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Some Models and Calculations for the Laser Induced

Decomposition of Fluorochloromethanesr

1. Orel* and B. S. Rabinovitch*

Department of Chemistry, University of Washington, Seattle, Washington 98195 (Received August 8, 1977)

Models for infrared laser-enhanced uninolecular deconmpositions are considered.  Quantitative calculations
are carried out for some of these models. Comparison is made with existing experimental data on the de-
composition of chlorofluoronethanes. It is ermphasized that sone recent results and theories conceming intra:
and intermolecular energy relaxation, which are valid for loner energy infrared laser excited nolecule behavior,
may not be transferred to the higher energy regime corresponding to reacting molecules.

Introduction

In recent years infrared laser-induced enhancement of
unimolecular chemical reactions has been reported and
discussed by a number of authors.17 Because of the
importance of this method in effecting chemical reactions
and isotope separations, a variety of theoretical models
have been proposed to explain the experimental results.267
This is understandable in view of the variability of ex-
perimental systems. Moreover, in spite of its apparent
simplicity, careful and reliable results are hard to come by
because of complicating side reactions and competing
processes, as has been pointed out by Bauer and co-
workers.1 One model for unimolecular deconposition wes
given by Ambartzumian and Letokhowv2 for SFe and sti-
pulates a single molecule multiphoton excitation into
vibrationally discrete and continuous manifolds, which is
due to the high density of molecular vibrational states
above the v = 3 level of the S-F stretch.

A different model for the laser-induced unimolecular
decomposition wes proposed by Grurmald and coworkers?
based on their experimental results on fluorochloro-
methanes. These results and conclusions are of inportance
for the understanding of the mechanisns of vibrational
energy relaxation and have stimulated considerable in-

fWork supported by the National Science Foundation.

1 On sabbatical leave from the Department of Chemistry, Technion,
Haifa, Israel. The support of the U.S. Israel Binational Fund is
acknowledged.
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terestes In this paper we have undertaken a quantitative
examination of their proposals. Grunwald and coworkers
studied the infrared laser-induced unimolecular decom-
positions of CC13 and CCIF3 at ~60 Torraand of CHC1R2
at various pressures. b Dever and Grunwalds (DG) plotted
their results as logarithm of percent conversion per flash
(CPF) . the inverse of the energy absorbed per nolecule,
Ed8 and obtained quasi-straight lines of form

In CPF=A - EJE™

Eaappeared to be the same within experimental limits as
the high pressure activation energy for the thermal de-
composition of the reactants.7 The experiments on
CHCIFZbwere performed at various initial pressures of
parent and inert gas. It was found for the neat reaction
that In CPF is also a linear function of Eae1 and is in-
dependent of pressure. This behavior wes interpretedr by
DG on the basis of the follonwing assumptions: Inter-
rmolecular energy transfer processes in the single absorbing
mode (V - »V) is faster than either V —T R or intermode
vibrational energy transfer (V —V'), so that a Boltzmann
distribution is established in the absorbing mode (sym-
metric C-F stretch at 1100 cm1). No significant degree
of intramolecular redistribution of absorbed energy among
the vibrational modes of the molecule occurs during the
laser pulse. Decomposition begins only after the light field
is switched off. The agreement of Ead with thermal values
wes interpreted as a crucial corroboration of their as-

sumptions.
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In the following we have reexamined these results and
the assumptions and conclusions based on this model. A
quantitative comparison is given between the actual
magnitudes of the experimental values of CPF7and cal-
culated values found from several models for the processes
that follow the light absorption. Some general predictions
of the dependence of the experimental results on intra- and
intramolecular energy transfer are made for the models

employed.
Reaction Models

Several models7 for the distribution function of the
excited molecules are assumed, corresponding to current
thinking (none correspond to our view of the behavior
described in ref 7). An expression for either CPF or the
unimolecular rate coefficient, k, is then derived and
compared with experiment.

A. Single Oscillator Model (SO). In the SO model the
following assumptions? are adopted in order to examine
their consequences (and not because they are physically
realistic). During the irradiation pulse of duration ~0.1
fi.s, no reaction takes place; there is no V —»T intermo-
lecular energy transfer and no intramolecular energy
transfer; and only efficient V-V collisional transfer occurs
so that a Boltzmann population distribution is established
in the single absorbing mode (by contrast, V *» T re-
laxation is known to be very efficient at high vibrational
levels of reacting polyatomic molecules in the presence of
a cold bath gas).9

In those cases where the absorbing mode is not an
important contributor to the reaction coordinate for
unimolecular decomposition, it is evident that extensive
internal redistribution of energy must precede reaction.
For purposes of this model, we assume that only after
irradiation does very fast intramolecular energy relaxation
into all n modes of the nolecule occur. (By contrast, this
relaxation has been shown to be operative on a much
shorter time scale in uninolecular reaction systems.10
Unimolecular deconmposition of the intermally randomized
excited species must take place in competition with col-
lisional deactivation. A statistical model (RRKM) is
applied to the calculation of the specific rate of decom-
position at each energy.

Of the models discussed here, SO corresponds the most
closely to the preferred interpretation in ref 7.

The process is written in a generalized form

A- A (1a)
cl/

A,* —*A,** (lb)
\

A ** _mA > an
30

An*  *A (rm
fo(E)

P — *D av)

I is the exciting function; Ag*signifies excitation ini in-
ternal modes; A™* signifies the collision-induced (specific
rate a/) Boltzmann populations of the absorbing mode
levels; X «, and iz represent the specific rate of intra-
molecular relaxation, collisional frequency, and relative
deactivation efficiency, respectively; k(E") is the RRKM
energy-dependent unimolecular rate coefficient whose
value is zero for E' <EQ, the threshold energy; E' =E +
(Eth), where E is the energy provided by the excitation
function and (Eth) is the average thermal energy at the
initial ambient temperature at which reaction is initiated.
The material conservation equation is

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977
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[AJ0= I

=

[A*(E)]0

where the subscript zero denotes initial concentrations
before reaction. The distribution function for excited
nmolecules is

[A,*(£)], dE, = [A]&-E~ d(EVEa® (1)

where all laser energy is allegedly distributed in one mode
only, by reactions la and Ib, and relaxation into n modes,
by process 11, occurs only after the laser pulse is over. The
rate equations for the decay of Ar<(E) and appearance of
decomposition product D(E) are

d[An*(E)]/dt = -(3<0 + k(E’))[An*(E)] (2)
d[D(E)]/dt=k(E")[An*(E)] (3

Equation 2 wes integrated between t = 0 and « (in the
experimental systems of interest here, there was enough
time for the system to relax between pulses), and the
results substituted in eq 3, which is then integrated be-
tweent =0and and between the threshold energy for
decomposition, EQ and the maximum energy which can
be placed in the symmetric C-F stretch without breaking
the bond, Edss The final expression obtained is

CPF_ PI _~ *(*)  c.E
100 [A]J0 £o fko + K(E")

where subscripts on E have been omitted; k(E") is defined

d(E/Ears) (4)

K(ED= 2 P(EN)/FwWhN*(E’) (5)

Evr+=0
where N*(E") is the density of vibrational states of A at
E'\ ZP(E+) is the number of states of A with energy up
to EHXE+=E"' - EQ;Fw is a centrifugal constant; h is
Planck’s constant.

B. The “Plasma” Model (PM). The basic assumption

of this model is that laser energy is not confined to the
C-F, absorbing mode and/or that the V — V transfer is
not specific to the absorbing mode so that a Boltzmann
distribution of vibrationally hot, but translationally- ro-
tationally cold molecules is produced. This model is
somewhat reminiscent of one which has been given by
Breshears and Blairiland by Shamah and Flynn8at lower
energies, in which efficient V — V' energy transfer is
alloned but in which a set of Boltzmann distributions
goverrs the ensemble of oscillators. As discussed in section
A, it does not correspond to the known experimental
evidence dealing with intra- and intermolecular vibrational
energy transfer, for the highly excited end of the energy
spectrum corresponding to reacting polyatomics.910
The distribution function is

[A,*(E,)]<, dEn=QwIN(Ene-E"IRVih dEn 6)

QTL1lis a normalizing constant and N (En) is the density of
internal states.
The expression for CPF is

CPF [D] QT N(E)K(E")
100 [A]O [A]JOE° 0« + k(E)
The vibrational temperature of the molecules wes found
by iterating Tuvbin eq 8, in such away that (E) =Eds+

(Ed)= RTvibS - —--- ;

i expx, -1

x, = hVj/KTvfo (8)
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Figure 1. Some illustrative plots of In CPF vs. Eabs 1for CF3Cl: SO
model, /2= 1, P= 60 Torr. All values in kcal mol-1: (1) EO = 83.7,
Edss = 125, Eacdod) = 95.4; (2) EO = 85.8, Edss = 125, Ea(calcd)
= 93.3; (3) EO= 83.7, E~ = ", Ealcalcd) 97.3; (4) EO= 85.8, Edss
= Eacaiod) = 101.2; (5) Ealexpt)7a = 85.8.

(fith); (£*) is the average thenmal energy of A; the integral
is over E' because a distribution is established over all
available vibrational energy; and the subscript n has been

dropped.

C.  Thermal Model (TM). In this model, which has been

widely used,712all modes of energy exchange are alloned
and the system attains thermal equilibrium consistent with
the total energy input. In principle, a distribution function
analogous to eq 6 applies but with Tvihreplaced by Tth the
new temperature, and Enis the internal thermal energy
of the molecules. In practise, consideration of this model
is more involved than for a simple thermal system

The system is not in an equilibrium state nor is it in a
steady state; rather, a spatial-temporal temperature prdfile
is established?l throughout the cell beginning with the
onset of irradiation. An exact calculation of CPF calls for
the integration of the nonequilibrium expression

-d[A]/df = (-1f SNA.CAT"7Texp(-E~RT)  (9)
ik

where A is the reactant species; a = 0 for the disappearance
of A and a = 1 for its appearance; \j is the stochiometric
coefficient, Aj the preexponential coefficient; nj the
temperature dependence, and Eg the activation energy,
all for reaction j; Cl is species k taking part in reaction
j. The use of eq 9 is evidently subject to great difficulty.
In addition to the fact that T = f(i), the exact solution of
eq 9 requires a knowledge of the dependence of £3 on
temperature since E™ =gj(T) if reactionj is uninolecular
and is not in the high pressure region.

Results and Discussion

In the following we apply the three models which were
presented above to the results reported by Grurwald and
coworkers.7 The results of the calculations based on the
SO model are reported for all three compounds, CF3C,
CFC13 and CHC1F2 and sanple calculations are reported
for the other two models.

SO Model. Assuming that only the primary processes
of C-ClI rupture for CF3CL, Cl2split-off for CC13, and HC1
elimination for CHC1F2are important (no chain or back
reactions), then eq 4 gives the value for CPF. Values were
calculated for several choices of Edss those for an inte-
gration limit nominally equal toD(C F) ~ 124 kcal moT1

2589

Figure 2. In CPF vs. Eas 1for CFCI3: SO model, R= 1, P= 60 Torr.
All values In kcal mol*”: (1) EO = 80.1, Edss = ", Ea(calcd) = 96;
(2) EO= 80.1, Edss = 125, Ea(calcd) = 92.9; (3) Ea(expt)7a = 81.

E*s x 10* (kcaf'mole)

Figure 3. In CPF vs. Eds 1for CHCIF2: SO model, P = 100 Torr. Values
in kcal mol"1: (1) EO = 55.5, Edss = ” , Ea(calcd) = 65, R-= 1 (2)
EO = 55.5, Edss= ", Ea(calcd) = 60, R= 0.1; (3) Ea(expt)? = 56.

(as given in ref 7a) are the lowest, while an infinity limit
is the most favorable value for attempting to reconcile the
data with the model. The value 8 = 0.5-1 is the best
estimate9of the correct magnitude for this system inwhich
the translational and rotational degrees of freedom of the
bath gas are at room temperature and the excited poly-
atomic nolecules exceed 60 kcal mol"lin energy.

Figures 1-3 show illustrative calculations of In CPF \s.
E31(i.e, (ETgo)"]) for a range of parameters. Agreement
between the magnitudes of experimental and calculated
values of CPF is not obtained in general. The least dis-
agreement is found for CC1F3 for 3= 1, and Eds= ",
the mean discrepancy in CPF is a factor of —b.5; for Eds
lowered to 125 kcal mol“l, the factor increases to ~7.5,
while for the low estimate i5=0.1, together with Eds =
7, the factor is ~3.5 (not shown). The greatest dis-
agreement is found for CC13-, for 8 = 1and Eds= ", the
mean discrepancy in CPF is a factor of ~30, increasing
to ~40 for Edss = 125 keal.

The apparent “activation energies” found from the
calculated plots in Figures 1-3 for CF3, CC1¥F, and
CHC1F2decomposition are, respectively, ~ 100, 96, and 65
kecal mol"1, whereas EQis7 ~86, ~81, and ~ 56 kcal mol"l
However, there is no reason to expect these quantities to
be coincident as proposed by DG (quite apart from any
failings of the model or of the chemical mechanism dis-
cussed later). This is for the reason that the high pressure
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log P (torr)

Figure 4. (1) log k(E) vs. E, left and bottom coordinates for CHCIF2;
also (2) log Pvs. log u, right and top coordinates.

thermal activation energy is defined with respect to the
following expression

= f—'k(E)B(E) 6E

where B{E) is the Boltzmann distribution. This is not the
same as the experimental form of the results; nor may CPF
and kmbe treated as equivalent.

The independence of CPF on pressure (over the range
1.6-100 Torr) which wes found experimentally in the laser
photodecomposition of neat CHC1F2) is not predicted by
the SO model inwhich it is postulated that, following the
laser flash, there may be competition between deconmt
position and deactivating collisions. Since the calculated
values of k(E), at energies upward of F/(CHCIF) = 56 kecal
mol"l, are ¢(ta over a significant range of the critically
excited populations, collisional deactivation should play
an important role. This is clearly seen from Figure 4 for
the given experimental values of P and E. Pressure in-
dependence wes explained in ref 7b on the basis of the
assumption that V-T.R (and, implicitly required, also,
V-V'") transitions, after the laser pulse is over, are inef-
ficient, i.e, 3is very small. Since the bath gas is at room
temperature, this assumption is contrary to available
evidence for the efficiency of collisional deactivation of
highly vibrationally excited polyatomics by a substrate
bath gas.9

It may be noted that inclusion of back reaction in this
model would lower the calculated values and increase the
discrepancy.

Plasma Model. The calculational results for CF3CL laser
decomposition are given in Figure 5; there is no agree-
ment with experiment. The slope of the calculated In CPF
vs. Tvb 1does indeed give back 84 kecal moPlas compared
with the assigned value 86 kcal mol'l In this case, the plot
of the experimental results vs. Tuvh 1has slope of ~30 kecal
mol"l This illustrates the lack of fundamental criterion
provided by the slope of such lines alone.

All other models in which n is intermediate between the
values used inthe SO(n = 1) and PM models are expected
to give intermediate results. Use of the model of intra-
nmolecular energy redistribution preferred by Shamah and
Flynn,8 and involving subsets of internal vibrational
temperatures, would be expected to give results qualita-
tively or semiquantitatively similar to those calculated
from the PM model on the basis of a single intemal
temperature.

Thermal Model. In this model all modes of energy
exchange are alloned. However, a knonedge is required
of the time evolution of the spatial temperature profile as
affected by the various modes of cooling. 7 An equilibrium
temperature is not expected to be established in these
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Figure 5. In CPF vs. T”b 1for CF3CI, PM model. £0 = 86 kcal mol"L
(1) £alceiad = 84 8 kcal mol"L (2) fra(expt)7a = 30 kcal mol"l

systems. CPF is found by integrating d[A]/[A] = -k df.
k should be calculated with consideration of the fact that
at high temperatures the reaction order, at a given
pressure, is greater than unity. Hence, a high pressure
activation energy and frequency factor should not be used,
in principle.

Since the temperature profile is not known, as a practical
expedient equilibrium temperaturesBBwere employed, as
in ref 7a, and the high pressure limiting slope was cal-
culated. A plot of calculated values of Ink,, vs. 7\h 1for
CFC13 (not presented) gives a slope of 90 kcal mol"1l Thus,
the thermal model gives almost the “right” slope for k.
A plot of the experimental quantities In CPF vs. Pt‘lis
reportedBto have aslope of 22 kcal moll For athermal
system k,, is the fundamental rate quantity, and not CPF.
The former has the well-known relationship to pth*1-

Comments on the CF3C1 Chemical System

The follonwing reaction scheme wes given@for the de-
composition of CF3Cl:

CC1F3*- CF3+ CI (R1)
CC1F3* -* CC1F2 + F (R2)
CC1F3* - CF2+ FC1 (R3)
CF3+ CCIF3-» CF, + CC1F2 (R4)
ccif2+ CCIF3- CCl2F2+ c¥3 (R5)
2CF3+ M C2F4+ M (R6)
CF3+ Cl+ M- CF3CL+ M (R7)
2CL+ M- Cl2+ M (R8)
CCIFj + CF3+ M- CF3CClF2+ M (R9)

Reactions R2 and R3 were ruled out/abecause of high
activation energy. It can be seen that reactions RI, R4,
and R5 all contribute to CPF inasmuch as CC1F3disap-
pears. Because an exact treatment of this system is im-
possible, we thought it of interest to see what a steady state
treatment of the transient products of these reactions
would predict for the temperature dependence of the
product ratio [CF4/ [CF4:



Decomposition of Fluorochloromethanes

[CF4] AR4

[CoF6] h xnh 12 [CF3C1]1/2
which, withlaE4 = 20 £+ 10 kcal/mol and Ex= 86 + 4
kcal/mol, has the temperature dependence of exp(20iRT).
This is opposite to what was found experimentally. It is
of course true that this system does not follow steady state
relations and this “discrepancy’ is not presented as definite
contradiction but only as a disquieting fact.

Clearly, the process involved here is more complicated
than asingle one-step decomposition and the above schenme
does not account for all the behavior. There are only a few
reactions in the literature which involve the CF3radical.
In all cases reported where CF3wes produced by photolysis
of fluoroacetone, U5 fluorocazomethane, 5and CF3¥6no CH4
wes detected and the main product was CZ-6 Photolysis
of pure CF3 yielded some CF4which was eliminated by
admixture of inert gas.I7 Shock tube experiments on CF3
decomposition gave CF4as ore of the productsi8enmanating
from the reaction CF3+ F + M “*» CF4 the F coming from
CF3+ M — CR2+ F + M. The ratio [CF4/[CZ§ showed
the behavior encountered in the DG work No F ab-
straction is reported for fluorochloroethane; only Cl is
abstracted, ¥ as in the example, CFXCICFC12 + CF3—»
CFXl + R There is one case, however, for which F
abstraction by CF3is reported.’ This is the radiolysis of
CF3 in the gas phase. No CF6was found in contrast to
the other systenms reported above; an explanation given by
Sutcliffeis that the CF3radical is produced in an excited
electronic state.

Either of the two mechanisms for CF4 production
mentioned above call for a composite experimental value
of k different from that of the primary process, with
consequent change in the observed activation energy.

Conclusion

Calculations of the rate for the primary step of de-
composition of CC1F3 CC1F, CHC1F2do not agree with
the values of CPF dbserved by DG, regardless of the model
of population distribution prior to reaction. It is believed
that the chemistry involved in their systems may be
complicated so that no single quasi-equilibrium rate
coefficient may represent the experimental results. Also,
the assumptions made with regard to collisional deacti-
vation inefficiency9and the rate of intramolecular energy
relaxation in the SO model contradict existing experi-
mental evidence. We feel that the SO model is not
supported by experiment and that further investigation
is desirable. These data, we believe, do not provide a
suitable basis for theoretical constructions.6 Moreover, the
assertions in the theory of ref 6b do not accord well with
some aspects of experimental factQ10at the high energies
above reaction threshold.
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Appendix. Molecular and Reaction Parameters

CFZXl. The vibration frequencies (in cml) used are2l
1210(2), 1102, 783, 560(2), 478, 356(2). The reaction co-
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ordinate wes taken as the 783-c”1C-Cl stretch, and the
“loose” complex vibrations were changed, 560 —400, 478
—2320 cni’], so as to obtain a frequency factor, log A = 135.

Other parameters usedare = 5A; L* = 1, i>= 5.3 X 10®
s',0=1

CFCI3 The vibration frequencies (in c‘l) are2 1085,
846(2), 534, 400(2), 351, 245(2). The C-ClI stretch at 534
cm“lwas taken as the reaction coordinate of the “tight”
complex. Two configuration were tried for the complex
but with no significant difference between them The data
which are discussed here are based on a complex where
no changes were made in the molecular frequencies. The
frequency factor which wes obtained for this configuration
islog A = 13.6. Additional parameters which were used
area=55A L* = 3 The value of D(CC13F) has been
given as12105 kcal mol“l The value of D(CH3F) = 110
kcal mol“lis given in the “Handbook of Chemistry and
Physics”, Vol. 46, Chemical Rubber Company, Cleveland,
Ohio, 1965, p F127; =53 X 109s“1; 0=1.

CHCIF2 The nolecular frequencies (in cnt‘l) are233025,
1311, 1178, 809, 595, 422, 1347, 1116, 365. The reaction
coordinate was taken as the 365-cm“1bend and the “tight
complex” vibrations were adjusted so as to obtain the
appropriate frequency factor, log A = 12.9. The complex
frequencies are (in cm*]) 3025,1500,1178,1116, 595, 500,
1600,1000. Other parametersare a= 48 A, ZA= 1, w=
9.0 X 10®s“l, and 0=1.
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The photolysis of cts-2-butene (C2B) was carried out in a static System using nitrogen resorance lines at 7.10-7.11
eV (174.5-174.3 nm). The main fragmentation processes of the photoexcited (C4H8™* nolecule are as follons:
CaHg-2** — CaHe + 2H (HD, $ = 040, and C4Hg-2** — C3Hs + CH3 $ = 0.38. The erergy partitioning between
CH3CH=CH and CH3 radicals is discussed. The excited vinylic radicals either deconpose vielding acetylere,
or isorerize (which is folloned by aliéné formation), or are stabilized by collisiors. The kiretics of the (s-C4H9*
radical decomposition provide some information on the energy distribution of the atomic hydrogen present
in the studied system The stabilization of C4Hs-2** nolecules and the formation of isomers are inefficient
processes between 6.6 and 4 X 104 N m 2 (0.05 and 300 Torr).

Introduction

There have been several studies of direct photolysis of
cis-2-butene (C2B) at different photon energies. Chesickt
used azinc lamp (6.01-6.12 eV) and investigated the effects
of pressure on the total product yields and the product
distributions. Similar experiments have been reported by
Borrell et al.2 at 6.11 and 6.70 eV (cadmium and mercury
lamps, respectively). In both studies, it has been possible
to quench the decomposition of photoexcited C2B mol-
ecules by the addition of foreign gases or by increasing the
pressure of the reactant itself. This effect has not been
observed at a higher photon energy. At 8.44 and 10.0 eV
(xenon and krypton lines, respectively), Collin et al.3 have
indicated that the yields of primary products, as well as
the yields of products formed from the decomposition of
primary fragments, are virtually pressure independent.

Some other differences between the results obtained at
low and high photon energies may be noted. At 6.70 eV,
the major primary process is C4Hg-2** —»C4H7 + H (d
splitting, ref 2) but at 8.4 and 10.0 eV, the cleavage of the
two C-H bonds, yielding 1,3-butadiene, becomes nore
important. Moreover, the C-C break is more frequent than
the C-H break when the photon energy increases.3

Only small differences between the fragmentation
pattern at 84 and 10.0 eV, respectively, have been
observeds indicating that the primary photochemical
processes are unaffected by the changes in photon energy
in this region. This result gives support to the same
conclusions arrived at in other photochemical olefinic
systerms at these energies and it appears to be of general
validity, except for ethylene.4s

The aim of the present authors is to examine the energy
region from 6.70 to 8.44 eV. One of our purposes is to
study the primary photochemical processes as a function
of photon energy. We also would like to show that this
region is interesting from the kinetic point of view. Below
6.70 eV, due to the numerous oscillators in C2B, lifetimes
are long enough to permit observation of collision stabi-
lization. Above 8.44 eV, the excess internal energy is too
high to measure the rates of the decomposition processes
by the use of a collisional stabilization technique. Inthe
intermediate region, at least the secondary processes
should be accessible to kinetic analysis and some threshold

fOn leave from the Chemistry Department, Warsaw University,
Warsaw, Poland
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energy values may be determined. A nitrogen lampe hes
been constructed first. Further studies are under prep-
aration.

Experimental Section

The nitrogen lamp wes built from Pyrex tubing fitted
with a quartz window (1 mm thick, thermal fused quartz).
In order to degas the glass walls,7 before filling with ni-
trogen, the lamp was heated to 500 °C under vacuum by
the use of an electrical oven. The cooling and heating of
the lamp to just below the melting point of the glass did
not destroy the vacuumatca 7 X 104 N m2 (5 X 106
Torr). Then 50 N m2 of nitrogen (Matheson, Assayed
Grade) was introduced and the lamp waes sealed off from
the vacuum line.

The emission spectrum of the lamp was taken with a
0.5-m vacuum monochromator (235 GCA/McPherson
Instrument) with a 30-pm slit at a scanning speed of 5
nm/min. The 7.11 and 7.10 eV (1743 and 1745 nm,
relative intensities 1 and 0.5, respectively) were the main
lines and there were several minor contributions in the
6.36-7.51-eV region. It waes estimated that the contri-
butions to the total emission above 7.2 eV were ca. 15%,
between 7.0 and 7.2 eV ca. 70%, and below 7.0 eV ca. 15%.

Ethylene actinometry was carried out; the quantity of
acetylerne wes determined. The quantum yield of acetylene
formation used in this work was equal to 0.754 Good
independence of the acetylene yield on photon energy in
the range from 6.42 to 8.44 eV and on ethylene pressure
has been reported by different laboratories.4s The output
of the lamp wes of the order of 5 X 10B3quanta/s. Except
where otherwise indicated, the period of irradiation was
1h

The remaining details on the experimental and chro-
matographical procedure were essentially the same as
described in previous studies from this laboratory.3
Squalane (8 m), A1203 (3.5 m, temperature programming),
and n-octane-porasil ¢ (1.5 m) columns were applied in
analytical runs. C2B (Philips Research grade) wes used
with no additional purification; the only detectable im-
purities were butadiene (0.0165%) and fmns-2-butene
(T2B) (0.0302%). The results described below were
corrected for the presence of these impurities.

The accuracy of the quantum yields reported in this
work is estimated to be better than 10%. Larger error
limits apply for experiments with HI and HZ radical
scavengers since the resulting quantum yields were ob-
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TABLE I: Formation of Products at 133 Nm 1
(1.0 Torr) from the Photolysis of C2B at 7.1 eV

Products Pure C2B With 5% NO
Methane 0.059“ 0.043
Acetylene 0.10 0.10
Ethylene 0.039 0.040
Ethane 0.21 0.00
Propylene 0.25 0.25
Propyne 0.025 0.026
Allene 0.059 0.058
1-Butene 0.12b 0.00
1,3-Butadiene c 0.40
n-Butane 0.040 0.00
T2B 0.086d 0.01
3-Methyl-I-butene 0.030d 0.00
Isopentane 0.154 0.00
trans-2-Pentene 0.031d 0.00
cis-2-Pentene 0.049d 0.00

0 Quantum yields. b 0.16 at 10 Torr. c¢ Not measured.
d There values are pressure independent between 0.665
and 133 Nm'L

tained as a difference between two quantum yield values
(see Results) with their own error limits. In this case, the
estimated error is around 15%.

Results

The photolysis of C2B at 7.1 eV vyields a number of
hydrocarbon products which, as well as their quantum
yields for C2B pressure of 133 N m+2, are summarized in
Table I.  Within our experimental conditions (the per-
centage of conversion is less than 1%), the quantities of
products were found to be linear vs. irradiation time,
showing that reactions with accumulated products may be
ignored here. If a solid polymer was formed, it wes
transparent to the applied radiation since no decrease in
the intensity of the light beam with the number of ex-
periments was observed. The sulfuric or iodic species
accumulated on the quartz window during the experiments
with radical scavengers were easily washed off by the use
of a CCl4solvent. Molecular hydrogen, if formed, wes not
analyzed in this work.

NO, HI, and HZS Radical Scavengers. At a sufficient
concentration level, NO removes free radicals from the
reaction environment (except hydrogen atoms and “hot”
radicals) via radical-molecule reactions which give
products not detectable in our analytical runs. The results
for C2B pressure equal to 133 N nr2and 5% of NO are
also presented in Table I. HI and HZS radical scavengers
react with radicals via a hydrogen atom transfer forming
hydrocarbons whose yields could be determined chro-
matographically. The quantum yields of the radicals
present in the studied system were determined by sub-
tracting the yields of the hydrocarbons formed in the
presence of NO from those obtained in the experiments
with HI and HZS, respectively, for identical pressure and
concentration conditions. The results for C2B pressure
in the range 130-6650 N m-2 and for fixed scavenger
concentrations are given in Table II.

It should be added that no essential difference in
quantum yield values were observed when passing from
510 10% of HI and from 10 to 20% of HZS, respectively.
The difference in the quantum yields of C3H5 radicals
scavenged by HI and HZS, respectively, should be noted.

He, Xe, and C2B as Collisional Quenchers. The ad-
dition of foreign gases (He, Xe) and the increase inthe C2B
pressure exhibited a varying effect on the product yields.
While the yields of propylene, allene, acetylene, and
ethylene essentially decreased with the increase in pres-
sure, those of butadiene and propyne were virtually
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Figure 1. The quantum yields of acetylene (open symbols) and ethylene
(solid symbols) plotted against (O, ) C2B, (O, m) He, and (A, A) Xe
pressure. Added, NO, 5% of a total C2B pressure.

Figure 2. The quantum yields of (O) propylene, (O) allene, (X) iso-
pentane, and (A) n-butane plotted against C2B pressure in the low
pressure region.

104Nm2

Figure 3. The quantum yields of allene plotted against (O) C2B, (O)
He, and (A) Xe pressure. High pressure region.

unaffected. The pressure dependence of ethylene and
acetylene is illustrated in Figure 1 For both products,
the decrease in the quarntum yields approaches the limiting
values at ca. 4 x 104N m~2of C2B which enables one to
separate their pressure dependent and independent
contributions to the total quantum yields. In the case of
propylene and allene the results are more complex since,
contrary to thase on CH2and C2H4 (i) a strong falloff of
the $vs. C2B pressure was observed belowca 130 N rrf2
and, (ii) this wes folloned by a much smoother quantum
yield drop in the high pressure region (Figures 2 and 3 and

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977



2594

A. Wieckowski and G. J. Collin

TABLE Il: Radical Quantum Yields Determined in Experiments with HI (10%) and H2S (20%)

C2B press, ch3 CaH3
N m*“J HI H2S Hi H2S
133* 0.90 0.93 0.021 0.018
1330 0.83 0.80 0.021 0.022
2130 0.75 0.73“ 0.019 d
6650 0.68 0.66" 0.020 d

C2H5 c3n5 C4H9
Hi H2S HI H2S Hi
0.008 0.010 0.26b 0.20 0.18
0.014 0.020 0.30 0.19 0.31
0.023 d 0.33 0.24 0.32
0.020 d 0.34“ 0.24 0.38*

" 133 Nm'l =1 Torr. b This value may be underestimated since HI, by intercepting H atoms, reduces the yield of pro-
pylene formed from the (s-C4H9)* radicals. “ 5% H2S concentration. d Not measured. “ This value was determined with
1% of HI only. The radical quantum yields may be slightly higher than those indicated in this table.3

TABLE I11: Propylene Quantum Yields in Experiments
with C2B and Helium Collisional Quenchers
Total press,
Nm 2 cz2B* Heb
6650 0.042 0.055
13300 0.040 0.029
26600 0.036 0.019
39900 0.037 0.013

0 C2B + 5% NO. 6 C2B (1 Torr) + NO (5%) + helium.

Table 111). Moreover, in the latter region, the decrease
in the 4%C3H6) value with the increase in the helium
pressure was faster than that with the increase in C2B
pressure (Table I11). This result is particularly important
since C2B is a better collisional quencher of excited organic
molecules than helium.

The increase in n-butane and isopentane yields con-
current with the decrease in that of propylene is also shown
in Figure 2.

Discussion

Radicals and Their Decomposition Process. The most
important radicals in the studied system are CH3 C3H5,
and C4H9 (Table Il). The last one is formed through the
addition of a hydrogen atom to the double bond of the C2B
molecule:

C2B + H”™ s-C4H9* AH=-1.65 eV @
C2B + H -+ Hj + C4H, 2

The abstraction of the hydrogen atom (process 2) competes
with process 1910and the ratio of the rate constants k2/ k x
given by Jennings and Cvetanovic9is equal to 0.066. This
indicates that process 1 occurs predominently in our
system. However process 2 contributes to C4H7 radical
formation and must be taken into account in estimating
its quantum yield (see further). If not collisionally sta-
bilized, these excited (s-CAH9* radicals have enough excess
energy to decompose; the decomposition-stabilization
(D-s) mechanism is represented by the following reac-
tions: 11

s-CAH9*"> C3H6+ CH3  AH = +1.09 eV 3)

S-CAHO* + M -* s-CAH9 + M o)

As it is seen from the data given in Figure 2, below ca
10 N nr2 the quantum yield of propylene, formed in
process 3,18is no longer increased with a decrease in C2B
pressure. Moreover, at ca. 10 N nT2 the yields of n-butane
(formed by disproportionation of s-C4H9radicals and other
radicals present in the system studied) and isopentane
(formed by combination of s-C4H9and CH3 radicals) are
equal to zero. This proves that at ca. 10 N m 2the s-C4H9*
radicals entirely decompose. If so, the quantum yield of
propylene below 10 N m 2 is equal to the maximum
quantum yield of sec-butyl radicals formed in process 1
@maq(s-C4H9Y)). The value of the sec-butyl radical
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N2

Figure 4. The ratio S/D as a function of C2B pressure: (¢) data taken
from ref 11, (O) this work.

quantum yield obtained in experiments with HI scavenger
at 6650 N m 2 (Table I1), after correction for the competing
process: 33

H+HIAH2+ | (5)

is equal to 0.43 and agrees well with the value of 4max
(s-CAH9) = 0.45 (Figure 2).

By definition: D = 4{propylene) and s = Ona(s-C4H9")
- (propylene) and the analysis of the process of sec-butyl
radical decomposition may be carried out by the use of a
S/D vs. C2B pressure plot. This form of presentation is
cbosen in order to compare our data with those taken from
Rabinovich and Diesen’s work1l on the decomposition of
chemically activated sec-butyl radicals and this is shown
in Figure 4. Since virtually thermal hydrogen atoms were
used in the cited workll the difference in the slope of S/D
vs. pressure line taken from ref 11 and that obtained in
this work (Figure 4) is considered as evidence that the
average energy of hydrogen atoms produced in our system
is higher than the energy of thermal hydrogen atoms at
room temperature. Moreover, the presence of hot hy-
drogen atoms is indicated by the data given in Table Il1I;
above ca. 6700 N nT2the propylene yield ceased to de-
crease with increase in C2B pressure. This effect was not
observed in experiments with helium (Table I1I). The
reasonable explanation is as follows: the hot hydrogen
atoms, when attaching to the double bond of C2B mol-
ecules, result in the formation of high energy and short-
lived sec-butyl radicals. These radicals decompose before
collision with a molecule of a quencher even at high
pressure. “Cooled down” by the efficient helium mod-
erator, the hydrogen atoms form s-C4H9* radicals of a
lesser energy content and the latter species may efficiently
be stabilized by any collisional quencher such as helium;
(the double role of helium as a hot hydrogen moderator
and as a collisional quencher of s-C4H9* radicals should
be noted). If this interpretation is valid, a complex
character for atomic hydrogen energy distribution may be
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Figure 5. The reciprocal of the quantum yields of allene against C2B
pressure (curve a, left axis) and the reciprocal of [4>(allene) - 0.037]
against C2B pressure (curve b, right axis). Low pressure region.
Explanations given in the text.

concluded. This may be due to different routes for hy-
drogen atom formation in the system studied (see further).

The methyl radical quantum yield decreases with an
increase in pressure (Table I11); between 133 and 6650 N
m“2 A4>(CH3) is equal to 0.25. This value corresponds well
with the decrease in propylene quantum yield; in this
pressure region A<i>(propylene) = 0.21 (see data given in
Figure 2, and Tables Il and I11). Thus, we may conclude
that a decrease in <i>(CH)) is mainly due to process 3.

C3H5radicals formed by direct fragmentation of pho-
toexcited C2B molecules

C,H8*-> C3Hs* + CH3 (6)

originally have a vinylic structure. The vinylic radicals may
decompose or isomerize or may be stabilized by collisions
provided that they have sufficient excess energy. Their
decomposition may lead to the formation of acetylene
according to

CH3CH=CH* - CH3+ CH=CH (7)

Propyne may also be formed from CH3CH=CH radicals
but the yield of this compound is small (Table I) and
pressure independent and, as such, is not discussed here.

The isomerization of vinylic radicals leads to the allylic
structure

CH3CH=CH* - CH2CHCH?2* (8)

This process may be followed by the formation of allene

CH2CHCH2* - CH2CCH2+ H (9)

The stabilization of C3H5* radicals (in any isomeric
form) may be expressed by the classical formula:

C3H5* + M-* C3H5+ M (10)

The resulting (process 8) allylic radicals do not react with
H253313and the difference in the 45(C3H5 values found for
HI and HZS (Table Il) provides a direct support for the
occurence of the isomerization process. The steady-state
approximation, applied for allene, yields the familiar
Stern-Volmer equation described in a form convenient for
lineation:

[>(allene)]“1= [h(C3H5*)]“1+
[ (C3H5*)1« 1(Kst/Kdec) M

and some important conclusions4 come from the fact that
no simple steady-state treatment covering the whole C2B
pressure region may be found. The [$(allene)]“1vs. C2B
pressure plot (low pressure region) is given in the Figure
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Figure 6. The reciprocal of the allene quantum yield against (O) C2B,
(0) He, and (A) Xe pressure. High pressure region.

5, curve a; the curvature of the Stern-Volmer plot at ca.
120 N m“2should be noted. This curvature may be ac-

counted for if we assume that it reflects the partitioning
of energy between two fragments formed from the pho-
todecomposition of the C2B** molecule (process 6). As
a result of such partitioning, the C3H5 radical is formed
with a spread of internal energies which is wider than that
observed in chemically activated systems (see ref 14 and

references given in this work). However, at a higher C2B

pressure (Figure 6), the linearity of 1/4? vs. pressure plot

is apparently recovered yielding a value equal

to 0.037 ($' denotes the quantum yield of high pressure

C3H5* radicals extrapolated to zero pressure). This value

has a definite physical meaning since we may assume that

the low pressure allene formation process is completed at
the beginning of the high pressure region scale. If so, the

low pressure data may be analyzed by use of the [i (allene)

- 0.037]“1lvs. C2B pressure plot (Figure 5, curve b). At is
seen, the linearity of the plot is highly improved and this
yields $"(075*) equal to 0.09 ($" denotes the quantum

yield of the low pressure C3H5* radicals extrapolated to

zero pressure). If this analytical procedure which results

in two linear regions of the 4>1 vs. C2B pressure plot is

reliable,5it may be concluded that two distinct types of
CH5* radicals (CH5*, CH5") of reasonably narrow energy

content are formed rather than a number of C3H5* radicals

over awide monotonic spread of internal energy. This is

shown by the following simplified mechanism:

CaHg** "mCH5+ + CH3 (n)
C4H8** - C3H5+ + CH3

The sensitivity of the Stern-Volmer plot and/or the
precision of the experiments is probably too lowto respond
to differences in the spread of internal energies within the
two types of C3H5 radicals formed in process 11.

The overall pressure material balance reveals that only
42% of the CH5radicals formed in process 10 may further
decompose (the quantum yield of process 11 is equal to
0.38, Table 1V; the sum of the values of $ (allene) and
4>(acetylene) extrapolated to zero pressure, Figures 3 and
7, is equal to 0.16), the remaining C3H5radicals may only
combine with other radicals or attach to the double bond
of C2B nmolecules. The combination processes of C3H5and
CH3radicals may partly explain the formation of n-butene
and T2B, Table | (no attempts to look for C6 C7, ..,
compounds were undertaken). The consistency of the
kinetic analysis implies that process 9 is the rate-deter-
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104 Nm"2

Figure 7. The reciprocal of the acetylene quantum yield against (O)
C2B, (O) He, and (A) Xe pressure.

mining step for allene formation, thus process 10 refers to
the stabilization of allylic radicals. Since no pressure
dependence on the acetylene yield in the low pressure
region wes found, it is concluded that only higher energized
vinylic radicals are acetylene precursors.

Ethyl and vinyl radicals are formed in minor quantities
(Table II). It is of interest to note the small increase of
the 4%(CHY value with the increase in pressure in the
133-6650 N m“2region (Table Il) together with a small
decrease of the ethylene yield (Figure 1) suggesting the
following mechanism:

C4Hs** > C2H3+ C2H5* (12)
C2H5* - C 2H4 +H (13a)
C2H5* + M - CH5+ M (13b)

Stern -Volmer plots for acetylene and ethylene are shown
in Figures 7 and 8, respectively® and some general
comments on the experiments with three different colli-
sional quenchers (He, Xe, and C2B) may be made. The
results presented in Figures 4 and 6-8 provide evidence
that, in the deactivation processes of excited sec-butyl,
C3H5 and CHb5radicals the nature of the quenchers used
for the investigations plays an important role. Our results
on the stabilization of (s-C4H9* radicals by He and C2B
are in accord with the data of Rabinovich and Diesen.1L
On the other hand, in the 6.70-eV photolysis of C2B, Borell
et al.2have shown the similarity in quenching efficiency
of such diverse collision partners as H2 C02 and C2B. It
should be pointed out however that the latter observation
has been referred to the deactivation of primary pho-
toexcited C2B species but not to the deactivation of the
radical fragments. Since we were unable to observe the
stabilization of the C2B** molecules (1,3-butadiene and
propyne quantum yields were virtually pressure inde-
pendent, see Results), the results of Borell et al.2and ours
can hardly be compared. As is seen from the data given
in Figure 6, the l/idallene) vs. He and Xe pressure ex-
perimental points, respectively, scatter around a common
line indicating the identity (within the experimental error)
of the noble gases acting as energy sinks. Measurable
differences are observed for acetylene and ethylene for-
mation processes (Figures 7 and 8) but due to the diffi-
culties in chromatographic analysis of samples containing
higher amounts of xenon only asmall Xe pressure region
wes accessible to investigations. Thus, we may conclude
that, contrary to the striking differences between He and
C2B acting as quenchers of the excited radicals, those
between He and Xe are very much smaller.
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Figure 8. The reciprocal of the ethylene quantum yield against (¢) C2B,
(m) He, and (A) Xe pressure.

Finally, it is necessary to have a look at C4H7 radicals.
These radicals in the pure system react with other free
radicals by a combination-disproportionation mechanism
The combination mechanism explains the formation of the
C8HX0compounds (Table 1). There is no variation in the
yield of the total C8410 compounds in the low pressure
region (Table 1) which implies that C4H7 radicals are not
allere precursors. These radicals may be formed in process
2 and to some extent via hydrogen abstraction by hot
radicals, eg.

CH,* + C2B -* CH4 + C4H7 (14)

The presence of hot CH3radicals is consistent with process
11, and with the preceding discussion. It should be noted
that methane is present in the C2B system scavenged by
NO (Table I).

