcu
lation are the N -H  and H -C l bond distances. These dis
tances were estimated to be 1.5 and 1.7 Á, respectively. 
The rationale for these estimates is given in ref 2.

Using the approximate relation developed by Gordy , 3 it 
is possible to estimate limiting values of the necessary po
tential constants due to stretching. The bending potential 
constants must be estimated based upon their values in 
related compounds. 4 The other geometrical parameters 
are approximated by their values in the isolated or “ free” 
compounds. The approximate stretching constants are
3.29 X  105 and 2.13 X  105 dyn/cm  for the modified HC1 
and “ new” N -H  stretches (bond order y2), respectively. 
The bending constants were taken to be 0.03 x  105 and 
0.02 X  10* dyn/cm for the N-HC1 and N H 3 bends, respec
tively.

The G F  matrix calculation of the normal mode frequen
cies may be carried out using conventional techniques. 5 

The results are A i, oji = 2970 c m '1; A j 102 = 617 c m '1; 
E, =  757 c m '1; and E, co4 = 408 c m '1.

These results compare well with the results of Ault and 
Pimentel in two cases. The 757-cm ' 1 (theoretical) value

should be compared with the 705-cm '1 (experimental) 
value. Also, the 612-cm '1 (theoretical) value should be 
compared with the 630-cm_1 (experimental) value. The 
remaining experimental frequencies are 1438 and 1246 
c m '1. It is suggested by Ault and Pimentel that these 
higher experimental frequencies are overtone frequencies. 
Our results certainly concur with that suggestion.

The NH3-DCI frequencies show an isotope shift that 
compares favorably with experiment. The experimental 
values for 02  and 013 are 470 and 605 c m '1. The model 
predicts 435 and 537 c m '1. The isotope ratios are 1.40 in 
each of the theoretical frequencies and 1.40 and 1.34 in 
the experimental frequencies.

The above results show an impressive confirmation of 
the experiments of Ault and Pimentel. It is clear, how
ever, that two additional vibrational spectral features re
main to be observed. Intensity variations in previous spec
tra on related substances4 suggest that it is likely that 
these additional features will be found under conditions of 
greater experimental sensitivity.
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