The detachment of a hot hydrogen atom from the
photoexcited molecule has previously been proposed:1-3

C,H8* -+ C,H, + H* (15)

It is difficult to evaluate this process. Nevertheless, we
may meke the simple assumption that C4H7 radicals react
on a statistical basis by combination with other free
radicals. At 133 N m2 (1 Torr), the total radical quantum
yield, 4>(R), is equal to 4>(CH3 + 4(CH3J + $(C2H6O +
CHH + &(H) - $(CH6 = 140 (Tables I and II).
Assuming that 45(C4H7) « 140, we can write

*(CH3/*(R-) « 4 (CoHI0<I>CIHTR)

and &(CH7) ~ &CHMR). Thus, we estimate a rough
4X(CH7) value close t0 0.20. Subtracting the 4>(process 2)
value calculated for thermal hydrogen atoms1 and the
4>(process 14) value from 45(CH7) = 0.20, we obtain an
estimated value for process 15. $ = 0.12 + 0.06.16
Molecular Products and Primary Fragmentation. At
this point we wish to describe the fragmentation of the
photoexcited molecule using the preceding observations
and material balances (Table IV). The quantum yield of
process 6 is equal to the $(C3H5 value found in the HI
scavenged system at 6650 N nr2 (Table 1) increased by
a quantity of 0.04 which is equal to the sum of Ad>(allere)
and Ad>(acetylere) over this pressure. The quantum yields
of 1,3-butadiene formed in processes 16a and 16b and
propyne formed in process 18 were virtually pressure
independent and these values were obtained directly from
actinometry. Molecular hydrogen was not measured.
Reactions 17 and 19 are proposed to take into account the
formation of acetylene and ethylene, whose yields no longer
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TABLE IV: Primary Decomposition Processes” of the
Photoexcited C2B Molecules at 7.1 eV
(C2B + hv -* C,H82**)

Re-

action
no. C4HB2** -

6 C3H5* + CH3 0.38 £0.04

16a C4H6+ h2 »
16b  CAH6+ 2H > 0.40 +0.02
15 CAH7 + H* 0.12 + 0.06
17 C2H2 + 2CHj 0.07 + 0.01
12 C2H3 + C2H5* 0.035 + 0.005
18 Propyne + CH4(CH3+ H) 0.026 + 0.005
19 2C2H4 0.01 + 0.005
20 T2B (isomerization) 0.012 + 0.005

Total 1.05 +£0.15

° An asterisk denotes hot or excited radicals which may
decompose at a low pressure (see text).

TABLE V: Fragmentation of Photoexcited C2B
Molecule at Different Photon Energies

Energy, eV 6.7 7.1 8.4 10.0
Ref 2 This 3 3
work

Types of reactions
Hydrogen elimination 0.70° 0.52 0.47 0.37
C-C cleavage 0.30 0.51 0.62 0.63
Isomerization <0.10 0.01 0.02 0.02

° Primary quantum yields

decreased with the reactant pressure above ca 5 < IAN
m"2 (Figure 1). The isomeriztion of C2B (process 20) is
aminor one; the presence of T2B in the starting material
makes the analysis of this compound difficult. No pressure
dependence of the T2B yield in the low pressure region
was observed.

Conclusion

At 7.1 eV, it appears that cleavage of the C-C and C-H
bonds of the photoexcited C2B molecules are of equal
importance. This result is consistent with the results of
Borrell et al.2at 6.70 eV and with our previous data at 8.44
and 10.0 eV3(Table V). There is practically no stabili-
zation of the primary photoexcited states in the present
study contrary to what wes observed at a loner energy, at
6.01-6.12 eVland even at 6.7 eV.2 Since the latter value
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is only 0.4 eV lower than that used for the present in-
vestigations, it may be suggested that different spectro-
scopic states involved in both studies217 are responsible
for the observed discrepancies rather than the energy
difference.
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The photochemical reaction of isobutane-NO2mixtures at 366 nm has been studied in the gas phase at 25 °C
with isobutane in large excess (125:1). The main reaction products are the nitro compounds of the terf-butyl
and (to a much smaller extent) of sec-butyl radicals and isobutene. The minor products are 2-methylpropanal,
isobutene oxide, acetone, 2-methyl-2-propanoal, traces of methyl ethyl ketone, and possibly traces of methyl
nitrate. The photooxidation is initiated by the ground state oxygen atorms, O(3), from the photolysis of NO2
at 366 nm, followed by their interaction with isobutane in a simple manner, i.e., by abstraction mainly of the
tertiary H atom and to a smaller extent of the primary H atoms. The OH radicals thus produced abstract
in their turn H atoms from isobutane. The butyl radicals formed react further with NO2 NO, and 02to give
the nitro cormpounds, nitrites, nitrates, and isobutene. Secondary attack of O atons on isobutene is responsible

for the minor products.

Introduction

Photolysis of NO2at 366 nm is a good source of the
ground state oxygen atoms, 0(3). It has been shown in
this laboratory that photooxidation of simple olefins (1-
butene, isobutene)2by N O 2at this wavelength conforms
to the established mechanism of 0(3) interaction with
olefins when allowance is made for the presence of NO2
and its secondary reactions with some of the primary
products. It may therefore be expected that the NO2
photooxidation at 366 nm of saturated hydrocarbons
should similarly provide information on the mechanism
of their reaction with 0(3) atoms. While it is generally
believed37that this interaction is basically very simple,
consisting simply of H atom abstraction, in some inves-
tigations of the 0(3)-alkane reactions considerably more
complex mechanisms have been postulated.81D In the
present study we have investigated the NO2 photo-
oxidation of isobutane at 366 nm. Apart from the in-
formation which it can provide on the primary interaction
of 0(3) with alkanes, this reaction is also of interest from
the point of view of chemical reactions in photochemical
smog and also of the general mechanism of the photo-
oxidation of hydrocarbons by NO2

Experimental Section

The NO2was irradiated with essentially monochromatic
light of 366 nm provided by a medium pressure mercury
arc (Hanovia S500) and a set of two Corning (7-39 and
0-52) glass filters (320 <X <400 nm). The light output
of the lamp operated at 2 A was constant after a warm-up
period of 0.5 h.

The cylindrical photolysis cell (12 cm long, 5cm o.d.)
with plane end windows was made of Pyrex glass and had
a volume of 221 mL. During experiments the cell was
screened from the diffuse light of the laboratory.

The purification, storage, and transfer of the reactants
were carried out in a mercury-free vacuum system in order
to prevent reactions of N O 2with mercury. Pressures were
measured with a Bourdon gauge and a bellows gauge. The
photolysis cell was connected to the mercury containing
analytical system through three liquid nitrogen traps,
which served to prevent mercury vapor from entering the
cell. After irradiation the contents of the cell were con-
densed in a liquid nitrogen trap and the noncondensable
gases (mainly 02 were pumped-off slowly. The con-
densable products and excess reactants were distilled into
a trap containing mercury which on warming to room
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temperature reacted with and removed excess NO22 The
mixture was then distilled into a mixing bulb, provided
with a high-speed magnetically driven stirrer; several
aligots could be taken from the bulb for gas chromato-
graphic analysis.

Analysis of the Products. The products were analyzed
by gas chromatography as follows:

The oxygenated products were measured on a 300 ft.
long, 0.015 in. i.d. stainless-steel capillary column coated
with dinonyl phthalate and equipped with a flame ioni-
zation detector. The column was operated at O °C with
helium as the carrier ges. Excess isobutane and isobutene
product were retained relatively little on this column and
the oxygenated products were separated well. Qualitative
identification was based on the retention times on this and
a second column (12 ft. d,d'-thiodipropionitrile on
Anakrom A 80/90 mesh, equipped with a flame ionization
detector and operated at 30 °C) and by seeding with
authentic samples. Since authentic samples of tert-
nitroisobutane, nitroisobutane, and tert- and isobutyl
nitrate were not available, these products were identified
from peak assignments based on linear plots of the log-
arithms of the relative retention times against the boiling
points, as described in detail elsewhere.1l Quantitative
determinations were based on peak area measurements
with benzene as an internal standard. It was assumed that
the molar responses (relative to benzene) of ferf-nitro-
isobutane and nitroisobutane were equal to the measured
responses1l of 2-nitrobutane and 1-nitrobutane, respec-
tively, and that those of iso- and terf-butyl nitrate were
equal to 1-butyl nitrate.1l

Isobutene was separated from unreacted isobutane and
measured quantitatively, in the majority of the experi-
ments, on a 12 ft. column packed with 296 squalane
modified alumina; in a few experiments a 40 ft. glass
column packed with 25%6 glycol saturated with AQNO3on
firebrick was used in series with a 32 ft. glass column
packed with 30%6 propylene carbonate on firebrick. Both
columns were operated at 25 °C, with He as carrier gasand
were equipped with flame ionization detectors. Isobutene
was identified by its retention time and by seeding with
an authentic sample. Quantitative determinations were
based on peak area measurements after calibration with
known mixtures.

The analytical results reported are average values for
each column from two to three chromatograms. The
individual differences were not larger than about 5% but,
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Figure 1. Plots of the yields of the fert-nitro compounds against the
irradiation time.

Figure 2. Plots of the yields of the isonitro compounds against the
irradiation time.

due to the relatively small quantities of some products and
the assumptions made for the molar responses of some of
the products, we estimate the analytical error to be 5-10%
for the more abundant products and 15-20%6 for the minor
products.

Materials. The isobutane was Phillips 66 research grade,
stated purity 99.98%. It was thoroughly degassed at -196
°C before each experiment. Gas chromatographic analysis
showed that the isobutane contained 0.01 * 0.001% of
isobutene impurity. Nitrogen dioxide was prepared from
pure dry oxygen and Matheson nitric oxide which had been
passed over activated Molecular Sieve 13X to remove
carbon dioxide and water. It wes stored at -78 °C and was
degassed before each experiment.

Results and Discussion

Blank experiments showed no dark reaction between
NO2 and isobutane. Experiments were made with a
constant ratio ¢(-C4H IYNO2~ 125 + 1 ((-C4H D~ 750 Torr,
NO2~ 6.0 Torr) and irradiation times varying from 15to
240 min. The major products were the nitro compounds
of the ieri-butyl radical and isobutene. The minor
products were the nitro compounds of the isobutyl radical,
2-methylpropanal, isobutene oxide, acetone, 2-methyl-
2-propanol, traces of methyl ethyl ketone and possibly
traces of methyl nitrate. The yields of the products are
plotted as functions of the irradiation time in Figures 1-4.
The yields of the nitro compounds and isobutene, Figure
1-3, increase initially with time but after about 90 min level
off and remain constant; this is due to complete con-
sumption of NO2after this time. The other products,
Figure 4, appear to increase slowly over a longer time.
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Figure 3. Plot of the yield of isobutene (corrected for the isobutene
impurity in isobutane) against the irradiation time.

Figure 4. Plots of the yields of 2-methylpropanal, isobutene oxide, and
acetone against the irradiation time.

The reactions leading to the products will now be
considered in detail.

Nitro Compounds. These products and their relative
yields are consistent with a mechanism in which ground
state atoms 0(3) generated by photolysis of N O 2react
with NO2and abstract hydrogen from isobutane to form
mainly ieri-butyl radicals and to a much smaller extent
isobutyl radicals, i.e.

NQOj + hv > O + NO @
O+ NO02+ 02+ NO ()]
O+ (CH33CH- OH + a(CH33GC +

(1 - a)(CH32CHCH2 (©)]
«OH + (CH3)3CH-> H2D + b(CH3)3G +

(1 - 6)(CH3)3CHCH,- ()]

The tert- and isobutyl radicals react subsequently very fast
with NO2to form nitro compounds:

(CH3)3C + N02- (CH3)3CNO02 ®

(CH3)3CO- + NO ®
(CH?3)3CO- + NO “m (CH3)3CONO @)
(CH3)3CO- + no2- (CH3)3CONO02 ®

The corresponding reactions of t,he isobutyl radicals with
N O 2take place to a smaller extent and are not written here
explicitly. Reaction 5wes tentatively suggested by Blacet
et al.3who found that the reaction product, condensable
at -80 °C, had a mass spectrum resembling that of tert-
nitroisobutane. This compound was also formed when a
mixture of 6 Torr of NO2and 760 Torr of ;-C4H Dwes
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heated at 130 °C,3and in the nitration of i-C4H Dwith NO2
or HNO3at 400 °C.2 Although reaction 5 is exothermic
and may require collisional stabilization, it would be fa-
vored by low temperatures and high pressures and,
therefore, would be expected to occur readily in the present
experiments at room temperature. The ferf-butyl nitrite,
however, is probably formed by reactions 6 and 7 rather
than by direct association, (CH33>- + N02—= (CH33C-
ONO, because the O-N bond is weaker than the C-0 bond
formed and, therefore, it is difficult to stabilize the
tert-butyl nitrite in the gas phase.

Isobutene. Appreciable amounts of isobutene were
found among the products; these were a factor of 4-10
larger than the amount contained as an impurity in the
isobutane reagent (0.01%9) and, therefore, there is no doubt
that isobutene is formed during the photolysis. Possible
reactions which would form isobutene are as follows:

(CH3)3 + (CH3)C- - (CHYL=CH2+ <-C,HD (9)
(CH3)3C- - NO - (CH3)XNO (10)
(CH3)3CNO—(CH3),C=CH2+ HNO (11)

The disproportionation reaction 9 is probably insignificant
compared to the combination reactions 5, 6, and 10, and
the combination of teri-butyl radicals with O 2which will
be discussed below. This was indicated by the failure to
find the recombination product of teri-butyl radicals.
Reactions 10 and 11 were postulated by Kraus and
CalvertBfor the formation of isobutene from tert-butyl
radicals in the presence of NO. They found that in the
absence of NO tert-butyl radicals formed isobutene by
reaction 9, whereas in the presence of about 10 Torr of NO
reactions 10 and 11 occurred exclusively and only isobutene
was formed. For the present experiments too, reactions
10and 11 are suggested as the isobutene forming reactions
and perhaps also the analogous exothermic (—38 kcal/mol)
reaction with NO2

(CH3)3C + NO, - (CH3),C=CH2+ HNO, (11"

for which no experimental evidence has been reported so
far.

Other Minor Products. The minor products, 2
methylpropanal, isobutene oxide, acetone, and traces of
methyl ethyl ketone and methyl nitrate, have all been
identified by Sato and Cvetanovic2to be the products of
the reaction of O atoms with isobutene in the presence of
NO2 Since O atoms react with isobutene two to three
orders of magnitude faster than with alkanes,Mthere is
little doubt that in our experiments these compounds are
formed in the secondary reaction of O atoms with the
isobutene product. The slow thermal reaction of isobutene
with NO2was ignored since the photochemical reaction is
much faster and gives different products.2 The origin of
the minor products was confirmed by seeding the reaction
mixture with 15 Torr of isobutene before irradiation. In
this experiment, the yields of 2-methylpropanal and
acetone, listed in Table 1 (last column), as well as the yields
of methyl ethyl ketone and methyl nitrate, not listed,
increased when isobutene was added. The observed yield
of isobutene oxide increased only a little; however, iso-
butene oxide reacts with NO22and its yields are irregular
and do not represent the actual amount formed.

Effect of Added NO and 02 Although 0(3) atoms
react very rapidly with NO2{k2= 549 x 109L mal 1s 1,b
it may be estimatedMthat for the present experimental
conditions (j-CH INO 2~ 125) the initial rates of reac-
tions 2 and 3 are of comparable magnitude. It follows
therefore that NO and O2will build up during the pho-
tolysis and will take part in secondary reactions, as for
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TABLE I: Effect of Addition of NO and Isobutene on
the Product Yields

Irradiation time, min 30 60

NO added, Torr None 6 None 6 None

Isobutene added, Torr None None None None 1.55

Product yields, Mmol

ferf-Nitrobutane 230 360 419 562 344
ferf-Butyl nitrite 299 337 481 510 4.60
ferf-Butyl nitrate 0.89 0.72 2.00 132 155

Isonitrobutane 035 037 056 0.56 Trace
Isobutyl nitrite 0.12 0.16 0.20 0.24 Trace
Isobutyl nitrate Trace Trace 0.06 0.09 Trace
Isobutene* 426 4.06 7.03 6.83 Ndb
2-Methylpropanal 0.40 039 0.89 0.84 292
Isobutene oxide 0.09 0.04 OS50 0.08 0.60
Acetone 0.03 0.03 0.11 0.11 0.34

“ The yields of isobutene are corrected for the isobutene
impurity in isobutane. b Nd = not determined.

TABLE Il: Effect of Addition of O. on
the Product Yields
Irradiation time, min 30 60
0 2added, Torr None 55 None 5.5

Product yields, »imol

ferf-Nitrobutane 2.30 2.16 4.19 3.59
ferf-Butyl nitrite 2.99 4.73 4.81 8.97
ferf-Butyl nitrate 0.89 4.93 2.00 9.50

Isonitrobutane 0.35 0.37 0.56 0.58
Isobutyl nitrite 0.12 0.31 0.20 0.51
Isobutyl nitrate Trace 0.11 0.06 0.19
Isobutene” 4.26 3.04 7.03 4.10
2-Methylpropanal 0.40 0.53 0.89 1.04
Isobutene oxide 0.09 0 0.50 0.22
Acetone 0.03 0.34 0.11 0.92

“ The yields of isobutene are corrected for the isobutene
impurity in isobutane.

example in the isobutene forming reactions 10 and 11
mentioned above. The effects of NO and O 2were assessed
in experiments in which NO and 02were added to the
reaction mixture before irradiation. The product yields
in the absence and presence of 6.0 Torr of NO and 55 Torr
of O 2are listed in Tables | and Il, respectively, for 30- and
60-min irradiations.

Addition of NO. NO addition (6 Torr) produced only
small changes in the yields of the products. These were
a small overall increase of the nitro compounds (the ni-
troalkane and nitrite increased while the nitrate decreased
slightly) and a slight decrease of isobutene and isobutene
oxide. These changes are in accord with the now well-
established6B8mechanism whereby NO disproportionates
to NO2by multiple addition to alkyl radicals. In this
scheme one molecule of nitrosoalkane can lead to the
decomposition of several hundred molecules of NO.T7 Thus
feri-butyl radicals take part, in addition to reactions 10
and 11, also in the reactionsB

(CH33CNO + 2NO - (CH3)3C- + N2+ NO03 (12)
N03+ NO- 2NO: (13)

This scheme predicts that with increasing NO pressure the
yield of the nitrite would increase while that of the nitrate
would decrease (as a result of competition between re-
actions 7 and 8); the yield of the nitroalkane would not be
affected or, perhaps, would increase because reactions 10,
12, and 13 regenerate alkyl radicals and N 02 the isobutene
yield would decrease (as a result of competition between
reactions 11 and 12). The data in Table | are in agreement
with these predictions and also the addition of 50 Torr of
NO was found to produce, at irradiation times of 30 and
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90 min, alarge decrease in the isobutene yield (—50-60%b)
while the nitrobutane yield did not change. It may be
concluded, therefore, that the effect of the small amounts
of NO formed in reactions 1 and 2 (in the absence of
initially added NO) should be govermed by the mechanism
incorporating reactions 1-11.

Addition of 02 02addition (5.5 Torr) produced a very
pronounced effect on the yields of most of the products
(Table II). The nitrites and nitrates increased two- and
fivefold, respectively, whereas the nitro compounds re-
mained unaltered, acetone increased eightfold, 2-
methylpropanal increased slightly, and isobutene decreased
by about 30-40%.

It may be calculatedthat the extent of the reaction

0+02+M703+M (14)

is less than 1% of the reactions 2 and 3. It follows,
therefore, that radical-O3reactions can be neglected. The
observed effect of 0 2on the product yields is fully con-
sistent with the accepted mechanism of interaction of alkyl
radicals with 0221 For the interaction of i-C4H9 with
02 studied by Thomas and Calvert,2 the following re-
action steps may be written:

(CH3)3C- + 02+ (CH3)00- + M (15)
2(CH3)3CO0- - 2(CH3)3CO- + 02 (16)
(CH3)3CO- + {-C4Hj0- (CH3)3COH + (CH3)3C- (17)
(CH3)3CO- - CH3COCH3+ CH3 (18)

From the effects of the O 2addition in Table I1 it may be
concluded that 0 2formed in reaction 2 is responsible in
part for the formation of the nitrites and nitrates (through
reactions 15,16, 7, and 8), of acetone (reactions 15,16, and
18), methyl nitrate (from the CH3 radicals formed in
reaction 18), and 2-methyl-2-propanol (reactions 15, 16,
and 17). The yields of 2-methyl-2-propanol were small and
very irregular (ranging from 0.03 to 0.4 ¢¢ndl). At room
temperature it would be expected that reaction 17 would
be favored over reaction 18 since the difference in acti-
vation energies EIS- ET7 =7 kcal/molB (EB ~ 13-17
kcal/mol2). However, it was shown in blank experiments
that the concentration of 2-methyl-2-propanol was affected
by dark reactions (2-methyl-2-propanol reacts with NO2
to give mainly the nitrite, and the iert-butyl nitrite hy-
drolyzes in air to give 2-methyl-2-propanaol). It is not
possible, therefore, to attribute the small 2-methyl-2-
propanol yields to any particular reaction.

Photolysis of Products. Secondary photolysis of the
products by 366-nm light is not important in view of the
extremely large absorption coefficient of N O 2Z5compared
to those of the products.5

Conclusions

The photolysis of N 0 2isobutane mixtures is a complex
process, with a number of competing reactions occurring
simultaneously. The presence of N0O2 however, offers
some advantage for the elucidation of the mechanism since
it can act as a trap for the free radicals initially formed
and assist in their identification.

The suggested mechanism explains adequately the
observed products and, at least qualitatively, their yields.
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There is no doubt that the oxidation is initiated by O
atoms from the photolysis of N 02which react with iso-
butane in a simple manner, i.e., by abstracting mainly the
tertiary H atom and to a much smaller extent the primary
H atoms to form OH and the corresponding butyl radicals.
Further attack on isobutane by the OH radicals so formed
gives the same butyl radicals. The butyl radicals react fast
with N02and also, in competitive reactions, with 0 2and
NO formed in the process to give nitro compounds, nitrites,
nitrates, and isobutene. Some secondary attack of O atoms
on isobutene accounts for the minor products.

The more complex mechanisms suggested for the O-
(P)-alkane reactions,8-10mentioned in the Introduction,
are, in our opinion, based on experimental observations
under conditions in which secondary reactions are very
important, i.e., where the ratio [alkane]/[O] is not suf-
ficiently large to suppress very fast atom-radical reactions
such as

(CH3)3C + O -» products (19)
«OH+ O>H+ 02 (20)

This argument has been developed in more detail
previouslyX in connection with the divergent views on the
mechanism of the 0 (3P) reaction with acetaldehyde.
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The effect of molecular structure on the quenching of the luminescent charge-transfer state of Ru(bpy)3+and
Ru(bpic)22+has been studied with eight geometric /3-diketonate isomers of Co(l1l) and Cr(lll). The isomers
have identical electronic spectra, but differ in their molecular structure. The Co(lll) isomers quench at essentially
adiffusion-controlled limit, wheress the Cr(lll) isomers quench at an order of magnitude less than the theoretical
limit. The cis and trans isomers of the Co(l1l) complexes yield identical Stern-Volmer constants suggesting
little or no discrimination during the quenching encounter. A similar lack of discrimination is found with the
phenyl substituted Cr(l1l) complex, Cr(bzac)3 With the trifluoro-substituted analogue, however, cis-Cr(tfac)3
is ca. 40% more efficient in quenching than ircms-Cr(tfac)3

Introduction

The expansive growth of mechanistic inorganic pho-
tochemistry has created a demand for selective population
(sensitization) and depopulation (quenching) as an aid in
understanding the chemical behavior of specific excited
states. Although this demand has led to an ever-increasing
use of sensitization and quenching techniques with
transition metal complexes, in many cases the results are
ambiguous and have not led to a satisfactory under-
standing.1 To a significant extent, the ambiguity with
transition metal complexes arises from a lack of under-
standing of the factors which affect the sensitization or
quenching processes. The results which have been ob-
tained with transition metal complexes are often discussed
within aframework derived from similar experiments with
organic systems. Although the quantum mechanical
constraints on the processes are independent of whether
the system is organic or inorganic, the observed results may
be dependent on several “external” factors characteristic
of transition metal complexes. In principle, a number of
these external factors, such as charge, nature of the ligand
and/or metal, solvent, ionic strength, and molecular
structure, might be expected to affect the quenching
process. Elucidation of the relative importance of these
effects would not only decrease the present uncertainity
of many sensitization experiments, but increase our un-
derstanding of the quenching and energy transfer phe-
nomena as well.

With the low energy donor Ru(bpy)3+ (bpy denotes
bipyridine), recent studies have shown that quenching by
various charged metal complexes is dependent on the ionic
strength and suggest a dependence on the geometry of the
quencher.Z&With donors of insufficient energy to populate
ligand centered excited states, Wilkinson and Farmilo
report a more pronounced dependence on the structure of
the quencher due to the involvement of the ligand-field
excited states of the quencher.2 Unlike organic systens,
however, in which alkylation of the chromaphore causes
little or no change in the absorption spectrum, changes in
the coordination sphere of a transition metal complex
causes not only the desired structural changes, but con-
current changes in the electronic structure of the complex
as well. Thus aclear distinction between electronic and
structural effects on the quenching rate is not currently
available.

Although different in their outer structure and dipole
moment, the cis and trans geometric isomers of the /3
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diketone complexes have identical electronic spectra.3
These isomers thus offer a unique opportunity to study
the effect of molecular structure on the quenching rate.

We report the results of an investigation of the quenching

of Ru(bpy)2+and Ru(bpic)3+ (bpic denotes 2,2-bi-4-

picoline) by eight geometric /3-diketonate isomers of Cr(l11)

and Co(lli).

Experimental Section

Materials. The ligands I-phenyl-1,3-butanedione and
LLI-trifluoro-2,4-pentanedione were obtained from
Eastman Kodak. The complexes tris(l-phenyl-1,3-bu-
tanedionate)cobalt(l111), Co(bzac)3 tris(I-phenyl-1,3-bu-
tanedionate)chromium(lll), Cr(bzac)3 tris(l,l,I-tri-
fluoro-2,4-pentanedionate)cobalt(l1l), Co(tfac)3 and
tris(l,1,I-trifluoro-2,4-pentanedionate)chromium(lil),
Cr(tfac)3 were prepared by the methods of Fay and Piper.3
The geometric isomers were separated and purified by
chromatography on a Florisil column. The electronic,
infrared, and NMR spectra and melting points agreed with
published data.3

Ru(bpy)X126H2D was obtained from J. T. Baker and
used without further purification since its absorption and
emission spectra agreed with published spectra.4 Ru-
(bpic)XI126HD was prepared by refluxing 1.73 g 94
mmol) of 2,2'-bi-4-picoline (J. T. Baker) and 05 g (1.9
mmol) of RuC13-3HD in 200 mL of 95% ethanol. After
refluxing for 16 h, the reaction mix was evaporated to
dryness. The dark orange-red product was taken up in 75
mL of hot water, the unreacted bipicoline was extracted
with four 25-mL portions of benzene, and NaCl wes added
to the aqueous solution to precipitate the product. After
cooling, dark red crystals were filtered off and dried by
aspiration. Absorption and emission spectra of the product
were essentially identical with that of Ru(bpy)3+

Luminescence Measurements. Luminescence mea-
surements were carried out at room temperature, 23-24
°C, in a Perkin-Elmer Hitachi MPF-2A emission spec-
trophotometer equipped with either a Hamamatsu R106
or ared sensitive Hamamatsu R818 photomultiplier. All
samples were contained in quartz cuvettes equipped with
degassing bulbs and degassed by three freeze-thaw cycdles.

To determine the uncertainity associated with the
transmission characteristics of the different cells as well
as the various pairs of cell faces, the emission intensity of
a degassed ethanol solution containing 10 4M Ru(bpy)3+
was measured at 588 nm. The maximum difference be-
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TABLE I: Energies of the Relevant Donor and Quencher States, Stern-Volmer Quenching Constants, and
Bimolecular Rate Constants
Complex Energy, nm-1 ° M- kh,b M-*s'l Ksv,c M-
Ru(bpy)32+ 1.80
Ru(bpic)32* 1.83 £ 0.03
cis-Co(tfac)3 1.37 1428 + 260 1.8 x 109 1584 + 182
trans-Co(tfac)3 1.37 1386 + 221 1.8 x 109 1406 + 126
cis-Co(bzac)3 1.37 885 + 112 1.1 x 109 792 + 99
trans-Co(bzac)3 1.37 871+ 115 1.1 x 109 796 + 101
cis-Cr(tfac)3 1.44(1.234)® 281+ 29(199 +65)d 3.6 x 10s 243 + 22
trans-Cr(tfac)3 1.40(1.234)e 201+ 24(200 £55) 2.5 x 108 176 + 24
Cls-Cr(bzac)3 1.42(1.242)e 669 + 149 8.5 x 108 486 + 55
trans-Cr(bzac)3 1.42(1.242)® 498 + 63 6.3 x 10 539 + 45

a Obtained for the quenching of Ru(bpy)32+ b Obtained from the average Ksv for the quenching of Ru(bpy)32+and the
lifetime of Ru(bpy)32+ in absolute ethanol, 790 ns. ¢ Obtained for the quenching of Ru(bpic)32+ d Measured in a 40%
(by volume) formamide-ethanol solution. e Energy of the 2E state, P. Fleischauer and P. Fleischauer, Chem Rev., 70

199 (1970).

tween the cells and pairs of cell faces was 18%. To
minimize this uncertainity, all measurements were made
with specific pairs of faces of the different cells so that the
maximum uncertainity was 8.1%.

Samples containing Ru(bpy)3+were excited at 452 nm
and the emission intensity monitored at 588 nm. With
Ru(bpic)3+ the samples were excited at 460 nm and the
emission monitored at 590 nm. The observed emission
intensities were corrected for trival reabsorption with
previously described equations.5 Although these equations
involve approximations, it is important to realize that the
absorption spectra of both isomers are identical at the
excitation and emission wavelengths. Thus potential
differences in the Stern-Volmer constants, K™\, obtained
with each pair of isomers are not tainted by these cor-
rections. With the trifluoroacetylacetonate chelates,
absolute ethanol was used as the solvent. The benzoyl-
acetonate chelates, however, are only slightly soluble in
ethanol and it was necessary to use 10% chloroform (by
volume) in ethanol as the solvent. We have observed that
chloroform solutions of Ru(bpy)3+ change color from
red-orange to purple when allowed to stand for 3-4 days.
In 10% chloroform-ethanol solutions, however, spectra of
a 104M Ru(bpy)3+solution recorded periodically showed
no detectable change over a 3-h period. Nor was any
change in the emission intensity of the solution detected
over the same time period.

To determine whether any sensitized decomposition of
the quenchers occurred, a number of steady-state and flash
photolysis experiments were carried out. The apparatus
used in these experiments has been previously described.6

Results and Discussion

Since its introduction as a photosensitizer, 7Ru(bpy)3+
has been the subject of a number of photochemical and
quenching studies. In arecent extensive study, Demas and
Addington have pointed out that catalytic deactivation of
*Ru(bipy)2+induced by either the spin-orbit coupling or
paramagnetism of a first transition series metal complex
is unlikely, and quenching occurs by a bimolecular process
leading to energy transfer or electron transfer.8

In absolute ethanol, the luminescence maxima of Ru-
(bpy)22+and Ru(bpic)2+are observed at 588 and 590 nm,
respectively. The energies of the thermally equilibrated
states, listed in Table I, were estimated by the Fleis-
chauer-Adamson criteria applied to the short wavelength
tail of the emission band.9 The ultraviolet spectra of these
Cr(111) and Co(lll) isomers are dominated by intense
ligand -r-Tr* and charge transfer transitions.0 The high
energies, >3.07"m’], of these states, however, suggest little
involvement in the quenching of these low energy Ru(ll)

complexes. A number of studies have illustrated the role

of lower energy ligand triplet states in intramolecular

energy transfer processes.1l A phosphorescence, charac-
teristic of the anionic form of the ligand, is observed in the
low temperature emission spectra of the corresponding

alkali metal salts and the La(l1l) and Gd(l1l) complexes.?
The maxima of the phosphorescence occurs at ca. 450 nm

indicating that these states lie at energies >2.2 nm"'l Thus,

on energetic grounds, quenching of these low energy Ru(ll)

donors by an energy transfer mechanism is limited to

population of the lower energy ligand-field states of these

Co(l1l) and Cr(11l) isomers. The energies of these ther-
mally equilibrated ligand-field states, also estimated by

the Fleischauer-Adamson criteria, are summarized in

Table 1.

The values of the KS/S listed in Table | were obtained
from least-squares analyses of plots of (I01)ar, as a
function of the concentration of the isomer. With the
exception of the experiments in ethanol-water mixtures,
the plots for each isomer studied were found to be linear
through ca. 70% quenching. The linearity of the plots as
well as difference spectra, which yielded no evidence of an
association between the donor and the quencher, indicates
that quenching occurs by a collisional process. As expected
with uncharged quenchers, the Ksv's were found to be
independent of added electrolyte (0.01 M LiCl).

The bimolecular rate constants, kh listed in Table I are
obtained from the measured X sv values and the radiative
lifetime of *Ru(bpy)3+in deareated absolute ethanol, 790
ns.13 Assuming the Stokes’ radii and interaction radii are
equal, the Einstein-Smoluchowski theory yields a theo-
retical limit of 5.5 x 109M 1s Ifor khin ethanol at 25 °C.U
The Co(lll) isomers quench at slightly less than the
theoretical diffusion-controlled rate and, within experi-
mental error, yield ffsv's which are identical. This equality,
which is also observed with the slightly more hindered
Ru(bpic)3+suggests little or no discrimination on the basis
of molecular structure or dipole moment during the
quenching encounter. Alternatively, the lack of dis-
crimination may be due to the leveling effect of the rate
of diffusion.

With the Cr(l1l) isomers, however, the values of kh are
less than the theoretical limit suggesting that barriers exist
and a number of collisions are requisite to achieve a set
of requirements for quenching to occur. Under these
conditions, some discrimination of the isomeric forms of
Cr(tfac)3occurs, but not of the isomeric forms of Cr(bzac)3
The fiSy of cis-Cr(tfac)3is 14 =+ 0.3 larger than that of the
trans isomer. This difference, which is found with both
donors, is frustratingly small, but is similar to that pre-
viously reported for the cis and trans isomers of Cr-
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(en)CI2+.2a The difference in the fCSv's was not affected
by the addition of an electrolyte, 0.01 M LiCl, but is
dependent on the solvent medium. Although solubilities
limit the solvents which could be used, a number of
measurements were made in mixed solvents. Increasing
the solvent dielectric constant by the addition of form-
amide, 40% by volume, led to an elimination of the dif-
ference. The AWs o: the cis and trans isomers were then
identical within experimental error. Increasing the solvent
dielectric by adding water to ethanol, 30% by volume,
caused a substantial change in behavior. The Stern-
Volmer plots were nonlinear showing a distinct upward
curvature for concentrations of cis- or trans-Cr(tfac)3
greater than 1(T3 M. The initial slopes, less than 25%
quenchng, were different, but must be judged with caution
since an associative mechanism cannot be ruled out.15

Concealment of a potential difference in the quenching
efficiency by either a thermall6 or photochemicallr
isomerization during the preparation or measurement of
the samples appears unlikely. The Ksv's obtained from
degassed samples stored in the dark for 1 h prior to
measurement were within experimental error of the Ksv's
obtained from equivalent samples measured immediately
after preparation and deaeration. The emission intensity
of samples 10~3M in the isomers and 1(T4M in Ru(bpy)3+
(ca. 80% of the light is absorbed by Ru(bpy)3+) was also
found to be independent of the time of exposure, 10 min,
to the exciting light of the emission spectrophotometer.

Although not conclusive, the differences in the
quenching efficiencies of the Co(l1l) and Cr(l11) complexes
do suggest different quenching mechanisms. With the
Cr(I11) substrates, Cr(tfac)3 is more efficient than Cr-
(bzac)3 With the Co(lll) substrates, the order is inverted
and a number of steady state and flash photolysis ex-
periments were carried out in an attempt to elucidate the
quenching mechanism. Ethanol solutions 1(T3M in Co-
(tfac)3or Co(bzac)3and 10'4M in Ru(bpy)3+ were pho-
tolyzed at 452 nm, but Co(ll) was not detected in the
photolyte, Oco«<n — 10~3 Nor were we able to detect,
following flash photolysis (250 J), a transient lasting longer
than 20 ps at 675 nm, the absorption maximum of Ru-
(bpy)3+218or in the 480-550-nm region, an absorption band
of Co(acac)219 These results are inconclusive, however,
since quenching by electron transfer could be followed by
a rapid reverse reaction leading to no net chemical
change.

Independent of the question of intimate mechanism, we
find these results somewhat surprising since a bimolecular
collision which involves ligand-field states might be ex-
pected, a priori, to be susceptible to structural differences.
For example, the rate constant for quenching of a triplet
donor by Fe(acac)3is 6.1 times larger than that of Fe-
(dpm)3Lwhen energy transfer to a ligand field state occurs,
but the ratio decreases to 3.2 when energy transfer to an
internal ligand state occurs. Also, the differences in the
quenching efficiency o: the cis and trans isomers of Cr-
(en)2X 2+ and Cr(en)2XY + led to the suggestion that
geometric factors play some role in determining quenching
efficiency.8 Although this suggested structural depen-
dence is somewhat clouded due to the differences in the
electronic structure of the isomers, the importance of steric
hinderence is indicated in the quenching of organic triplets
by the higher efficiency of acetylacetonate complexes as
compared to dipivaloylmethanate complexes.2l2 The
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difference in the quenching efficiency found with the latter
complexes is substantially larger than that found in these
experiments. With these geometric isomers, however, the
molecular size is essentially the same and the structural
difference arises from the complex as a whole. If
quenching reflects a specific part of the complex, the lack
of any apparent discrimination of the Cr(bzac)3isomers
may reflect an extension of the “conducting ability” 23 of
the ligand through the inductively coupled phenyl sub-
stituent. With the Cr(tfac)3 isomers, the “conducting”
region is not as extensive. A more intimate encounter
would be required and the difference in the KS/s may
reflect the differences in the molecular structure of the
isomers. We doubt that the difference is due to differences
in their diffusion rates. If this were the case, the similarity
in the formal charge and size of the Co(tfac)3and Cr(tfac)3
would suggest similar differences in the quenching effi-
ciencies of the Co(lll) isomers, yet none is observed.

Intuitively a structural dependence is expected, yet our
results, at least with these Co(lll) isomers and the Cr-
(bzac)3isomers, and those of Wilkinson2tindicate that such
a dependence can be small or nonexistant.
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The chemistry of the radio-frequency discharge of CF4is dominated by the production of neutral gas phase
species and polymeric deposits on the electrodes and walls of the discharge vessel. lonic species observed in
the discharge are characteristic of electron impact ionization of CF4and the neutral products: C2Z6, C3F6,
C38 and C4-8 In contrast to discharges of hydrocarbons, ion-molecule reactions are not a dominant feature
of the CZF4discharge. Appearance potential measurements gave direct evidence for the effusion of CF2radicals
from the discharge, but not for CF or CF3radicals. At pressures above 0.1 Torr, small fragments of the polymer
were sputtered and showed in the discharge as C+, CF+, and CF2+ ions. Sputtering of the discharge-produced
polymer with xenon gave the ions C+, CF+, CF2+, and CF3+ by charge exchange, with no detectable buildup

of the corresponding neutral fragments.

Introduction

Organic chemical vapors are converted to polymeric
material when subjected to an rf discharge. This is true
whether or not the compound in question possesses un-
saturated bonds. Thus polymers have been prepared from
straight-chain hydrocarbons as well as from cyclic, aro-
matic, and unsaturated compounds. In order better to
understand the chemistry of a reactive gas discharge and
perhaps gain insight into the polymerization process, we
had made mass-spectrometric studies of the ionic and
neutral species present in discharges of vinyltrimethyl-
silane,1 methane,2 ethane,3 ethylene,4 acetylene,5 and
benzene.6 In brief, the following held true for all the above
compounds: The most energetic process occurred in the
sheath between the plasma and rf electrode. In addition,
more fragmentation into radicals and ions occurred in this
region than in other places in the discharge chamber. This
observation correlated with a higher rate of polymer de-
position on the electrodes than on the reactor walls.7
Moreover, low energy paths to ionization are important,
i.e., radical species often were intermediates in the ioni-
zation process. For benzene,6isomerization to fulvene and
benzvalene occurred, a process which required electron
energies several volts below the first ionization level. In
every case, under conditions of high plasma density where
polymer formation is most rapid, molecular hydrogen was
detected as an appreciable fraction of the neutral molecules
along with unsaturated derivatives of the starting material.
An important difference observed between the ion
chemistry of saturated molecules such as methane and
ethane, and the unsaturated compounds ethylene, acet-
ylene, and benzene, was the role of 7r-complexed-cationic
intermediates. To a large extent, the fate of these com-
plexes determined the ion chemistry. The degree of
stabilization of the complex was directly proportional to
the pressure and inversely proportional to the power.

Usually glow discharge polymerization results in
amorphous, clear, adherent films which are chemically
inert and possess thermal stability as well as high electrical
resistance. Conventionally prepared polytetrafluoro-
ethylene (PTFE) also possesses chemical and thermal
stability and high electrical resistance. No doubt, the
latent advantageous properties of a glow discharge pro-
duced tetrafluoroethylene (CF4) polymer film has stim-
ulated the investigation of the production of such a po-
tentially useful material.

An early study of CZ4discharge polymers dealt with
apparatus configuration and experimental parameters.8
Infrared studies revealed the presence of carbonyl groups
in the polymer. As expected there are similarities between
a spectrum of PTFE and that of CZF4-glow polymer. In
other work,9 it was shown that PTFE could be easily
sputtered. An argon discharge was used to initiate the
sputtering process. However, after several minutes the
flow of inert gas could be turned-off but the sputtering
would continue, sustained, apparently by the sputter-
produced ions. The infrared spectra and dynamic electrical
properties of films formed from sputtered PTFE and
plasma polymerized C2=4 proved to be essentially iden-
tical.10 Plasma polymerization rates for CF4and ethylene
were also found to be comparable.1l

An x-ray photoelectron spectrometry (XPS) study®of
inductively coupled, electrodeless, rf-discharge-produced
CZF4films was quite indicative of what happened during
polymer deposition. Polymer films prepared in the plasma
zone and down stream from this luminous region were
investigated. A lower fluorine atom content and more
different kinds of carbon bonding were found in films
produced in the plasma zone than in films produced down
stream. Down-stream films consisted mainly of CF3and
CF2groups while plasma-zone films contained about equal
numbers of carbon atoms bonded to three, two, one, and
zero fluorine atoms, respectively. The latter films were
clearly more highly cross linked. Subjection of down-
stream films to an argon discharge changed the XPS
results so as to look more like that gathered with plas-
ma-zone film, i.e., cross linking was increased. The infrared
spectra of the films deposited in the two regions were also
different: Plasma-zone polymer presented a diffuse
spectrum while down-stream films had a spectrum re-
sembling that of PTFE. In addition, the surface tension
of down-stream film was very low, a fact consistent with
the XPS finding of a high CF3group concentration.

In this paper we will report on the neutral and ionic
species produced from C2Z4during plasma-polymer de-
position and sputtering of the deposited film with xenon.
As an aid in explaining the observed ion chemistry, use
will be made of the literature on the photochemistry and
high pressure mass spectrometry of CZ4.

Experimental Section
Figure 1 shows a schematic representation of the ex-
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Figure 1. Schematic of the experimental equipment.

Figure 2. Schematic of the sampling oriface and electrostatic focusing
lenses.

perimental equipment. The stainless-steel quadrupole
housing was fitted wbh an ion gauge while the 4-in. o.d.,
glass-pipe discharge chamber was fitted with both an ion
gauge and capacitance monometer. Viton O-rings were
used to seal the glass discharge tube to the quadrupole
housing. Vacua of 4 x 1(F9and 3 x 1CI8Torr were rou-
tinely obtained in the quadrupole housing and discharge
tube, respectively. Two-inch diameter brass electrodes
were mounted on the ends of 0.25-in. brass rods held in
position by O-ring pressure fittings. The electrodes were
freely adjustable as to spacing (maintained at about 4 cm)
and distance to the sampling orifice (the face of the rf
active electrode was positioned about 2 mm from the
pinhole). Power from a 13.56-MHz radio-frequency
generator was supplied to one of the electrodes through
an impedance-matching network. The peak-to-peak (p-p)
voltage on the electrodes was usually maintained at 200
V in these experiments and was monitored with an os-
cilloscope.

Figure 2 shows the detail of the sampling orifice and
electrostatic focusing lens mounting. The electrical po-
tential relative to ground of the pinhole assembly (retaining
plate, foil, and collar) and each cylinder lens could be
continuously varied over several hundred volts dc. Ad-
justment of the potentials was made to give a maximum
ion flux or a zero ion flux if neutral species were being
examined. The pinhcle (0.002 in. diameter) was laser
machined in a 0.001 in. nickel foil and held an axis with
the quadrupole rods by means of a 2 in. o.d. polyfluoro-
carbon cylinder. The approximate dimensions of the
SS-collar were 0.5-in. i d. x 0.3-in. long and those of the
lenses 1-in. i.d. x 1.8-in. long. The opening of the lens
nearest the pinhole was closed down to 0.25-in. by means
of a stainless-steel cap.

The Journal of Physical Chemistry. Voi. 81, No. 26, 1977

M. J. Vasile and c. Snolinsky

TABLE I: Percent lon Current from 20-eV Electron
Impact on TFE and Neutrals Present in a 0.2 Torr,
200 V, p-p TFE Discharge

% of total ion current

mie Assignment  Disch off Disch on
31 CF+ 12.5 13.6
50 CFj+ 13.4 15.8
69 cf3 4.1 18.3
81 w 13.9 9.8
100 c2F 4 55 34.4
62 c2r/ 15
93 c3FF 0.8
112 c3F; 0.8
119 CjFs 1.9
131 c35 2.0
143 c4f > 0.3
150 C3F6r 0.6
169 w 0.1

In order to remove water or other contaminants, reactant
gases flowed from the storage bulbs to the bleed valve via
a U-tube immersed in a suitable coolant. Commercially
available tetrafluoroethylene was obtained from PCR, Inc.,
and contained a polymerization inhibitor, limonene.
Xenon was research purity grade obtained from Matheson
Gas Products.

The quadrupole mass filter and associated electronics
were standard commercial products. Data collection was
automated by means of A/D converters and a program-
mable desk-top calculator. Mass spectra were taken at a
rate of about 1 amu/s. After completion of a spectrum,
the mass number and associated absolute and relative peak
height for each atomic mass unit above a preset back-
ground level were calculated and printed.

Before making observations with the above-described
apparatus, all the inside surfaces of the reactor were coated
with a plasma-polymerized tetrafluoroethylene film. This
was done to avoid any possible complications in the ob-
served species due to the interaction of the glass walls with
fluorine containing species.

Neutral species identification was made by ionizing the
products effusing from the discharge tube (with 20-V
electrons) after the ions had been repelled. The 20-eV
mass spectra of the following list of perfluoro compounds
were taken on our spectrometer for the sake of instru-
mental consistency: ethylene, CZ4 ethane, CZ6, propene,
C3F6, propane, C38 and cyclobutane, c-C4F8.

Results and Discussion

A 200-V, p-p, CZF4discharge is blue in color, with the
glow filling most of the reactor volume at a pressure below
0.1 Torr. Above this pressure, the luminous region is
confined to a relatively small zone surrounding the
electrodes. Strong ion currents were detected over a wide
pressure range, but only below 0.1 Torr was it possible to
observe the primary ionic process, relatively uncontami-
nated with ions that were later identified as originating
from a sputtering process.

CZF4Neutrals. Table I shows a comparison of the mass
spectra obtained from C2F4 by conventional electron
impact with 20-eV electrons, and the 20-eV spectrum of
the neutral species formed in a0.21 Torr, 200-V, p-p CZF4
discharge. While there are pronounced differences, these
are not inexplicable. The mass spectrum observed with
the discharge on is the sum of the 20-eV spectra of the
unreacted CZF4and those of the neutral-product gases in
the reactor. In contrast to discharges in hydrocarbon
systems, the CZ4discharge apparently has a high yield
of gaseous products as well as polymer. The most probable
of these products are hexafluoroethane (CZ6), hexa-
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Figure 3. Semilogrithmic plot of the intensities of CF+ (left side) and
CF2+ (right side) as a function of electron energy: (A) from a 200 V,
p-p, 0.2 Torr C2F4 discharge.

fluorocyclopropane (c-C36), hexafluoropropene (C36),
octafluoropropane (C38), and octafluorocyclobutane (c-
C4F8). No evidence could be found for the effusion of HF,
or atomic or molecular fluorine from the discharge. The
absence of the latter two species may be due to a very low
steady-state concentration. Both would be expected as
reaction by-products, but their rate of reactivity in the
discharge environment must be very high. All of the ions
observed with the discharge on, except for CF2+and C3F 3+,
could be accounted for with the cracking patterns of the
above neutral products. The CZF2+ion may be the parent
ion of difluoroacetylene, which is a product of the direct
photolysis13 (6.7 eV) of CZ4 Any vibrationally excited
CF6o0r c-CIF6formed by the reaction of CF2with C24
near the sampling point may also yield both CZx2+ and
C3F3+. Mass spectra taken on our instrument at 50 eV
showed C3F3+ and CZF2+fragment ions from C3F6at 1.5%
of the total ionization. Similarly, C33+ and CXF2+ are
reported in the 75-eV mass spectral4 of c-C3F6.

The presence of the C3and C4molecules in the discharge
is inferred from the following evidence: Observation of the
C3 6+ ion in the neutral spectrum (Table 1) indicates the
presence of CF6in the discharge since the parent ion is
well represented in its 20-eV impact spectrum. The ratio
of the intensities of the ion, C35+, and parent ion taken
on our instrument from a sample of C3F6was unity. In
Table I, the ratio of these intensities for the gases effusing
from the discharge chamber is 3.3, indicating additional
sources of the C3F5+ ion, assumedly from c-C36and c-
C4F8. The parent ion from either of these compounds is
essentially nonexistent; the first ion readily observed#4
being C3F5+. The CF# ion is tantamount to C38 which
like other saturated fluorocarbons shows no parent ion in
its electron-impact spectrum. Although the linear C38
molecule fragments at 20 eV to a CZF5t+ ion, the ratio of
the intensities of the two daughter ions, CF5-C3F7+, is
only about 4:1. In Table I, the value of the intensity ratios
is seen to be about 19, pointing to another source for C25+,
which is most certainly the M - 19 fragment ion from the
CZF6molecule. The latter also shows no parent ion in its
20-eV spectrum.

The literature on the photolysis of CZF4can explain the
presence of all the C3 and C4 molecules found in the
discharge. Mercury-sensitized photolysislsdemonstrated
the low energy (4.8 eV) at which the CZF4molecule cleaves
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to difluorocarbene. Chemically, the CF2radical is rela-
tively inert,16 but it does react with CZF4 under these
conditions to give c-C36. Direct photolysisi3of CF4with
6.7-eV (1849 nm) radiation produced high yields of each
of the C3and C4 molecules for which we found evidence
in the discharge, as well as a high yield of CZF6. Photolysis
of CZF4always produced CZ=2and polymer as well.13 The
consistency of the results deduced by mass spectrometric
examination of the gases in the discharge tube, and the
results of photolysis lead to the conclusion that the neutral
chemistry in the discharge tube is dominated by a few
simple reactions:

C2F4 2CF2 m
M
CF2+ C2F4- cC3I6* - cCF6
tmmen >n-C3F6
M
C2F,* + CF4- cCAFs* - c-CoF, (2)
C2F4- C2F2+ 2F {FJ (3)

CF41 CF3+ F
n-C3F6+ F2~ C3F8 (4)
CXF4+F2-C 6 (5)

Radical Species. The relative intensities of CF+, CF2+,
and CF3+ with the discharge on (Table 1) seemed to be
higher than one might expect from 20-eV ionization, and
suggested radical effusion from the discharge. Therefore,
an attempt was made to justify the production of these
three fragment ions by calculating the fractional contri-
bution made to the observed spectrum by each of the
molecular species present in the discharge. In this way,
the relative intensities of CF+and CF3+ could be accounted
for, but only about 70% of the CF2+ intensity was ac-
counted for. The excess was postulated to result from
ionization of CF2radicals effusing directly from the dis-
charge. Confirmation was obtained from a measurement
of the appearance potentials under electron impact of the
three fragment ions with the discharge on and off. Figures
3 and 4 show semilog plots of intensities as a function of
electron energy in volts. In each case the plotted intensity
was calculated relative to the intensity obtained under
comparable conditions using 50-V electrons.

CF4. The appearance potentials of the CF+ ion from
CZF4or other molecular precursors found as products in
the discharge are between 14 and 18 eV.I7 The ionization
potential of the CF radical is between 9 and 10 eV.18
Figure 3A shows the ionization efficiency curve of CF+ with
the discharge on, and the appearance potential curve of
CF+ from C2Z4with no discharge. These two curves are
essentially the same, and hence there is no appreciable flux
of CF radicals from the discharge.

CF2+. Figure 3B definitely shows that the ionization
efficiency curve for CF2+ has a threshold value at least 3
eV lower with the discharge on than the appearance po-
tential curve of CF2+ from CZ4with no discharge. The
ionization potentiall7of the CF2radical is 11.7 eV, and the
appearance potential of CF2+ from C2F4is 15.2 eV, a
difference of 3.5 eV. The data presented in Figure 3B are
in very good agreement with these values, and cam be taken
as direct evidence for the effusion of CF2radicals from the
discharge.

CF3t. The energy dependence of the CF3+ion derived
from CZF4is known to be anomolous,19 and indeed a
comparison between the ionization efficiency curve of CF3+
with the discharge on and that of CF3+from C2F4with the
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Figure 4. Semilogrithmic plot of the intensity of the CF3+ ion as a
function of electron energy: (A) from a 200 V, p-p, 0.2 Torr discharge.
The other curves are for CF3+ from several compounds in the absence
of a discharge.

discharge off was not as straightforward as the CF2+or CF+
case. This is not surprising, since CF3+ is a minor com-
ponent in the mass spectrum of CZ4at any energy, while
the CF3+ intensity in the mass spectra of the neutral
species produced with the discharge on is large, even at
20 eV. We thus compared the ionization efficiency curves
for CF3+, discharge on, to those obtained from CZ6, CF6,
and C38 with no discharge. Figure 4 shows that the
appearance potential curve for CF3+with the discharge on
follows the curves derived from CZ=6and C3-8at relatively
high energies (17-20 eV), while below ~17 eV, the curve
approaches that of CZ4with the discharge off. The shape
of the discharge-on curve is consistent with CF6, C2F6, etc.
being the principal source of CF3+ at 20-eV ionization
energy, and with C2=4being the principal source in the
threshold region. The reported appearance potentials,I7
in electron volts, of CF3+ from various precursors are as
follows: C2F4, 13.5-14.4; C¥6, 14.2; C3F6, 15-16; C3F8
14.4-14.7. There is no evidence for any contribution to
the CF3+ signal from CF3 radicals, since no shift in the
ionization efficiency curve toward the 10-eV level was
found in the threshold region.

lon Chemistry. The ion-molecule reactions of CZ4and
its fragment ions have been studied by high pressure mass
spectrometry2and ion cyclotron resonance.2l In general,
the ionic reactions in this system are not rapid unless they
involve fragment ions produced by high energy electron
impact (e.g., C+, F+, CZF+, and C2=2+). According to the
high pressure mass spectrometer (HPMS) study ion-
molecule reaction products are to be expected in the
discharge from CF2and C2F3+ with CZ4since these ions
have large rate constants and can be formed by relatively
low energy (20 eV) electron impact. Similarly, ionic
products can be expected from the reactions of CZ4+ and
CF+, but to a lesser extent, since their rate constants are
an order of magnitude lower. There are no ion-molecule
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TABLE IlI: Some Mass Spectra of Tetrafluoroethylene
(% of Total lon Current)

200 V p-p Discharge

Assign- 0.06 pressO 0.02 0.07 0.1
mjea ment Torr (75 eV) Torr Torr Torr
12 C+ 0.33
19 F+ 0.15
24 C2x> 0.10
31 CF+ 31.4 29 4.5 54 129
43 C2F+ 0.06
50 cf&* 144 11 6.3 89 103
62 Cc2F* 0.08 0.3 0.5 0.5
69 cf3 7.4 1.3 63 65 53
81 C2F3+ 13.0 37 0.5 11 2.8
100 CZF#4 39.8 20 6.8 7.8 11.6

55 c3f+ 001
74 C,F*  0.01

93 c3¥FFH 0.16 1.2 1.3 1.9
112 c3f# 0.05 0.2 0.2 2
119 c2r; 0.03 8.7 4.6 2.4
124  c4r4r 0.01 0.2 0.2 0.1
131  c3F5F 6.0 5.8 4.8 2.0
143  CéFsr 0.2 0.3 0.3
150 ¢ 3F,+ 0.6 0.6 0.04
162  C4Fer 0.2 0.01
169 c3f,+ 0.05 0.1 0.02
181 C4F# 0.02 0.1 0.02

a lons listed in the second half of the table must result
from ion-molecule reactions. ° From a high pressure
mass spectrum, ref 20. c¢ Reference 19.

reactions reported for CF3+ There is evidence that vi-
brational excitaton2l of CF4+plays a significant role in
breaking the ion-molecule complex, (C4&8H*, back into
reactants.

Table Il shows the ion distribution found in the HPMS
study,Dand that found by direct ion sampling of the CZ4
discharge. The latter qualitatively reproduces all but the
primary ions formed by 80-eV ionization in the HPMS
study, viz. C+, F+, C2, and CZ+. The distribution of
product ions in the two experiments is, however, somewhat
different. The major discrepancy occurs in the intensity
of CZ=5+ which is two orders of magnitude more abundant
in the discharge. A comparison of the relative intensities
of fragment ions of CZ4in the 80-eV HPMS study2with
the published1975-eV mass spectrum shows that the high
pressure spectrum is deficient in CZ3+ and CF2+. This
is to be expected, since these ions have reaction cross
sections of ~18 and 52 A2, respectively. A similar com-
parison of the relative intensities of the fragment ions from
the discharge and the 20-eV cracking pattern (Table I)
shows a deficiency of CF3+, an overabundance of CF2+ (by
about a factor of 4), and a superabundance of CF3+ (by at
least two orders of magnitude). The deficiency of CZF3+
again can be expected from the ion-molecule reactions:

CF 3+ CH4-+ CIF5+CF2 (6)
C2F3 + C2F, -» C3F4+CF3 (7)
CF3+ CF,- CaF6+F (8)

The overabundance of the CF2+ion would be larger than
observed (a prime source for this ion is the CF2radical
population) if it were not lost, at a high rate, by charge
transfer2l to C24, while the overabundance of the CF3+
ion is due to the fact that it is unreactive in the present
environment.

The CZ4+ ion undergoes a slow reaction that should be
favored in the discharge due to high collision frequency
and subsequent loss of vibrational excitation.

CjF4++ C2F4-mC3F5 + CF3 9)
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Figure 5. (A and B) Relative intensities of ions from a 200 V, p-p, C2F4

discharge; (C) relative intensities of ions from a 200 V, p-p, xenon
discharge in the presence of C2F4-glow polymer.

If a comparison is made between the ions obtained from
the neutral products of the discharge (Table I) and ions
obtained by direct sampling (Table II), it can be seen that
except for the greater variety of C4 ions and a higher
abundance of CF5+ in Table Il, both lists exhibit similar
trends. Excluding charge-exchange reactions, the only
other reactions involving primary ions formed by low
energy ionization in the discharge that proceed at ap-
preciable ratesDare (6) to (9). From this we conclude that
most of the ions observed in Table Il are the result of
electron impact on the neutral products. This is quite a
different situation from the discharges of hydrocarbon
systems, in which a rich ion chemistry was observed.26
Vastly different ionic species were found between direct
sampling of the discharge and electron-impact induced
ionization of neutral hydrocarbon products.

Sputtering Effects. An anomolous change was observed
in the flux of the CF+ ion on increasing the discharge
pressure from 0.02 to 0.24 Torr (Figure 5). By calculating
the ratio of the ion current of the CF+ ion to that of the
m/e 93 ion at both pressures and then comparing these
calculated values, it was found that the CF+ flux increased
by a factor of 10. (The mass 93 ion was used because its
intensity relative to the total ion intensity remained es-
sentially constant). Similar calculations showed a 50%
decrease for the CF3+and CF2+ions, and a 50% increase
in the CZF4+ flux. Note also the appearance of C+ at 0.24
Torr. The changes observed in CF2+, CF3+, CZ 4+, and
higher mass species are consistent with a less efficient
conversion of CZx4to products. The increased pressure
tends to reduce the electron energy and the result is less
fragmentation of CZ=4upon ionization which is consistent
with all previous discharges we have studied. The in-
creased CF+ flux and the appearance of C+are, however,
quite the opposite of what would be expected. A possible
cause of this effect might be sputtering of the polymer film
on the electrodes.

Confirmation of this possibility was obtained by
evacuating the discharge tube to a pressure of 1 X 10“8
Torr, and back-filling with xenon to 0.22 Torr. Figure 5C
shows that the ignition of the xenon discharge produces
a significant ion flux of C+, CF+, CF2+, and CF3+. It is clear
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TABLE I11l: Reported” lonization Potentials

lon C+ CF+ CF2 cf3 c2ra CO+ coO*
IP,V 11.3 89b 117 10 101 14 138
9.6b

“ Reference 17. b Reference 18.

that xenon ion bombardment of the polymer film sputters
small fragments of the polymer framework. These frag-
ments are exactly the species known to be present in
polymer produced in the discharge zone.12 Electron impact
ionization and charge exchange with Xe+ obviously was
very efficient since these fragments must have migrated
to the sampling region from the electrode region. Neutral
species other than xenon could not be detected at one part
in 103 and we conclude that no significant concentration
of the neutral sputtered species develops. The ionization
potentials of the sputtered fragments are given in Table
I11. It is seen that each species observed in Figure 5C has
a lower IP than xenon except CO and C02 The ap-
pearance of these two molecular ions was unexpected, even
at their low relative intensity. They are probably an effect
of residual gases in the discharge tube.

Summary

The CZ4discharge differs from discharges in hydro-
carbon systems in that significant quantities of neutral
products containing three and four carbon atoms are
produced. (The only exception to this statement was
found in the acetylene5case.) A second major difference
occurs in the ionic products observed: In a C2F4discharge,
these are produced overwhelmingly by electron impact on
the neutral species, rather than by ion-molecule reactions.
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Activation energies and A factors for the series of gas-phase hydrogen transfer reactions CH@XCIx + Cl- and
CH(3xClx + HC1 and chlorine transfer reactions CH@XCIX+ Cl2and CH(3XC1(x+1) + ClI- for x = 0, 1, 2, and
3 have been calculated using the molecular orbital-bond index (MOBI) and group contribution method. Generally
satisfactory agreement is found between observed and calculated activation energies, while in certain cases
the A factors obtained are more reliable than currently accepted estimates.

Introduction

The chlorination cf long-chain paraffin hydrocarbons
is an important technical process in the manufacture of
solvents and fire-resistant materials and, in this reaction,
the kinetic factors controlling the positions and degree of
substitution are of vital importance in determining the
products. Despite this, there has been little systematic
kinetic work on such reactions with hydrocarbons con-
taining more than four carbon atoms. The variety of
products which may be obtained and the possibilities for
substitutional isomers, together with experimental diffi-
culties, have combined to produce this situation. Clearly,
an advance could be made if a method were available to
estimate the kinetic parameters for the reactions. Such
a method has been described recentlyl2by us and in this
paper, as the first part of a general theoretical investigation
into the activation processes for the chlorination of pa-
raffins, we deal with the series of reactions which bring
about the total chlorination of methane. This system was
chosen for the obvious reasons that it is the simplest and,
moreover, kinetic parameters have been measured35 or
already estimated5 for all the reactions involved.

The series of reactions studied were (a) the initiating
step

CH(4_ x)CI* + Cl- - CH(3. x)Clx + HCl

and (b) the sustaining step
CHACI, + Cl,-» CH@, 9Cl(jc+i) + CI-

Back reactions were also considered. Satisfactory values
for the activation energies for these steps were calculated,
while the A factors obtained are probably more accurate
than those previously proposed.

Method

The method previously described12for calculating the
energies of activation for some gas-phase hydrogen transfer
reactions was extended to cover the reactions of present
interest. As before, the heat of atomization of each system
is computed in the standard state and at 298 K at ap-
propriate positions in the coordinate space such that the
minimum enthalpy path for the reaction may be obtained.
The activation enthalpy is then computed from
a knowledge of AH adamfor the initial and transition states
of the system.

The enthalpies generated from these calculations are for
reaction at 298 K. In order to obtain the activation en-
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thalpy at a different reaction temperature, it is necessary
to correct the value of AH®* by the integrated form of
Kirchoffs law, i.e.

AH®* = AH°*29S-AC °PiTmA T

where AT is the difference between the mean experimental
reaction temperature and 298 K and AC°pn) is the dif-
ference in specific heat between the activated complex and
the reactants at a mean temperature, Tm Values of C°p
at different temperatures for reactants were obtained from
the JANAF Tables6and C°pfor the transition state was
estimated from group contributions as described previ-
ously.2

The activation energy for a bimolecular reaction at the
mean reaction temperature T is then given by7

Af+t = AH°*t + 2RT

AE* may be compared directly with experimentally de-
termined values of the activation energy.

In addition to the activation energy, AE*, the preex-
ponential factor, A, was calculated for each of the reactions
studied, i.e.

where T is the mean temperature for the reaction and
AS°*cis the difference in entropy between the transition
state and the reactants in concentration units.

A value of AS®*p (the activation entropy in pressure
units) was computed for each reaction, using values of S°p
from the literature,6e.g., in the activation process

CH4 + Cl- -» HIC—H*--C1

values of S°pare available over a range of temperature for
CH4and C1-; S°pfor the complex was estimated using the
group contribution scheme.2

AS°*c was then computed from

AS°*C= AS°fp -(1-7)* InR'Tm

where R is the gas constant in J K-1 mol-1, R' is the gas
constant in L atm K-1 mol-1,y = 2 (i.e., the molecularity
of the reaction) and Tmis the mean reaction temperature.

The basic types of reaction of interest are discussed
under two heads.
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TABLE I: Atom Pair Parameters
Bonding parameter,

Atom pair kj mol-1
Bonded H-CI 444,76
“Nonbonded” H-CI 25.87
“Nonbonded” CI-CI -20.49
“Nonbonded” C-ClI 336.70
Bonded C-H 410.79-420.66
“Nonbonded” C-H 420.66

1. Hydrogen Transfer Reactions. Reactions studied
here were those between a chlorine atom and the molecules
CH4, CH3C1, CHZC12 and CHC13 together with the reverse
reactions.

The optimum paths for the set of reactions

\ \ \
-C-H* + Cl -» —C—-H*--C1 a—C- + H*C1
/ / /

were obtained by calculating the heats of atomization for
different geometries of the systems

\
—C--H*--C1
/

The geometry of the group CHxCI(3X) is of importance
with respect to the bond properties which have to be
considered in these calculations. In the isolated molecule
CH (x+DCI(3X) the geometry may be considered tetrahedral.
However, the geometry of the free radical CH>XC1I3X is not
established. The assumption is made in this paper that
the radicals are planar, thus, in forming the transition
states

H Cl Cl
\ \
Cl—C--H*--C1 H—-C--H*--C1 CI—C--H*-C1
/ / /

H Cl cl

the geometry of themoiety CHXC1(3 X was assumed to
change from pyramidal to planar as its C---H* length
increased from 0.109 to 0.5 nm concomitantly with the
H*- -Cl bond length being changed from 0.5 to 0.127 nm.

The atom configuration C---H*---Cl was assumed to
remain colinear throughout the reaction.

The atom pair bond energy paramters which afford the
heats of atomization are listed in Table I. Those for the
atom pairs C-Cl, “nonbonded” H-CI, “nonbonded" CI-ClI,
and C-H remain the same as those used in previous work.2
As before, the C-H parameter varies with the C-H* bond
length according to whether the C-H* bond is in a planar,
a “fully” pyramidal, or some intermediate environment.
The parameter used for the interaction between "bonded"
H and Cl atoms was taken as 444.76 kj mob12

The C-CI bonding parameter is allowed to vary with the
configuration of the carbon atom, as was previously done
for the corresponding C-H quantity. The value when the
C-Cl is in the “fully” pyramidal situation is 336.70 kJ
mobl

Bond energy parameters for C-Cl relevant to the radicals
CHXCI*, CHC12, and CC13 can be determined from ex-
perimental heats of formation and SCF calculations on the
species. Benson7gives experimental values for AH° at 298
K for CH3 and CC13 as 142.26 and 77.40 kj, respectively.
A linear interpolation affords values of A//f° for CHZCb
and CHC12 at 298 K as 120.50 and 99.16 kJ, and these
values may be used to compute the value of A /i°atom for
each radical. Thus, the C-C| parameter appropriate to
each species can be deduced. These are as follows: C-CI
(CH2C1-), 288.65 kj mob1;, C-Cl (CHC12), 303.05 kj mobZ
C-Cl (CC13), 311.75 kd mol”1 It is now necessary to allow
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the C-CIl bond parameters to vary with the C-H* bond
length. The lower limit is selected according to which
radical is involved in the reaction; the higher limit,
however, remains at 336.70 kJ mob1 Contributions to the
C-CI parameter at intermediate bond lengths stem from
the parameters for the pyramidal molecule, the planar
radical, and the pyramidal radical, as in the C-H case.

Current evidence on the most stable geometry of the
CC13radical9suggests that, while not completely planar,
the radical is only slightly bent, having a structure in-
termediate between CH3and CF3 The CH3radical has
a planar geometry and it is known by calculation that the
energy of reorganization from the planar to the pyramidal
form is 56.41 kJ mobl1l2 The CF3radical, however, is
known to be pyramidal and, hence, has a reorganization
energy in the opposite sense. Evidence on the structure
of the CHC12radical has shown it to be planar.10

In these calculations we have made the assumption that
the isolated radicals CC13 CC12H, and CC1H2are all planar
and that the bond-energy parameter for the pyramidal
form is identical with that calculated for the planar form.
Since the C-CI bond indices in the two forms of CC13differ
by only 2%, this is consistent with a small reorganization
energy for this radical (about 17.2 kj mob1). The fraction
which each of the three moieties contributes to the overall
C-CI bond-energy parameter at each C-H* bond length
was assumed identical with that for the C-H parameter.
Thus, at 0.16 nm where each of the three types of C-ClI
bond contributes equally, the overall parameter for the
C-Cl bond in C1XC-is

73(336.70 + 311.75 + 311.75) = 320.07 kJ mobl

In calculating the A factor for the process

CHj-H* + CI - CH3--H*--C1

values of S°p at different temperatures are listed6 for
methane and the chlorine atom. Values of S°pfor “bound
H” and “bound CI" in the transition state were taken as
1 2S0p(H2 and ¥V 2S,0P(C12), respectively, and a value for
“bound CH3' was abstracted from Benson's tables.7

For other reactions, in order to estimate AS°*, S° (bound
radical) must be estimated. Thus, for example, in the
process

CH(4 x)Clic+ Cl - CH(3 x)Clx---H*---C1  *= 1,2, 3
AS° *p = S°p(CH(3_x)Clx- - -H*- --Cl) -
SYyCHACI1J - S°P(CI) (1)

S°i,(CH (3" )Clic--H*---Cl) =
S°p(CH(3_x)Clx bound) + S°P(H bound) +
S°P(C1 bound) (2)
S°p(CH(3_x)Clx bound)=SyCH (4 x)CIJ -
S°P(H bound) (3)
Using S°p(H bound) = ¥ 2S0p(H2 and S°P(C1 bound)

= VaSyClj) then substitution of (3) into (2) and then into
(1) yields

AS°*p ="hS°p(Cl2-S °p(Cl)

This means that the difference AS°*p between the tran-
sition state and the reactants depends only on the dif-
ference S°P(C1 bound) - S°P(Cl atom) at the mean tem-
perature. Clearly, at a specific reaction temperature the
A factors for this series of reactions are the same.

A factors were also calculated for the reverse reactions
CH3+ HC1 and CC13+ HC1. However, no entropy data
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TABLE II: C-Cl and CI-Cl Bond Energy Parameters
C-H* C-CI* C-Cl
bond length bond length parameter
\ in \ in for
—C---H*, -C---C1%*, CHXL,

/ nm ' nm ki mol'l
0.10. 0.178 336.70
0.12 0.187 321.32
0.13 0.195 316.42
0.14 0.203 310.45
0.15 0.212 307.77
0.16 0.220 304.67
0.17 0.228 302.00
0.18 0.236 299.95
0.19 0.245 297.98
0.20 0.253 295.89
0.25 0.294 291.00
0.30 0.335 289.28
0.35 0.376 288.99
0.40 0.418 288.82
0.45 0.459 288.74
0.50 0.50 288.65

are available for the radicals CH2C1 and CHC12 so that A
factors for reactions involving these radicals could not be
calculated.

2. Chlorine Transfer Reactions. Here the reactions

studied were those between CIl2 and the radicals CH3,
CHZ2XC1-, CHC12, and CC13, i.e.

\ \ \
-C- + CI2- —c--CI*--Cl sa-C—ei* + cI-
/ / /

The reverse reactions were also considered. The reaction
path with minimum enthalpy was again calculated. The
CI-CI bond length was varied between 0.199 (the bond
length in the chlorine molecule8) and 0.5 nm. The latter
corresponds to effectively total separation. The C-CI*
bond length was varied concomitantly between 0.5 and
0.178 nm8and the geometry of the >C moiety was varied
from planar to pyramidal as the reactions proceeded.

The method of approach to this series, where the mi-
grating atom is chlorine, was identical with that already
described and, in general, the same bond energy param-
eters were used. The scaled parameters for C-H and C-ClI
interactions were, however, made to depend on the length
of the C-CI* bond. Moreover, it was necessary to in-
corporate energy contributions from the two mutually
bonded chlorine atoms between which the CI-Cl distance
varied. Since this had not occurred in any previous cal-
culations, a new parameter for CI-Cl was needed.

The quantity appropriate to Cl2was calculated from the
known standard heat formation of the molecule and the
CI-Cl bond index; this yielded 141.96 kJ mobl For
transient stages in the reaction, it was found appropriate
to vary the CI-Cl parameter as a function of the C-CI*
bond distance. Hence, the parameter for bonded CI-CI*
atoms was varied from its full value, 141.96 kJ mob1, when
C-Cl was 0.5 nm (i.e., when the chlorine has no interaction
with the radical) to zero when C-CI* was 0.178 nm (i.e.,
as it exists in the CH"Ch-x molecule). The CI-Cl parameter
was caused to change with C-CIl* bond length in a manner
identical with the C-CI| parameters. Values of the CI-ClI
parameter at different C-CI* distances are given in Table
1.

The results also afford the activation energies for the
back reactions, i.e.

\ \
-/C-CI* + Cl- -+ -/C- + CI* -Cl

The calculated change in enthalpy AH°*bwas corrected
for temperature as described above and the activation
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C-ClI C-ClI
parameter parameter

for for CI-Cl
CHC12-, CC13-, parameter,
kJ mol'l kJ mol 1 kI mol'l
336.70 336.70 0
326.07 328.71 45.46
322.69 326.17 59.91
318.32 323.07 77.55
316.44 321.68 S5.46
314.27 320.07 94.56
312.40 318.68 102.53
310.96 317.61 108.62
309.58 316.59 114.42
308.12 315.51 120.57
304.69 312.97 135.02
303.49 312.08 140.08
303.29 311.93 140.94
303.17 311.84 141.45
303.11 311.79 141.73
303.05 311.75 141.96

energy for the reverse reaction obtained.
In calculating the A factors for forward complex for-
mation

\
—/c- + ci*-ci -* /—c----CI*—---CI

the relevant values of S°p for the radicals CH3 and CC13
were taken from JANAF tables.6 For complex formation,
ASO*Pis given by

AS° +p = S°p(bound radical) - <S°p(radical)

since S°p(bound ClI) in the transition state is assumed to
be y 25°p(Cl2. No entropy data for the free radicals
CHZ2C1- and CHC12 are available, so that no A factors
involving these radicals could be calculated.

It was possible to calculate A factors for all four reverse
(chlorine transfer) reactions, taking the values of S°p for
the bound radical, CHxC1@x) as

S°p(CH*C1(3-x)) = S%(CH (x+1)CL(3-x)) - '/25°% (H2)

Results and Discussion

The activation energy and log A calculated for each of
the reactions are listed in Table Ill. The corresponding
experimental quantities are also given; unless otherwise
indicated, these were taken from Trotman-Dickenson and
Milne’s tables.3 Each calculated value has been corrected
to the median of the temperature range quoted for the
particular reaction.

The two central bond lengths specifying the dimensions
of the transition state are also given in Table Ill. It is
found that, in general, the more highly substituted the
carbon atom, the more compact the transition state be-
comes.

Hydrogen Transfer Reactions. The largest discrepancy
between the experimental and calculated activation en-
ergies in this series occurs for the reaction CH4 + Ci-,
although even here the difference is only ~ 10 kJ mob1l
Possible reasons for this were discussed earlier.2 In ad-
dition, it is worthy of note that the activation energy for
this reaction calculated by Zavitsas and Melikian1lis also
considerably greater than the accepted experimental value.
The activation energies calculated for the abstraction of
hydrogen by a chlorine atom from CH3C1, CHZC12 and
CHC13 are in good agreement with experiment.

For the reverse reactions, the RMS difference between
the calculated and experimental activation energies is 6.3
kJ mol”1l For the reaction of HC1 with CH% and CC13 the
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TABLE Ill: Arrhenius Parameters for Reactions
Geometry of
Mean e ASP(Tm), Caled
reaction [ransition state, nm %)<K 1) AE*, Caled Exptl Exptl
Reaction temp, K C-H H-ClI mol“1 kI mol'1 log A AE*, kI mol"1 log A
Hydrogen Transfer Forward Reactions
CH4 + CI -*
CH3 + HC1 389 0.158 0.17 -47.9 26.4 12.77 16.1 13.42
CH3ClI + CI - 13.8 £+ 0.4 13.5 £ 0.7
CH2Cl + HC1 423 0.135 0.14 -55.2 13.3 12.46 141 13.76
12.9 13.5
CH2C12 + CI > 125 13.43
CHC12 + HC1 423 0.125 0.145 -55.2 15.1 12.46 13.1 13.4
23.0 14.6
CHCI3 + CI - 14.0 12.84
CC13 + HC1 423 0.125 0.14 -55.2 13.6 12.46 13.9 13.2
27.2 14.6
Back Reactions
CH3 + HC1 -
CHa4 + CI 360 0.158 0.17 -77.5 18.1 11.46 12.9 11.73
20.9¢ 12.0"
CH2Cl1 + HCL1 -
CHjCI + ClI 400 0.135 0.14 32.6 34.3¢ 12.1“
CHC12 + HC1 -
CH2C12 + ClI 400 0.125 0.145 38.2 46.9¢ 12.0“
CC13 + HC1 >
CHCI3 + CI 365 0.125 0.14 -77.2 42.9 11.18 47.3d 11.65d
56.1“ 11.8“
Chlorine Transfer Forward Reactions
C-CI CI-Cl
CH3 + ClIj -
CH3CL + CI 365 -68.2 6.4 11.65 9.6 12.9¢
CHXI + Cl2>
CH2C12 + ClI 365 0.265 0.20 23.6 11.66 (est) 12.5¢ 12.6"
CHC12 + Cl2-
CHCI3 + CI 365 0.23 0.205 26.5 11.66 (est) 16.7¢ 12.0"
CCl, + Clj -
CC14 + CI 365 0.23 0.21 -67.8 30.4 11.67 25.1 11.74 + 0.6“
22.2 12.86
Back Reactions
CH3Cl + CI -
ch3+ Cl2 400 -51.0 112.8 12.63 104.6" 14.0“-b
CH2C12 + Cl >
CH2C1 + Cl2 400 0.265 0.20 -47.5 121.0 12.82 89.5¢ 14.0'b
CHCI3 + CI -
CHC12 + Cl2 400 0.23 0.205 -38.0 111.2 13.31 87.9 14.0“'b
CC14 + ClI -
CC13 + CI2 400 0.23 0.21 -27.4 100.6 13.87 83.7C 14.0C
79.1¢ 14.3

* Values taken from ref 5.
ref 4.

values given by Chiltz et al.5are somewhat higher than
more recently determined values. It may be that their
experimental activation energies for the reactions CH2C1
+ HC1 and CHClo + HC1 are also in error in the same
sense.

The calculated value of log A for CHC13+ CI- agrees well
with experiment, whereas for the remainder of the series
the calculated values are rather lower than the experi-
mentally determined quantities. The overall root mean
square error is ~0.8 in log units. The two A factors which
it was possible to compute for the reverse reactions show
satisfactory agreement with experiment.

Chlorine Transfer Reactions. 1. Forward Reactions.
The enthalpy calculations for the reaction

HH.- + CI. - CH.--CI*--Cl - CH.C1 + CI-

indicate that the reaction path follows 3steady decrease
in energy from reactants to products. Hence, AHO*for this
reaction is computed to be zero. At a mean reaction
temperature of 365 K, AE* is thus 6.4 kJ mol 1, to be
compared with an experimental value of 9.6 kJ mol

b A factor is assumed to be 104 ¢ Calculated from the reverse reaction.

d Values taken from

For the reactions of CI2with CHZC1-, CHC12, and CC13,
the experimental activation energies are given as 12.6,16.7,
and 25.1 kJ moT1, respectively. Of these, the data for the
last reaction are probably the most accurate since, in this
case, the measurements are not complicated by further
chlorination of the products. Such phenomena generally
lead to systematic errors in experimental determinations
which are frequently difficult either to eliminate or es-
timate. However, for this most reliable case we calculate
that the activation energy is 30.4 kJ mol ', in good
agreement with experiment. The activation energies
calculated for the reactions CH2C1- and CHCI2- agree less
well with experiment although, over the whole series, the
RMS difference is only 8 kJ moT1

Calculation of log A was not possible for the reactions
CHZXCL- + Cl2and CHC12 + CI2 since values of S°Dare not
available for the radicals CH2C1l- and CHC12. However,
evaluation of log A at 365 K was carried out for the systems
CH3 + Cl2and CC13 + CI2, yielding values of 11.65 and
11.67, respectively. Since these two values are so close, log
A values for CHXC1- + Cl2and CHC12e+ Cl2are estimated
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to be 11.66 by interpolation. The agreement of the cal-
culated and experimental values of log A for CC13 + CI2
is very satisfactory.

(2) Back Reactions R-Cl + Cl -+ CI2+ R. The back
reactions in which a chlorine atom reacts with a chlorinated
methane all have higher activation energies than any of
the reactions so far studied. Little experimental work has
been carried out on these systems and A factors have not
been measured for the reaction of a chlorine atom with
CHZ3C1, CH2C12 and CHC13. For the reaction CC14+ CI-
our calculated value for log A is 13.87, to be compared with
average experimental values of 14.15.

Taking the activation energies first, the most reliable
experimental results will again be those for the fully
chlorinated reactant CCl4. Here, the calculated value
differs from experiment by 17 kJ mol-1.

A survey of the calculated and experimental activation
energies in Table 111 reveals a discrepancy in the exper-
imental results. Whereas the RMS difference between
theory and experiment for the reactions of radicals with
Cl2is 8 kJ mol-1, that for the reverse reactions is ~19 kJ
mol-1. This is somewhat difficult to reconcile. Since in
all reactions the transition state is the same whatever the
direction of reaction, we would expect the difference
between the calculated and experimental activation en-

E Hankiewicz and D. Schuite-Frohlinde

ergies to be very similar for both the forward and reverse
reactions. It is, moreover, noteworthy that, for reactants
in the reverse processes, the heats of formation have been
accurately determined and so should not introduce further
error to the values of Af?*fomard This discrepancy must
cast some doubt on the experimental values hitherto
accepted.
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The rate constants, kabsi, of the eag~reaction with nitrobenzene, IrClI&-, and Fe(CN)e3 have been measured
in water, and in LiCl and CsCI solutions up to a concentration of 14 M LiCl and 6 M CsCIl and were found
to be diffusion controlled. The viscosity of CsCl solutions is independent of CsCl concentration whereas in
the case of LiCl solutions the logarithm of the viscosity decreases linearly with concentration. Since the logarithm
of the rate constant, log k ohsd, with nitrobenzene decreases linearly with LiCl concentration the viscosity is the
rate-determining parameter. In CsCl solutions the rate constants do not vary with salt concentration. Iridate
and ferricyanide behave like neutral species at LiCl concentrations above 1 and 6 M, respectively; above these
LiCl concentrations the dependence of their rate constants and that of nitrobenzene on salt concentration is

the same. This is due to the formation of undissociated scavengers and the behavior described by the
Smoluchowski-Debye equation at high salt concentration.

I. Introduction

Anbar and Hartl2have measured the rate constants for
the reaction of the hydrated electron with several solutes
(acetone, nitrous oxide, benzoate, and nitrate ions) in water
and in aqueous solutions which were 12.4 M in potassium
fluoride. They found that the rate constants are lower in
the concentrated salt solution by a factor of 2-5 depending
on the solute. It remained an open question whether a
decrease of the activity coefficient of ea,~ a decrease of its
diffusion coefficient, or a viscosity change of the salt
solutions was responsible for the observed effect.

A similar decrease in the reactivity of the solvated
electron was observed by Pikaev at al.3for the reaction of
ear with ions of transuranium elements in concentrated
alkali and in carbonate solutions. These reactions were

*Permanent Address: Institute of Applied Radiation Chemistry,
Technical University, Wroblewskiego 15, 93-590 Lodz, Poland.
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faster than diffusion controlled in contrast to the ones
investigated by Anbar and Hart.1 As a possible expla-
nation for the decrease of the rate constants an increase
of the viscosity of the solutions or capture of electrons in
deeper traps was mentioned but not proved. A similar
decrease was also observed for rate constants of the re-
actions ea + eat and eag + O-4

Since concentrated aqueous salt solutions in liquid and
especially in glassy states are currently under intensive
investigation, we decided to study the factors which may
be responsible for the decrease of the rate constant of the
hydrated electron in the case of diffusion-controlled re-
actions. Lithium chloride was used as an added salt since
the viscosity of its solutions is known and the rate of
reaction of eat with Li+ is slow.

Furthermore we wanted to test whether different cations
have different effects on the reaction rate constants of eat
with added scavengers, since enhancement of the rate
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TABLE I: Rate Constants of eag~in Water and in Aqueous Solutions*1 (k x 10 '1M*“1s"*)

Water Salt solution
1) (2) (3) (4) (5) (6) (M (8)
Scavenger ropsa.o KOOIl fediffo - 4iriVisl>s  F= feditii/fediffo Slope @ fe (from intercept) r£, A y —k fedito
cbho?2 2.8 25(rs =55 A) 0.063 2.9 6.4 1.0-1.16
2.9b 2.7 (r£ = 6.0 A)
3.0C 2.8 (r£ = 6.3 A)
3.2d
4.2e
Na2rCl6 1.7d 1.23d
25 (rv =55 A) 0.52d 0.063 2.6 5.7 1.0
2.7 (rs =6.0 A) 0.65d
2.0f 0.93f 0.55f
2.6*
K3e(CN)6 0.30f 24 (rE=55A) 0.19/ 0.19d 0.063 2.2 5.0 0.85-0.91
0.40d 0.34d 2.6 (m =6.0A) 0.27d

0 Reference 7. b Reference 8 ¢ Reference 9. d This work.

e Reference 10. f Reference 15. * Reference 16. h The

column numbering is as follows: (1) the experimentally observed values in water; (2) values corrected for kinetic salt

effect; (3) values recalculated according to the Smoluchowski equation with Deag- = 1-96 X 10'5cm2s'1-11 Cfc6HsNO2= 1.0 X
10~scm2s-'-7DIXCI™*- = 1.0 X 10~5cm2s'P5I>Fe(CN)63'= °-9 X -O'5em2 s’ ''H'eaq- = 2.5-3.0 A2 and 3.3 A, R2rC6ANO =
3.0 A,7rlrCl62-= 3.0 A,I5rpe(CN)63- = 3.0 A.15 (4) Values calculated according to the Smoluchowski-Debye equation with
Debye correction factor F; (5 and 6) slope a, and k' value from intercept, both from empirical eq 2; (7) reaction distance
from k' and Smoluchowski equation; (8) parameter y comparing experimental k' and theoretical fediff Ovalues.

constant5 was observed in aqueous salt solutions for
electron transfer reactions between two complex anions
if LiCl was replaced by CsCl.

Il. Experimental Section

Nitrobenzene (Fluka, puriss, p.a. 99.5% GC),
K3Fe(CN)€g (Merck p.a.), and Na2rCI™-6HD (Merck p.a.),
LiCl (Merck p.a.), and CsCl (Merck suprapur) were used
without further purification.

The water used was triply distilled under nitrogen, from
alkaline permanganate, from acid dichromate, and finally
from a quartz apparatus.

The concentrations (10~4to 10'EM) in water were de-
termined spectrophotometrically using an t value of 7800
M 1cm-1 at X 268.5 nm for nitrobenzene and an e value
of 1050 M '1cm-1 at X420 nm for ferricyanide.

The pH of the solutions was adjusted to about 8 using
barium hydroxide and perchloric acid. Redistilled 2-
methyl-2-propanol (Merck p.a.) was added (5 X 10 3to 10 2
M) to scavenge OH- radicals. Before irradiation all so-
lutions were bubbled ~1 h with argon in order to remove
oxygen. The 3-MeV van de Graaff accelerator and the
remote controlled flow system used in the experiments
have previously been described.6 The dose applied was
1 krad and the measurements were carried out at room
temperature, i.e. +20 °C.

The rates of reaction of the hydrated electron were
determined by following the decay at the maximum of its
absorption spectrum (e.g., at 720 nm in water and at 610
nm in 14 M LiCl solution).

A correction for eag decay in the matrix itself, i.e.,
without eag scavenger, was applied. The rate constant for
the decay of ea, in the matrix alone was found to be ~ 10
and ~20% of that in solutions containing scavengers when
the matrix was <6 M in LiCl and >6 M LiCl, respectively.

I1l. Results

Reaction of eag with Nitrobenzene in Water. Exper-
imentally observed rate constants of eag~with nitrobenzene
in water, feObsdo>710 are summarized in column 1 of Table
I.  For neutral scavengers reacting with diffusion-con-
trolled rate constants a correlation is expected between
fedsdo and fedift obtained from the Smoluchowski equation

fediff = AItNr~D? (1)

where N is Avogadro’s number, rz = ret + X is the sum
of the radii of hydrated electron and of the second reactant
X and C2 = Dext + Dx is the sum of their diffusion
coefficients.

Using the recently obtained diffusion coefficient for ea],
Deqg = 4'96 X 105cm2 S-V10cHN02= 1 X 105Cm2S'1,7
the published values for re<- = 2.5-3.0 A211 and 3.3 A,12
and rGB\N02 = 3 A,7 eq 1"leads to the rate constants
(2.5—2.7) X 1010and 2.8 X 1010M*“1s'], respectively. Since
these calculated values (column 3) agree with the majority
of the experimental values (column 1) within the limits of
experimental error (~10%), the rate of the reaction of the
hydrated electron with nitrobenzene is expected to be
diffusion controlled. Using k = 3.0 X 1010M 1s'19Hart
and Anbar obtained a somewhat larger reaction distance
(r2 = 7.5 A) due to using a smaller diffusion coefficient2
for eaq.

Reaction of eag with Nitrobenzene in Salt Solutions.
Experimentally observed rate constants of eag with ni-
trobenzene in aqueous LiCl solutions, kasd, are presented
in Figure 1. It was found that log kd#ASdepends linearly
on the LiCl concentration C. These results can be de-
scribed by the following empirical equation:

lo§ kobsd,s = IQg fe' ~ a'C (2)

with slope @' = 0.063 and intercept log K'corresponding
to k' = 2.9 X 1010 M-1 s'1 (Table I, columns 5 and 6).
This experimental result can be understood in terms of
a pure viscosity effect of the added salt if it is assumed that
the diffusion coefficients are inversely proportional to the
viscosity of the solution as in the Stokes-Einstein equation,
and that the reaction distance does not vary with LiCl
concentration. The viscosity of LiCl solutions has been
measured13 and was found to obey the equationl4
aC 3a
I°g brei 4 | (3a)

where rrei = /jlh>vs = viscosity of salt solutions, 7H0
= viscosity of water, a = 0.0586, b = 0.0079, and C = LiCl
concentration [M]. Since bC « 1 eq 3a simplifies to

log prel = aC (3b)

Combining the Stokes-Einstein equation (D = KT/Qirrir)
with the Smoluchowski equation (eq 1), using the defi-
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Salt Concentration/M

Figure 1. semilogarithmic plot of the rate constants of eag- with
nitrobenzene, kobsds [M~1s~1], vs, alkali salt [M] concentrations: (O)
kobsds = experimentally observed values in LiCl solution; (A) kobsds
= experimentally observed values in CsCl solution; (=) kobsdsr;rei =
observed values multiplied by the relative viscosity of LiCl solution.

nition for rjrei and using = km in water and fediffs =
knff in salt solution, the following results:

diffs = ~diff.o’Yel o)

After substitution of (3b) into (4) the theoretical
equation, log fedffiS = log - aC, is obtained with the
same form as empirical eq 2. The slope a' (column 7 of
Table 1) and k' from the intercept (column 8) of the
empirical equation agrees well with the corresponding
theoretical values, a = 0.0586, and k = (2.5-2.8)1010
(column 3). Hence y = k'/Kiifffi equals unity (column 8)
and the reaction distance r2 = 6.4 A (column 7), obtained
from k' values, agrees with the diffusion controlled one.
Therefore fed8Pavalues multiplied by the relative viscosity
and plotted against LiCl concentration yield a line with
zero slope and log k' as intercept. Further in agreement
with the observed viscosity influence are the results with
CsCI, an additive which does not change the viscosity
(Figure 1) but changes the dielectric constant similar to
added LiCl.

Reaction of eag- with Iridate. The measured rate
constants of eagq~with Na2rClI6 in water, feobsd,o>1516 and
corrected for kinetic salt effect, K@, are summarized in
Table I, columns 1and 2, respectively. Our experimental
value was found to be slightly higher than the value ob-
tained by Anbar and Hart.15

Addition of LiCl increases the observed rate constant
&ixds and a maximum value is obtained at 1 M LiCl
(Figure 2). At still higher concentrations a linear decrease
of log kobsds as a function of LiCl concentration is observed
(Figure 2). This linear dependence can be described using
the same empirical equation (eq 2) which was used for
nitrobenzene. This equation has the same form as the
theoretical one assuming that only the viscosity influences
the observed rate constant (see section Ib). A comparison
between the parameters of the empirical equation (eq 2),
0' (column 5) and K" (column 6), with the theoretical values
a = 0.0586 and k = (2.5-2.7) 1010M 1s“1(column 3) shows
good agreement. Accordingly 7 = 1 (column 8) and the
empirical reaction distance rs = 5.7 A (column 7) equal
the values calculated from the Smoluchowski equation
(column 3). Hence the kdmiSvalues multiplied with the
relative viscosity give a line with zero slope and the in-
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Salt Concentration/M

Figure 2. Semilogarithmic plot of the rate constants of eag- with
hexachloroiridate, k""" [IVT1ls_1], vs, LiCl [M] concentration: (O) k " *
= experimentally observed values; (=) kObsd3?re, = observed values
multiplied by the relative viscosity of the solution.

tercept log k' (Figure 2). Thus it seems that sodium
hexachloroiridate behaves as if it were neutral in LiCl
solutions with concentrations >1 M. Since 7 = 1 (column
8), and the empirical reaction distance r2 = 5.7 A (column
7) equals the value calculated from the Smoluchowski
equation (column 3), the reaction of eag with sodium
hexachloroiridate is diffusion controlled. Anbar and Hartl
obtained r2 = 8.2 A using k@I = 0.93 X 1010M*“1s_1, Dei¢t
= 45 x 105 cm2s“l, and the Smoluchowski-Debye
equation.2 We consider this r2 value too high because the
iridate is probably not completely dissociated and therefore
the Debye correction is too large. Experiments with CsCI
as an added salt could not be performed since Cs2ArCIl6is
not sufficiently soluble.

Reaction of eag~with Ferricyanide. The measured rate
constants of the reaction of eaq with ferricyanide in water,
“obedoi and corrected for salt effect, fooor. are summarized
in Table I, columns 1 and 2, respectively. The dependence
of the experimentally observed rate constant fedj8on LiCl
and CsCI concentration is presented in Figure 3.

Up to salt concentrations of ~0.3 M LiCl a strong in-
crease of &dxdsvalues is noted. Around 1 M LiCl the rate
constant reaches a maximum value and then decreases on
further increasing the LiCl concentration. The further
decrease of log fcdedSis different from that of nitrobenzene
and iridate; the plot of log kdmsds may be represented in
terms of two linear parts.

The first part, in the concentration range up to ~6 M
LiCl, has a slope clearly smaller than that obtained using
nitrobenzene and iridate as eag scavengers. On multiplying
these /edsdSvalues with the relative viscosity of the solution
an ascending line is obtained (see Figure 3). However the
second part of the observed dependence of log £obsds for
LiCl concentrations >6 M has approximately the same
slope (column 5) as for nitrobenzene and iridate, in
agreement with the slope of the theoretical eq 2. Also k'
from the empirical intercept (Table | column 6) agrees
approximately with the theoretical value (column 3).

On multiplying kdsds values with the relative viscosity
a line with zero slope and intercept log k' is obtained.
These experimental results lead to the conclusion that at
LiCl concentration >6 M potassium ferricyanide behaves
like a neutral species and the decrease of log &lsds may
be explained in terms of the viscosity change of the so-
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Figure 3. Semilogarithmic plot of the rate constants of eap~ with
ferricyanide, frdIs [M_1s'1], as a function of alkali salt concentration
C [M]: (O) kdwxds = experimentally observed values in LiCl solution;
(A) kObsds = experimentally observed values in CsCl solution; ()
"ddsfiet = observed values multiplied by the relative viscosity of LiCl
solutions.

lution. The experimentally obtained reaction distance
(column 7) agrees with that for diffusion controlled re-
actions (column 3) and also with rs = 6.5 A calculated by
Anbar and Hart2from the Smoluchowski-Debye equation
using ket = 0.30 x 1010M 1s'1, De™~= 4.5 x 10-5cm2s'l
Hence in agreement with earlier conclusions we find the
reaction of [Fe(CN)6]3 with eaq to be diffusion controlled.

When LiCl is replaced by CsClI a steeper increase of log
ferileds with increasing salt concentration is observed (Figure
3). The rate constant, kdada reaches a maximum value
of ~2 x 1010M 1s'lat about 1.5 M CsCI and does not vary
further with increasing salt concentration up to approx-
imately saturated solution at 6 M CsCl. In the range
studied the viscosity of CsCl solutions is practically
constant for our purpose (?rei(l M) = 0.963, 7rel(5 M) =
1.036).7

Since the plateau value for &xiSobtained in the range
~ 1.5-5.5 M CsCl is nearly equal to the rate constant for
diffusion controlled reaction, fodiffi0 it seems that ferri-
cyanide behaves like a neutral species in this concentration
range. The measured rate constants are independent of
CsClI concentration in agreement with the negligible in-
fluence of CsCI on the viscosity of the solution.

1VV. Discussion

The good agreement between measured rate constants
for the reaction of ead’ with nitrobenzene and the values
calculated from the Smoluchowski equation (eq 1) shows
this reaction to be diffusion controlled in pure water. This
renders unnecessary the hypothesis that tunneling over
distances larger than the encounter distance is involved
in this reaction. Such effects were treated theoretically
by Pilling and Ricel8 and enhancement of effective en-
counter distance to twice that of rz in the “normal”
Smoluchowski equation was estimated for fluid solvents
such as water. Larger enhancement factors were only
found at very high viscosities (eightfold at 4§ = 1012 cP).

In LiCl solutions the similarly good agreement between
experimental fedwd values and the ones calculated as
fediff,0/?jrei (eq 4) for the nitrobenzene shows that the vis-
cosity is the most important parameter. However, two
assumptions have been made in order to arrive at this
result. The first is that the reaction distance r2 (from eq
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1) does not vary with salt concentration.

It is known that salt addition to water causes a blue shift
of the hydrated electron spectrum2which is explained as
a result of contraction of the electron cavity. Taking the
energy of the maximum of the ea] spectrum to be inversely
proportional to the radius of the cavity,2one finds that
even at 14 M LiCl where \naxis 600 nm19the radius re>-
of the cavity is ~90% of that in pure water. Assuming
that the changes of the radius of the electron cavity are
analogous to the changes of its reaction radius ineq 1, a
10% change in the cavity radius is evidently insufficient
to explain the about eightfold change in the rate constant
when going from water to 14 M LiCl solution (Figure 1).
It is not probable that the radius of nitrobenzene varies.

The second assumption is that the diffusion coefficient
of eag which constitutes 80% of Ds is inversely pro-
portional to the viscosity as is done in the Stokes-Einstein
equation. A deviation can occur, e.g., when the hydration
shell of ead changes strongly on going from water to 14 M
LiCl where fewer water molecules are available for hy-
dration. The diffusion coefficient of ead' in LiCl solutions
is not known. However, the diffusion coefficients of CI',
Br , and I' in LiCl solutions up to 4 M LiCl have been
determined.2 The results show that the viscosity de-
termines the diffusion rate, e.g., the diffusion coefficients
of these ions are inversely proportional to the viscosity.2
All three ions behave very similarly. Since differences in
size obviously do not change the diffusion pattern it is
reasonable to assume that the eaj behaves like the halogen
anion in this respect in agreement with the second as-
sumption.

Furthermore it is possible that the reactivity of ead is
reduced in LiCl solutions due to changes in the reducing
power. The reducing power of ea~may be changed by
addition of LiCl in such away that the reaction of eag with
nitrobenzene (or iridate or ferricyanide) is no longer
diffusion controlled. However this possibility is ruled out
since the difference between the standard potentials of eaj
(-2.86 eV)u and that of nitrobenzene (-0.43 eV)2L (hex-
achloroiridate (+1.02 eV) and ferricyanide (+0.34 eV)) is
so large that even a 20% reduction in the reducing power
of eaq, as can be estimated roughly from the blue shift of
the ead absorption spectrum, cannot lead to an activation
controlled reaction.

There was no indication for the formation of ion pairs,
e.g., (Li+ead), as was found in liquids with much lower
dielectric constants such as amines, ammonia, and ethers.2

From our experimental results for anionic scavengers of
ead' it is evident (see section 2 and 3) that at sufficiently
high salt concentration they behave like neutral species.
The question arises as to whether the substrates behave
like neutral species due to the kinetic salt effect at high
salt concentration or due to the formation of undissociated
salt (complex formation)Ze.g., according to

2Li++ IrCl62-~ Li++ LilrCV~™ Li2rCl6 (5)

The diffusion-controlled rate constant between eaq and
an ion, Agiffi, is described by the Smoluchowski-Debye
equation

fdiffi = Ku,0F (6)

where F, commonly known as the Debye correction factor,
denotes the factor by which the rate constant for ions, K,
differs from that of neutral molecules, &dffo- This factor
may be calculated as F = Q /e 1with Q = ZeZxeZ cfeTVS
where Zx is the charge of the ion, eis the static dielectric
constant of water, K is Boltzmann's constant, and = re®

The Journal of Physical Chemistry, Voi. 81, No. 26, 1977



2618

+ rx is the sum of the two radii.

Equation 6 has been theoretically shown by Logan2to
reduce to the Bronsted-Bjerrum equation for primary
kinetic salt effect at low ionic strength. With increasing
ionic strength of the solution Logan has suggested that the
Debye correction factor F tends to unity, i.e., the ions
behave Kkinetically as if they were neutral. Recently Buxton
et al.5 have also suggested that in 10 M LiCl the Debye
correction factor equals unity.

Since the Debye correction factor converges to unity at
the same ionic strength for all ions independent of their
chargeiridate and ferricyanide should behave similarly.
However, comparison of Figures 2 and 3 shows that iridate
and ferricyanide behave differently. Further differences
appear between the behavior of ferricyanide in LiCl and
in CsCl solutions (Figure 3). We assume that both these
differences are due to the formation of undissociated salts
(complex formation) the formation of which differs for
different substrates.
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The effects of adding efficient H atom and OH radical scavengers on the spectral distribution and intensity
of sonoluminescence from argon saturated aqueous solutions have been investigated. The results indicate that
the emissive continuum is due to a chemiluminescent process, likely H + OH -F M —H2 + M + hv.

Introduction

The propagation of acoustic waves through a liquid
medium is known to result in the phenomenon of acoustic
cavitation. Cavitation is a three stage process consisting
of the formation, growth, and collapse of gas or vapor filled
bubbles suspended in the liquid phase. The presence of
dissolved gas or microparticles reduces the liquid strength
and hence favors the initiation of cavity formation.

In aqueous solutions the decomposition of water into H
atoms and OH radicals is thought to result from either
“adiabatic” heating or electrical discharge during the ir-
reversible collapse of transient bubbles. Reactions may
occur among these primary species and other reactive
molecules present in the cavity, and the contents of col-
lapsed bubbles may subsequently diffuse into solution
where secondary reactions may occur. Reactions may also
occur at the gas-liquid bubble interface.

The mechanism of production of luminescence from
aqueous solutions subjected to ultrasonically induced
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cavitation has been the subject of considerable speculation
since the phenomenon was first reported by Marinesco and
Trillat in 1933.2 Low resolution spectra3show that there
are likely two contributions to the emission from water
saturated with the noble gases; a broad continuum ex-
tending from about 250 nm into the near infrared with a
broad maximum near 400 nm, and a second, banded
component in the near UV. The latter has been assigned
unequivocally to the well-known A(2+) — X (2Il) tran-
sition of the hydroxyl radical, while the former, which
contributes the majority of the emission at high ultrasonic
frequencies, has been attributed variously to black body
incandescence,46 bremsstrahlung,7and chemiluminescent
H + OH28or ion-electron recombination79at the moment
of cavity collapse. No definitive mechanism has been
established for the production of either emissive com-
ponent, however.

We have carried out studies of the effects of adding
various radical scavengers on the spectra and intensity of
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Figure 1. Plot of ratio of total sonoluminescence intensity in the absence
of scavenger, to total intensity, |, vs. concentration of scavenger
in bulk solution. The insonation frequency is 459 kHz.

emission from ultrasonically cavitated solutions with the
objective of obtaining chemical evidence for the mechanism
of sonoluminescence production.

Experimental Section

Air-free argon-saturated aqueous solutions in a closed,
temperature regulated (T = 285 + 2 K) system were in-
sonated at 333 or 459 kHz using transducers and a gen-
erator previously described.10 Sonoluminescence from the
cylindrical cell was observed axially by means of a
GCA/McPherson Model EU-700 grating monochromator
coupled to a cooled RCA C31034A photomultiplier tube
and single photon counting detection system.1l Measured
volumes of reagent grade liquid scavengers were added to
the system by microsyringe injection through a specially
designed inlet and were allowed to mix thoroughly with
the liquid. Spectral measurements were made using
first-order diffraction from the grating and intensity
measurements were made with the monochromator in
place using the spectrally undispersed zero order dif-
fraction to obtain a higher signal-to-noise ratio.

Results and Discussion

Sonoluminescence spectra of argon-saturated water
obtained with 333-kHz insonation showed a strong band
at 307 nm with weaker bands at 281 and 343 nm, at-
tributable to the 0-0,1-0, and 0-1 transitions of OH A(22+)
—a X (21), superimposed upon a strong continuum ex-
tending from ca. 250 to 700 nm, in agreement with previous
observations.2 The OH emission bands were almost
completely buried in the continuum when 459-kHz in-
sonation was used, as predicted,2 and the shape of the
continuum was invariant (although attenuated in intensity)
with the addition of benzene and several aliphatic alcohol
scavengers.

Figure 1 shows that the total sonoluminescence intensity
diminishes with increasing concentration of benzene and
several alcohols in a Stern-Volmer-like fashion over the
0 to 2 x 10~3M bulk solution concentration range. The
observed effects cannot be due to the suppression of
cavitation by the organic component because the addition
of higher concentrations of poor radical scavengers such
as CC14is known1213to enhance slightly the intensity of
sonoluminescence from aqueous solutions containing
dissolved noble gases.

The fact that the presence of small concentrations of
reactive free radical scavengers can reduce the sonolu-
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minescence intensity to near zero is strong evidence that
the emissive continuum is the result of a chemiluminescent
process. If the continuum were due to “black body” ra-
diation from incandescent collapsing bubbles, then a di-
minution in radiant intensity with increasing added
concentration (due, for example, to a lowering of the
temperature of the cavity contents) should be accompanied
by a shift in the spectrum to longer wavelengths. Such is
not the case and therefore cavity incandescence cannot
contribute substantially to sonoluminescence.

Spectroscopic investigations4of H2 0 2flames have been
shown that an emissive continuum, likely resulting from
the process1b

H+ OH+ M H2 f M+ hv

may be observed from the near UV through the visible
region of the spectrum. The intensity of this continuum
is knownl6to increase markedly relative to that of the OH
A(2+) —mX (2Il) bands with increasing pressure. It is
therefore quite conceivable that, at the very high pressures
encountered during bubble collapse, radiation from this
source could dominate the sonoluminescence spectrum.

Chemical scavenging of either H atoms or OH radicals
is therefore most likely responsible for the observed at-
tenuation of the sonoluminescence intensity with in-
creasing benzene or alcohol concentration. Benzene and
the aliphatic alcohols are known to be efficient OH radical
scavengers in agueous solution17and, although Arrhenius
parameters for the corresponding reactions have not been
measured, estimation of these quantities by semiempiricall8
means indicates that the same should be true for the gas
phase at high temperature. Bimolecular gas phase re-
actions of these scavengers with H atoms are also relatively
rapid, having rate constants at 900 K of 1.3 X 107, 9.4 x
107, 1.9 x 108, 8.8 x 108, and 1.6 x 108 M '1s“1for H +
MeOH, EtOH, n-PrOH, i-BuOH, and CeH6, respectively.19

Quantitative correlation of the relative efficiencies of
sonoluminescence attenuation with scavenging reaction
rate constant is unfortunately not yet possible. Tem-
peratures inside the collapsing bubbles are unknown.
Intracavity concentrations of the scavengers are not known
accurately since equilibrium vapor pressures are not es-
tablished within the bubbles. Arrhenius parameters for
OH + alcohol reactions in the gas phase have not been
measured. Nevertheless, the efficiencies of sonolu-
minescence attenuation increase in the order MeOH ~
EtOH < n-PrOH ~ t-BuOH < C6H6, which, qualitatively,
correlates reasonably well with the expected relative rates
of H and OH scavenging at high temperature.

Further work is underway to elucidate the details of the
sonoluminescence and scavenging mechanisms.
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The ultrasonic absorption of solutions of ethanol, 1-butanol, 1-octanol, 1-dodecanol, 1-hexadecanol, 3-octanol,
2-methyl-3-heptanol, and 2,4-dimethyl-3-hexanol in cyclohexane at 25 °C has been measured in the frequency
range 4-250 MHz. The relaxation spectra of all of the investigated solutions could be fitted to a relaxation
equation with a single relaxation frequency. The results have been interpreted on the basis of a reaction
mechanism where n alcohol molecules associate to give cyclic and noncyclic n-mers. The absorption is attributed
to the perturbation by the sound waves of the association equilibrium leading to noncyclic n-mers. For all
primary alcohols no fit to the data could be obtained for n = 3 but equally good fits were obtained for n =
4 and n = 5, except with 1-hexadecanol for which n = 5 provides the best fit. The results indicate that (1)
the rate of association of alcohol molecules through H bonds is close to its diffusion-controlled limit, even for
the most hindered alcohol investigated; (2) the dissociation rate constant of one alcohol molecule from a noncyclic
n-mer is only very slightly dependent on the alcohol chain length for primary alcohols. This rate constant increases
with the degree of steric hindrance, reflecting the decreased stability of noncyclic aggregates. For 2-
methyl-3-heptanol the best fit to the data is obtained for n = 3. Likewise, the results for'2,4-dimethyl-3-hexanol
appear to indicate that the association of this alcohol is essentially restricted to dimerization. Larger associated
species appear to be present only in very small amount. The relation between ultrasonic absorption data and

dipole moment data for octanol solutions is examined.

I. Introduction

Infrared spectroscopy,1'6 NMR,79 vapor pressure os-
mometry,81011 vapor density,11 partition coefficient,1314
cryoscopy,4 dielectric constant,15'17 relaxation,18'2 calo-
rimetry,61321"23 ultrasonic absorption, 24’30 and chemical
kinetics3l have been extensively used for the study of the
association of alcohols in solution through H bonding. In
spite of this very large number of studies an examination
of the literature till about 1970 reveals considerable
confusion in the understanding of the association behavior
of alcohols. In the past few years, however, some concensus
appears to have been reached among workers about several
important features of the self-association of alcohols in
nonpolar solvents such as saturated hydrocarbons or CC14
(i) Fairly dilute alcohol solutions (at concentrations below
0.5 M) appear to contain, in addition to the monomeric
alcohol, at least two associated species.1'68'162932 This
conclusion results from the fact that the best fit to the
data, whichever the investigated property, is obtained by
using at least two equilibrium association constants, (ii)
At concentration below 0.5 M the association does not
proceed to large aggregates.410'12 Trimers8and tetramersl
are most often invoked for the interpretation of the results.
Dimers appear to be present only in small amounts15813
but the authors disagree on whether this amount can be
neglected in the mass conservation equation.111 (iii) The
presently accepted model, which agrees with the results
of the most recent studies by means of various methods,

1 Present address: 163 Manoutcheri Ave., Meched, Iran.
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involves cyclic and noncyclic polymers125810131629 ac-
cording to

monomer (A) small noncyclic polymer (A,,)

/1 1)

cyclic polymer (An'> n,c)

Bordewijk15recently pointed out that the discrimination
between different association models cannot be achieved
by investigating properties which vary monotonically with
the total alcohol concentration. Indeed the calculated
variations of such properties are not very sensitive to the
model (for instance to different sets of values of n and n'
in reaction 1) as those of properties which show a maxi-
mum and/or a minimum as the alcohol concentration is
increased. This explains the renewed interest in mea-
surements of apparent dipole moment naof alcohols in
solution. nagoes through a maximum at a concentration
which depends on the solvent15'17 (0.02, 0.04, and 0.4 M
for 1-octanol in cyclohexane, CC14, and benzene,
respectivelyly. This maximum has been attributed to the
relative variations of concentration of high dipole moment
linear (but small) polymers and of low dipole moment
cyclic polymers.1516 It must be noted that studies of static
dielectric constant of alcohol solutions have yielded much
more information than dielectric relaxation studies. In-
deed, two out of the three relaxation processes found for
alcohol solutions are of intramolecular origin and make
extremely complicated the study of the third process which
results from the intermolecular association of alcohol
molecules, in the case of dielectric relaxation.D
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Ultrasonic absorption is another property of alcohol
solutions which shows a nonmonotonous change with the
alcohol concentration.24'29 At low concentration the ab-
sorption of alcohol solutions is close to that of the solvent
then increases very rapidly and linearly with concentration,
goes through a maximum, and decreases.24'262 As for jia
the position of the maximum of ultrasonic absorption is
very sensitive to the nature of the solvent and practically
independent of the alcohol alkyl chain length. In fact there
appears to be a correlation between the changes of paand
of the excess absorption with concentration. This point
is examined further in the Discussion. However the
changes of absorption are much more pronounced than
those of na They should therefore provide a much more
severe test to any postulated model than padata.

The purpose of the systematic ultrasonic absorption
studies that we started a few years agoXB2 was to obtain
information on the values of n and n'in reaction 1 and to
check the range of validity of this association mechanism
for various alcohols in different solvents.

In previous studies26® we have shown that the asso-
ciation of primary alcohols in non H-bonding solvents must
proceed to species larger than dimers (see footnote 33) and
that the ultrasonic absorption of alcohol solutions cannot
be due to the reversible cyclization of small linear poly-
mers. Attempts were madeXto account for the position
of the absorption maximum essentially in terms of two
models. The first.one,-which has been reported by Fletcher
and Heller,1assumes the formation of linear and cyclic
tetramers (A4 and A4C respectively) according to

AANALNA AC - 2)

In this model, dimers -and trimers are assumed to be
present in negligible-.ahiount and are not taken into ac-
count in the mass conservation equation.

The second model' proposed by Tucker and Becker8
assumes the formation of a linear trimer (A3 and of a cyclic
multimer. To fit our data we assumed the model®

4ANA3+ANA 4 3)

When using the equilibrium constants reported by Fletcher
and Heller,1and Tucker and Becker8the values calculated
for the concentration where the maximum of ultrasonic
absorption occurs were found to be too large with respect
to the experimental results.2® A choice between reactions
2 and 3 was therefore not possible on the basis of these
calculations.

The purpose of this second part of our work is to report
the results of measurements of ultrasonic absorption
performed on solutions of primary alcohols and of three
isomeric octanols in cyclohexane, as a function of the
alcohol concentration c, and the ultrasonic frequency.
These data have permitted us to obtain new information
on the association behavior of alcohols in solution.

Cyclohexane was used as solvent throughout the present
investigation for the following reasons, (i) It has been
extensively used in investigations of alcohols by means of
a variety of methods.714162427'29 (ii) Its interaction with
alcohols is quite weak, and probably comparable with that
between normal alkanes and alcohols. The latter is
characterized by an enthalpy of about -0.2 kcal/mol,132
as compared with -0.5 and -2 kcal/mol for the interaction
between alcohols and CC14and toluene, respectively.2613
These values are to be compared with the intrinsic en-
thalpy of formation of an H bond, about -5 kcal/
mol.125621-23 (iii) The ultrasonic absorption of pure cy-
clohexane (ao//2 = 195 X 10"17 cm"1s2 where a0 is the
cyclohexane absorption coefficient and / the ultrasonic
frequency) is in the medium range.82 The introduction
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f (MHz)
Figure 1. Ultrasonic relaxation spectra of 0.012 M solutions of ethanol
(*), 1-octanol (O0), and 1-hexadecanol (+) in cyclohexane at 25 °C.
The solid curves have been obtained by a weighted least-squares fitting
of the experimental results to the eq 4. The broken lines give the values
of B for the three solutions.

of small amounts of alcohols in cyclohexane results in a
small change of ao//2- This change can be evaluated to
a good approximation by measuring the absorption of a
cyclohexane solution of the saturated hydrocarbon with
an alkyl chain identical with that of the alcohol.2 (iv)
Finally, the excess ultrasonic absorption of alcohol solu-
tions in cyclohexane is quite large, even at concentration
down to 0.05 M.24X%'2D This allows measurements to be
performed in a range of concentrations where nonideality
effects other than those due to association are small and
can be neglected.

Il. Experimental Section

The ultrasonic absorptions (a//2 values) of alcohol
solutions were measured using the same equipment as in
previous studies, in the frequency range 3.94-250 MHz. 82

The various alcohols (ethanol, 1-butanol, 1-octanol,
1-dodecanol, 1-hexadecanol, 3-octanol, 2-methyl-3-hep-
tanol, and 2,4-dimethyl-3-hexanol) were purchased from
Fluka (Switzerland). The first five alcohols were of
purissimum grade and the other three were of purum
grade. All these compounds were used without further
purification. The cyclohexane was freshly double distilled
before use.

The solutions were prepared by weighing in both the
alcohol and the solvent required to prepare 100 or 150 cm3
of solution.

I1l. Results

For the sake of illustrating the results we have shown
in Figure 1 the ultrasonic absorption spectra of solutions
of ethanol, 1-octanol, and 1-hexadecanol in cyclohexane.
The absorption a/f2is plotted against the frequency in a
semilogarithmic plot. The values of a//2 for all of the
investigated solutions are available as supplementary
material (see paragraph at end of text regarding supple-
mentary material). In all instances the experimental
results could be fitted very satisfactorily to the eq 4 which

a R
+B (4)
r 1+ /2/r2

holds for asingle relaxation frequency process.
For each alcohol solution the constant B was set equal
to the a/f value of an equimolecular solution of the alkane
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with an alkyl chain identical with that of the alcohol. (In
all instances these a/f values were found to be inde-
pendent of f in the frequency range investigated.) The
validity of this procedure has been demonstrated in a
previous study.®

In fitting the a/f vs. / data to eq 4 a two-parameter
weighted least-squares fitting procedure was adopted,
where the parameters R and /Rare determined by mini-
mization of the quantity

, J (*/q acd-(«/nexpuT tA\

where («//Scaled is the value of the absorption calculated
by means of eq 4 for a given set of R and /Rvalues.

In Figure 1 the solid lines have been obtained as just
described. In all instances the root mean square deviation
[i~/pjb2where p is the number of experimental points was
about 1% or less, and therefore smaller than the exper-
imental uncertainty on {a/f)eqt| estimated to be about
2%. This result provides convincing evidence that the
ultrasonic relaxation spectra of alcohol solutions in cy-
clohexane are characteristic of a single relaxation time.
The values of R, /R and B for the various systems in-
vestigated are listed in Table I. It can be seen that /R
increases and that R goes through a maximum as the
alcohol concentration is increased except for the hindered
isomer 2,4-dimethyl-3-hexanol, in agreement with ob-
servations made in other studies. 24252/~

The errors on/Rand R have been evaluated by changing
at random and by a relative amount between 2 and -2%
the (a/z”expti values found for a given alcohol solution, and
fitting each of the sets of alf values so obtained to eq 4,
using the above weighted least-squares procedure. The
relative error on R is about 7%. The error on fRis of about
10% for R> 100 x 10~I7cm*“1s2but increases rapidly as
R decreases.

As part of this study we have also determined the curves
asf vs. cat 9.09 MHz and 25 °C for all of the primary
alcohols except 1-octanol. For this alcohol and for its three
isomers (3-octanol, 2-methyl-3-heptanol, and 2,4-di-
methyl-3-hexanol) the alf vs. ¢ curves were determined
at 6.49 MHz in a previous study.® Finally, for 1-butanol
the a7 f vs. ¢ curve was also determined at 85.3 MHz. As
was emphasized above and as is shown below such results
provide a very severe test to any association model which
may be postulated for alcohols. Here again the excess
absorption due to the association of the alcohol was ob-
tained by taking the difference between the absorptions
of equimolar solutions of the alcohol under study and of
the corresponding saturated hydrocarbon, for instance,
n-hexadecane in the case of 1-hexadecanol. The excess
absorptions, referred to as Aasf, are given as supple-
mentary material (see paragraph at end of text).

IV. Discussion

1. The Association Model. The following general re-
action mechanism, derived from that postulated by
Fletcher and Heller,1was adopted for the purpose of fitting
the results of Table I and the Ad/f data

nA~ An”~ AnC (%)

However, in contradistinction with these workers, we do
not assume that the noncyclic species Anis linear. Rather,
Anis believed to adopt a conformation intermediate be-
tween the linear and cyclic conformations, owing to steric
hindrance of the alkyl chain which may favor a bending
of the successive —OH—OH—OH bonds. Because of this
bending there may be a certain aggregation number for
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TABLE I: Values of the Relaxation
Frequencies and Amplitudes

10IR, 1R, 10178,

Alcohol ¢, M cm'ls2 MHz cm'ls2
Methanol 0.098 94 72 194
0.12 90 79 194
Ethanol, 0.06 70 45 194

cm,0o=cmj= 0.120 M 0.09 107 51 193
0.12 106 67 193
0.16 100 88 191

0.20 90 109 191
0.25 79 136 190
1-Butanol, 0.06 86 .41 194

cmyo=cmj = 0.125 M 0.089 129 . 50 193
0.12 131 . 66 192
0.16 132 m75 191
0.22 116 106 189

0.31 98 126 186

1-Octanol, 0.047 91 30 192
cM o= 0.120 M, 0.085 170 41 190
cM'f = 0.126 M 0.12 187 50 188

0.19 173 71 184
0.276 147 89 179

1-Dodecanol, 0.05 115 25 190
cMO0= 0.117 M, 0.087 215 33 187
Ciyij— 0.13 M 0.12 226 40 184

0.16 222 52 180
0.22 201 68 174
0.305 173 76 168

1-Hexadecanol, 0.04 74 20 190
cm,0=0.115 M, 0.085 138 27 185
cMf—0.13 M 0.118 252 36 182

0.16 255 43 177
0.21 233 54 172
0.27 205 68 165

3-Octanol,
cm,o- cM,f~ 0.32 M 0.07 25 58 191
0.14 85 69 186
0.22 113 92 182
0.30 123 116 177
0.45 117 163 169
0.60 112 195 161
2-Methyl-3-heptanol, 0.15 64 82 186
em,0=CMJ = 0.55 M 0.25 98 115 180
0.40 111 161 171
0.80 102 277 153
1 93 329 147
2,4-Dimethyl-3-hexanol 0.25 36 144 183
0.40 56 187 176
0.65 68 215 164
0.90 72 242 154

which the two ends of the polymer are fairly close to each
other. The probability for these two ends to H bond
together may then be larger than for H bonding with a free
alcohol molecule, thereby resulting in a cyclization of the
noncyclic species. The general mechanism 5 has been
favored with respect to the one which could be derived
from the model of Tucker and Becker8because it is dif-
ficult to explain why stable noncyclic species would still
have to incorporate one or several additional monomeric
alcohol molecules to give stable cyclic species.

2. The Equations. It has been previously2 pointed out
that the excess absorption of alcohol solutions is very likely
due to the perturbation by the sound waves of the asso-
ciation-dissociation equilibrium in reaction mechanism 5.
In this mechanism all species intermediate between the
monomer and Anare assumed to be present in the solution
only in very small amount. It is understood, however, that
Anis formed by the following series of bimolecular re-
actions:
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A+A-A2 K,=kjk.y
k-i
fed
A+ AN=TA, - b (6)
k_2
K=k/k_

An_1+ AANA,
k

As far as kinetics goes the Bodenstein approximation can
be used for A2 A3 .., Anj. Writing d[AZ]/dt = d[AJ3]/df
= ... = d[A,_!']/dt = 0 leads to the equation

_ZAE -3SBYyBAA]"-1+ fe[An]Q (7)

[A._] K
-(n—=2) + fe_[Ala

where

Inserting [A,J into the rate equation

d[A,]/di=fe[A][A,.]-fe_[A,] 9)

results in

d[An] KX2---Kn_X[A]"-k_[An] (10)
df 1+ [KAZk_(n_2\Q

We have previously shown that®

kl> k2™ k3« eeeexk (lia)

Moreover, since reaction mechanism 5 assumes, in
agreement with the experimental observations, that all
intermediate species are present only in very small amount,
we have

Kx* K2* mmam«K=k/Kk.

The combination of this equation with eq 11a results in
fe_. « fe 2~ o= > Kk_ (lib)
On the other hand, since there is only a very small amount
of dimer one has

[A2]/[A] = kI[A]/k_1< 1 (12)
Finally, since kx> fe2it results that the ratios kZA]/k.u

kJA]/Kk.2 fe, 2[Al/k_({n3), and k[A]/fe_(n 2 are all much
smaller than 1. Therefore ft = 1 and

d[AnN] .
=\ 2KftiAY

- i 13
g N k-[\i (13)

The relaxation time is readily obtained as
I/rR= 2tr=«k_{kTn2[Ar-' + 1) (14)

where KTis the total equilibrium constant for the for-
mation of the noncyclic n-mer, given by

KT=n 1Ki=[An]/[AT (15)
=i
This expression of tr is the same as the one which can be
derived for the one-step n-moleeular reaction
k_K,

nA — —vA (16)
k-
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However the above derivation shows that Kk represents the
rate constant for the dissociation of one monomer from
the aggregate A, in the case of the series of bimoleeular
reactions 6, rather than the rate constant for the disso-
ciation of A, in nA, as one would think when considering
reaction 16.

The relaxation amplitude, obtained following the usual
calculations, @ is given by

2n2ov FT[A](n-1)2
103RT fe_ (nXr[A]':-1+ 1)2

(17)

where p, U, 8 and Cp are the density, ultrasonic velocity,
expansion coefficient, and specific heat capacity of the
alcohol solution in cyclohexane. For the dilute solutions
used in this study, these quantities can be taken as equal
to those for cyclohexane. At 25 °C we found 2ir0o/10RT
= 7.78 X 1CT8cgs and 8/(pCp) = 3.55 cm3kcal when the
concentrations are expressed in mol/L and the average
volume change AV° and enthalpy change AH° for the
formation of one H bond in cm3mol and kcal/mol, re-
spectively. In this study we have assumed that AV° can
be neglected with respect to the enthalpy term in eq 17.
Indeed JAV°| is probably less than 3 cm3mol.34 On the
other hand, \AH\is larger than 5 kcal/mol.125621-3 Thus
AV° represents less than 15% of the enthalpy term and
may be neglected when considering the errors resulting
from the approximations involved in the derivation of eq
14, 17, 19, and 20 (see below), particularly the assumed
absence of species other than A, A,, and AnC

R is related to the excess absorption Aa//2 by the
equation
Aa R

(18)

~r =i + w2er?2
It can be shown that at a given frequency f, Aa/f2goes
through a maximum at a concentration cM given by

em J ~ + nKT(1 + KC)[A]Mfn (19)
where
(20)
n2KT(n- 2)
and
Kc = [AnC]/[AJ (21)

Kc is the cyclization constant for the n-mer. At low
frequency, where {Ww/k )2« 1, eq 20 reduces to
[A]m,0= [n(n- 2)Kr]-U<"-1> (22)

The insertion of [A]MO into eq 19 gives the concentration
Jmrowhere R goes through a maximum. Note that KT can

be expressed in terms of n, Kc, and cMD according to
(2~+n-1)"-1
(23)
n(n - 2)ncMOn~I

3. Analysis of the Data. The available experimental
data are the values of /Rand R at various c’s, the value of
cMoobtained from the plot of R vs. ¢, the values of Aa/f
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TABLE II: Effect of a Change in the Value of cM oon
the Calculated Values of K¢, Kj, k_, k', and AH° Best
Fitting the Results for 1-Butanol at 25 °C

Kj, 10%sic, i0-90\  AHe,
cmo M Ac M-3 s"1 M-1s'1 kcal/mol
0.115 0.8 564 1.23 1.02 -4.4
0.125 1.2 593 1.34 1.13 -4.7
0.135 15 579 1.44 1.20 -4.8

at various c's and 6.49 or 9.09 MHz (supplementary
Material), and the values of cMJat those frequencies, given
in Table I. On the other hand, the quantities of interest
are n, Kc, Kj, k., and AH°. The following procedure was
adopted. Reasonable values of n and Kc were chosen in
= 3 and Kc = 0 are the initial values for all of the alcohols
investigated), and used to calculate KT by means of eq 23.
The mass conservation equation (eq 19 where the subscript
M is removed) then permits the calculation of [A] as a
function of c. These data, together with K¢, Kj, and nare
then used for a least-squares fit to the / r against c data,
with K as an adjustable parameter. Finally the n, Kc, Kj,
and k results are used for a least-squares fit to the Aa//2
vs. ¢ data and/or the R vs. ¢ data, with JA/°| as an ad-
justable parameter. This procedure is then repeated at
a given nvalue, for different Kc to obtain a series of sets
of Kc, Kj, k , and AH° fitting the experimental results.
(Since reactions of formation of a H bond are always
exothermic,12562-23we have used in the rest of this paper
AH° with its proper sign rather than JAH’].) Finally, n
is changed and the calculations are repeated.

The value of cmois usually not as accurately determined
as cM because many more experimental results determine
the Aa/f2vs. ¢ curve at 6.49 or 9.09 MHz than the R vs.
¢ curve. However, for ethanol and butanol one can write,
to a good approximation

ecm ,0— cmj (24)

because (to/kf)2<< 1 (see below). For long-chain primary
alcohols (octanol, dodecanol, hexadecanol), this approx-
imation introduces an error of 5-15% on the position of
the absorption maximum, which results in a large error on
Kj. This error was largely reduced by the following
procedure. Once the k values had been determined in the
approximation cMi = cM, the values of k , Kj, Kc,and n
were inserted into eq 19 and 20 to obtain a new value ¢'M
of Gnj with ¢c'M > cM. The value of cMowas then cal-
culated as

aM,0~ cM,f2lc m,f (25)

This value was used to recalculate KTand k for various
sets of N and Kc values. The values of cMoand cMf are
given in Table I.

The calculations have been performed for n —3, 4, and
5. Indeed although most of the models reported in the
literature involve the first two values of n, the value n =
5 cannot be discarded. For instance, the results reported
by Aveyard et al.1l (IR absorption and vapor pressure
osmometry) and Anderson et al.2l (calorimetry) are not
inconsistent with such an association behavior although
the deviations from the experimental results would then
be slightly larger than for n = 4.

Finally, it must be emphasized that the above calculation
procedure relies very much on the values of cMi and cM,.
The actual calculations have shown that the values of Kc
and K+t are rather sensitive to the values of cMf. However
k and AH° are only slightly dependent on this quantity
and even on the value of n. An example of calculations
showing the effect of a change of cMoequal to the max-
imum uncertainty on this quantity (+0.01 M) on the values

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977

A Djavanbakit, J. Lang, and R Zana

Figure 2. Fittings to the fRvs. cdata and to the ftvs. cdata for 1-butanol
solutions in cyclohexane at 25 °C, assuming n = 3: (curve 1) Kc =
0; Kj = 92.6 M"2; k_ = 7.9 X 107s~\ and AH®° = -5.2 kcal/mol;
(curve 2) Kc = 1; /ICT= 208 M"2; k_ = 8.2 X 107s“l, and AH® =
-6.3 kcal/mol.

0.05 0.1 0.15 0.2 0.25 0.3

Figure 3. Fittings to the /,, vs. cdata and to the ftvs. cfor 1-butanol
in cyclohexane at 25 °C, assuming n = 4: (curve 1) Kc = 0.5; Kj-
= 388 M-3; k_ = 9.8 X 107s~1 and AH®° = -4.6 kcal/mol; (curve
2) Kc = 1; ICT = 579 M“3; = 1.02 X 10ss‘l and AH° = -4.9
kcal/mol; (curve 3) Kc = 1.5; Kj = 824 M-3; k_ = 1.04 X 108s"1,
and AH° = -5.3 kcal/mol.

of Kc, Kt, fe, and AH® best fitting the results is given in
Table 11
4. Results for Primary Alcohols. We have shown in

Figures 2-4 some examples of curve fittings, using the
values N = 3, 4, and 5, respectively, for 1-butanol. Similar
curves were calculated for the other primary alcohols. The
calculated variations of /R with ¢ closely follow the ex-
perimental results for the three values of n tested in this
work. The residual mean squares SfRRof/R corresponding
to all the calculated curves of Figures 2, 3, and 4 (see Table
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TABLE I1l: Residual Mean Squares” S-R2(in MHz2)
and S[{2(in 103tcm 2s4) Corresponding to the Calculated
Curves of Figures 2-4

Figure n Curve Sfrb Sr2C
2 3 1 9.7 525
2 1.7 769
3 4 1 39 38
2 20 133
3 10 235
4 5 1 31 10
2 16 61
3 8.4 142

a Defined as the sum of the squared deviations divided
by the difference between the number of experiments
and the number of parameters (K. Hyunyong, J. Chem.
Educ., 47, 120 (1970)). b Maximum value 50. “ Max-
imum value 152.

I11) are smaller than the value of this quantity calculated
from the estimated error on fR (10%). This finding
constitutes a good illustration of the Bordewijk15 state-
ment, namely, that a property which shows a monotonous
change with concentration is not a good criteria to test an
association mechanism. On the contrary, the calculated
variations of R with c clearly show that for n = 3 there are
no values of Kc which yield a reasonable fit to the data,
while about equally good fits are obtained for n = 4 and
5, with appropriate Kc values. This is further substan-
tiated by comparing tbe residual mean squares SR of R
corresponding to the ctirves of Figures 2-4, to the maxi-
mum value of this quantity calculated from the estimated
error on R (see Table Ill1). Thus, trimers cannot be the
predominant species in.primary alcohol solutions at ¢ <
0.3 M.

The ranges of Kc values and the corresponding ranges
of Kr, k-, and AH® values best fitting the results are
compiled in Table IV for n = 4 and 5. For each alcohol,
the listed range of Kc values corresponds to the common
part of the two ranges of Kc values best fitting the /Rvs.
¢ and R vs. ¢ data, with more weight being given to the Kc
values best fitting the R vs. ¢ data. In all instances the
Kc values differ from zero. Thus, the ultrasonic absorption
studies confirm the conclusions of other investiga-
tions, 125810151629 namely, that cyclic and noncyclic species
are at equilibrium in alcohol solutions in nonpolar solvents.
This finding provides an explanation for the observation
of Musa and Eisner.2 In their ultrasonic study of tert-
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Fkjure 4. Fttings to the tRvs. cdata and to the Rvs. cdata for 1-butanol
in cyclohexane at 25 °C, assuming n= 5: (curve 1) Kc = 1.9; KT
= 4810 M'4 k_ = 1.12 X 10ss'], and AH°® = -4.8 kcal/mol; (curve
2) Kc = 2.7; KT= 8000 M'4; k_ = 1.15 X 108s'],and AH° = -5.1

kecal/mol; (curve 3) Kc = 3.5; KT= 12560 M'4 k_ = 1.17 X 108s'],
and AH° = -5.4 kcal/mol.

butyl alcohol in cyclohexane these authors interpreted the
results on the basis of the reaction 4A — A4but could not
account for the amount of alcohol in the solution when
inserting in the mass conservation equation the tetram-
erization constant evaluated from the ultrasonic data. The
difference obviously arises from the fact that the cyclic
tetramer, which is not involved in the kinetics of the
association process but must be considered in the stoi-
chiometry, is not taken into account.

The results of Table 1V show that for both n = 4 and
5 the value of Kc appears to decrease slightly upon in-
creasing length of the alkyl chain, particularly for long
chain alcohols. This result may indicate that steric
hindrance introduced by the alkyl chain has an increasing
destabilizing effect on the cyclic structures as the chain
grows. In fact, for 1-hexadecanol the Kc values best fitting
the /r and Aa//2data overlap only very little for n = 4.

TABLE IV: Values of Kc, KT, fe_, k', and AH Best Fitting the Ultrasonic Absorption Data for

Primary Alcohols at 25 °C°

n=4 n=5
Kt, 10-&c_, 10-'fe'. -A H°, 10-8c_, i0-9\ -A H°,
KC M-3 s*1 M- s'l  kcal/mol Kec kt,m-4 s'l M'ls'l  kcal/mol
Ethanol 05 387 1.48 1.08 4 2 5144 1.68 1.42 4.2
0.8 496 1.50 1.19 4.2 25 7085 1.70 1.56 4.4
1.2 670 153 1.34 4.4 3 9529 1.72 17 4.5
Butanol 0.7 405 131 0.97 4.4 23 5310 1.48 1.27 4.6
12 593 135 1.13 4.7 3 8094 151 143 4.8
1.7 831 1.37 1.29 5 3.7 11850 1.54 1.60 51
Octanol 05 388 0.98 0.72 4.5 19 4809 112 0.93 4.8
1 578 1.02 0.85 4.9 2.7 7998 1.15 1.09 5
15 824 1.04 0.98 5.2 3.5 12558 117 1.24 5.3
Dodecanol 0.2 320 0.75 0.51 4.4 15 4019 0.87 0.69 4.6
0.7 494 0.79 0.63 4.8 2 5692 0.89 0.77 4.9
12 723 0.82 0.73 5.2 25 7840 0.91 0.85 51
Hexadecanol 0 277 0.65 0.42 4.2 1 2941 0.75 0.55 4.4
0.5 440 0.69 0.53 4.7 15 4306 0.77 0.63 4.6
1 657 0.72 0.62 5 2 6098 0.79 0.70 4.9

a In this table, for each alcohol the second line gives the best fitting values.

The first and third lines give data which

still fit the results within the experimental uncertainty, but with a much larger total root mean square deviation.
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TABLE V: Number and Weight Average Aggregation
Numbers for 1-Butanol in Cyclohexane at 25 °C

nn
c, M a b c a b c

a From ref 14. b Calculated from the results of Table
HI forn = 4 and KT{1 + Kc )= 1300 M 3 ¢ Calculated
from the results of Table IlI, for n= 5and XT(1 + K¢ )=
8100 M-4.

For n = 5, however, the listed Kc values provide a much
better overall fit to the data than in the case for n = 4. It
thus appears as if the steric hindrance due to a long alkyl
chain resulted in the formation of larger noncyclic and
cyclic species than in the case of alcohols with shorter alkyl
chain. On the other hand, the results listed in Table IV
seem to indicate that for both n = 4 and 5, Kf increases
in going from ethanol to 1-octanol, in agreement with the
finding of Fletcher and Heller.22 However, for longer
alcohols, Kt shows a small decrease. To our knowledge
there has not been any detailed investigations of the as-
sociation of long chain alcohols by other methods. For this
reason it cannot be said whether the observed changes of
Kf and Kc found in this work indicate a real trend in the
association behavior of primary alcohols or result from the
various approximations involved in the calculations. The
values of KT and Kc found in this investigation may be
compared to the results reported by other workers. For
1-octanol in n-decane, Fletcher and Hellerlreported Ky
= 235 M-3and Kc = 2.2. For the same alcohol in cyclo-
hexane we have obtained K? = 578 + 200 M-3 and K¢ =
1+ 0.5. The difference between the two sets of values is
fairly large. Nevertheless, since the errors on the individual
values are large, particularly in ultrasonic absorption (the
uncertainty in the IR measurementslcould not be esti-
mated), the two sets of results may still be considered as
consistent. On the other hand, Meeussen and Huyskens#4
have calculated the number and weight average association
numbers nn and hw of 1-butanol in cyclohexane as a
function of ¢ from measurements of partition coefficients
between water and cyclohexane. With the KT and Kc
values found for 1-butanol in this study we have calculated
nnand nwfor n = 4 and 5. The results are listed in Table
V. It can be seen that in the concentration range in-
vestigated in our work the ultrasonic values of rinfor n =
4 agree fairly well with those of Meeussen and Huyskens.}4
The agreement is less satisfactory for nw If it is assumed
that only one associated species is present the results of
Meeussen and Huyskens suggest that the aggregation
number of this species slowly increases with concentration.
Note that the values of nwand hnare only slightly de-
creased when dimerization is taken into account, with a
dimerization constant of 1 M-1 (see below).

The values of AHO are all around -4.8 + 0.2 kcal/mol,
except for ethanol where a somewhat smaller value has
been found. These values are about 10-15% smaller than
those determined by other methods. The complete
neglecting of the dimers is partly responsible for these
small values of AH®°. Indeed, calculations where dimers
are taken into account (see below) have yielded values of
JAHOllarger by about 0.2 kcal/mol. However, most of the
difference between the ultrasonic values of AH® and those
obtained by means of IR12or calorimetry1121 probably arise
from the assumption made above, namely, that the ATO
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term in eq 17 is negligible with respect to the enthalpy
term. If we use the value AH® = -5.6 kcal/mol1211,21 and
insert this result in the eq 17, the volume change AV® is
found to be of about -2 = 1cm3 mol. This value is of the
same order as that found by other workers from pressure
studies.3 Note that the AH° values do not appear to
constitute a valuable test of the goodness of a model.
Fletcher and Hellerlpointed out that all of the association
models that were tested in their IR study consistently
yielded values of AH® around -5 kcal/mol.

For a given alcohol, the values of k_ (see Table 1V)
obtained for n = 4 and 5 show surprisingly small differ-
ences: about 15% for ethanol and 10% for 1-hexadecanol.
These values which decrease only by a factor of about 2
in going from ethanol to hexadecanol, are all of the order
of 108s'L Similar values for the dissociation rate constants
of a number of H-bonded dimers have been reported in
several kinetic studies of H bonding in nonpolar solvents,
including cyclohexane.3637

From the values of k_and Kj it becomes possible to
evaluate a lower bound fe'for K (see reaction 6). For in-
stance, for n = 4, we have

fc. fc_2
k=k _~-<-K1 (26)

We know that fe « k.hfe2and that k{ > k2—k, therefore

k>k_ KTW3 =Kk (27)
Likewise, for n = 5 we have
k>k _KTW =k (28)

The values of k'given in Table 1V are all close to 109 M"1
s-1, and show a decrease by a factor of about 2 in going
from ethanol to hexadecanol. The value of the diffusion
controlled association rate constant of one alcohol molecule
A to an alcohol trimer A3may be calculated by means of
the equation3

= + N (29)

where N is Avogadro’s number, DAand DAl are the dif-
fusion coefficients of the alcohol monomer A and trimer
A3in cyclohexane, a is the reaction distance taken as 0.5
nm, and p a steric factor, accounting for the fact that the
H-bonding sites on A3 are hindered with respect to the
monomer. We have assumed that p = 0.75 for the un-
hindered primary alcohols. For 1l-octanol in cyclohexane
Da = 1.25 X 10-5cm2s-1® and we may assume that DAa
~ Da/31¥3= 1.08 X 10-5cm2s'l Inserting these numerical
values in eq 29 yields kiis= 5.8 X 109M-1s-1 for 1-octanol.
This value is only a factor of 7 larger than K', the lower
bound of k. One can therefore safely conclude that the
rate of association of alcohol molecules through a H bond
is close to its diffusion controlled limit. This conclusion
is further substantiated by the correlation which can be
seen in Figure 5 between the values of k' and k_for n =
4 and 5 and the diffusion coefficients of primary alcohols
in benzene.40 (A similar plot should be obtained when
using the DAvalues in cyclohexane but these values could
not be found in the literature for long-chain alcohols.)
Note that such a conclusion agrees with the results of a
number of kinetic studies of association of small molecules
through H bonds in organic solvents.337 It is at variance,
however, with the conclusions of Rassing and co-
workers2728 who investigated the association of benzyl
alcohol and ferf-butyl alcohol in cyclohexane by means of
ultrasonic absorption. The stepwise association model
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Figure 5. Correlation between the rate constants K'and k_of primary
alcohols in cyclohexane for N= 4 (O and +) N= 5 (+« and X) and
their diffusion coefficients in benzene.40 The experimental results
correspond to ethanol, butanol, octanol, dodecanol, and hexadecanol.

adopted by these workers yielded association rate constants
of 5 x 108M"1s'1for the dimerization reaction and 108M 1
s“1 for the subsequent association steps. These values
result from the assumptions underlying the Rassing et
al.ZZBmodel which are equivalent to assuming that dimers
are the predominant species in alcohol solutions.

In the above calculations the effect of dimerization on
the kinetics of alcohol association has been completely
neglected (dimers were assumed to be in a stationary
state). However, evidence for the existence of a small
amount of open dimers has been reported in several pa-
pers.511151621 For this reason, on the basis of the calculated
values of K¢, KT, k., and AH®° we shall first evaluate the
eventual contribution of dimers to the excess absorption
of primary alcohols. Then, as a further assessment of the
effect of dimerization, we shall examine how the values of
Kc, Kt,and are modified when dimerization is taken
into account in the case of 1-octanol. The following as-
sociation model is now considered

2A 3=* Aj (30a)
(n-2)A+A"N A, (30b)
\ “ Anc (30c)

In the calculations, the dimerization is assumed to be very
fast with respect to the subsequent association steps
leading to A,, and the intermediate species A3 ..., A, , are
assumed to be in a stationary state. The dimerization
constant KDis taken as 1 M '1throughout the calculations.
(Values of this order or smaller have been reported in
several studies.5111621) The excess absorption for the
dimerization step is given by

j 2d=9.83 X 1CT7AHd2X

V i A]2 (31)
fD(4KD[A] + 1)2[1 + f2.fR,D2]
with
4,d=V V '(4VA]+I1)/2* (32)

where [A] is obtained by solving the mass conservation
equation

c = [A] + 2KU[A}2+ 4KT(1 + KQ[AT (33)
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with kD= k’~ 109M"1s', XD= 1 M-\ Kt (1 + Kc) = 1150
M '3 (case of 1l-octanol) and AfiD = -5 kcal/mol. The
calculated values of Aa”"/f where found to be below 2 and
10 x 1CTI7cm-1s2at ¢ = 0.05 and 0.35 M, at frequencies
below 100 MHz. Note that these values represent max-
imum estimates. If kDis taken as kd[rather than K'the
values of Aan//2would instead be 0.2 and 2 x 10-17 cm-1
s2 Thus, for our purpose, the contribution of dimerization
to the excess absorption of unhindered alcohols may safely
be neglected at low frequencies where the absorption due
to the other association steps is almost two orders of
magnitude larger. At higher frequencies the absorption
due to dimerization may introduce some errors in the
determination of the value of B from the plot of a//2vs.
c. This difficulty was avoided in our work by determining
B as described above.

We now examine reaction 30b which gives rise to the
observed excess absorption. The expressions of/Rand R
for this reaction derived using the general equations for
coupled equilibria are given by

4 =k_[1I + nXT[A]In~"/(4KD[A] + 1)1/2* (34)
and

R= 9.83 X 1(T7AH2X
JFT[A]” [29D[A](Nn- 2) + n- 1]2
k_(4KD[A] + 1 + nXT[A]«-12 (d5)

where AH is the average enthalpy for the formation of one
H bond. The fit to the data was made using the procedure
described above with Ku= 1 M'1 The calculations showed
that for n = 5, simultaneous fits to the /Rvs. ¢ values and
R and A «//2vs. ¢ values are obtained for 1-octanol in a
narrower range of Kc values than if dimerization was
neglected. In fact, the two ranges of Kc values fitting the
two sets of data hardly overlapped. A better overlapping
would be obtained for n = 6. The k values (and thus the
k' values) were very close to those when KO = 0. On the
other hand, the JAiP] value best fitting the results was
larger by about 0.2 kcal/mol, which makes it closer to the
values obtained by other methods. Finally, although KT
and Kc are respectively increased and decreased, the
product XT(1 + Kc) is only slightly increased when di-
merization is taken into account. Since the Ky, value used
in this calculations represents an upper limit, the overall

effect of dimers and of the other species assumed to be in

a stationary state appears to be relatively small.

5. Results for 3-Octanol and 2-Methyl-3-heptanol. For
these two alcohols the curves Aa//2 vs. c still show a
maximum which indicates that, as for primary alcohols,
association proceeds beyond the dimer stage. We have
however no indication whether cyclic and noncyclic species
are at equilibrium, as for primary alcohols. At any rate
we have performed on the results of Table I and on the
A «//2vs. c data the same calculations as for primary al-
cohols on the basis of reaction mechanism 5. For 3-octanol
the results could not be fitted with n - 3 but good fits were
obtained for n = 4 and 5. For 2-methyl-3-heptanol a good
fit to the data could be obtained with n = 3 and Kc close
to zero. A fairly good fit was also obtained for n = 4 but
the data could not be fitted with n = 5. The data listed
in Table VI show much smaller values of KT and larger
values of k. than for the unhindered 1-octanol. Thus, the
noncyclic n-mers formed by hindered alcohols such as
3-octanol and 2-methyl-3-heptanol have a much lower
stability than those formed by 1-octanol. This decreased
stability shows essentially through the larger dissociation
rate constants.
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TABLE VI: Results for 3-Octanol and
2-Methyl-3-heptanol at 25 °C

3-Octanol 2-Methyl-3-heptanol
n=4 n=-s =8 o=
Kc 1 3 0 1.5
Kt, M-3or M'4 30.5 188 4.4 8.6
10-*/z_, s'1 25 2.8 3.3 4.3
AH | kcal/mol -3.9 -4.2 -3.9 -3.9
10-8v, M-1s“1 7.8 10.4 7 8.8

Figure 6. Plot of fB2vs. cfor 2,4-dimethyl-3-hexanol in cyclohexane
at 25 °C.

It is well understood, however, that the results of Table
VI have only a semiquantitative character because the
dimerization step was not taken into account. This step
is expected to largely affect the results of Table VI owing
to the smaller KTvalues for the two hindered octanols with
respect to 1-octanol. Approximate calculations using Kv
= 1M"1 AH = -4.7 kcal/mol of H bond and k = 109AT1
s'lhave yielded for 2-methyl-3-heptanol values of Aa//2
of 24 and 34 X 10'7cm'ls2at ¢ = 0.35 and 0.7 M, re-
spectively. These values represent upper limits. Nev-
ertheless, they show that for 2-methyl-3-heptanol the
assumption that the dimerization step can be neglected
is hardly justified. This assumption holds much better in
the case of 3-octanol where the value of X T(1 + K¢ is three
times larger than for 2-methyl-3-heptanol.

6. Results for 2,4-Dimethyl-3-hexanol. The Aa//2and
R vs. ¢ curves show only a sigmoidal increase (Figure 2 in
ref 29). Moreover, the plot of /R2vs. ¢ is practically linear
(Figure 6). These two results indicate that the association
of 2,4-dimethyl-3-hexanol is essentially limited to di-
merization. Larger aggregates than dimers are likely to
be present only in fairly small amounts. Using eq 30-33
with Kt = 0 we found k = 6.3 X 108s'], k= 4.6 X 108M'1
s', Kv=0.7M"'], and AHD=-4.5 + 0.2 kcal/mol. Note
that the value of K_is much larger than for 1-octanol. A
somewhat smaller value is found for the association rate
constant, owing to strong steric hindrance about the OH
group of 2,4-dimethyl-3-hexanol.

7. Comparison between Dipole Moment Data at Low
Frequency and Ultrasonic Absorption Data. We have
shown in Figures 7 and 8 the concentration dependence
of the square of the apparent dipole moment iie2at 2 MHz
(from the data in ref 16) and of A «//2at 6.49 MHz for 1-
and 3-octanol in cyclohexane and 1-octanol in CC14. The
maximum or the end of the plateau of the p&vs. C curves
occurs at the concentration corresponding to the onset of
absorption on the Aa//2vs. ¢ curves. It must be recalled
that the maximum or the plateau on the B2vs. c curves
was attributed to the antagonistic effects associated with
the formation of high-dipole moment open dimers which
predominate at low c’s, and low dipole moment cyclic
trimers and tetramers.1616 Our results and calculations
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Figure 7. Concentration dependence of the square of the apparent
dipole moment and of Aa/f2for 1-octanol (O and +) and 3-octanol
(X and =) in cyclohexane at 25 °C. The onset of excess absorption
occurs at the same concentration as the end of the plateau or the small
maximum in /;a2.

Figure 8. Concentration dependence of the square of the dipole moment
(X) and of the excess absorption (=) of l-octanol in CCl4 at 25 °C.

agree with this interpretation. Indeed the calculations
performed with XD= 1 M'land AT(1 + Kc) = 700 M*“3
show that the change of A «//2with c closely follows that
of the concentration of A4 (or A5 with c. The two curves
show similar changes of slope at ¢ = 0.02 M. Atc < 0.02
M the dimer is largely predominant but the dimerization
yields only a negligible excess absorption because X Dand
c are too small.

In addition to kinetic information the ultrasonic ab-
sorption results also provide two important additional
information with respect to dipole moment data. First,
they clearly show that for primary alcohols, tetramers are
the smallest associated species which account for the
results while in dipole moment studies a choice could not
be made between trimers and tetramers (no consideration
was given to larger species).1516 Second, they indicate that
the word cyclic used in the interpretation of the dipole
moment measurements must not taken too literally.
Indeed the ultrasonic results indicate that the alcohol
solutions contain, in addition to a very small amount of
dimers, true cyclic species where the two ends are H
bonded together in equilibrium with the noncyclic species.
As pointed out in section 1 of the Discussion, these
noncyclic species are likely to adopt a somewhat folded
conformation. Thus they would contribute much less to



Ultrasonic Relaxation Spectra of Alcohols in Cyclohexane

the apparent dipole moment of the alcohol in solution than
linear species and, in this type of measurement, may be
looked at as cyclic species although this is not true in the
chemical meaning of the word cyclic.

Conclusion

The ultrasonic absorption data relative to primary al-
cohols support the association model proposed by other
workers on the basis of studies by means of various
techniques. The results indicate that the aggregated
species giving rise to the excess ultrasonic absorption are
noncyclic tetramers or pentamers and that cyclic species
are present in solution. Pentamers may be favored with
respect to tetramers in solution of long chain alcohols such
as 1-hexadecanol.

The results have been analyzed on the basis of a reaction
mechanism which assumes a simultaneous formation of
cyclic and noncyclic tetramers or pentamers. For hindered
alcohols the results clearly show a decreased stability of
the tetramers and pentamers with respect to unhindered
alcohols. The association of 2,4-dimethyl-3-hexanol leads
essentially to dimers.

The results indicate that the rate of association of al-
cohol molecules through the H bond in cyclohexane is close
to its diffusion-controlled limit for primary alcohols, and
only slightly smaller (by a factor of 3-5) for a very hindered
alcohol such as 2,4-dimethyl-3-hexanol. On the other hand,
the rate of dissociation of one alcohol molecule from a
noncyclic species (tetramer, pentamer, or even longer
aggregates) depends only slightly on the alkyl chain length
of the alcohol. This result establishes a clear difference
between this reaction and the dissociation of one am-
phiphilic ion from micelles in aqueous solutions. The latter
process is very strongly dependent on chain length and its
kinetics is controlled by the hydrophobic free energy
gained by the chain in the course of the dissociation.4l It
is likely however that in the case of solutions of detergent
in organic solvents where associated species commonly
referred to as inverted micelles are found, the dependence
of k- on the chain length of detergent will be small, as in
the case of alcohol solutions.

Supplementary Material Available: Tables of raw
ultrasonic absorption data (6 pages). Ordering information
is given on any current masthead page.
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The ultrasonic absorption relaxation spectra of solutions of 1-octanol in cyclohexane have been determined
at temperatures ranging from 8 to 43 °C. The results have been interpreted on the basis of a reaction mechanism
which assumes the formation of noncyclic and cyclic tetramers or pentamers. The equations derived in a previous
paper give a good account of the results over the whole temperature range. The results of the calculations confirm
that in cyclohexane the association reaction of alcohol molecules through H bond is essentially diffusion controlled.
The activation entropy and enthalpy for the dissociation of one alcohol molecule from an alcohol n-mer have
been determined for the first time and found to be both positive. Finally, the entropy and enthalpy changes
for the formation of noncyclic and cyclic species obtained in this study are in good agreement with the values
determined by means of various equilibrium methods.

I. Introduction

This paper is the third of a series dealing with the in-
vestigation of H bonding in alcohol solutions by means of
ultrasonic absorption.12

In a previous paper2we have reported a study of the
relaxational behavior of the ultrasonic absorption of so-
lutions of five primary alcohols and of three isomeric
octanols in cyclohexane at 25 °C. These results have been
interpreted on the basis of the reaction mechanism

tiAt— 1 ="AIC )
(noncyclic (cyclic
species) species)

where all species intermediate between the monomeric
alcohol A and the n-mer A, are assumed to be present in
negligible amount. The excess ultrasonic absorption is
attributed to the association step. For primary alcohols
and 3-octanol, the experimental results could be fitted to
expressions of the relaxation frequency /Rand amplitude
R derived on the basis of reaction mechanism 1, in the case
where N = 4 or 5 For hindered alcohols such as 2-
methyl-3-heptanol and 2,4-dimethyl-3-hexanol, the best
fits to the data were obtained for n = 3 and 2, respectively.
The calculations showed that in all instances the rate of
association of alcohol molecules through H bonding in
cyclohexane is close to its diffusion-controlled limit.2 On
the other hand, the dissociation rate constant  of one
alcohol molecule, from the n-mer A,, is only slightly de-
pendent on the alkyl chain length, for primary alcohols.
This rate constant increases with the degree of steric
hindrance about the OH group, reflecting the decreased
stability of associated species with respect to unhindered
alcohols.

In this paper, we report the results of a study of the
temperature dependence of /R and R for 1-octanol in
cyclohexane. This study was undertaken in order to gain
informations on the temperature dependence of the ki-
netics of association through H bonding, and to try to
assess the range of temperatures where reaction mecha-
nism 1 is valid.

* Present address: 163 Manoutcheri Ave., Meched, Iran.
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Il. Experimental Section and Results

The ultrasonic absorption a/f2(where a is the ultrasonic
absorption coefficient and { the frequency) was measured
using the same equipment as in previous studies,12in the
frequency range from 3.94 to 250 MHz. The measure-
ments have been performed at 8,17, 25, 34, 39, and 43 °C.
The temperature was kept constant to better than 0.1 °C
in the course of the measurements. The ultrasonic re-
laxation spectra of a series of 1-octanol solutions in cy-
clohexane were determined at each temperature. The
values of a/flare given as supplementary material (see
paragraph at end of text regarding supplementary ma-
terial). In all instances, as in our previous studiesl12the
experimental results could be fitted to the eq 2, which

a R

characterizes a process with a single relaxation frequency.

The values of the constant B were obtained from the
measurement of the values of a/ f1 for n-octane solutions
in cyclohexane at the same temperatures as 1-octanol
solutions.12 These values were found to be independent
of frequency and are given in Table I.

The values of R and /Rlisted in Table I were obtained
by fitting the values of a/f1 (supplementary material) to
eq 2, using a two-parameter weighted least-squares pro-
cedure to minimize the quantity 02given by eq 4' in ref
2. In all instances the value of (a2/p)l/2 (see ref 2) was
smaller or at most equal to the experimental error on the
a/flvalues (about 2% in the whole temperature range).
The error on R is always less than 10%. The error on /R
may be larger, mostly for the solutions characterized by
values of R below 50 x 10"I7 cm"1s2 and temperatures
above 25 °C where the experimental results are usually
more scattered than at lower temperatures. In those
instances the error on /R may reach 20-30 %.

At each temperature, TR increases with alcohol con-
centration ¢ and R goes through a maximum at a con-
centration cMowhich increases with T. These observations
are quite similar to those made in our previous study. At
43 °C the value of cMO could not be accurately determined
from the R vs. ¢ plot. For this reason we have plotted the
Aasf1vs. c curve at 43 °C and 9.09 MHz (Aa/f1 represents
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TABLE I: Values of the Relaxation Amplitude R and
Frequency fa for 1-Octanol Solutions in Cyclohexane
at Various Temperatures*

101IR Ir. 10'TB

c, M cm“ls2  MHz cm-1s2
8 “C, 0.04 343 12.3 176
cAfo = 0.076 M 0.08 381 20.1 174
0.13 337 28.9 171
0.19 285 37.9 168
0.25 241 48.5 164
17 "C, 0.04 143 20.4 184
Mo= 01 M 0.08 252 28.4 182
0.128 249 40.2 179
0.188 223 52.9 175
0.248 193 65.4 171
34 “C, 0.04 11 49.6 201
aM, 0= 0.15 M 0.79 74 56 199
0.127 116 72.5 196
0.183 119 99.6 192
0.243 112 122.2 188
39 °C, 0.071 33 60.2 206
cA7o= 0.18 M 0.12 71 83.6 202
0.178 95 106.2 198
0.217 9? 108.7 196
8 c2 0.078 23 81.4 211
av,0- 0.22 M 0.126 58 91.2 208
0.181 73 115.7 204
0.241 77 131.7 200

a The results at 25 °C are given in the preceding paper.

the difference between the absorptions of equimolecular
solutions of 1-octanol and n-octane). This curve goes
through a maximum at a concentration very close to cMD
(see ref 2). The values of cMOare listed in Table I.

The /r and R data were analyzed by means of eq 14, 17,
and 19-23 given in ref 2. These equations assume that
dimerization may be neglected both in the stoichiometry
and kinetics. This approximation is supported by the
results reported in the previous paper2 for unhindered
alcohols.

The fitting procedure was the same as previously.2 The
goodness of the fits to the /R and R vs. ¢ data were
characterized by the values of the residual mean squares
SfRRand SR2of /Rand R, respectively (see ref 2). These
values show that whatever the temperature and the value
of Kq, the assumption of an association number equal to
3 always leads to values of SR2larger than the maximum
value of this quantity calculated from the estimated error
on R (see ref 2). Thus, over the whole temperature and
concentration ranges investigated in this work, trimers
cannot be the species giving rise to the observed excess
absorption.

On the contrary, values N = 4 and 5 permit a satisfactory
account of the experimental results. We have shown in
Figures 1-4 some examples of curve fittings for n = 4 and
5 at the two extreme temperatures investigated in this
work. While the fits are very satisfactory at 8 °C, the
agreement between the calculated curves and the ex-
perimental results is not as good at 43 °C. At this high
temperature, however, the errors on /R are rather large as
can be seen in Figures 3 and 4. As a result, the range of
Kc values which fit the fRdata within the experimental
error is very large. However the range of Kc values which
reasonably fit the R data is much more narrow and
overlaps the first range only in its very lower part. It must
also be pointed out that the comparison of the results
relative to n = 4 and 5 at 34, 39, and 43 °C seems tc
indicate that the overall fit to the data obtained with n
= 5 is better than with n = 4 Note that for long chair.
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Figure 1. Fittings to the fRand Rdata for 1-octanol in cyclohexane
at 8 °C, with n = 4: (curve 1) Kc = 0.5; (curve 2) Kc = 1.3; (curve
3) Kc = 3. The corresponding values of Kj, k_, and AH® are listed
in Table Il. The errors bars on fBand Rhave been obtained from the
fittings of the asf2 vs. fvalues of Appendix | to eq 2. For this purpose,
the as f2 values found for a given solution at a given temperature were
changed at random by a relative amount between -2 and 2% . Each
of the sets of a/f2values obtained in this manner was then fitted to
eq 2 and the R and fR values obtained by means of a weighted
least-squares procedure. About 50 sets of a/f2 values were used to
obtain the error bars.

Figure 2. Fittings to the fRand Rdata for l-octanol in cyclohexane
at 8 °C, with n = 5: (curve 1) Kc = 2; (curve 2) Kc = 2.8; (curve
3) Kc = 4. The corresponding values of Kr, k_, and AW~* are listed
in Table 11

alcohols, a better account of the results was obtained with
n = 5 than with n = 4, while equally good fits were ob-
tained for shorter alcohols.

In Table Il are listed the values of Kc = [AnQ/[A,], KT
= [An]/[A]n k-, k"= the lower bound of the

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977
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TABLE II: Values of K¢, KT, fe_, k', and AH °, Best Fitting the Ultrasonic Absorption Data for 1-Octanol
in Cyclohexane, at Different Temperatures*
n=4 n=>5
oM. o kt, 10-'fe’, -AHDO, 10-XKX, 10-7e } 10-8&c', -iffr,
t, °C M Kc M-3 s"1 M-1s“1  kcal/mol KC M~4 s“1 M-s'1  kcal/mol

8 0.076 0.5 1530 3.7 4.3 4.7 2 32 4.2 5.7 4.9
1.3 2830 4.0 5.6 5.3 2.8 52.7 4.4 6.7 5.3

3 7690 4.3 8.4 6.4 4 101 4.6 8.2 5.8

17 0.10 0.5 670 6.5 5.7 4.6 2 10.7 7.5 7.6 4.9
1 1000 6.8 6.8 5.0 2.8 17.6 7.7 8.9 5.2

2 1950 7.1 8.8 5.6 4 33.7 7.9 10.7 5.7

25 0.120 0.5 390 9.8 7.1 4.5 1.9 4.8 11.2 9.3 4.8
1 580 10.2 8.5 4.9 2.7 8 11.4 10.9 5.1

1.5 820 104 9.7 5.2 35 12.6 11.7 12.4 5.3

34 0.15 0 125 17.1 8.6 4.2 1 1 194 11 4.4
0.2 150 174 9.3 4.4 1.6 1.6 19.8 12.5 4.6

0.4 180 17.6 10 4.5 2.5 29 20.1 14.8 5.0

39 0.18 0 70 21.7 9 3.9 0.5 0.32 24.4 10.3 3.9
0.2 90 21.8 9.7 4.0 1 0.49 24.4 11.5 4.0

0.5 115 21.8 10.6 4.2 2 1.02 24.4 13.8 4.3

43 0.22 0 40 28.6 9.7 3.8 1 0.22 32 12.3 3.9
0.3 53 28.4 10.7 3.9 1.4 0.30 31.8 13.2 4.0

1 94 27.9 12.7 4.2 2 0.45 31.6 14.6 4.1

° At each temperature, the second line gives the best fitting values.

The first and third lines give data which still fit the

results within the experimental uncertainty, but with a much larger total root mean square deviation.

Figure 3. Fittings to the fRand Rdata tor 1-octanol in cyclohexane
at 43 °C, with N = 4: (curve 1) KC = 0; (curve 2) KC = 0.3; (curve
3) KC = 1. The corresponding values of KT, A , and A H® are listed
in Table II.
caption of Figure 1.

The errors bars have been obtained as explained in the

rate constant K of association of A to An !, and AH®, the
enthalpy change for the formation of one H bond. While
the Kc and KT values which fit the results within the
experimental uncertainty are only approximately deter-
mined, the k- values are not sensitive to these errors and
are fairly accurate. Moreover, the values increase by
only 10% in going from N = 4 to 5, i.e. a variation com-
parable to that observed for an increase of temperature
by 1-2 °C. The values of fe'and AH® are also practically
independent of the value of n, but those of KT and Kc
strongly depend on this quantity.

Discussion

1. Dissociation Rate Constant. shows a significant
increase with temperature. The plots of In (K./T) vs. 1/T

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977

Figure 4. Fittings to the fBand Rdata for l-octanol in cyclohexane
at 43 °C, with N = 5; (curve 1) KC = 1; (curve 2) KC = 1.4; (curve
3) KC = 2. The corresponding values of KT, k_, and A H® are listed
in Table II.

for n = 4 and 5 are shown in Figure 5. The two lines run
parallel and yield AH* = 9.1 kcal/mol and ASA = 84
cal/deg mol.

To our knowledge, these values represent the first ones
ever reported for the average activation enthalpy and
entropy for the breakage of a single hydrogen bond be-
tween alcohol molecules in cyclohexane. (The word
average has been used because this breakdown is likely to
affect any of the two H bonds which are at the two ends
of alcohol tetramers or pentamers in cyclohexane.)
However, there have been reports34 of AH* and ASA
values for the dissociation of a closed dimer of benzoic acid
into two monomers, in a number of solvents, including
cyclohexane.4 Although the process involved in these
studies as well as the type of H bond involved differs from
the corresponding ones in alcohol solutions, the results 7
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Figure 5. Temperature dependence of in (kJT) using the k_ values
for n= 4 (0O) and n= 5 (°).

kcal/mol and 6.8 cal/deg mol of H bond dissociated do not
significantly differ from those found for alcohols. The
difference is probably within experimental uncertainty
because in benzoic acid studies the relaxation spectra
involved measurement at only four or five frequencies.

The positive value of AST can be readily explained on
the basis of the general scheme for a hydrogen bonding
equilibrium between an acceptor A and a donor D, which
can be written5

A+ D P\ o J S —— "A-D 3)
encounter H-bond
complex complex

In such a scheme the freedom of the two reactants is
restricted in the H-bonded complex with respect to the
encounter complex. This of course explains the positive
AST. It must be kept in mind, however, that in the case
of alcohol solutions, the H-bonded complex is in fact a
tetramer or a pentamer whose stability with respect to
smaller associated species (dimers, trimers) may be the
result of a cooperative effect in H bonding, owing possibly
to electron delocalization and/or H-bond conjugation.6
Moreover, we have pointed out in part 2 of this series that
the tetramer or pentamer may adopt a somewhat “bent”
or folded conformation. This conformation may be
necessary in order to achieve the postulated electron
delocalization and/or H-bond conjugation. Thus an ad-
ditional step

A-D ~ (A-D)' (3a)

must be added to reaction mechanism 3, where the species
(A-D)' has an increased stability with respect to A-D
because of the above postulated effects. As far as entropy
goes, two antagonistic effects may be at play in going to
(A-D)": an increase of entropy due to the electron de-
localization and a decrease of entropy of conformational
origin. These two effects may cancel each other.

2. Equilibrium Association Constant KTand Average

Entalpy Change AH°® for the Formation of One H Bond.
The AH° values listed in Table Il are practically inde-
pendent of N and of the temperature in tbe range 8-25 °C
and equal to -5.1 + 0.2 kcal/mol. As previously2pointed
out, the difference between this value and those obtained
in a number of other investigations61l (-5.4 to -5.6
kcal/mol) is likely to arise from the assumptions that
dimerization can be neglected in reaction 1 and that ATO
is negligible in eq 17 of ref 2. As the temperature is in-
creased above 25 °C, AH® shows an increase to a value of
about -4 kcal/mol. We do not believe, however, that this
variation represents areal trend. More likely, it is due to
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Figure 6. Temperature dependence of In KT. The solid lines have been
obtained using a least-squares procedure. The dotted lines give more
weight to the low temperature values: (O) n= 4; (*) n= 5.

the approximations involved in the derivation of the
equations used for the analysis of the ultrasonic data
(particularly, the neglecting of the dimers at high tem-
perature) as well as to the large errors involved in the /R
data at high temperature.

Kt shows a large decrease as the temperature is in-
creased. The In KTvs. 1/T plots shown on Figure 6 are
linear and yield, both for n = 4 and 5, AH® = -6.7 kcal/mol
and AS° = -18.2 cal/deg mol. Thus, the AH® values
calculated from the K-rdata are significantly smaller than
those listed in Table Il. The difference comes from the
fact that the latter are obtained from the fittings to the
R vs. ¢ data while the former are really obtained from the
fittings to the /Rvs. ¢ data which yield KT values. As
pointed out above the relative error on R is much smaller
than on /R The values of AH°® in Table Il are therefore
likely to be more accurate than those derived from the Kj
data. In fact the two sets of results at temperature up to
25 °C are in very close agreement. Indeed, if we give more
weight to the low temperature data of Figure 6 (dotted
lines) we obtain AH® = -5.6 kcal/mol for both n = 4 and
5. On the contrary the high temperature results yield too
small values of AH® when using the /Rvs. ¢ data and too
large values with the Rvs. ¢ data. This suggests some kind
of systematic error in the measurements or in their
analysis. In the following we shall use the average value
AH° = -5.4 kcal/mol.

The negative value found for ASO is comparable to those
reported by other workers. For instance, Fletcher and
Heller8 give a value -14.7 cal/deg mol for the average
entropy change for the formation of one H bond of the
noncyclic tetramer of 1-octanol in n-decane on the basis
of the temperature dependence of IR spectra. Aveyard and
Mitchelll0 found almost the same result by calorimetric
measurements. Note that the difference between these
results and ours is completely eliminated if, as for the AH®
values, more weight is given to the low temperature data.
For instance, the dotted lines on Figure 6, which have been
drawn through the low temperature data, yield AS° =
-14.2 cal/deg mol. The average value -16.2 cal/deg mol
will be used in the rest of the discussion.

3. Activation Enthalpy AH* and Entropy AS* for the
Reaction of H Bond Formation. These quantities cal-
culated from

AH® = AH*-AH]j (4)
AS°® = AS* - ASj (5)
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Figure 7. Temperature dependence of In Kc using the values for n
= 5. The solid line has been obtained using a least-squares procedure.

have been found to be AH* = 3.7 kcal/mol and AS* = -7.8
cal/deg mol. These values are to be compared with those
for the viscous flow of cyclohexane ATi* = 3 kcal/mol and
AS* = -10.2 cal/deg mol. The closeness of values of the
activation enthalpies and entropies leaves no doubt that
the association reaction of one alcohol molecule to an
alcohol rc-mer is diffusion controlled.

4. Temperature Dependence of the Cyclization Con-

stant Kc. The In Kc vs. 1/T plot is shown in Figure 7.
For n = 4, the values of Kc are too close to zero to obtain
any significant information. For n = 5, however, a
least-squares fitting of the data yields ATT°C= -5 + 1
kcal/mol and AS°c = -15 + 5 cal/deg mol. Somewhat
similar values would be found for n = 4 if the low tem-
perature results were given more weight than high tem-
perature ones.

Fletcher and Heller7reported for the cyclization of the
1-octanol tetramer is n-decane AH°c = -3.8 kcal/mol and
AS°c = -11.2 cal/deg mol. The agreement between the
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two sets of data is within the experimental uncertainty.

Conclusions

The results obtained in this study confirm the assign-
ment made in our previous works, namely, that the excess
ultrasonic absorption of alcohol solutions in cyclohexane
is due to the formation of noncyclic tetramers or pen-
tamers. The values of the activation enthalpy and entropy
for the association of one alcohol nolecule to an {n- 1)-mer
confirm that this reaction is diffusion controlled. The
activation enthalpy and entropy for the dissociation of an
alcohol molecule from the stable noncyclic nHmer have been
obtained for the first time. These two quantities are
positive. The equilibrium thermodynamic quantities for
the formation of noncyclic and cyclic species have also been
obtained. They are in agreement with those determined
by “equilibrium” measurements.

Supplementary Material Available: mTables of raw
ultrasonic absorption data (3 pages). Ordering information
is given on any current masthead page.
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Plastic Phases in Globular Phosphorus Compounds.

A New Structural Criterion for Plastic Behavior
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The search into plastic phase behavior of globular phosphorus compounds (oxides, sulfides, and imides) led
us to question globularity of molecules as a valid structural criterion of plastic crystals. The parameter R =
dnmYDM= (minimum distance between molecular centers)/(maximum diameter of the molecule), which expresses
the degree of molecular interlocking in the solid, has been tested for a variety of inorganic and organic derivatives;
all compounds which show R values higher than 0.81 have plastic phases, while compounds which have lower
R values do not. Therefore the parameter R is proposed as a structural criterion for plasticity.

Introduction

The existence of plastic crystals, i.e., highly disordered
rotatory phases where the molecules actually tumble
rapidly in the solid while maintaining their positional order
in the lattice, was first recognized by Timmermans,1who
defined two criteria for this behavior, one on thermody-
namic, the other on structural grounds.

As far as thermodynamics is concerned, he noted that
plastic crystals exhibit a low entropy of fusion, and he
proposed as an arbitrary but convenient upper limit of ASm
= 5 eu. This value, although it turned out to be satis-
factory in most cases, suffers some exceptions; thus, both
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sulfur hexafluoride and hexachloroethane have been shown
to exhibit plastic phases, although their ASmare equal to
5.4 and 5.5 eu, respectively.2 Furthermore, one should
remember that ASmis not an absolute measure of the
degree of disorder in the solid state, but a measure of the
difference in organization between the liquid and the solid.
Thus, 2-methyl-2-propanol, on the basis of its low entropy
of fusion (ASm= 4.70 eu),3was first classified as a globular
compound having a plastic crystal phase;4in fact, neutron
transmission measurements showed that its small entropy
of fusion originates essentially in the ordering of the liquid
through hydrogen bonds more than from a high degree of
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Figure 1. Structure of some closo phosphorus derivatives; P40 6 (X
= 0); PAO1O (X = Y = O); PANCHJ6 (X = NCH3); P4SI0(X = Y = S).

freedom in the solid.5 The same situation is probably valid
for methanol, which was initially thought to have a plastic
phase on the basis of its low ASm (4.6 eu).6

From a structural viewpoint, on the other hand, Tim-
mermans pointed out that plastic behavior was charac-
teristic of globular, i.e., nearly spherically shaped, mole-
cules.1 This globularity has commonly been considered
as the structural feature which causes a molecule to exhibit
plastic phase behavior. It has been stated that “plastic
crystals are the high-temperature form of solids based on
nearly spherical molecules”.7 It has also been suggested
that “plastic crystals” would Be better called “crystals with
globular molecular”.8 That globularity is essential has been
well-illustrated by Miller and Smyth,9who examined a
series of ten different tetrasubstituted methane derivatives;
departure from globularity caused plasticity to disappear,
or at least significantly slowed down the molecular motions
in the solid. However, it has been shown in a few cases
that not all molecules that are globular give rise to plastic
crystals. Thus, while methane, silane, germane, and carbon
tetrachloride all form plastic crystals, silicon tetrachloride
does not.10 Another striking exception is hexamethy-
lenetetramine N4(CH 26, which, although it has the same
basic molecular structure as adamantane, shows no ro-
tational transition.1l

Plastic phases .arouse considerable interest, and many
reviews concerning them are available.12 Yet little progress
seemed to have been made toward the definition of better
criteria allowing the prediction cf which globular com-
pounds are plastic and which are not, and why.

In this connection, we undertook a search into plastic
phase behavior of globular phosporus-based compounds,
most of which are similar in structure to adamantane, a
well-documented plastic compound. We then realized that,
whereas PANCH36and P4S10exhibit plastic behavior over
a large range of temperatures, some other equally sym-
metrical and globular molecules, such as P4 6and P4010,
do not. This led us to question globularity as a valid
structural criterion, and investigate which other structural
parameters might provide a more reliable way of predicting
plastic phase behavior.

Results and Discussion

(D) Plastic Behavior of Phosphorus Closo Compounds.
Since phosphorus chemistry has many globular “cage” or
closo structures (Figure 1), it seemed appropriate to un-
dertake a systematic search for data revelant to the ex-
istence of plastic phase behavior.

White phosphorus, P4, itself, is well known to exhibit
this property in its a cubic form between 196.6 and 317.6
K,1Band the two extreme terms of the series of molecular
phosphorus sulfides, P4S3and P4S10, were also known to
have a plastic phase;l4the rigid/plastic phase transition
has been well characterized in the case of P4S3(Tt = 313.9
K, Tm= 447 K, ASm= 5.0 eu), while the observation of
a very sharp single line in the 3P spectrum of solid P4S10
leaves no doubt that at room temperature rapid reori-
entation of the molecules occurs in the solid, and further
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implies a very large range of plastic behavior, since Tm=
561 K.

We also recently reported the plastic behavior of tet-
raphosphorus hexa-N-methylimide, P4NCH36, in the
329-395 K temperature range, and of the structurally
related arsenimide, As4NCH3)6, between 346 and 393 K.155
Concerning the tetraphosphorus hexa-1V-methylimide
tetrasulfides and tetraoxides, PANCH3654 and P4(NC-
H3)60 4, no plastic phases were detected up to 423 K;
unfortunately both compounds start decomposing around
this temperature, thus precluding any investigation nearer
to the melting points (519 and 448 K, respectively).
Likewise, significant measurements were made impossible
in the case of the intermediate thioimides, PANCH365Sn,
where N = 1 to 3, because of the existence of an inter-
conversion process among these thiophosphorimides
through scrambling of the peripheral sulfur atoms,16even
in the solid.

On the other hand, the thermodynamic data available
on the phosphorus oxides indicate that these compounds
lack such plastic phase behavior; the entropies of melting
for P4 6and P40 10are respectively 11.417and 9.018eu, i.e.,
they have values sufficiently high to preclude the existence
of plastic phases with reasonable certainty. The inter-
mediate oxides P40 7, P40 8, and P40 9, whose molecular
symmetry is lower, and whose structures depart from
globularity, are even less likely present as plastic phases.

The striking feature is thus that P4S10and P4NCH 36
exhibit plastic phases, while P40 6 and P4010do not, al-
though all four compounds have isoglobular molecules of
same Tdsymmetry. Several factors are likely to contribute
to this difference in behavior; first, the hydrogen-hydrogen
interactions, which are known to have a determining in-
fluence on the packing in many crystals, should contribute
to the separation of molecules such as P4ANCH36, and thus
favor free rotation in the solid. Indeed, due to its six
protubing methyl groups, PANCH36 can be envisioned as
being almost perfectly spherical and “coated” with hy-
drogen atoms, as is the case for adamantane. On the other
hand, the location and local polarity on the oxygen atoms
in P406 and P40i0 probably contribute to increasing
molecular interlocking as the molecules are not so perfectly
spherical and therefore hinder the rotation in the solid.
Thus, the way the P4010molecules pack together in the
crystal is of much interest; each molecule has four spikes
and four recesses, and the spikes of each molecule fit into
the recesses of the four nearest neighbors, leading to a close
packing with considerable interlocking. The structural
datal9show that such an interpenetration does not exist
in P4S10 the peripheral sulfur atoms being too large to fit
into the niches of the neighboring molecules. This leads
to a considerable increase in the minimum distance dm
between molecular centers; thus if one takes the experi-
mental dmvalue found for P40i0(6.05 A) to evaluate what
the dmshould be for P4S10in the hypothesis that the same
packing occurs in both compounds, one is led to predict
that dm= 7.66 A for P4Si0, while the experimentally found
value is 9.50 A

(2) A New Structural Criterion for Predicting the
Existence of Plastic Phases. There is little doubt that the
existence of a plastic phase is related to the degree of
molecular interlocking, whatever the origin of this in-
terlocking is. Indeed, molecular motion in plastic crystals,
and even in liquids, is seldom, if ever, entirely free.2
Plastic behavior implies that the interlocking is sufficiently
weak not to obstruct the rapid correlated movements of
neighboring molecules. When this interlocking becomes
too strong, plastic phase behavior is prevented. We
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Figure 2. R Scale. For each compound the references listed account
first for the structural data, second for the plastic behavior: (a) 12b;
T. Sugawara, Y. Sakamoto, and E. Kanda, Sci. Rep. Res. Inst. Tokyo
Univ., Ser. A, 1, 29 (1949); (b) 13; (c) F. A. Cotton, J. M. Troup, F.
Casabianca, and J. G. Riess, Inorg. Chim. Acta, 11, L 33 (1974); 15;
(d) 12b; (e) 12b; (f) 12b; (g) 12b; I. Darmon and C. Brot, Mol. Cryst.,
1, 417 (1966); (h) Y. C. Leung, J. Waser, S. Van Houten, A. Vos, G.
A. Wiegers, and E. H. Wiebenga, Acta Crystallogr., 10, 574 (1957);
(i) I. Darmon and C. Brot, Mol. Cryst., 1, 417 (1966); (j) 12b; (k) 12b;
{l) 12b; (m) T. H. Jordan, W. E. Strieb, and W. N. Lipscomb, J. Chem.
Phys., 41, 760 (1964); 12b; (n) M. G. Gibby, A. Pines, W. K. Rhim,
and J. S. Waugh, J. Chem. Phys., 56, 991 (1972); (o) J. K. Nimmo
and B. W. Lucas, Acta Crystallogr. Sect. B, 32, 348, 597 (1976); 12b;
(p) J. H. Levy, P. L. Sanger, J. C. Taylor, and P. W. Wilson, Acta
Crystallogr ., Sect. B, 31, 1065 (1974); J. H. Levy, J. C. Taylor, and
P. W. Wilson, Acta Crystallogr., Sect. B, 31, 398 (1974); 24; (q) P.
A. Shaffer, J. Am. Chem. Soc., 69, 1557 (1947); 22; (r) J. C. Taylor
and P. W. Wilson, J. Solid State Chem., 14, 378 (1975); (s) S. Aleby,
Acta Crystallogr., Sect. B, 30, 2877 (1974); (t) D. W. S. Cruickshank,
Acta Crystallogr., 17, 677 (1964); B. Beagley, D. W. J. Cruickshank,
and T. B. Hewitt, Trans. Faraday Soc., 63, 836 (1976); (u) J. C. J.
Bart and J. J. Daly, J. Chem. Soc., Dalton Trans., 2063 (1975); (v)
O. Lindquist, Acta Chem. Scand., 24, 3178 (1970).

therefore sought a way of expressing the degree of mo-
lecular interlocking, or in other words an absolute mea-
surement of the density of molecular packing. This in turn
was expected to reflect the ability of a given substance to
undergo plastic behavior.

Such a clue is provided by the parameter R defined as
follows:

R = dp, /Dy = (minimum distance between
molecular centers)/(maximum diameter of the
molecule)

where Dy is the diameter of the sphere that will just
circumscribe the freely rotating molecule (d,, and Dy have
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been introduced by Dunning).’® Any intermolecular
repulsion such as the hydrogen—hydrogen interactions will
increase d,,, and therefore R. For example, R is equal to
0.91 for P4(NCHj)g and falls to 0.65 for P,O,, where, on
the contrary, polar effects are expected to lower d,, and
consequently R. Likewise while R = 0.86 for tert-butyl
chloride, a well-known plastic crystal, it falls to 0.62 for
teluric acid, for which, although its shape is perfectly
globular, there exists a strong network of hydrogen bonds.

As a consequence, we calculated the value of R for
various inorganic and organic globular compounds from
the available crystallographic data. These results are given -
in Figure 2, in the form of an R scale.

This scale clearly shows that plasticity is indeed related
to the value of R; here all the compounds which show R -
values higher than 0.81 have plastic phases, while the
compounds which have lower R values do not. The limit
can be situated between R = 0.77 + 0.02 on the basis that
hexamethylenetetramine has definitely been shown not to
have a plastic phase,? although it possesses some molecular
freedom below the melting point,? and R = 0.81 + 0.01,
calculated for MoF¢, which was shown to be plastically
crystalline in its cubic phase.?* The highest R value was
found for cyclohexane, which is indeed a very soft solid
in its plastic phase. Similarly P,(NCH,)s appears from its
R value (0.91) to be “very plastic”, in agreement with its
large domain of plasticity and its very narrow 'H NMR
line, even 50 °C below its melting point.!5

Thus we propose to take parameter.R as a structural
criterion for plasticity. It is essential to note that each time
that R could be evaluated for both rigid and plastic phases
it was found to have the same value within experimental
error. For example, R = 0.81 for-MoF; both in its rigid
orthorhombic and plastic cubic phases. This is under-
standable since the physical properties, which induce the
plastic behavior, already exist in the rigid phase. However,
the disposition of molecules in this’ phase opposes the
correlated movements of neighboring-molecules; this
disposition is modified when the crystalline transition
occurs, so that rotation becomes possible.? For example,
the latter arrangement for adamantane is changed by only
a 9° twist in the molecules about the c axis at the rigid to
plastic transition.” Furthermore R shows almost no
temperature dependence in the examples studied. Thus
a value of R calculated in any solid phase and at any
temperature may be taken as significant for the prediction
of plastic behavior.
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The Kinetic Isotope Effect in Dehydration of lonic Solids. 2.

The Kinetics of Dehydration of Calcium Oxalate Monohydrate
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The kinetics of the isothermal dehydration of the protonated and deuterated monohydrate of calcium oxalate
has been investigated at 120, 150, and 170 °C. The rate of dehydration for these salts were found to be &H&D
= 1.025 £ 0.012. This result rules out the enormous Kinetic isotope effect as given in the literature. An isotope
effect of a few percent is not ruled out; this magnitude is in keeping with that found by Heinzinger in other
dehydration processes. An estimated difference of about 150 cal/mol between the heat of desorption for H2

and D2 should have led to aratio, //hMd = 1-20. The smaller observed ratio has been explained on the basis

of a compensation effect and may be considered an example of the Barclay-Butler correlation.

Introduction

A number of papers -have appeared on the kinetic hy-
drogen isotope effect for the dehydration of the penta-
hydrate of copper sulfate,1the monohydrate of calcium
oxalate,2 in addition to several other types of inorganic
salts.3 Without exception all of these papers have dealt
with the activation energies, comparing the temperature
coefficients of the rates usually for fully protonated and
fully deuterated hydrates.

Some of these reported effects have been dramatic.
Values for calcium oxalate monohydrate have been ob-
served as 12 and 31 kcal/mol for the HD and D2 salts,
respectively. In the case of copper sulfate pentahydrate,
values of 19 and 33 kcal/mol have been reported for the
protonated and deuterated hydrates, respectively, in the
initial stages of the dehydration process and 30 as com-
pared to 53 kcal/mol for the monohydrate salts. Yet the
investigators in this work obtained identical thermody-
namic values for the enthalpy for the dehydration reaction,
their results being reported to the nearest kilocalorie.

The kinetic isotope effect in every case has been de-
termined by means of the so-called dynamic or non-
isothermal procedure. Recently, we have repeated the
work for the calcium oxalate monohydrate4 using a
thermogravimetric method that we considered the most
accurate of the dynamic procedures. Here we found the
activation energy ratio EDVEH = 1.07. However, the
departure of the ratio from unity could not be considered
significant since the experimental error inherent in dy-
namic procedures is about 5-10%. Since a similar per-
centage error in the isothermal rates of reaction is
equivalent to a fraction of a kilocalorie in the activation
energy, we have investigated the ratio of the dehydration
of calcium oxalate monohydrate for the protonated and

deuterated salts at 120, 150, and 170 °C.

The isothermally determined rates were compared at the
same degree of progress of the reaction. Further, care was
taken so that sample size, particle size, and container
geometry were kept the same. These factors appear to be
significant for heterogeneous reactions particularly for
reversible reaction.

Reactions of the type A(solid) — B(solid) + C(gas),
where the reaction is reversible, present the problem of
removing the gas component rapidly from the locus of
reaction. Previous work of Dollimore, Jones, and Spooner5
has shown that the presence of water vapor will give rise
to a Smith-Topley effect.6 Whereas it is usually assumed
that the reaction rate is a maximum when the pressure of
the gaseous products is zero and decreases continuously
to a zero rate at the equilibrium pressure, the dehydration
reaction of calcium oxalate monohydrate was an exception
to this generalization.

Here Dollimore et al. found that the rate was accelerated
by the presence of water vapor within a certain defined
range, and the activation energy increased more than
twofold over that obtained when the dehydration was
carried out in vacuo.

We found it more convenient to carry out the dehy-
dration reaction in an atmosphere of dry nitrogen at a fixed
flow rate. In this range of flow an activation energy for
the protonated calcium salt was found to be practically
identical with the Dollimore value of 16.4 kcal/mol that
was obtained in vacuo.

Solid state kinetics carried out isothermally present the
problem of attaining the temperature of interest in a time
interval that is small as compared to the lifetime of the
reaction. We found that discarding the first 10% of the
degree of conversion, «, to the anhydrous state was ade-
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TABLE I: Dehydration Rates for CaC2 4 H2 and
CaC204 D2 and Their Relative Values at 120 °C

oi (Aa/Aidh  (A¢/AT)d kn/kD
0.2 0.050 0.052 0.962
0.3 0.051 0.053 0.962
0.4 0.050 0.051 0.980
05 0.048 0.050 0.960
0.6 0.046 0.048 0.958
0.7 0.044 0.045 0.978
0.8 0.041 0.043 0.953
0.9 0.034 0.034 1.000

quate for obtaining kinetic information at the specified
temperature. Since reaction parameters may vary with the
progress of the reaction we have compared rates at the
same degree of conversion using thermogravimetry to
obtain this fractional weight loss.

Experimental Section and Results

The salts used in these studies were prepared from
Fisher Scientific Co. reagent grade calcium oxalate mo-
nohydrate powder, lot no. 751593. The powder was sieved
with a sonic sifter and the fines passing the 37-“m screen
were collected and used for all the experiments described
in this paper. The powder was divided into two parts and
placed in an oven, set at 200 °C, for 24 h. The two samples
were transferred to two previously prepared chambers, one
saturated with water and the other with D20. After
equilibration the samples were transferred to P205 de-
siccating chambers.

The identity of the CaC20 4H2 and CaC2 4D20 salts
was made from absorption spectra taken on a Beckman
4240 infrared spectrophotometer as well as from stoi-
chiometric considerations based on thermogravimetric
measurements.

Thermogravimetric curves were obtained using a Per-
kin-Elmer TGS-1 thermobalance. The balance furnace was
calibrated at each temperature, in a flow of nitrogen, using
small gauge chromel-alumel thermocouples referenced to
a0 °C ice bath. Temperature control was achieved with
a Perkin-Elmer UU-1 temperature programmer.

For each analysis, 5.00 mg of sample was weighed in a
platinum crucible using a Cahn G-2 microbalance. The
sample was transferred to the stirrup of the thermobalance
that was previously flushed with dry nitrogen and set to
flow at a rate of 25 mL/min, avalue found to be adequate
to prevent a reverse reaction.

Dehydration experiments were carried out isothermally
at 120,150, and 170 °C. After the sample was introduced
into the balance, the furnace was ballistically heated to the
desired preset temperature. A check was made of the rate
of temperature rise of the furnace. It was determined for
example that, when the controller was set at 150 °C, the
temperature of the furnace reached a value of 1- 1/e of
the set temperature in 12 s. The rapid furnace temper-
ature equilibration was due mainly to its very low mass.
The fractional weight loss, a, which is a measure of the
progress of the reaction was calculated from the time-based
strip chart.

Since the slopes were almost linear, particularly for the
first half-life of the reaction, we have listed the values for
the rates, Aa/At, taken directly from the unsmoothed
normalized weight loss curve, the value for A« listed at a,
being that for @, - a, 01. The rates are in units of minutes 1
and their ratios listed as kH/kDare given in Tables I
for 120, 150, and 170 °C, respectively.

Discussion

The average of all the values for kn/kD for all tem-
peratures, i.e. 120,150, and 170 °C, is 1.025 If the values

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977

E. P. Manche and B. Carroll

TABLE Il: Dehydration Rates for CaC204 H2 and

CaC2 4 D20 and Their Relative Values at 150 °C
oi (Ao/AT)h (Aa/Af)D knlkn
0.2 0.222 0.228 0.974
0.3 0.228 0.219 1.041
0.4 0.215 0.204 1.054
0.5 0.204 0.197 1.036
0.6 0.194 0.192 1.010
0.7 0.179 0.183 1.077
0.8 0.165 0.170 0.971
0.9 0.127 0.130 0.977

TABLE Ill: Dehydration Rates for CaC.0. H.O and

CaC204 D2 and Their Relative Values at 170 0C

a (Aa/At)n (Aa/AT)d

0.2 0.549 0.528 1.040
0.3 0.570 0.552 1.033
0.4 0.620 0.548 1.131
0.5 0.572 0.520 1.100
0.6 0.524 0.492 1.065
0.7 0.476 0.432 1.102
0.8 0.400 0.370 1.081
0.9 0.336 0.294 1.143

for only the first half of the reaction are taken, where the
rates approximate that for a zero-order reaction, the av-
erage remains about the same viz., 1.023 The averages
appear to be reliable to £0.01. In view of this experimental
error the departure of kn/kDfrom unity cannot be taken
as significant. However, the magnitude of this effect is in
keeping with the findings of Heinzinger and co-workers
in their mass spectrometric equilibrium studies of the
dehydration of copper sulfate pentahydrate where the
hydrate was formed from natural water.79 These workers
have reported isotope effects of only a few percent.

In a previous paper,4using transitions-state theory, we
estimated that a primary isotope (if it existed) would yield
a difference in activation energy of about 0.5 kcal, this
value being based on the difference in the zero point
energies of the HD and D2 molecules.10 An upper limit
of 1 kcal could be obtained if a diffusion mechanism were
employed. However regardless of the mechanisms used,
they would have to involve a final step, the desorption of
the water molecule from the surface of the solid. Here we
have estimated a difference of about 150 cal in the molar
heat of vaporization.4 In view of the fact that the mea-
surements in the tables for the 120-170 °C range of
temperature yield an average value of 16.2 + 0.2 kcal/mol,
which is practically identical with the enthalpy of this
reaction,1lone would expect a difference of 150 cal in the
activation energy between the two hydrates. Using the
Arrhenius equation for the rate constants and assuming
that the frequency factors are the same fcr both hydrates,
a value of &/~ d = 1-20 is obtained. That this ratio has
been found close to unity would suggest that the frequency
factors are not the same but exhibit a compensating effect.
This may be seen using transition state theory in ther-
modynamic terms, viz.

KH/KD = e(ASH+- ASD+)/fle-(AHH+ - AHDA)/iir

or

In (feH/feD) = A (AS*)/R ~ A(AH*)/RT

where A(AS’) and A(AH*) are the differences in entropy
and enthalpy of activation. With kH/kDbeing close to
unity, we then have TA(AS*) ~ A(AHY).

This relation may be considered a kinetic expression for
the Barclay-Butler correlation which has found wide
application in the thermodynamic hydration studies of
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solvent-hydrogen isotope effects.2
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The limit of supercooling determined by homogeneous nucleation has been investigated as a function of pressure
for aqueous solutions of the common alkali halides LiCl, NaCl, KC1, CsCl, and KI for dilute solutions. The
pressure dependence of the homogeneous nucleation temperature follows the pattern established earlier for
H2, Th decreasing curvilinearly until crystallization of ice 111 becomes favored at ~2 kbar pressure and T
< -90 °C. For 1 msolutions the THvs. pressure plots are indistinguishable for these salts, implying that the
Thdepression, like the freezing point depression, is a colligative property. More concentrated solutions, containing
1 or more mol of sab per 20 mol of water (30 in the case of LiCl), fail to crystallize above ~1.5 kbar and glassy
phases may be obtained below -120 °C. The glass transition temperature shows a small positive pressure
dependence. At constant alkali chloride concentration and pressure the glass transition temperature is a maximum

for NacCl.

Introduction

Recently it was demonstrated that imposition of
pressure on “clean” water rapidly depresses the homo-
geneous nucleation temperature, a limit of -92 °C being
reached at 2.09 kbar when the nucleation of ice 111 becomes
favored.1l Having previously observed the suppression of
nucleation in concentrated solutions of highly soluble salts,2
we became interested in the extent to which supercooling
and consequent vitrification could be enhanced by the
combination of pressure and solutes. In particular, we were
attracted to the possibility of vitrifying solutions of
common salt and KC1 which always crystallize during
cooling under normal conditions. The present short paper
reports the results of an investigation of this question and
the conditions under which vitrification of these solutions
can be accomplished.

Experimental Section

As in the pure water study, the emulsification technique
of Rasmussen and MacKenzie5 was utilized to avoid
heterogeneous nucleation. The only modification was the
replacement of heptane as the dispersant phase by a 1:1
by volume mixture of methylcyclohexane MCH and
methylcyclopentane MCP in order to avoid dispersant
crystallization on cooling to low temperatures (Tnm(heptane)
= -90.6 °C at 1 atm). Solutions in distilled water were
prepared by weighing vacuum-dried analytical grade salts
(Mallinkrodt). The emulsions contained 30-40% aqueous
solution, the richer preparations being used where vitri-
fication occurred and detection of the glass transition
phenomenon was desired.

Small samples (~ 0.04-0.08 mL), contained in thin glass
tubes of 2.0-3.2-mm i.d., were pressurized hydraulically
and the thermal effects associated with crystallization, glass
— liquid transition, eutectic melting, or redissolution were
detected by DTA using a collinear sample thermocou-
ple-reference thermocouple arrangement employing fine
stainless steel-sheathed Cr/Al thermocouples. Details of
the technique have been described in earlier publications.4
Detection of the glass transition, which is registered as a
change of heat capacity rather than of enthalpy, required
the use of the larger sample tube size. Glass transition
temperatures were always measured during heating be-
cause the hysteresis in thermal properties then assists its
detection (see Figure 3, inset). Pressures were determined
using a calibrated Heise Bourdon guage, readable to +2
bar.

Measurements of THwere made using both increasing
and decreasing pressure sequences and results were re-
producible to within the precision of any individual
measurement (+0.5 °C at low pressures and +2 °C at high
pressures where crystallisation is slower and the exotherm
by which THis defined (Figure 1 inset) is more spread out).

Results

A plot of the pressure effect on the homogeneous nu-
cleation temperatures obtained during cooling at different
pressures, and of melting-dissolution transitions obtained
during reheating at the same pressures, is shown in Figure
1 for the case of a 1 m NaCl solution. Apart from the
striking depression of THwith increase of pressure up to
2 kbar, there are two interesting features of Figure 2 to
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Figure 1. Homogeneous nucléation and remelting eutectic and liquidus points for 1 m NaCi emulsified solutions. For definition of points from

the DTA traces, see insets to Figures 3 and 4.

Figure 2. Homogeneous nucléation and liquidus temperatures for emulsified 1 m alkali halide solutions (0.86 min case of KIl).

which some attention should be given here.

The short line of melting transitions between 0 and 500
bar pressure was observed for solutions in which reheating
was commenced immediately following observation of TH
The reheating DTA trace for an equilibrium mixture of
freezing products should show only two features: a sharp
heat absorption corresponding to eutectic (stable hydrate
+ ice —meutectic solution) melting and a more gradual heat
absorption terminating sharply as the last ice crystals
redissolve at the liquidus temperature. Thus the obser-
vation of three absorptions in the low (0-500 bar) pressure
range is anomalous. From the known equilibrium diagram
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for NaCl at 1 atm, the curves marked TH and T1 represent
the expected behavior. The short curve marked must
therefore represent the eutectic melting of an ice +
metastable hydrate mixture formed in the freezing of a
fraction of the emulsion droplets. Separate experiments
showed that this transition is the only one observed in
samples reheated immediately after observation of TH
This implies that the metastable hydrate, which remains
unidentified, is characterized by fast crystallization kinetics
presumably because its short range order resembles that
of the solution remaining after removal of excess water at
Th. To observe TH], samples had to be cooled initially
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Figure 3. Homogeneous nucleation temperatures and glass transition temperatures for emulsified NaCl solutions of various concentrations. The
inset is an illustrative DTA trace showing transitions observed during warm-up of 20 R NaCl solution initially vitrified: Tg (glass transition), Tc (crystallization
or devitrification), fE(ice + salt eutectic melting), TL(iiquidus temperature, defined by a drop in the apparent solution heat capacity associated
with disappearance of last ice crystal). The second bump above 7gis commonly seen in warm-up DTA traces of high pressure vitreous aqueous

solution, but is not discussed in this paper (see ref 5).

below -55 °C. The fact that TH< -55 °C above 500 bar,
therefore accounts for the absence of TE2 above this
pressure.

The other feature of Figure 1 which must be noted is
the occurrence of anomalous melting transitions in the
vicinity of 2 kbar. This is the pressure at which earlier
studiesl showed the occurrence of a changeover from
homogeneous nucleation of ice | to homogeneous nu-
cleation of ice Ill in the case of pure water. This
changeover is responsible for the break in the THvs.
pressure plot for the solution at 1 kbar in Figure 1. The
origin of the extra melting transition is clearly therefore
the presence of a distribution of ices | and 11l between the
frozen droplets and thus the presence of both (ice I +
stable hydrate) and (ice Ill + stable hydrate) eutectic
meltings. Evidently there is a range of pressures over
which local order fluctuations in the directions of ice I and
ice 111 topologies are of similar probability. Such overlap
was not observed for pure water.

The freezing-remelting vs. pressure plots for 1 m KC1,
CsCl, and Kl solutions are qualitatively the same as for
NaCl except that the TH feature (metastable hydrate +
ice eutectic melting) is absent, and the extension of the
ice 111 TH curve to lower pressures is more pronounced
(details below). These differences are probably due to the
poorer water-coordinating abilities of the larger cations,
and the generally more destructured nature of the solu-
tions. The Thvs. pressure curves for 1 msolutions of LiCl,
NaCl, KC1, and CsCl are indistinguishable within ex-
perimental uncertainty (see Figure 2). Within this same
uncertainty a Kl solution, inadvertently prepared at 0.86
m instead of 1 m, gives the same THcurve (though these
points are considered less reliable because of some iodide
decomposition). The liquidus curves for these solutions
are also indistinguishable although more accurate mea-
surements would reveal displacements resulting from the
different activity coefficients at these concentrations. The
suggestion of Figure 2 is that the THdepression, THpure
water) - THsolution), in sufficiently dilute solutions may,

like the freezing point depression, be a colligative property
of the solution.

The main distinctions between the Figure 1 type plots
for 1 m solutions lie in the TH curves which reflect the
difference in high concentration solution behavior. In the
case of 1 m LiCl the eutectic melting transitions are not
observed. This is because the concentrated LiCI-H20
which remains after the crystallization of the excess H20
at THis very resistant to crystallization.2 Above 2.5 kbar
the primary (ice 111) crystallization exotherm which defines
Th becomes very diffuse and is not easily detected, im-
plying slow crystallization kinetics and probably vitrifi-
cation of the entire solution on fast cooling. This latter
possibility was not investigated for the emulsified sample
though an extensive study of the glass transition phe-
nomenon in more concentrated unemulsified LiCl solutions
at high pressures has been performed and will be reported
separately.5

The effect of salt concentration on the THvs. pressure
plot is shown in Figures 3 and 4 for the cases of NaCl and
KC1 solutions. Concentrations are marked in R units (R
= moles watenmoles salt = 55.5/m) because R units are
the more direct indicators of the solution constitution and
of the associated high concentration solution properties.
As expected from earlier normal pressure studies by
Rasmussen3® and Xans,X increasing concentration pro-
duces an accelerating depression of THwhich is more
pronounced the higher the pressure (see Figure 5). Figures
3 and 4 include the Tuvs. p plots for pure waterland for
the 1 m (i.e., 55.5 R) solutions already seen in Figures 1
and 2. The effect of concentration on the nucleation of
ice 11l in KC1 solutions is interesting. At low concen-
trations Th has a positive pressure dependence in the ice
11 nucleation regime but at the increased concentration
of 35 R the plot develops a negative slope (Figure 4). This
implies that even the denser ice Ill has a larger molar
volume than that (Kn) of the water in the solution.

The changing probability of ice I vs. ice Il nucleation
in the vicinity of 2 kbar was studied carefully in the case
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Figure 4. Homogeneous nucleatlon temperatures and glass transition temperatures as a function of pressure for emulsified KCI solutions of different
concentrations. The inset contains DTA traces showing remelting behavior ir vicinity of 2 kbar due to presence of both ice I- and ice Ill-containing

emulsion droplets.

CONCENTRATION
MOLALITY, m

Figure 5. Isomolal and isobaric plots of TL, 7H and Tgfor NaCl solutions
showing approximate equivalence of pressure and composition variables.

of 1 mKCI. The remelting behavior for emulsions frozen
at successively increasing pressures is shown in Figure 4,
inset. At 1.62 kbar only the ice | + salt eutectic TEI) and
subsequent dissolution of excess ice | absorptions are seen.
At p = 1.835 kbar a small absorption occurs at a lower
temperature corresponding to the metastable extension of
the ice 11l + salt eutectic TE(III), implying that a small
fraction of the droplets homogeneously nucleated ice Il
rather than ice | during cooling. The probability of ice Ill
nucléation, judged by the magnitude of the low temper-
ature absorption, increases progressively with increasing
pressure until above 2 kbar this is the only ice formed. The
pressure range of comparable polymorph nucléation
probabilities is thus 0.16 kbar.

At 20 R, the THexotherm is not observed above 1600
bar for either NaCl or KCI solutions, and studies with
larger samples in a modified pressure cell confirmed that
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continued cooling to -190 °C produced vitrified forms of
these solutions. Glass transition temperatures for samples
vitrified at 1900 bar (a limit imposed by a leaking seal in
this apparatus) were found to be -120 °C for NaCl and
-127 °C for KCI. A single value obtained subsequently at
2800 bar establishes a positive pressure dependence for Tg
in this pressure range.

Emulsion studies were performed at higher concen-
trations only for the NaCl system (Figure 3). As expected,
the pressure necessary to suppress ice crystallization in a
12 R solution is lower than for the 20 R solution. Glass
transition temperatures were determined between 900 and
1900 bar and show a small positive pressure dependence
(Figure 3). In separate experiments using bulk solutions
it was earlier concluded that NaCl solutions could be
vitrified in a narrow range of concentrations between 12
and 16 R at pressures above 2 kbar, but that KCI solutions
could not be vitrified in any range. The lower viscosity
of KCI solutions which is observed at high temperatures,
and is implied at low temperatures by their lower Tg, must
favor heterogeneous nucleation in this system.

Discussion

Homogeneous nucleation occurs when a critical size
subset of the molecules in the system under study
spontaneously reorganizes itself in real space from a
packing characteristic of the amorphous region of phase
space to one characteristic of the crystalline region of phase
space.6 It must be expected that, for a given thermody-
namic driving force (degree of supercooling), such im-
probable fluctuations will occur more readily in systems
in which the short-range packing topologies in the two
regions of phase space are similar. Factors which cause
topological distinctions between fluid and crystalline
regions of phase space to increase should, accordingly,
reduce the probability of nucleation at the same super-
cooling or, equivalently, should increase the degree of
supercooling necessary to cause observable nucleation
during cooling at a given rate.

The effect of pressure on THin both pure water and
aqueous solutions is probably best understood in the above
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terms. Increases of pressure cause progressive decreases
in the average O-H— 0 bond angle78 shifting the local
order progressively away from that of linear OH---0 bond
angle ice | structure until, at ~2 kbar, fluctuations toward
the ice 111 bend-bond topology become equally probable.
In pure water the break in the Tfr-pressure plot associated
with change from ice I to ice Il nucleation occurs at ~ 0.1
kbar lower pressure than the intersection of the ice | and
ice 111 melting curves. In the solutions the TLintersections
continue to fall at ~2.09 kbar while the 7'Hbreaks occur
at progressively lower pressures as concentration increases
(see e.g., Figure 4). These observations suggest that ice
Ill-like bent bond topologies are somewhat favored in the
liquid state9 and that this tendency is enhanced in the
presence of solute. In the solutions it would further seem
that the solvent structure is generally less sharply defined
than in the case of pure water because, in the latter, the
changeover from ice | nucleation to ice Ill nucleation
occurs quite abruptly whereas in 1 m KC1 solution the two
nucleation probabilities (which reflect topology fluctua-
tions) are of comparable magnitude over a 160-bar pressure
range (Figure 4 inset).

Second components depress THfor essentially the same
reason they depress the liquidus temperature (freezing
point) Th, i.e., because the chemical potential of water in
the liquid phase is lowered while that of ice is unaffected.
The Th depression constant is evidently (Figure 2) greater
than the freezing point depression constant. This should
hold true for any solution in which the heat capacity of
the pure liquid solvent substantially exceeds that of the
crystal, because then AH for the phase transition will be
lower at the lower temperatures (Kf « 1/AH). The
pressure-induced and composition-induced depressions of
Ti1 and Th have the same curvilinear character such that,
for suitably chosen pressure and composition scales, the
functions are approximately equivalent. Figure 5 shows
that when constant pressure or constant composition
conditions are chosen such that This the same at zero
solute concentration or zero pressure, respectively, then
the entire isobaric concentration and isomolal pressure
plots for T1, Th, and also Tgalmost superimpose. For
these properties, pressure and concentration can be treated
as equivalent variables. There are limitations on the
usefulness of this observation, however, since it is known
from other studiesl0that the effect of solutes on derivative
properties of the solution (e.g., heat capacity) is strongly
solute dependent.

Some insight into the time scales for order fluctuation
leading to nucleation can be gained from the observation
that vitrification, i.e., the freezing-in of a particular solution
structure at the temperature Tg can be achieved even
though Th > Tg At Th the probability of crystal-forming
order fluctuations occurring within the solution becomes
large. If the fluctuation fails to occur during cooling it
must be because it requires a growth time which is long
relative to the time necessary to rearrange the molecules
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in the liquid into lower energy but still fully amorphous
configurations. Ultimately, with decreasing temperature,
this latter time itself becomes long with respect to the
observation time scale and the amorphous phase config-
uration, as well as any embryonic nuclei it may contain,
becomes arrested, producing the “glassy” state. The
differences in time scale reflect the difference in system
subspace which must be explored in order to substantially
achieve the respective local equilibrium structures. Other
studies presently being reportedil suggest this is of the
order of 10 A for the amorphous structure relaxation.

In general, the closer THapproaches Tgthe less probable
it is that crystals will be observed to develop at a given
cooling rate. Figures 3 and 4 show that for R = 20 increase
of pressure causes Tgto approach TH, rapidly in the ice
| crystallization region, so that vitrification evidently
becomes more probable as pressure increases.

Having now achieved vitrification of three alkali halide
solutions, it is of interest, finally, to observe the cation
effect on the glass transition temperature at constant
concentration and pressure. At 1.9 kbar and R = 20 we
find Tg(lLi+) = -130 °C, Tg(Na+) = -120 °C, and Tg(K+)
= -127 °C. The maximum in Tgfor sodium salts, which
has previously been observed in the alkali acetate series,12
is evidently maintained in even the simplest alkali metal
salt solutions hence must be a cation hydration effect. The
maximum at Na+ is anomalous in the face of the known
systematic increases in ambient temperature solution
viscosities as the alkali cation radius decreases.1
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The effect of solvent on weak charge-transfer complex formation is reexamined. Ultraviolet absorption data
are presented from the styrene-fumaronitrile complex in carbon tetrachloride, chlorobenzene, 1,2-dichloroethane,
and ethanol. In all cases, the peak maximum is slightly dependent on donor concentration, showing a red shift
of 8 to 13 nm with increasing styrene concentration. Benesi-Hildebrand analyses of the data lead to curved
lines; extrapolation of the linear portions give apparent negative values of K and efor the studies in dichloroethane
and ethanol. [Similar trends were noted in our NMR data (not discussed).] This peculiarity is analyzed in
terms of various theories from the literature and none succeed in rationalizing the data. A new theory is presented
here which is based on the reasonable model that the interaction of the acceptor occurs in two sequential processes:
competitive solvation of the acceptor by donor and solvent in the nearest neighbor cage, where the molecules
rotate freely, and subsequent true complexation of donor and acceptor where they maintain fixed relative positions.
The mathematics of the derivation are presented. The resulting equation can be shown to fit the data using
reasonable values for the four parameters. The theory is applied to some literature data also.

Introduction

Difficulties in determining the concentration of weak
charge-transfer complexes using the Benesi-Hildebrand
(B-H) equationland its modifications2 have been fre-
quently discussed in the literature. Zero3 and even
negative4 intercepts were reported implying zero and
negative formation constants for the complex. Polar
solvents such as methanol and acetonitrile tend to make
any numerical determination of the equilibrium constant
uncertain.56

Person7pointed out that the B-H plot would give zero
intercept despite a moderately large equilibrium constant
if the equilibrium concentration of the complex is not of
the same order of magnitude as the equilibrium concen-
tration of the more dilute component. Deranleau8 and
Guidry and Drago9came essentially to the same conclusion.

Some authors considered solution nonideality as the
main reason for the encountered troubles,10 13 while
higher-order complexesl4l5were postulated to complicate
the situation in some cases.

In our preliminary work we noticed the strong effect the
solvent had on the formation constant of the complex and
decided to investigate the problem further, accounting for
the solvent effect. We chose styrene as the donor and
fumaronitrile as the acceptor and observed the behavior
of this system in four solvents.

Experimental Section

Fumaronitrile was obtained from Baker Chemical Co.,
melting point 95-97 °C. It was used as received.

Styrene was twice distilled under vacuum and used fresh
after distillation.

Solvents were all spectroscopic quality.

UV absorption experiments were run on a Cary 14
spectrophotometer with 1-cm quartz cells. Absorbances
were read to £0.005 accuracy.

Solutions were made in the following way. Both fu-
maronitrile and styrene were weighed in separate flasks
on a balance with £0.0002 g accuracy, resulting in a 2%
error in concentration determination of the more dilute
component. Styrene was diluted to the mark with desired
solvent and this mixture used to dissolve fumaronitrile and
dilute to the chosen concentration. During the UV ab-
sorption experiment the sample cell contained the latter
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solution, with all three components (donor, acceptor,
solvent), while the reference cell contained the solution of
donor/solvent, the same one used for preparing the sample
cell solution. This procedure was adopted to eliminate any
possible, small absorption due to styrene at high styrene
concentrations. The acceptor absorption does not in-
terfere. The UV absorption measurements were run at
room temperature (22 + 2 °C). The errors in absorbance
and concentration are included as the minimum error in
the presentation of data.

Results

The charge transfer spectrum consisted of a slope with
a small peak superimposed on it. (The curve could be
observed down to 300 nm at low styrene concentrations,
but only to ~310 nm at high styrene concentrations.) It
was felt that the absorption consisted of two superimposed
bands, probably charge transfer bands; the larger one had
its peak below 300 nm and the smaller band had a peak
(Amex) which varied from 304 to 317 nm depending on
solvent and donor concentration. As the small band varied
in Arex, we felt that the large peak would do so also.
Therefore, data taken at a constant Awould probably be
meaningless. This supposition was confirmed when the
ratios of optical densities at 310 and 320 nm were taken.
They varied considerably with styrene concentration. The
data are given in Table Al in Appendix | (see paragraph
at end of text regarding supplementary material). Repeat
determinations from scratch are given as duplicate data
points, showing the reproducibility of the experimental
technique.

Since Xraxwas changing with donor concentration, it was
felt that the best procedure was to assume that both bands
varied in a similar manner. Therefore, the absorption at
the Araxof the observable peak should be proportional to
the complex concentration; this value was measured and
used in subsequent calculations.

The spectral data are listed in Table I. Figure 1shows
the change in normalized absorbance of the complex
between fumaronitrile and styrene in four solvents, CC14,
C6H5C1, C2H4C12, and CHB0OH, with dielectric constants
of 2.2, 5.7, 10.5, and 24.3, respectively. The plots curve
slightly (except for C2H4C12 at low styrene concentrations
and start diverging considerably from linearity above [D]
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Figure 1. Normalized absorbance of the fumaronitrile [A]-styrene [D]
complex vs. donor concentration in various solvents. See Table | for
exact concentrations. [A] and [D] are the concentration of the acceptor
and donor, respectively, and are given in moles/liter.

~ 2-3 mol/L. Whatever the shape of the curves, it is
evident that a finite complex concentration exists in all
four solvents. Figure 2 shows the same data plotted ac-
cording to the B-H equation. As can be seen the lines are
curved at very high donor concentration. Extrapolation
of the linear portions results in negative intercepts for two
sets of data, these in dichloroethane and ethanol. In Figure
3 the data for the ethanol system are plotted according to
Drago’s method9for testing the usefulness and credibility
of the data according to his definition. The system appears
to be a well defined one, but the intersection point is
negative, implying a negative formation constant. This
method was devised assuming 1:1 complexes and ideal
solutions and therefore shows the same weaknesses as the
B-H treatment when these conditions are not met.

Discussion

From the B-H plots shown in Figure 2, values for the
formation constants (K) and molar absorptivities (€) of the
system in all solvents were determined, Table I. In two
cases, zero and negative intercepts and formation constants
were observed, which is not physically reasonable.

Also, the plots are not really straight lines. There is
curvature at high donor concentrations. As mentioned in
the Introduction there are several possible explanations
for the difficulties we are encountering.

Higher-Order Complexes. It has been argued that
second-order complexes could be responsible for the de-
viation from a straight line of the B-H plotsi5as shown
in Figure 2. (The B-H plot of data for iodine/benzene,
etc.1is also curved when plotted carefully. They too cover
the whole range of [D].) According to this theory although
negative and zero intercepts would be found, their in-
terpretation would be different and the constants de-
termined from them would be meaningful. The 11
complex, DA, is supposed to exist in dilute solution of
donor, while 2:1 complexes, D2A, will also be present at
high donor concentration.

The treatmentl5shows that a negative intercept for the
lower donor concentration portion of the plot will be found
when the product, X 222 for the D2A complex is larger than
K~i, for DA. In the case of the styrene-fumaronitrile
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TABLE I: Charge Transfer Band Maximum (X) and Its
Normalized Absorbance (Abs/[A]) for the Fumaronitrile
[A]-Styrene [D] System in Four Solvents

A,
Solvent nm [D], M Abs/[A] [A]l.M
CCl, 304 0.208 52 = 2 0.0060 + 0.00012
305 0.404 85 + 3
307 0.807 135 = 4
308 1.58 200 = 5
310 3.16 263 = 6
311 5.25 308 = 8
317 8.70 333 = 8
C6H 5C1 308 0.680 78 = 4 0.0030 + 0.00006
310 1.505 148 £ 5
311 2.99 240 = 7
313 4.63 278 = 8
317 7.32 316 = 9
317 8.70 333 =9
C2H4C12 308 0.80 57 + 2 0.0060 £ 0.00012
310 1.58 117 + 3
313 3.00 220 £ 5
314 5.18 292 + 6
317 8.70 333 + 8
C,HsOH 309 0.80 29 = 2 0.0060 + 0.00012
309 1.59 63 + 3
309 2.43 108 = 3
310 3.16 147 = 4
312 5.06 294 = 7
317 8.70 333 + 8

K and e Calculated by Benesi-Hildebrand Equation”

Solvent K, M-' e

CCl, 1.1 310
C 6H 5C1 0.25 560
c 2h 4ci2 -0.013 -5000
c2h ,0h -0.08 -420

0 Reference 1.

system and other it charge-transfer complexes, K2could
only be considerably smaller then Kx Due to the planar
nature of both the acceptor and the donor molecule, the
most likely configuration for the most stable complex is
the “stack” arrangement. Crystal structure studies on
aromatic complexes with various acceptors (7r-7r com-
plexes) have demonstrated this.2 Once a DA complex is
formed, the electron density of the acceptor is significantly
increased, its electron affinity consequently decreased, and
the formation of DAD must be characterized by a smaller
constant both energetically and entropically. If K2is
bound to be smaller, then only an increase in €2can make
the product of K22larger than K”. That this does not
happen was shown by Litt and Summerslin a study of
a series of complexes, both free in solution, and with the
donors fixed in position in polymer side chains. All
measurements were done at low concentrations of both
donor and acceptor and in one solvent, chlorobenzene.
Under these conditions the probability for D2A to form is
much larger when the acceptor can be sandwiched between
two donors attached to the polymer chain and separated
by a fixed, favorable, distance. In all cases the molar
absorptivity dropped going from free donors in solution
to donors fixed on polymer chains. (Here, the constant
was higher due to the geometry of the polymeric donors,
which forces the acceptors into the most favorable con-
figuration for complexing.)

One case was found in the literature where a normal
donor-acceptor pair might have formed a higher order
complex, tetracyanoethylene-hexamethylbenzene.17 Here
as the pressure was raised, the initial red shift of Xmg
changed to a blue shift at 1000 atm and the oscillator
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Figure 2. Benesi-Hildebrand plots for the fumaronitrile-styrene complex: (a) in CCl4; (b) in C6HSCI; (c) In C2HACI2; (d) in C2H50H. [A] and [D]
are in M. Where graph extends below the origin, [A]/Abs = 0 is indicated by the dotted horizontal line. Errors are shown as error bars when

they are larger than the point diameter.

Figure 3. Drago's plot for the fumaronitrile-styrene system in C2H60H.

strength, e, started to decrease above 2000 atm. This fits
the expectations for a 7r-7r-7r complex. Other, weaker
complexes showed only a red shift and increased ab-
sorption with increasing pressure.

Another possible indication of second-order complexes
cculd be found in the spectra themselves, if a considerable
shift of the absorption is observed. Litt and Summers,16
for example, found a red shift in two cases. However, for
the other “D2A” complexes there was no shift from the
wavelength of the DA absorption. As can be seen from
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Table | the position of the absorption for the fumaro-
nitrile-styrene system shifts slightly toward lower energy
as the concentration of donor is increased. We feel that
this shift is due to changes in the solvent, as more and more
donor alters the original medium. This phenomenoni8is
generally observed and is caused by the differential effect
of the environment on the excited and/or ground state of
the absorbing entity. In CCl4the effect is the strongest.
Styrene is more polarizable than CCl4and probably a slight
polarization is induced by the dipole of the complex. The
increase in polarization due to the increased dipole mo-
ment of the complex upon excitation results in the excited
state being more stabilized relative to the ground state with
increasing styrene content. In ethanol where the solvent
tends to solvate acceptor strongly, as will be shown later,
the initial wavelength is higher than with CC14, as the
solvent is more polar, and there is almost no change in A
until [D] > 3 M. From this discussion it seems that the
presence of D,A cannot be used to rationalize our results.

Nonideality of Solutions. Drago and co-workers©9found
that the B-H K for the DM A-12system decreases from
6.9 1VTlin CCl4to 2.6 in benzene and 1.4 in CH2C12 The
decrease of K with polarity of the solvent is also seen from
the data for tetrachlorophthalic anhydride-hexamethyl-
benzened (see Table I1). Evans3found that B-H plots
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TABLE IlI: Comparison of Experimental Abs/[ A] with
the Values Calculated using Carter's Method
(C2H4C12 Results)

(Abs/ (Abs/

[A] )obsd ta ] )calcd % error
57 59.5 +4.3
117 117 0.0
220 222 +0.9
292 384 +31.5
333 666 +100.0

for the 12n-heptane system pass exactly through the origin
{K = 0). Zeegers and Butler56had difficulties assigning
values for constants for divinyl ether-maleic anhydride and
divinyl ether-fumaronitrile complexes in acetonitrile and
methanol, respectively. Hanna and Asbaugh,4using NMR,
found negative and zero intercepts for the systems TCNQ
with benzene and toluene, respectively, in dioxane. More
highly methylated benzenes gave positive intercepts. As
shown, our own data produced negative intercepts in some
cases.

Several authors, therefore, have tried to account for the
sharp changes in formation constants and molar ab-
sorptivities by recognizing solvation effects. Mulliken and
Person2l give a treatment which is essentially a summary
of many others.

The B-H equation is based on two essential assump-
tions: (1) solutions are ideal, (2) both donor and acceptor
concentrations are low. Considering that real solutions are
usually not ideal, Mulliken and Person derived a ther-
modynamic equilibrium constant related to the B-H or
apparent constant through a quotient of activity coeffi-
cients:

Ka=K(yc/7a7d) = Kr

They then calculate T from solubility parameters assuming
it depends linearly on donor concentration. In doing so
they are using the regular solution theory2 and assume
that the solubility parameter of the complex can be ex-
pressed as the geometric average of the solubility pa-
rameters of the components. Since solubility parameters
themselves depend on solvent there still could be con-
siderable uncertainty about the value of F, so that this
theory is not particularly helpful.

Similarly Carter et al.10 assume that all species are
solvated. They write
ASn + DSm it DASp + @S
where g = n + m- p, and derive the following equation:
[A] = 1 + 1/

Abs  [D\Ke e\

g(m + 1)\
K[S.] /

where [SQ] is the concentration of solvent when [D] = 0.
They estimate K = 2.27 for the iodine-heptane case for
which the B-H plot passed through the origin. (The latter
implies an infinite <and K.)

We have applied Carter’s procedure to our data in
C2HAC12 which gives a B-H plot with a very slightly
negative intercept. We were not able to obtain the same
correction factor, g{m + 1), from all experimental points
if the criterion of the graph, t vs. K passing through zero,
was satisfied. As [D] increased, g{m + 1) decreased as is
indeed to be expected from Carter’s equilibrium. However,
when we picked one that seemed to come closest to
producing the desired effect {g(m + 1) = 17), we deter-
mined K = 1.37 and e = 54. With these we were able to
reproduce well the points on the straight line portion of
[A]/Abs vs. 1/[D], but the two points causing the cur-
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vature were off by a large amount as shown in Table II.
The disagreement in the last two points is such that no
experimental error could explain it.

It appears that, although these methods eliminate the
problem of zero intercepts, they do not take care of the
curvature in the B-H plot. We would like to emphasize
that the curving of the B-H plot has been observed by
many investigators and does not appear suddenly in our
results. Also, our NMR data for the styrene-fumaronitrile
system give B-H plots which are totally analogous to the
UV plots. However, the data are difficult to rationalize
and are not presented here. Possible problems with NMR
determinations are mentioned in the conclusions.

More recently Lane, Christian, and Childs13proposed
a technique by which activity coefficients of all components
in the system, including that of the complex, could be
determined. Although the important conclusions of their
work are generally valid, the method they suggest involves
a very long experimental procedure and, what is more
serious, appears to be limited to cases where the solubility
method can be used.

Effect of Solvent on K and e. In principle three pos-
sibilities exist: that ecan change with solvent, that K can
change while c remains constant, and that both K and e
change with solvent.

In all previous work the molar absorptivity was assumed
constant for a chosen acceptor-donor-solvent system
regardless of the actual concentration of the donor, while
it was always assumed different for the same acceptor-
donor pair if the solvent changes. (The acceptor con-
centration is always low.) At first glance this seems
reasonable. However, as the acceptor concentration is
usually low, the acceptor-donor-solvent mixture really
contains two solvents, the solvent and the donor.

Benesi’'s and Hildebrand's report itselflis a good ex-
ample of a case involving the above-mentioned contra-
dictory assumptions. They applied their equation to the
iodine-benzene and iodine-mesitylene complex, both in
carbon tetrachloride and n-heptane. In all cases they
assumed a unique molar absorptivity for mixtures of
benzene or mesitylene with solvent despite the fact that
they increased the donor concentration up to a mole
fraction of 1. At the same time they assumed different
absorptivities for the same complex in the two solvents.
The molar absorptivities for the iodine-benzene complex
in the two solvents were found different. Their results,
however, show that the molar absorptivity of the stronger
iodine-mesitylene complex was virtually independent of
the solvent.

In the spectroscopic literature of both regular organic
compounds and charge-transfer complexes there are many
instances of fairly constant molar absorptivities12324 as
solvent is changed drastically. For example, @rax for the
326-m/a absorption of vitamin A is 48310 and 51000 in
cyclohexane and ethanol, respectively. Also, going from
hexane, through ether and chloroform, to ethanol did not
affect the molar absorptivity of mesitylene oxide.23

The complex o-xylene-TCNE in CHC13was found to
have a molar absorptivity of 3820, in CH2C123860, and in
Et20 4430.20 The values of the respective constants were
9.46,6.97, and 2.95. For agenerally weaker anisole-TCNE
complex, the values of K and ein CH2C12and EtD were
4.42 and 2080, and 1.55 and 2860, respectively. However,
the authors observed that Et20 forms a complex on its own
with TONE which somewhat blurs the results. Still both
systems have relatively high equilibrium constants and
relatively constant molar absorptivities, the stronger one
showing less variation in e
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TABLE Ill: Tetrachlorophthalic Anhydride-

Hexamethylbenzene Complex in Different SolventsO

Solvent e K, M -1 db

n-Hexane 34 1.89
CC14 1700 14 2.24
Benzene 1950 2.3 2.28
Dibutyl ether 1800 13 3.06
Fluorobenzene 1750 2.7 5.42
Benzotrifluoride 1500 6.4 9.18
Cyclohexanone 1800 2.4 18.3

0 Taken from ref 20. bd is the solvent dielectric

constant.

The A™-dimethylaniline-1,3,5-trinitrobenzene complex
has been studied in five solventss whose dielectric con-
stants vary from 1.89 to 4.81. Although the dielectric
constant range is not particularly large it is remarkable that
while the formation constants vary greatly, the molar
absorptivities remain within the error limits. For example,
Knreae = 8.2 M“land Kghd, = 1-3 M '], but «,hexae = H20
and «cnhciz = H40.

The same was found for naphthalene-s-trinitrobenzene
complexes® which were also studied in five solvents. A
more striking example is the tetrachlorophthalic anhy-
dride-hexamethylbenzene complex.2 Table 111 lists the
values of K and efor this complex in a series of solvents,
che solvent dielectric constant being included.

Again, although K varies considerable, estays roughly
at 1750 + 100 with no trend.

The charge-transfer complex formation data, interpreted
through the models usually in use, show that in different
environments the molar absorptivity for strong complexes
tends to be constant, while it changes for weak complexes.
The question seems to remain open. When or why does
the absorptivity change, and can we explain it through a
model in a consistent way?

In view of all the difficulties encountered by us and by
others we have conceived of a model that, although in-
complete, does specifically include the solvent interaction,
and appears to be able to describe the experimental results
well.

Model for Nonideal Solvation and Its Application.
The Fumaronitrile-Styrene Complex

The model which we propose assumes a low concen-
tration for the acceptor only. This is the usual assumption
since most organic compounds which function as acceptors
have poor solubility in the solvents used. Also, since most
optical measurements must be made at low concentrations
of one component, this is usually the acceptor.

Because solvation is explicitly included, the model can
cover the whole range of donor concentration up to 100%
donor. Through its postulates, it derives the dependence
of the “equilibrium constant” on solvent.

The process of complex formation is viewed as consisting
of two separate steps: (1) solvation and (2) complex
formation.

(1) An acceptor molecule dissolved in a mixture
solvent and donor is continually exchanging molecules in
its solvation shell. The acceptor population will include
the whole range of solvated molecules from acceptors with
only solvent molecules to acceptors surrounded only by
donors. The rate of exchange of a solvent molecule with
a donor and vice versa will reflect the general concentration
of the two in the solution and also the change in solvation
energy of the system as one molecule replaces the other.
This determines the equilibrium constant in the solvation
step. Thus an equilibrium population of acceptor mole-
cules exists in solution, having varying numbers of donor
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molecules in the solvation shells, from zero to the coor-
dination number of the acceptor. (We call the coordination
number X, and have postulated it as 12. The exact value
does not matter.) Free or almost free rotation of the
acceptor molecule within its cage is assumed. The sol-
vating molecules are also rotating in thermal equilibrium.

@
its solvation shell, it can interact with one donor to form
a true charge-transfer complex. Here the donor and ac-
ceptor are in fixed positions relative to one another. For
7r-7r complexes, the it orbitals of the donor and acceptor
will overlap. The greater the number of donors in the
solvation shell, the better the chance for complex for-
mation. As the complex is in equilibrium, it can also
dissociate back to a free acceptor and a solvating donor.

As the donor and acceptor separately have little or no
dipole moment, while the complex has a dipole, the
complex may possibly be stabilized by a polar environ-
ment. Though this postulate is debatable, its consequences
are discussed below. Since the formation of complex does
not change the nature of the rest of the solvation shell, its
polarity can be considered to be-the average of the solvent
and donor molecules present around that particular
complex. This is defined by .the solvent and donor
molecules present before complex formation. The change
in solvation shell polarity due to replacing a molecule of
solvent with one of donor will be approximately constant
whatever the solvation shell composition. The solvation
energy of the complex will also then change by a constant
value and the equilibrium constant for complexing will
change by a constant factor. If the doher is more polar
than the solvent (e.g., CC14), the equilibrium constant could
increase as donor concentration is increased. If the donor
is less polar than the solvent, the equilibrium constant
could decrease as donor is added, but as™.there are more
donors to potentially complex, the complex concentration
rises.

The mathematics for this is worked out in the Appendix
(supplementary material). The final equation is given as
follows:

C1 | 1
K 2i)x

[S]
KIK20\)X [D]

1+ ~[D]/[S]
1 + aK{D]/[S]

(1)
where [A] is the total concentration of acceptor (fumar-
onitrile) in all forms; [C] the concentration of complex; [D]
the concentration of donor (styrene), [D] >> [A] or [C]
<< [A]; [S] the concentration of solvent; Kxthe equi-
librium constant for replacing a solvent molecule with a
donor molecule in the solvation shell of the acceptor; K™u
the equilibrium constant for collapse to complex of an
acceptor molecule with one donor molecule in the solvation
shell; a the relative change in K2 due to the change of
polarity of the solvation shell when one solvent molecule
is replaced by a donor molecule:

/K2)

and X the number of molecules in first coordination shell
of acceptor. Under ideal conditions, Kland a = 1
Application to Optical Absorption. Using the UV light
absorption technigque one measures the absorbance, Abs
(optical density), of the charge-transfer band due to the
complex. According to Beer’s law, Abs = dc where eis the
extinction coefficient of the absorbing species, ¢ the
concentration, and | the length of the light path, that is,

a-~

If an acceptor molecule has one or more donors in
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TABLE IV: Values of R, /s/Sl, and a

a (first
Solvent R VS1° values)
CC14 0.797 11.75 1.025
CeH5C1 1.190 3.29 0.98
cZh4ci2 2.160 1.24 0.88
cZ2hoh 4.50 0.392 0.72

a Intercept and slope determined by least-squares
method.

of the cell. Since in most cases | = 1.c¢m, we can write the
relation between the measured absorbance and the con-
stants Ki and KJi>

[Al 11
Abs e
1Is] 1+ KAD]/[S]

+
JK ZAi)X  eKIKZi)X [D] | + a~[D]/[S]

(2)

For a = 1, eq 2 reduces to a form equivalent to the B-H
equation, though the coefficients have different meanings.
Equation 2 at low donor concentrations and/or a = 1 can
be simplified to

‘At . U . 1 ill 3,
Abs e eK2(Nt '~KxK2Wx [D]

To make a direct comparison with the Benesi Hildebrand
equation we can-write [S] ~ ([DQ] - [D])[SO/[D ( where
the subscript zero indicates the maximum possible con-
centration of the.solvent or donor. Equation 4 shows the
result. >u'

[A] 1 £

Abs e  €KANX
[Sa3/[D0] | [So]
eKiK2(i)X e K KmyX][T)]

As [SQ is usually about equal to [D(], if KIKZyix ~ 0.5,
the Benesi-Hildebrand treatment will have a near-zero
intercept, which has been found experimentally. 1f KtKia)-
x <0.5 and Kx< 1, the equation has a negative intercept,
which we have demonstrated. This can happen only if
both Kland KZ)x are relatively small, which means that
weak complexes in solvents which preferentially solvate
the acceptor are the ones which show complications.

When [A]/Abs is plotted vs. [S]/[D] (Figure 4), no zero
or negative intercepts appear. The linear part of the plots
is described by eq 3 and the intercept of the extrapolated
line, Is, is

1 1

I S
h e * K2ZiyX ®)

It can be seen from Figure 4 that the intercept decreases
as the dielectric constant of the solvent increases.

To find the first estimates of the various constants one
can proceed as follows, assuming that t remains constant

TABLE V: Parameters of Eq 2in Various Solvents for Fumaronitrile-Styrene System at 25 °C

Solvent da a

CC14 2.24 1.024 + 0.006
cbh i 5.7 0.979 + 0.006
cZhici?2 10.5 0.88 + 0.03
C2HsOH 24.3 0.72 + 0.08

ad is the solvent dielectric constant.

2649

as solvent is replaced by styrene. If ([A]/Abs)cis any point
on the curved portion of the plot of [A]/Abs vs. [S]/[D]
and /s is the extrapolated intercept, then their ratio is

CASd)rc /A' |1“°)X i
1+1 [sI "1+~(DU[S] I
Ki[D] _1+ aiVA[D]/[S])_
(1 + KZiyX) (6)

The left side of eq 6 can be determined from the graph,
as also the ratio of the intercept, Z3 to the slope, SI, for
the linear region of the curve.

1IS\ - ifi(] +Z2()X) @

The latter allows us to express K] in terms of known /3and
Sl and KQi)X 1If ([A]/Abs)s=0/ (13 is designated by R, one
can write

1- Ra*-1
A2(1)* _ (8)
<T\R ~ 1)
Now, for any value of &, eq 8 can be solved for K2il)x and
then eq 7 solved for KX These are substituted into eq 6.
An acceptable value of a is obtained when the right side
of eq 6 equals the experimental value. Table IV lists the
values of R, Z3S1, and the calculated values of a.

Once a and K2Ak are known, e can be easily calculated
from eq 5. As mentioned earlier this assumes that e does
not change with increasing donor concentration, an as-
sumption made by virtually all the previous workers in the
field.

Starting with the first graphically determined estimates,
the best estimate for each constant is obtained by mini-
mizing £/A2 These are given in Table V. The errors listed
in Table V are obtained as the standard deviations of the
estimates. No a priori assumption was made concerning
ein the four solvents, but it was found identical for all four
cases within error limits.

Table VI (supplementary material) shows the agreement
between the experimental and calculated values of
Abs/[A]. There is no trend in their differences as a
function of styrene concentration and a good fit is found
up to 100% styrene for all the solvents used. The average
root mean square of the differences ranges between 2 and
5% which is probably within the experimental error of the
determination.

As was pointed out earlier only a relatively small part
of the acceptor is actually in the complexed state. The
exact amount of the complexed fraction can be easily
calculated since the complex concentration can be de-
termined at any point from eq 1. The latter can be written
more explicitly as

[C]l= [AIK A ~AxuDI/tS]), M 1i@)*[D]/[S] +

, ~1 + -g,[D]/[S] ~
1+ ~[D
(L 2IDIRsh aivVADJ/iS] ©)

K, Kiyyx .~ e
0.165 + 0.0072 1820 + 60
0.283 + 0.0012 1850 = 70
. 0.895 + 0.041 1850 + 90
0.04G £+ 0.0013 8.0+ 0.3 1820 + 70
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Figure 4. [A]/Abs vs. [S]/[D] according to eq 2, where [S] is the solvent concentration: (a) in CCI4; (b) in C6H5CI; (c) in C2H4CI2; (d) in C2H50H.
[A], [D], and [S] are in M. Errors are shown in error bars when they are larger than the point diameter.

TABLE VI1I: Complex Concentration for the
Fumaronitrile-Styrene System in Different Solvents

%of
Donor concn, acceptor
Solvent mol/L in complex
CC14 1.58 11.1
C6H5CL 1.505 8.0
c,h4ci2 1.58 6.2
cZhSoh 1.59 3.6

If the absorbance is measured in a particular case, the
complex concentration is Abs/e, and the fraction of A
complexed is Abs/[A]e. Table VII shows the percent of
complexed acceptor in all four solvents, at a relatively low
styrene concentration. As can be seen, the highest complex
concentration is present in CC14, the lowest in ethanol.
Considering the high value of KZ\Xfor the ethanol system,
it is clear that the poor solvation of fumaronitrile by
styrene compared with ethanol, as shown by the low Kh
actually determines the degree of complexation, over-
coming entirely the effect of the favorable free energy

change for complexation. However, it should be pointed
out that even in a solvent as polar as ethanol, a finite,
reasonably large concentration of the complex is present.

We have so far emphasized the curvature in the various
[A]/Abs vs. 1/[D] and [S]/ [D] plots, and have presented
a method by which this can be rationalized. As shown
before, other methods attempting to solve difficulties in
treating the experimental data seem to fail in this aspect.
However, one can treat the data with a straight line ap-
proximation since the curvature is not large. Here, a =
1 and there is no change in K2with change in solvent/
donor composition. A minimization procedure gives the
estimates for the other three constants as shown in Table
VIIl. Comparison with the experiment is shown in Table
1X.

Table VIII contains much of interest; both k2YyX and e
are constant within the experimental error of the pa-
rameters. The only term which varies is the solvation
equilibrium term, Kv Here, it probably does not vary
enough. For example, fumaronitrile is much more soluble
in ethanol than in styrene, implying greater free energy

TABLE VIII: Parameters of Eq 2 when a = 1 for Fumaronitrile-Styrene System at 25 °C in Various Solvents
Solvent d K, K ~yx e
CC14 2.24 Ox 30 0.20 + 0.03 1950 + 0.0
C6HECL 5.7 3.74 £ 041 0.20 + 0.002 1830 + 45
c2n4ci2 10.5 3210 0.23 £ 0.01 1850 + 163
cZh5oh 24.3 2.30 £ 0.94 0.23 + 0.002 1895 + 260
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of interaction (Kx< 1). This was found if a is allowed to
vary, Table V, but not ifa = 1

Table IX (supplementary material) shows the agreement
between experimental and calculated values of Abs/[A],
Here the agreement becomes very poor as the solvent
polarity increases. For chlorobenzene and carbon tetra-
chloride, the agreement is within experimental error.
However, for 1,2-dichloroethane, the lowest concentration
point is off by 32% and in ethanol, the calculated values
of absorbance for the two lowest concentrations deviate
by 54 and 35%. The agreement for the rest of the values
is not as good as that found in Table VI. Thus in the polar
solvents, when a = 1, some agreement can be found in the
higher styrene concentration range, but there is systematic
curvature which cannot be accounted for by any straight
line equation. The calculated values for Abs/[A] given in
Table VI using the parameters in Table V show a random
error around the best line.

However, Table V111 shows constant K2px and Kxvalues
that do not differ as much from each other as those in
Table IV. The uncertainty in eis rather large in the case
of ethanol, which was also the case for which the constants
in Table IV differed very much from all the others.
Possibly ethanol forms a weak complex with fumaronitrile
by H bonding, and treatments assuming only one complex
will not succeed. We think that the straight line ap-
proximation, although not adequate, has the merit of
revealing whether a system is one in which the solvent is
competing through solvation (then, it should be a relatively
good approximation) or through complex formation with
one of the other components (bad approximation). In that
light the constants in Table V for the C2H50H case might
not have realistic magnitudes.

Remarks and Conclusions

This work, we'hope, offers some answers to the questions
discussed earlier. Possible curvature in B-H plots is
rationalized. It may be due to strong solvent interaction
with donor or acceptor.

The problem of “negative constants” is removed. We
see however a pronounced dependence of the complex
concentration on the solvent/donor mixture, where the
changing solvation of acceptor determines the shape of the
absorbance/donor concentration curve. The most in-
teresting result is that the overall complex concentration
depends mainly on Kh that is, on the ability of the donor
to compete with the original solvent in solvating the ac-
ceptor.

The usual assumption of constancy of the molar ab-
sorptivity with increasing donor concentration seems to
be justified. The contradiction implicit in earlier results
with different solvents is also resolved, since t was found
constant for all solvents. One can tentatively rationalize
this as follows. For a given donor-acceptor pair, the molar
absorptivity depends on the transition moment which is
proportional to the overlap integral of the complex. The
difference in energy between the lowest unoccupied M of
the acceptor and the highest occupied MO of the donor
in the complex is also partly determined by the overlap
integral. If there is greater overlap, the energy difference
decreases, X increases, and t becomes larger. Thus, a
constant X when changing solvent implies a constant
overlap integral and a constant t
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We now have a reasonable explanation for the many

reports that e sometimes changes with the solvent and
sometimes not. From eq 4 it can be seen that if K2k »
1 for the complex in question in a given solvent, the
constant terms sum is very close to unity and the intercept
of the linear plot is simply 1/e. As long as the complex
is strong enough {KW)x and Kxlarge in all solvents), e,
determined using B-H and related equations, would be a
constant. Whenever these conditions are not met, « would
vary.

The model seems to be applicable over the whole range
of donor concentration. Experimentally, only simple
spectroscopic measurements are required. The theory is
thus easy to use. The same basic approach can be applied
to NMR data. Here, however, differing solvation of the
acceptor and reference make the simple extrapolation
suspect. Correction by using a separate reference means
that the chemical shift of the free acceptor must by
measured and this is also difficult.
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Equations describing the effect of electrolyte on the potential of a dipole layer at a liquid-air interface are
set up. Their numerical solution is briefly outlined and the results of the calculation are presented. Substantial
screening results for potentials >0.1 V even at very low electrolyte concentrations (10 4 M). The calculated
variation of the screened potential with electrolyte concentration for various assumed values of the unscreeened
potential (i.e., with no electrolyte present) can be compared with the experimentally obtainable variation and
this allows an estimate of the unscreened potential actually present. The latter is estimated to be 50 mV in
the case of H2, the surface being negative with respect to the bulk of the water phase. The disruption of the
water dipole layer by reorientation of H2D molecules by ions is estimated. The effect is important only at high

electrolyte concentration (1-0.1 M) where it improves the fit of the experimental data to theory.

Introduction

In connection with a recent investigation of absolute
half-cell emfslit was necessary to estimate the magnitude
of the potential difference between the interior and the
free surface (in contact with air) of HD. Such a potential
difference has been postulated2because tetrahedral charge
distribution of HD might lead to preferential orientations
in the surface region and thus to a dipole layer which would
make the mean electrostatic potential at the surface
different from that in the bulk. The method used to
investigate this possibility and to estimate the sign and
size of the potential difference is based on the following
argument. If such orientation effects exist, they must
persist for some mean distance into the liquid. This
coherence length Xmust be at least 2-3 and probably more
molecular diameters, i.e., X> 10 A. It is thus possible for
electrolyte to penetrate into the dipole layer and partially
screen it. The extent to which the dipole layer potential
is reduced must be a function of electrolyte concentration.
If it is assumed that the presence of electrolyte simply
screens the dipole potential without otherwise disrupting
the structure that gave rise to it, it is possible to set up
and solve numerically an appropriate Boltzmann-Poisson
equation and thus to calculate the screening as a function
of electrolyte concentration c.

The screened potential difference, V(0), turns out to vary
most rapidly with ¢ the greater the unscreened, original
potential difference V°(0) (hereafter V°). It is possible to
find experimentally the change of V(0) with c in absolute
terms, i.e, the differences between V(0) values for different
concentrations of electrolyte, but not the absolute value
of any one V(0). By looking for the best fit of the ex-
perimental points to curves calculated for various values
of V° it is possible to deduce the magnitude and sign of
V°, i.e., the potential difference between bulk and surface
of the solution, as indicated in Figure 1. The screening
effect calculated as outlined ignores the fact that elec-
trolyte ions may tend to disrupt the preferential orien-
tation of the H20 molecules giving rise to the dipole layer
in the first place, and thus gives a lower limit to screening.

fPresent address: Dartmouth College, Hanover, N.H. 03755.
1Present address: Systems Science and Software, La Jolla, Calif.
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In ref 1 only the results of a calculation ignoring this
disruption effect were used to estimate V°. In addition to
presenting this calculation we include here a rough esti-
mate of the disruption effect and its possible effect on the
value of V°. It turns out that the effect is very small at
concentrations still high enough to cause substantial
screening, so that the estimate obtained in ref 1 is not
substantially altered.

Formulation of the Problem

We start by describing the screening calculation for a
given initial distribution of H2D dipoles which is assumed
to remain unchanged by the introduction of electrolyte.

We assume that the water-air interface is flat and that
the original unscreened potential at the interface is

V°(z)= V°e-Zix (i)

where 2 is the direction normal to the surface and is taken
as positive into the interior of the solution. V° is the
potential at the surface, relative to that in the bulk, as
already pointed out, and Xis the e-folding or coherence
length. We shall take V° as positive, although this is of
course arbitrary. If this potential is assumed to be formed
(for reasons of mathematical convenience) by a fixed
positive surface charge layer and a charge density p° of
opposite sign decaying into the interior of the solution, the
latter can easily be shown by direct application of Poisson’s
equation to have the form

-4 dp°= (V O0I\2)e~zix (2)

in agreement with the second derivative of V°(z).

The simplest Poisson-Boltzmann equation which can
be written treats the electrolyte ions as point charges and
assumes that their heat of solvation is constant up to the
liquid-air interface. The resulting equation (for mono-
valent ions) is

d2Vv/dz2= - (4Trcq/K)(e~VQKT -
e VQIKT) + (V°/X2)e~2/x (3)

where ¢ is the magnitude of the ionic charge (taken as
positive) and K the dielectric constant. We introduce the
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Figure 1. Plots of calculated curves of V(0) vs. monovalent electrolyte
concentration for various values of the unscreened dipole layer potential
V° at 300 K. The values on the curves indicate the assumed coherence
length X of the layer and the assumed strength of 1/°. The curves were
calculated for anion and cation radii of 2 A from eq 17. The triangular
points represent the experimentally determined1variation of V(0), fitted
tothe\ = 10 A, V° = -0.05 V curve by suitable choice of the ordinate
zero for the experimental curve.

new variables jp= Vg/kT,y = zjL, and a = L/A where L
is the Debye length

L = (KkT/8ncg2)1/2= 0.34(KIM)12 A (4)

with ¢ the concentration in ion pairs/cm3 and M the
concentration in moles/liter. This transforms eq 3 into

d2ip/dy2 = sinh ip + (;°a2e-ay (5)

where = V°g/KT. For sufficiently weak jpeq 5 can be
linearized by replacing sinh pby Qwith the straightfor-
ward solution

I(y)/l° = (a2a 1 j(ae~ay- e-y) (6)

which leads to
<PO)AR°= V(0)/V°e =al(l + a) (7)

The nonlinearized form, eq 5 must be solved numerically.
Since analytic solution is not possible in any case, both eq
5 and a more sophisticated version were solved. The latter
takes into account that the heat of solvation of ions de-
creases as they approach the air interface because of image
effects, i.e., that a potential energy term reflecting this
change must be added to V. The latter has been shown
by Onsager and Samaras3to have the form

W = A(q2/4Kz)e~2/N (8)
with A a factor taking the finite size of ion into account:
A =erll/(l + r/L) 9)

where r is the ionic radius. The effect of including W in
the Poisson-Boltzmann equation is twofold. First there
will be a tendency for ions to avoid the immediate surface
region, thus decreasing the amount of screening, relative
to that indicated by eq 5. Second, introduction of elec-
trolyte will produce a surface dipole layer if anion and
cation concentrations in the surface region differ. This will
be the case if anion and cation radii differ, because of the
A term in eq 8. The Poisson-Boltzmann equation now
takes the form

dvidyo= Jl%e"(\/‘ﬂi:‘l) -

3 +

AW+IH (10)
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where the quantities ©, Y, and a are defined as before.
Equations 5 and 10 must be solved with the boundary
conditions

dir/dyL =0 (|D
=0 (12)

and the constraint

JoPion —U (13)

The integral constraint, eq 13, can be rewritten

/o' [d2w dy2] dy - ip° = 0 (14)

or in view of eq 11

-di~/dyio = gF (15)

For purposes of numerical solution it is convenient to
introduce the new independent variable

X = e~ay (16)
whose range is 1to 0. Equation 10 then takes the form

ax2AdV/dx2 + ax(dp/dx)+il 2[e"fepaa’nx -

gfpf <K2,a/lnx] _ ~ a2x = 0 (1?)
where

= AL (18)

4KLKT

where the positive subscript refers to cations of radius r+
and the negative subscript to anions of radius r . Since

cup+ = A+ - mm=Smmmmoo fiai

eq 17 goes over into the transform of eq 5 if, for given a,

Xis allowed — The constraints eq 11-13 take the forms
p(x =0)=0 (20)
x(dv?/dx)l0= 0 (21)

-(-j-)-(-[eqnp-aXZallnx _e-vepaddIn*] = q (22)

and the analogue of eq 15 becomes
dip/dxlj = tp°/a (23)

Method of Solution

Numerical solution of eq 17 was carried out by replacing
the continuous variable X by a discrete set of N + 1 equally
spaced points X, (t = 0to N). The derivatives at a given
X, were then evaluated by assuming ipto be quadratic in
the interval x, Xto x1#1, which yields

dip/ax, T T <P (24)
Xit1—Xj_i

and

d2ip/dx2X + VXJD) - 29p(9) (25)

(xi+i - Xj)2

The differential equation eq 17 was then evaluated at the
interior points generating N nonlinear al-
gebraic equations in the N + 1 unknowns <00...<pXxN).
The two additional equations required for the solution
were obtained from the boundary conditions eq 20 and
either the integral constraint eq 22 or the differential form
eq 23. The integral condition was reduced to an algebraic
equation in y>x-) by using Simpson’s rule, and the dif-
ferential boundary condition was evaluated by applying
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Figure 2. Plot of <p{y) vs. /based on solution of eq 17 and the following
parameter: 9° = 10, X = 10 A, r+ = r_= 2 A.

eq 23 to the interval xN2to x,v. The resultant system of
N + 1 nonlinear equations was solved using Brown'’s it-
eration method.4 The initial guess for the y(xj values
required for the iteration was obtained either from the
solution of the linearized equation, eq 6, or from a previous
solution for slightly different parameters.

For a < 1 and N = 20, solutions of eq 17 using the
integral and differential boundary conditions were in
excellent agreement. At higher values of a the two results
diverged badly even with N = 40 because of a breakdown
in the numerical approximation to the integral boundary
conditions. The reason for this is most easily seen by
considering the linearized version of eq 5, for which the
integral boundary condition becomes

fo Pdy =0 (26)

This condition obviously requires a crossover from a region
of positive jpto one of negative Ppand this is found from
eq 6 to occur atyc

Ina
Ve (27)

a-1
except for a = 1 where yc= 1. The corresponding value
of X, Xc, is

X C = a"Cal<oM)1 (28)

which approaches 1/a as a —»m, Consequently the
negative part of the integral corresponding to eq 26 in X,
pspace is compressed into a very narrow range of X values
so that numerical integration becomes difficult. In the case
of eq 17 the form of the integrand of eq 26 is no longer
quite so transparent, but again involves balancing positive
and negative regions of integration. Figure 2 shows a plot
of ipvs. y for a solution of eq 17 with {f = 10, A= 10 A,
and a = 1. For this case yc = 0.9, very close to the value
for the linearized equation. Thus the same crowding occurs
for large values of a Actual calculations were therefore
carried out with the integral boundary condition and N
= 20 for a < 1, and with the differential boundary con-
dition and N = 40 for a > 1.

Results

Figure 2 shows a typical potential distribution in real
(normalized) space. The potential varies quite steeply at
first, then becomes weakly negative, flattens out, and
gradually approaches 0 as 'y -»= °°. For the particular
example picked the crossover point is almost exactly the
Debye length; as iff increases and screening gets stronger,
the crossover is shifted to smaller values, but is still of the
order of L, as expected. Before discussing the dependence
of V(0)/V° on a for various situations, it will be useful to
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Figure 3. Plots of ip(0) vs. a (and concentration in moles/liter) for ip°
= 1, A= 10 A, and various combinations of r+ and r_, indicated in
A by (r+, r_) on the figure.

recall that a = L/X and that L @ ATY2so that M, the
concentration in moles/liter, is proportional to (aA)-2. If
the dielectric constant of H2 is taken as 78, we find that

M = 9/(aA)2 (29)

for Xin A.

It was pointed out in ref 1 that the assumption of a
normal dielectric constant, even in the region of the ori-
entation produced dipole layer, is physically reasonable,
since the ion-water interactions are much stronger than
the water-water orientation producing interactions. It
should also be pointed out that this amounts, in part, to
taking the disruption effect into account.

Figure 3 shows plots of V(0)/ V° for 99 = 1 and various
combinations of r+and r_, for X = 10 A, as function of a
(and M). The variations are in the expected direction: For
r+ = r_the values of r(2 or 1 A) make very little difference.
Forr+= 1A, r = 2A, V(0) lies above the value for equal
radii, and for r+ = 2 A, r = 1A the curve lies below those
for r+ = r by almost the same amount. These differences
correspond to ion concentration differences near the
surface. However, the effect is quite small. At a = 0.1,
corresponding to a 10 M solution, this potential is only
0.075KT, and as a increases, i.e., the concentration de-
creases, the curves rapidly converge. For higher i the
absolute values of these ion caused layer potentials have
virtually identical values at the same concentrations. This
means, of course, that the V(0)/V° values will be much
closer for various combinations of radii.

Because of the smallness of this effect and the insen-
sitivity to actual values of r, we discuss from this point on
only curves based on r+=r_= 2 A. Figure 4 shows plots
of V(0)/V° vs. a for a number of iff values for X = 10 A,
and Figure 5 shows similar results for X = 20 A. Also
shown are the linearized results and those based on eq 55
for two values of j. Several facts are worth noting. Up
to iP = 4 the linearized result is in quite good agreement
with the more exact solutions. For higher values of {3 the
nonlinear equation gives much stronger screening, which
increases drastically with increasing . Equation 5, which
neglects the avoidance of the surface by ions, gives stronger
screening than eq 17. It has already been indicated that
eq 17 goes over into eq 5 (or its transform), as X “m». It
is consequently not surprising that the solutions of eq 17
and 5 agree more closely for X= 20 A than for X = 10 A.



Dipole Layers at Liquid-Air Interfaces

Figure 4. Plots of = 1/(0)/ V° vs. a for various values of
for X = 10 A r+ = r_= 2 A based on eq 17. {F values indicated
by numbers next to curves. Dashed curve represents solution of
linearized version of eq 5. (¢) and (m) are solutions of eq 5 for ¢° =
4 and 10, respectively.

Figure 5. Plots of <"0)/<p® = 1/(0)/ V° vs. a for various values of jp°
for X= 20 A r+ = r_= 2 A based on eq 17, YJ values indicated
by numbers next to curves. Dashed curve represents solution of
linearized version of eq 5. () and (m) are solutions of eq 5 for ip° =
4 and 10, respectively.

Further, the disagreement becomes more pronounced for
larger 43 as one would expect. The differences between
the X = 10 A and X = 20 A results are in general quite
small, particularly when translated from a to concentra-
tions.

It was stated in the Introduction that the variation of
V(0) with concentration became more pronounced the
greater V°. It might be thought from the curves of Figures
3 and 4 that the variation decreases with increasing V°.
It must be remembered however that these curves show
relative variations, V(0)/V° vs. a (or concentration), while
the curves needed for comparison with experiment are
absolute variations, V(0) vs. M, and these do in fact vary
more steeply the stronger V°, as shown in Figure 1.

Finally it should be pointed out that the limits of validity
of the present treatment are somewhat different from those
of Debye-Huckel theory. We are primarily considering
the interaction of ions, not with each other but with an
external potential (even W can be considered as such). At
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high concentrations the Onsager-Samaras approximation
to W is undoubtedly poor and the quantitative values of
the ion segregation potential are therefore not very reliable,
although the order of magnitude of the effect; should be
correct.

The Disruption Effect

It was pointed out in the Introduction that the as-
sumption of a fixed orientation produced dipole layer,
unaffected by electrolyte, is too naive, since ion-water
interactions will tend to reorient H2D molecules and thus
disrupt the preferential orientation giving rise to the dipole
layer. We give in this section a rough estimate of this
effect. We first calculate the unscreened but disrupted
potential remaining at a given electrolyte concentration,
and can then proceed to calculate the screening as already
outlined. Since the excesses or deficiencies in cation or
anion concentration required for screening are exceedingly
small, this procedure is adequate.

We start by assuming that each ion reorients a spherical
solvent shell of radius rOand thereby reduces the polar-
ization per unit volume by (4/3)irr@3so that the original
potential V° is reduced to a value VO

VO'= Veo(l - 2(4/3);rr0%) (30)
= F°(l - 0.005Mro3)

if ¢ is expressed in moles/liter (M).

We use the following model to estimate r0: Immediately
surrounding each ion we assume a rigidly oriented inner
hydration shell of thickness r0. Beyond this shell we
calculate the total polarization per ion as follows. The field
seen by a water molecule from a given ion is radially
outward from the ion and given by

zZISL _ + —V 1L 1)
2 dr 2 K Lr)

where the factor (3/2) takes into account that the H2

molecules under consideration must be considered to be

in a cavity in the medium. The mean dipole moment of

a water molecqle in this field is, neglecting HD-H 20

interactions

1nZE
3 kT

so that an upper limit to the total polarization per ion, P,
(beyond the rigid shell up to r@ is

(32)

p=fr QB2 (1 e rL47a2dr
2KKT \r2
3qR2
g-r,7A2 + r0/L) 33
2KLZXT (33)

The effective volume polarized per ion is P//x- Since the
ion-dipole interaction energy divided by KT is of order
3_0qjJ_

2 KI’ZKT rA
the approximation inherent in eq 32 for {n) is adequate

for our purposes, since we shall take r0 > 5 A. Thus the
total volume of water Vv reorganized per ion is

gix2nL
KkT

If eq 4 is used to express L as a function of concentration
M we obtain for the analogue of eq 30

<1 forr> 5A (34)

e~r’'IL(2 + r0/L) (35)

Ve'/V°= 1- 0.005Mr03-
0.122M1/V Mo123(l + 0.167ro'Mm ) (36)
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Figure 6. Plots of 1/0'/ V° vs. Mfor various values of r0, indicated on
figure, based on eq 39. Dashed curves are continuation of eq 39 beyond

1/0/ ifo = 0.26.

Thus the disruption effect appears linear in M at high, and
roughly square root in M at low concentrations. However,
for r0 > 5 A the total effect is negligible at concentrations
where the third term in eq 36 dominates so that we are
justified in using only the second term, i.e., in using eq 30
with rO~ r0. In other words, the dominant effect is the
creation of a rigid hydration shell, with reorientation
beyond this shell essentially negligible. Thus the calcu-
lation of the reorientation effect is insensitive to the details
of the ion-H2 interaction beyond the rigid hydration
shell. At very high concentrations this equation gives an
incorrect behavior since VO/V° cannot become negative,
but should approach 0. Somewhat arbitrarily we assume
that eq 30 describes the disruption up to a concentration
corresponding to the touching of the hydration shells,
which corresponds to

0.005Mro3= 0.74 (37)

since the volume fraction occupied by close packed spheres
is 0.74, so that eq 30 holds for

M < 148/r03 (38)

For higher concentrations we take VO/ V° = 0.

It is possible to refine the model slightly by taking into
account that the potential W reduces the ion concentration
near the surface, that an ion near the surface disrupts a
truncated sphere, and finally that the polarization of the
orientation dipole layer decreases exponentially rather than
linearly. When these effects are included one obtains, for
the hard-shell model

V°'/V°s i- 0.005M/a°[ro3+ >/4(r0- z)3-
JYQrO- z)2le-w(2)lkTe-zIxdzI\ -
0.005Me~r°ix (39)

Equation 39 was solved numerically for several values of
r0, taking X= 10 A. The results are shown in Figure 6. We
assume that VO/ V° is represented by eq 39 until VO/ V°
= 0.26 according to eq 39. We take this as the point where
the hydration shells effectively touch and assume VO, = 0
for higher concentrations. This procedure is of course
crude but cannot make a great deal of difference, since,
for rQ> 7 A, V°7V°is«1 at M = 1leven if eq 39 is used
while at M = 0.1, V°7V° is already close to unity. Thus
disruption effect is essentially an off-on effect: Nearly
total disruption at M > 1 and very little disruption at M
< 0.1

We consider rO = 7 A the most reasonable choice on
physical grounds, since it amounts approximately to two
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Figure 7. Plots of screened disrupted surface potential vs. M for two
values of V°, Indicated on figure. Solid lines, 1/(0), uncorrected for
disruption; dashed curve, r0 = 10 A; dotted curve, rO = 7 A; crosses,
ro = 5 A. Also shown are the experimental variations in surface
potential,1 which can be superimposed by suitable adjustment of
ordinates on the V° = -0.05 V curve. Best fit at high concentration
is obtained by assuming r0 = 7 Aineq 39 and X = 10 Ain eq 17.

H2 “layers” around each ion, and also averages the size
differences between K+ and CT, the ions used in the
experiments of ref 1 to investigate the effect of electrolyte
concentration on layer potential. Curves of net remaining
potential (disruption and then screened) vs. electrolyte
concentration based on various r0 values are shown in
Figure 7, together with the experimental points taken from
ref 1. The fit of the experimental points to the corrected
curve for V° = -0.05 eV, X= 10 A, and rO= 7 A'is for-
tuitously good.

Discussion

It is worthwhile to consider the validity of the ap-
proximations in the present treatment of the surface
potential screening with particular emphasis on the de-
termination of absolute half-cell emfs. In the problem
considered here we are primarily concerned with the
screening of an effectively external potential by electrolyte
ions. For this situation the Poisson-Boltzmann equation
is a far less drastic approximation than it is for ion-ion
interaction since the screening arises essentially from the
variation in singlet density (i.e., ionic concentration) re-
sulting from the external field. The fact that the ion-ion
interaction cannot be treated accurately by the Debye-
Hiickel limiting law at high concentrations is not relevant,
except to the extent that it modifies the form and value
of W, the repulsive potential seen by ions as they approach
the surface.

The Onsager W used here is certainly a crude ap-
proximation because it assumes symmetrical screening of
ions, which implies that there are other ions between the
reference ion and the surface, which is not true for ions
very near the surface. This defect will only be important
at high concentrations, since at low concentrations the
attenuation implied by the Debye length is unimportant
for an ion close to the surface. Support for the adequacy
of the Onsager treatment comes from the fact that it
predicts very substantial exclusion from the surface region
(020 A at low concentrations, and correctly calculates the
increase in surface tension with electrolyte concentration,
when applied to the Gibbs adsorption equation.3

At high concentrations the Onsager W becomes dubious
as already indicated. While the screening calculated at
high concentrations may therefore be in some error, the
net effective potential resulting from the combination of
screening and disruption will not be in serious error be-
cause disruption destroys the orientation layer at high
concentrations. Disruption will be effective even if the
distance of closest approach of an ion is only rQ, the radius
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of the inner hydration shell.

We conclude then that at low concentration (M < 0.01)
our model is reasonably quantitative, both for screening
and disruption, while for M > 1 screening and disruption
combine to make U(0) = 0. Thus the difference in ex-
perimental values of V(0) at M = 1 and at M = 0.0001
alone should suffice to fix V°. In addition the fit of the
data to the theoretical curve for M < 0.1 should also be
quite good. As Figure 7 indicates this also serves to fix
Ve, although not as accurately, since the variation of the
theoretical curves in the range M = 0.1 to 10 4is of course
less, although still appreciable for V° > 0.05 V. Thus the
present work confirms the assignment of V° = -0.05 V
made in ref 1 and consequently the absolute value of the
standard hydrogen half-cell emf obtained there, -4.73 V.
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Preparation of a Totally Ordered Monolayer of a Chromophore by

Rapid Epitaxial Attachment
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In a study of the specific surface interaction between anisotropic substrates and surfactant chromophores, we
have prepared one totally ordered monolayer of chromophores and one partially ordered layer from a trial array
of two substrates and five surfactant chromophores. The ordering results from some structural coincidence
(epitaxial attachment) between the substrate and the chromophore. Thus the comparison of successes and
failures is informative, particularly when the difference turns about the addition of an ethyl group to a nonorienting
molecule. This is a new method, based on the formation of a compressed monolayer at the water-air interface
in a surface balance. This monolayer is lifted onto a solid substrate, but here the substrate is selected to have
a preferred atomic arrangement in one direction lying in the surface. When a dimensional coincidence exists
between host and guest, the production of order is very rapid, occurring at lifting rates of 1 cm/20 s. Orientation
is observed as polarized absorption of light incident normal to the film surface. The substrate-chromophore
combinations which gave orientation were gypsum + 3,3'-dioctadecyl-9-ethylthiacarbocyanine+ (total orientation)
and gypsum + 3,3'-dioctadecyloxacyanine+ (partial orientation). The first dye is an analogue of a class of useful
photographic sensitizing dyes, and its success as compared to 3,3'-dioctadecylthiacarbocyanine+ parallels the
behavior of the thiacarbocyanine sensitizers. A structural hypothesis is proposed for the spectrum of the highly
oriented aggregate. Once an epitaxial pair has been discovered, the ordered attachment is found to be highly

insensitive to conditions of film deposition.

The first identifiable scientific study of monolayer
spreading was performed by Benjamin Franklinlin 1774.
The preparation of close-packed monolayers on a water
surface can be traced back to the work of Raleigh,2
Pockels,3and Langmuir,4and Blodgett.6 The more recent
application of this technique to surfactant molecules
containing chromophores has facilitated a whole new class
of experiments in luminescence and energy transfer.§7 The
most recent advance in this art is the successful transfer
of such monolayers from one solid substrate to another
without the intervention of a solvent phase.8

The monolayers prepared in this way have a high degree
of internal order. In the more common case, the chro-
mophore long axes all lie parallel to the layer plane, and
in undiluted films the molecular short axes of the generally
planar chromophores stand perpendicular to the layer
plane. The long axes of near neighbor molecules usually
lie parallel in the plane, giving structures similar to the
red-shifted “J” aggregates9so useful in the technology of

* Address correspondence to this author at Rutgers, the State
University of New Jersey, New Brunswick, N.J. 08903.

sensitizing silver halide photographic emulsions to long
wavelength radiation.

The present experiments were initiated in order to
remove the last degree of disorder from these systems.
Even with the ordered arrangement described above, the
monolayer film presumably exists as an array of micro-
scopic domains or islands of complete order, but with the
stacking axes of adjacent islands in random distribution.
One comes naturally to this hypothesis of complete order
within islands from viewing electron micrographs of other
cyanine dye aggregates showing free-standing linear
structures with complete order over thousands of ang-
stroms of length. This is quite unlike the local order and
long-range “axis-wander” experienced in liquid crystals.
The observable consequence of this island-to-island dis-
order is the absence of polarization effects in the ab-
sorption of light incident perpendicular to the layer plane.
Polarized light absorption has been observed in the case
of chemisorbed dye aggregates on anisotropic crystal
faces.10'12 However, this type of orientation is produced
only slowly and requires special treatment o: the host face.
We have sought to combine the ease, speed, and control
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of monolayer spreading with directional control by an
anisotropic substrate. The need for this type of control
is indicated precisely by the absence of polarization effects
in the formation of close-packed monolayer films and in
the lifting of these monolayers onto isotropic substrates
such as glass or arachidic acid coated on glass. Polarization
effects can be seen with spread films, but only when the
critical film pressure is exceeded and the monolayer is
collapsedi13 or buckled. This collapse can be observed
through the appearance of jagged dark lines across the film,
and these lines indicate both multilayer formation and the
existence of anisotropic forces in the region of collapse. No
such irregularities should be present when a totally ordered
monolayer is prepared.

The selection of a substrate was the most critical step
in this experiment. The anisotropic silver halide faces,
AgCl (110) and AgBr (111) (isotropic, but having extended
and narrow terraces), were excluded because of the long
adsorption times required to secure orientation.1112 Mica
was excluded upon noting Skerlak’s observation that the
historical sensitizer |, T-diethyl-2,2'-cyanine+ adsorbed on
mica without exhibiting polarized light absorption.14 In
general, one seeks a crystal face which is chemically and
electrically anisotropic, but which will not bind the
chromophores too strongly to permit reorganization and
ordering of the initial monolayer.

At precisely this point in our thinking, the problem of
a directing substrate was posed to Professor Laves of the
Crystallographic Institute of the E.T.H. in Zurich. Pro-
fessor Laves was asked to suggest some common minerals
having the following properties: (1) transparent in the
visible and near ultraviolet regions; (2) easily cleaved along
well-defined faces; (3) having anisotropy in the cleavage
face; (4) slightly soluble in water; (5) inexpensive. He
required all of 1 min to suggest gypsum, CaS04-2H2, as
a first candidate, and another minute to produce and
cleave the large sample of gypsum3®which was used in all
of the successful experiments to be described. We are
happy to acknowledge his contribution to the experiment
and his donation of the key material.

Requirement (4) may seem enigmatic, since the cleavage
face ought not to be destroyed during the coating oper-
ation. However, recent experiments on adsorption of dyes
to NaCl15 have impressed on us the desirability of some
slight facial reorganization and reordering. To extend the
usual logic of surface science, there are clean surfaces, real
(contaminated) surfaces, and self-reorganizing surfaces. Of
these, the last seem far easiest to study.

A second, synthetic substrate was on hand and was also
tested for possible orientation effects. This was a sample
of 5X stretched polyvinyl alcohol, a highly anisotropic
material used in the production of retardation plates and
polarizers. This material was a gift from Mr. Albert S.
Makas of the Polaroid Corp. Polyvinyl alcohol is readily
soluble in water unless held in the stretched state, so our
experiments were executed on films held under spring
tension.

With one exception, the surfactant dyes used in these
experiments were materials existing from prior syntheses
and investigations in this laboratory. The exception is the
dye LI'-diethyl-S.S'-dioctadecyl-S.S'.G.e'-tetrachloro-
benzimidazolocarbocyanine+ p-toluenesulfonate”, a gift
from Dr. D. F. O'Brien of Eastman Kodak Co.16 The other
dyes and their associated anions are A”™N-dioctadecyl-
oxacyanine+ perchlorate- (Figure 2), iVW'-dioctadecyl-
oxacarbocyanine+ perchlorate” (Figure 3), IV,IV-diocta-
decylthiacarbocyanine+p-chlorobenzenesulfonate” (Figure
3), and AL/V-dioctadecyl-9-ethylthiacarbocyanine+ per-
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chlorate® (Figure 4). We do not believe that the anions
exerted any significant effect, since the concentration of
dissolved CaS04 in the lifted meniscus can approach
saturation: Ca3+ = S04 = 0.014 M. CdCI2(3 x 10“4 M)
and NaHCO03 (5 X 10“5 M) were present in the water
substrate except when MgS04was present.

The surface balances and the high sensitivity differential
spectrometer (single beam optics, oscillating sample, and
phase-sensitive detection) have been described.7 Mono-
layers were spread on water and also on 1.0 M MgS04
solution. Both temperature and pressure of spreading were
varied. The most common set of spreading conditions was
as follows: water, 15 °C, 30 dyn/cm pressure. In all cases,
the dyes were dissolved in CHC13and spread as the organic
solvent evaporated.

Since maximal interaction between dye and substrate
was desired, the spread monolayers were lifted in the “Z”
model7 to place the chromophoric end of the surfactant
molecule against the substrate. “Z” spreading was ac-
complished by excluding a small area of the total water
surface with a ring cut from large glass tubing, spreading
the dye film, lowering the substrate (gypsum) through the
ring and into the water phase, dropping the ring below the
surface to allow film-substrate contact, and finally raising
the substrate out of the water and through the surface film.
Lifting rates were of the order of 0.05 cm/s. Only half of
the substrate crystal was immersed, so that the coated and
uncoated sections could be compared in the differential
spectrometer. Most of the monolayer coatings were
photosensitive, so samples were stored in' the dark and
examined in the spectrometer shortly after coating. The
photosensitivity was not so great as to require exclusion
of oxygen from the spectrometer sample compartment.

Gypsum is a monoclinic crystal, cleaving naturally in the
ac plane.18 Thus there is no ambiguity as to the location
of the b axis perpendicular to the cleavage plane. Un-
fortunately, all six possible permutations of the (100),
(101), (102), and (001) directions have appeared in the
literature as unit cell edges. The axes of DeJong and
Bouman19 give the shortest unit cell edges and so corre-
spond to the present convention. However, this desig-
nation of axes is also arbitrary, and one cannot in general
predict the preferred direction for attachment of molecular
long axes. In fact, orientation did occur along the a axis
of DeJong and Bouman for the molecules examined here.
It could perfectly well occur along some other axis for some
other surfactant chromophore. The relative orientations
of the more common published axes are represented in
Figure 1

For propagation of light along the b axis in a gypsum
crystal there are two perpendicular directions corre-
sponding to the maximum and minimum indices of re-
fraction. These directions are easily located by finding the
directions for extinction with the crystal between crossed
polarizers, as in a petrographic microscope. As shown in
Figure 1, neither of these null-rotation directions corre-
sponds to any of the possible crystal axes.18 This intro-
duces an optical complication, since the crystal will act as
a partial depolarizer when one attempts to measure the
degree of polarization of absorption using a crystal coated
on both sides. To avoid this difficulty, we cleaved the dyed
crystals and examined the final sample with the single
monolayer-dyed face toward the calcite polarizer. While
the grating monochromator had very appreciable internal
polarization,2 this was completely overridden by the
essentially perfect polarization of the calcite polarizer.

Results

Since the results of this type of orientation experiment



Preparation of a Totally Ordered Monolayer of a Chromophore

GYPSUM UNIT CELLS
PROJECTED on THE
CLEAVAGE (b) PLANE

Figure 1. Some of the various unit cells which have been used to
describe the crystal structure of gypsum: CaS04-2H20. The monoclinic
b axis, being perpendicular to any chosen a and c axes, is uniquely
defined, but there is an element of arbitrary choice In the designation
of the nonperpendicular axes. The cell of DeJong and Bouman conforms
to the convention of choosing the shortest possible axes, and the a
axis of this cell corresponds to the direction for successful orientation
of long axes of adsorbed dye molecules. The large gypsum crystal
used to prepare samples for this investigation exhibited natural striations
along the a and c axes, so orientation of the crystal was accomplished
by comparing the striations with the direction for nondepolarization of
transmitted light, as shown by the perpendicular arrows.

Figure 2. Partial orientation of the dye 3,3'-dioctadecyloxacyanine+
on the gypsum cleavage face. The absorption band at 403 nm arises
from a surface aggregate of the dye, presumably having a "brickstone”
structure with the molecular long edge (0-0) on the gypsum surface.
The dichroic ratio shown here is about 3:1, the highest obtained with
this dye. The broader absorption bands at 384 and 366 nm resemble
the solution spectrum, and are presumably associated with chromo-
phores adsorbed flat-on to the gypsum surface. The aggregate and
monomer systems can be further distinguished by the relatively rapid
photobleaching of the aggregate absorption. The polarization of the
bands at 384 and 366 nm is apparent only, resulting from unequal
zero-absorption baselines (dashed lines) caused by multiple internal
cleavages within the crystal sample.

are not easily predicted from one surfactant dye to another,
we shall report the results in the order obtained, to il-
lustrate the interplay of confusion and understanding. The
very first dyeing with 3,3'-octadecyloxacyanine+ produced
highly significant polarization at 403 nm, as shown in
Figure 2. The two shorter wavelength absorption bands
of this molecule at 384 and 366 nm are characteristic of
the isolated molecule and the dimer, respectively, and
showed no polarization at any time. The slight apparent
polarization of these bands results from shifting zero
absorption baselines, as indicated by the dashed lines.
This baseline shift is associated with the optical effects of
internal cleavages in the particular gypsum sample.
The long wavelength absorption at 403 nm is assigned
to an aggregate of the dye with chromophores in a
“brickstone” geometry.2l This aggregate has a primitive
unit cell (one molecule) and a single absorption band.
Ratios of absorbances as high as 3.0 were obtained, and
with this initial success in hand, it seemed an easy matter
to alter the conditions of spreading to raise the ratio of

2659

c18 cl18

Figure 3. Structures of three 3,3'-dioctadecylcarbocyanines which gave
no significant dichroism upon attachment of a compressed monolayer
to the gypsum face. The negative result for the third of these dyes,
3,3'-dioctadecylthiacarbocyanine+, is especially significant, since it
resembles so closely the dye of Figure 4.

aggregate/monomer coverage and simultaneously to im-
prove the dichroic ratio (ratio of parallel/perpendicular
absorbances in polarized light). In fact, we were unable
to improve the dichroic ratio of the initial result. The
spreading of a film of 1.1 M octadecane/dye produced
layers with almost all dye in the aggregate form, but
destroyed all significant polarization. Changes aimed at
improved monolayer order included spreading at reduced
temperature, spreading at increased film pressure, and
spreading over a 1.0 M MgS04solution, the last to fix a
negative charge on the substrate by the common ion ef-
fect,3land so increase the attractive forces between cationic
dye and gypsum substrate. When none of these steps
proved to be effective, we were forced to conclude that the
packing structure of the aggregate of this dye was not
closely commensurate with any major parameter of the
gypsum surface.

The next three dyes were chosen for examination on the
basis of similarity to known photographic sensitizing
materials, and are shown in Figure 3. None of the three
gave any significant polarization of absorption on at-
tachment to gypsum. The first dye, 3,3'-dioctadecyl-
oxacarbocyanine+, gave a broad absorption band with
equal peaks at 470 and 496 nm, suggestive of a
“herringbone” packing structureZ2with molecular long axes
arranged in a nonparallel geometry.

The second dye, |, T-diethyl-3,3,-dioctadecyl-5,5',6,6,-
tetrachlorobenzimidazolocarbocyanine+, has the chro-
mophoric backbone of a class of favorite photographic
research materials. The parent compound of this class,
the 1.T~S'-tetraethyl derivative, has given strongly po-
larized absorption when adsorbed to anisotropic faces of
AgBr and AgCl.1122 O’Brien has investigated the 3,3'-
dioctadecyl derivative extensively16 and shown that it
forms a relatively unique structure on well-ordered AgBr
faces with absorption at 577 nm. This matches almost
perfectly with the absorption of the tetraethyl derivative,
and can be attributed to an ordered, epitaxial attachment
to AgBr, like that identified from the observations of
polarized absorption.11 O’'Brien also observed that the
surfactant dye absorbed at 592 + 2 nm on a wide variety
of disordered substrates including evaporated AgBr. On
this basis we expected to observe polarized absorption on
gypsum surfaces, and were considerably disappointed. The
absorption maximum on gypsum was blue-shifted from
O’Brien’s 592-nm value, varying from 564 to 582 nm. On
gypsum this material is certainly packing with chromo-
phoric long axes parallel (the J-aggregate structure) but
with a wide variation of aggregate sizes and with island-
to-island disorder.

The last of these unsuccessful dyes is 3,3'-dioctade-
cylthiacarbocyanine+. The chromophore of this molecule
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Figure 4. Successful orientation of the dye 3,3'-dioctadecyl-9-
ethyithiacarbocyanine+. This dye was spread from CHCI3 solvent onto
pure water at 15 °C, and the monolayer film was compressed to a
pressure of 30 dyn/cm. A gypsum crystal was then lifted through the
film from water to air (Z deposition) at a rate of approximately 0.05
cm/s. This crystal was then cleaved to remove one of the two dye
monolayers, and was examined with polarized light in a differential
absorption spectrometer. The three absorption bands at 625, 581,
and 555 nm are assigned to a single aggregate structure in which all
molecular long axes lie parallel to each other and to the gypsum a axis.
The weak perpendicular absorption at 563 nm is assigned to isolated
molecules adsorbed with chromophore planes flat-on to the gypsum
surface, and with molecular long axes either isotropically distributed
or approximately perpendicular to the a axis. The absorption spectrum
for electric vector parallel to the gypsum a axis is displaced upward
1.0%. Note the very similar patterns of irregular structure beyond 640
nm. These result from superimposed thin film interference patterns
of several internal cleavages. As connected by the dotted line, the
parallel and perpendicular patterns are identical except for a slight
wavelength displacement. Except for the flat-on monomeric absorption
component, the dye attached to this surface may be said to be totally
oriented.

is the basis for a useful class of red sensitizing dyes, but
this molecule is not configured to form a red-shifted,
parallel aggregate. Like the oxacarbocyanine it gave a
broad, flat-topped absorption band from 465 to 580 nm,
suggestive of a herringbone structure.2

Totally different results were obtained with the last dye
tested, 3,3/-dioctadecyl-9-ethylthiacarbocyanine+, as shown
in Figure 4. This material, which differs from the prior
dye only by the addition of the 9-ethyl group, gave strongly
polarized absorption in every case of spreading on water
and Z-coating on gypsum. The three strong absorption
peaks at 625, 581, and 555 nm were always polarized
parallel to the gypsum a axis. The polarization ratios were
highest for the 625-nm band, being unmeasurable and
certainly greater than 20 in the spectrum of Figure 4. The
weak perpendicular band at 563 nm represents the only
significant disorder on the surface, and we assign it to
isolated molecules lying perpendicular to the a axis,
probably with the chromophores lying flat against the
gypsum surface. The shoulder of this band at about 525
nm had the expected separation of 1200-1300 cm'1 ob-
served as the dominant vibrational progression in many
monomeric cyanine dyes. By contrast the aggregate bands
at 555 and 581 nm have a separation of 806 cm'l

After numerous efforts to suppress the absorption bands
at 555 and 581 nm in favor of the 625-nm absorption had
failed, it was noted that these three bands were appearing
with constant intensity ratios and might be assignable to
a single aggregate structure. To settle this point, the
system was photobleached in air with filtered red light
obtained from a tungsten lamp. The filter was a Schott
RG610 sharp cut red glass which blocked substantially all
radiation shorter than 610 nm from the sample. The
absorbance changes at the three maxima were in simple
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Figure 5. Photobleaching of a double monolayer of 3,3'-dioctade-
cyl-9-ethylthiacarbocyanlne+ with “white” light (tungsten lamp) passed
through a piece of Schott RG610 glass, a sharp-cut red filter material
having approximately 20% transmission at 610 nm and 1% at 600
nm. lrradiation is concentrated in the longest wavelength absorption
band, but the three parallel absorption bands show proportional decay
of absorption. This indicates that the three absorptions are assignable
to a single aggregate structure. On the basis of decreasing absorptions,
one would expect pseudo-first-order kinetics for the time dependence
of bleaching. Instead, pseudo-second-order kinetics are observed. We
have no simple explanation for this observation, but a generalized
mechanism of energy transport within aggregates followed by bleaching
at localized active (impurity?) sites suggests itself.

proportion, indicating that we were dealing with a single
packing structure. The partially bleached absorption
spectra are shown in Figure 5.

The invariance of an absorption system to minor per-
turbations is a helpful test of ordered, epitaxial attachment
of the monolayer to the crystal substrate. The absorption
of this last dye on gypsum was found to be invariant to
the change from pure surfactant dye to a 1:1 M mixture
with n-octadecane, retaining both the location of ab-
sorption maxima and the high dichroic ratio in the mixed
monolayer. This is to be contrasted with the behavior of
the same monolayer deposited directly on glass or on glass
coated with layers of arachidic acid. The substantially
continuous absorption shifts of these irregularly attached
systems are shown in Table I. The pure monolayer on
glass and on arachidic acid shows an absorption system
similar to the gypsum monolayer (structurally similar?),
but the long wavelength absorption disappears and the
other two bands shift on addition of octadecane to the
layer.

At high monolayer pressures and at octadecane/dye
ratios greater than 1:1, the absorption of a second aggregate
is seen, mixed with the dominant spectrum. This second
spectrum is also polarized, with at least one perpendicular
band at 564 nm and a parallel band at 600-602 nm. We
were unable to obtain this spectrum free from strong
admixture with the dominant spectrum, and therefore
simply note that this dye-substrate combination has the
capability of forming more than one ordered, epitaxial
structure.

None of the attempts to secure spreading of polarizing
monolayers on the stretched polyvinyl alcohol were suc-
cessful. This identical sample of polymer had been used
at Rutgers to study the polarized absorption of isolated
molecules incorporated into the bulk PVA phase from
nonsolvents for the polymer, and dichroic ratios as high
as 10 had been observed.2 The birefringence tint of the
film was compared before and after contact with water in
the surface balance, and no significant change of tint
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TABLE |I: Absorption Peaks and Polarization of Monolayers of 3,3'-Dioctadecyl-9-ethylthiacarbocyaninea

Coating conditions

Absorptions max (nm) and polarization

Remarks

(a) Coatings on Gypsum

(1) Fresh cleavage:
H20, 30 dyn/cm, 16 °C

(2) Crystal etched with (1)
HC1, (2) NaCHjCOO (3)
H20, coated at 30 °C

(3) Fresh cleavage: H20 As above
40 dyn/cm, 1:1 n-C,8H3

(4) As (3), 1:1 C18H,8, but
spread for 0.25 h

(5) 30 dyn/cm at 16 °C:
H20, 1dye:2C,8H3

As above

555 (I1), 581 (11), 625(11), 563 (1)

As above, but new parallel band at 602,
stronger than 625 and 582 bands-
617 (1), 602 (11), 566 (1), 518 sh(l)

Highly polarizing RD > 20 at 625 nm

Lower polarization =35

RD=10

i?D = 5 at 625 nm

Rn = 3.5 0602 nm

625 -> 617-nm shift and broadening
suggests breaking of large parallel
aggregate.

Rd(1)= 1.3 at 566 implies perpendic-
ular orientation of monomeric dye.

(b) Coatings on Glass Unpolarized Except as Noted

(1) Aracidic acid 4x subcoat
on glass, 15 °C, 30 dyn/cm
(2) Aracidic acid 4x on glass,
15 “C, 40 dyn/cm: 1.0 M

MgSoO,,
(3) Attempted repeat of (2)

472, 545, 568 sh

(4) Glass, no arachidic acid,
15 °C, 40 dyn/cm: 1.0
M MgS04

527 w, 556, 576, 623

(5) Attempted repeat of (4) 540, 556
(6) Glass, no arachidic acid, 527, 569
15 °C, 40 dyn/cm, 1:1
c18n3B
(7) Glass, aracidic acid 4x , 534, 582
15 °C, 40 dyn/cm, 1:1
c18n3B
(8) Glass, no arachidic acid, 526, 562

15 °C, 40 dyn/cm, 1:2
clth3

(9) Aracidic acid 4x on
glass, 15 °C, 40 dyn/cm
1:2CI8H3

528 m, 578, 602

477 w, 545, 572, 626 m

526, 553, 572, 616, 623(11)

Some resemblance to spectrum on

gypsum. No dichroism.

No dichroism. No long wavelength
shifted absorption.

Repeat film is frosted, suggesting
film rupture, or crystallization of
MgSo0,,.

No dichroism.

Strong doublet
Strong doublet

Strong doublet

Strong doublet

Strong triplet

0 An underline indicates dominant band(s) of the spectrum. All bands seen on coatings over glass or glass + aracidic acid
are broad and overlapping, except for the 623-626-nm band. The notation arachidic acid 4x indicates three compressed
monolayers picked up in X mode, Then one in Z mode (hydrophobic end outward) on the glass slide before the compressed

dye film is lifted.

(decrease of internal order) was seen. The simplest in-
terpretation of these negative results could be that the
immediate surface of the polyvinyl alcohol film is disor-
dered by contact with water, in spite of the film tension.

Conclusions

A dominant motive for these experiments was to es-
tablish a quick and reliable method for constructing totally
ordered monolayers. If monolayer computer elements or
energy processing devices should ever come into use, this
level of order may be demanded. With five trial dyes and
two substrates, one such case of total order and one case
of partial order have been obtained. Given the availability
of a vast number of surfactant dyes and anisotropic
substrates, we can expect that many similar cases will exist.
However, the present knowledge of structural dimensions
and attractive forces is not quite adequate to permit
confident prediction of successful combinations. It should
be possible to make astute guesses from the existing
fragmentary data.

To realize the full utility of a Totally ordered monolayer,
it should be possible to lift and transfer the monolayer to
a new substrate,8 using the established techniques of
casting polystyrene or polyvinyl alcohol over the ordered
monolayer. While it has not yet been possible to lift this
completely ordered layer off the gypsum surface, more

recent experiments2Z employing diluted layers of the
oxacarbocyanine+ (dye Il in this manuscript) in a fatty
acid/ester mixture have demonstrated the successful
transfer of monomeric orientation (as polarized light
absorption) from gypsum to glass substrates. The transfer
of orientation to a second layer of nonidentical chromo-
phore has also been accomplished. It would appear to be
only a matter of time, patience, and finesse to accomplish
the successful transfer of a fully ordered monolayer.
While the detailed structure of the totally oriented
monolayer cannot be determined at this time, some
conditions can be set, and a structural hypothesis can be
proposed. The long axes of all molecules in the structure
are aligned along the a axis. If this were not so, a strong
perpendicular absorption band would have to be present.
Further, there are at least two and possibly more chro-
mophores in the unit cell of the monolayer, since there are
at least two absorption systems in the aggregate. It is not
clear whether the 555-nm band is a vibrational satellite
of the stronger 581-nm band. The interval is 800 cm’1,
considerably smaller than the vibrational interval of
1200-1300 cm’1seen in the solution spectra of closely
related dyes. A superficially similar absorption structure
is found in the solution aggregates of |, T-diethyl-2,2'-
cyanine+, and there the two shorter wavelength absorption
peaks have been identified as 0-0 and 0-1 vibrational
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Figure 6 The dihedral distortion of a 9-ethylthiacarbocyanine+ cation
similar to the dye of Figures 4 and 5. In the crystal structure of
3,3",9-triethyl-5,5"-dichiorothiacarbocyanine+, bromide- (1:1 acetic acid
solvate), the repulsive contact between sulfurs and 9-methylene protons
shown as 2.37 A distorts the chromophore into two half-planes with
an 8.6° dihedral angle between planes. We believe that this dihedral
distortion is crucial to an understanding of the very different behavior
of dyes with and without the 9-ethyl substituent. This difference of
behavior applies to the present investigation and to the behavior of these
dyes as photographic sensitizers.

components.24 However, that aggregate has a totally
different structure, with the long wavelength absorption
at 576 nm having polarization parallel to the long axis of
the helical aggregate while the 496- and 534-nm diad is
polarized perpendicular to the long axis. In general, vi-
brational splitting of one particular absorption band of an
aggregate is to be expected whenever that band is only
slightly shifted from the absorption of the parent mo-
nomer.2

The structure of the present totally ordered aggregate
on gypsum could best be settled by low energy electron
diffraction methods (LEED), but in related investigations
the destruction of dyes by the electron beam has prevented
successful analysis.6 The development of a structural
hypothesis to fit the data on this particular dye-substrate
combination required full use of the data from a crystal
structure determination2/ on a closely related dye, 3,3',-
9-triethyl-5,5'-dichlorothiacarbocyanine+ bromide . The
molecular backbone of this dye is identical to that of the
oriented surfactant dye. The 9-ethyl group has long been
recognized for its importance as a small substituent
projecting out of the aromatic plane. Groups such as this
are crucial to the performance of photographic sensitizing
dyes,Band have been referred to as tabs, indexing groups,
knobs, or nubbly groups. A single such indexing group can
prevent the formation of some undesirable surface
structure and thus favor some other more desirable
structure.23 However, the recent x-ray structure has es-
tablished that the 9-ethyl group also deforms the entire
framework from a planar structure to a dihedral structure
reminiscent of an airplane wing. The distortion of 8.6°
between molecular half-planes27 results from a repulsion
between the heterocyclic sulfurs and the 9-methylene
protons, as shown in Figure 6. We cannot be sure that
this distortion persists in the monolayer structure on
gypsum, but suspect that it does.

This dihedral distortion leads to a packing of alternately
strongly bound and weakly bound neighbors in the crystal.
The weakly bound neighbors are packed plane-to-plane,
but have the ethyl groups facing inward, so that only a
weak van der Waals contact can be made at the ends of
the molecules. The average separation is thus much
greater than the 3.4-3.5-A spacings found for planar
cyanine dyes and many other aromatic systems. The
strong contact is between half-planes of staggered mole-
cules packed at just this preferred distance.

To accomodate this structure to the gypsum host, we
note that in the monolayer all 9-ethyl groups must lie
downward, toward the inorganic face, rather than in the
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Figure 7. Proposed hypothetical structure for the monolayer aggregate
of 3,3'-dloctadecyl-9-ethylthiacarbocyanine+ on the cleavage face of
gypsum. The horizontal and diagonal lines mark the a axis and caxis,
respectively, following the unit cell of DeJong and Bouman. There is
a sulfate sulfur at each intersection of a and Caxes, and the four large
circles mark the location of the sulfate oxygens surrounding the sulfur.
The upper, more complete circles mark the upper oxygen atoms, lying
0.864 A above the sulfur. The small circles on the caxes mark the
location of Ca2+ ion, which lie 0.045 A below the sulfate sulfurs. In
constructing this diagram, we effectively assume that no major
movement of the lonic CaS04 sheet occurs on cleavage, with the
cleavage breaking only an array of hydrogen bonds by which the waters
of hydration bind the parallel sheets together. This surface must be
considered as having chemisorbed water molecules attached at some
positions. The surfactant chromophores stand with long edge (sulfurs)
against the gypsum face, and with chromophore short axes nearly
vertical. The cross sections of these aromatic planes are represented
by the paper cutout models, with the central bulge on each of these
marking the extension of the 9-ethyl group out of the aromatic plane.
The solid bars on the molecular cut-outs mark the location of the N-N
axis, the center of gravity of the chromophore. Note that the chro-
mophores make both weak attachments (ethyl-groups facing) and strong
van der Waals contacts between unhindered half-planes. This structure
is proposed to account for the present observations, but cannot be
proven to be the actual structure existing on the gypsum surface.

alternating up, down, up, down arrangement in the crystal.
This change requires that the weakly bound neighbors be
offset just far enough to clear the two 9-ethyl groups, but
allows the strong contacts to be preserved. The resulting
arrangement is consistent with the epitaxial attachment
shown in Figure 7. In this structure each molecule oc-
cupies a length of 3.5a = 19.88 A and on the perpendicular
to the a axis, the average occupancy of a molecular plane
is (2 3)c sin 3 = 3.836 A The occupancy on a fully covered
and fully ordered surface is thus 76.26 A2 This hy-
pothetical structure is in accord with all present obser-
vations including a semiquantitative estimate of surface
concentration of 7.7 X 1013molecules/cm2 This estimate
was made by integrating the dipole strengthl5 of the
parallel and perpendicular absorptions of Figure 4 and is
uncertain to the extent that some artistry enters into the
location of the curved zero absorption baselines for in-
tegration. Some 20% of the total absorption is contributed
by isolated molecules absorbing in the perpendicular
direction and presumably attached with aromatic planes
against the inorganic surface. For these the surface oc-
cupancy is estimated to be 166 A2from Corey-Pauling-
Koltun molecular models. This area is derived for a
structure in which the chromophoric group lies flat on the
gypsum surface and the hydrophobic octadecyl groups
stand perpendicular to the surface.

The packing structure shown in Figure 7 is an hy-
pothetical structure, and is not here defended as THE
structure. However, we believe that a quantum mechanical
calculation of the absorption bands of this structure will
agree with the observed spectrum.

The preparation of a totally ordered monolayer of a
surfactant dye has been accomplished by lifting in Z-mode
a compressed monolayer of the dye from a water surface
onto a gypsum surface. The success of this method re-



Raman Spectrum of Chemisorbed Methanol on Silica

quires some structural coincidence between the dimensions
of the host crystal and the monolayer stacking structure.
Once such a coincidence has been discovered, the prep-
aration of totally ordered monolayers is quick, easy, and
subject to subtle control through changes of temperature,
film pressure, film strengthening additives (octadecane),
and added salts in the water phase.
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A Comparison with the Infrared Technique
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The Raman spectrum of surface methoxyl groups on silica (SIOCH3) formed as a result of the dissociative
chemisorption of methanol is compared with the infrared spectrum. The geometrical conditions for obtaining
a maximum in the Raman scattering intensity are discussed. Under favorable conditions the signal-to-noise
ratio is comparable to that which can be obtained using infrared spectroscopy although slower scan speeds
and larger spectral slit widths have to be employed. Raman scattering associated with the low frequency modes
of the Si-O-C unit were not observed and possible reasons for this are discussed.

Although infrared spectroscopy has been routinely used
for over 20 years to obtain the vibrational spectrum of
adsorbed species on dispersed oxide surfaces the Raman
spectroscopic technique has only recently been similarly
applied.12 The most successful Raman studies have been
carried out using adsorbates which are expected to exhibit
a large change in polarizability during one or more normal
modes of vibration such as CC14,34 pyridine,59or acety-

lene.10 In spite of this, the signal-to-noise ratio has
generally been considerably lower than can now be
achieved using infrared spectroscopy. However, the major
difficulty with the infrared technique is that all oxides are
opaque below about 1000-1350 enrldue to the intense
absorption associated with the oxide lattice modes and one
can rarely observe bands associated with adsorbent-ad-
sorbate stretching modes. This opacity arises because of
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the necessity of using sufficient material so that the
spectrum of surface species can be detected, usually 5-40
mg/cm2 Conversely, oxides are relatively poor Raman
scatterers and, in spite of well-documented problems
associated with background fluorescence,12811 one can in
principle observe spectra of surface species within the
range of about 50-4000-cm 1Raman shift from the exciting
line. The present paper compares the problems associated
with obtaining the Raman and infrared spectrum of
chemisorbed methanol on silica.22 To the author's
knowledge this is the first, published account of the Raman
spectrum of a surface species which has been formed by
a dissociative chemisorption process, that is

SiOH + CH30H-> SiOCHj + H2

Experimental Section

The silica used in this work was Cab-O-Sil HS-5 (BET
N 2surface area of 320 m2g“l) which had been heated in
air at 600 °C for 24 h prior to use in order to oxidize
hydrocarbon impurities. For the infrared work the me-
thylation was carried out by allowing gaseous CH30H to
react with silica at 400 °C and the spectra obtained have
been described in detail elsewhere.12 For the Raman work
the methylation was best carried out by refluxing silica in
excess methanol for 24 h followed by filtering and removing
excess CH30H under vacuum. Both methylation proce-
dures have been described by Morterra and Low13and no
differences were noted using either procedure with either
spectroscopic technique. The refluxing technique was
preferable for the Raman work because of a lower
fluorescence background.

In the infrared work a 200-mg sample disk 2.5 cm in
diameter was mounted in an evacuable quartz cell4
whereas for the Raman work a 100-mg 12.5-mm diameter
disk was either mounted in a suitable holder so that the
spectra were recorded with the sample in air or it was
placed in an evacuable cell containing a 25-mm diameter
Pyrex flat against which the sample rested. No significant
differences were noted in the Raman spectra and, with the
methylated sample exposed to the laboratory atmosphere
for up to 2 weeks, no apparent hydrolysis of the methyl
groups occurred, nor did the fluorescent background
change. The optimum sample geometry employed will be
discussed in the Results section.

Infrared spectra were recorded using a Perkin-Elmer
Model 13G filter-grating instrument. Raman spectra were
recorded using a Jobin-Yvon HG2 double monochromator
with a Control Laser Corp. Model 552 argon ion laser
capable of producing up to 2.4 W of power in the 488.0-nm
line. This line was used for all experiments unless oth-
erwise stated. Raman scattering was detected with a
cooled ITT FW-130 photomultiplier tube and a Princeton
Applied Research Model 1105 photon counting system.
Scan speeds and spectral slit widths are given where
appropriate.

Results

Sample Geometry. In a double beam infrared spec-
trometer the peak intensity of an absorption band (i.e.,
the optical density) is given by log (/0/T) where 70is the
percent transmission relative to the baseline of the band
and | is the percent transmission at the peak maximum.
One generally tries to adjust the quantity of sample so that
an average band of interest may have an optical density
in the range 0.1-1.0. In order to obtain a suitable sig-
nal-to-noise ratio such variables as the energy reaching the
detector (which is proportional to the square of the slit
width for constant source intensity), the response time
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Figure 1. Schematic drawings illustrating various illumination geometries.
The laser beam strikes either a prism (p) or a mirror (m) and is directed
upward toward the sample. The "lens” is the collection lens of the
spectrometer. See text for further description.

constant of the amplifier, the scan speed, and the amplifier
gain are adjusted. As long as the spectral slit width is less
than or equal to the band half-width then, in the absence
of electronic distortion, the peak absorbance depends
essentially on the quantity of sample.

Raman scattering is measured with a single beam de-
tection system and the light intensity at a given wavelength
depends on the number of photons per second reaching
the detector. With a photon counting detection system,
this is usually referred to as the number of counts per
second (cps). This depends (for a given system) on the
number of scattering centers reached by the exciting
radiation, on the intensity of the exciting radiation, and
on the spectrometer slit width. For spectral slit widths
comparable to natural band widths, the intensity increases
approximately linearly with slit width.16 Hence for solids
(and this applies to adsorbed species on solids) the in-
tensity depends not so much on the quantity of sample
above a certain minimum but more on the efficiency with
which the scattered light can be collected. In principle the
ideal illumination geometry would be one in which a
sample was perpendicularly illuminated and the 180°
back-scattered light was collected within as large a solid
angle as possible.

A practical arrangement which has a small number of
reflecting surfaces is shown in Figure 1A. The laser beam
(filter and focusing lens not shown) was directed upward
after striking a prism on to a small mirror which was
slightly larger in diameter than the laser beam. This
mirror was situated 10 mm above the base of the 40-mm
diameter collection lens of the spectrometer and the beam
was directed with near normal incidence on to the slightly
inclined sample (10° from the vertical) such that the
reflected beam and the Raman scattered radiation was
directed horizontally toward the instrument. The 12.5-mm
diameter sample disk was 25 mm from the collection lens
of the spectrometer and the optimum angle a for direct
reflection into the center of the focusing lens was 20°. In
the work to be described below this arrangement gave the
maximum intensity in the Raman scattered light. The J-Y
Raman spectrometer has horizontal slits and the small
mirror apparently blocked very little of the scattered light.
Any attempt to raise the mirror toward the center of the
lens so as to achieve normal impact on the sample always
resulted in a decrease in the signal.

An alternative arrangement which has one less reflecting
surface is shown in Figure IB. The laser beam was di-
rected vertically upward toward the sample which was
inclined at an angle O to the vertical. For {3 = 45° the
reflected beam was directed to the center of the lens. The
maximum intensity that could be achieved with this ar-
rangement was never more than two-thirds of that which
could be achieved with the arrangement of Figure 1A.
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Figure 2. (A) Raman spectrum of a silica disk. (B) Raman spectrum
of a methylated silica disk. New bands are marked with a vertical arrow.
For scan conditions see text. (C) Expanded spectrum of the weak
1465-cm "1feature in B. The wavenumber scale is 10-fold expanded
relative to B and the counting scale is 3.3-fold expanded.

However, this intensity could equally be achieved when
the angle d was in the range 45-30°. A similar arrangement
is shown in Figure 1C. The laser beam was directed
upward at an angle y by mirror m. This geometry is a
compromise between those shown in Figures 1A and IB
in that we are attempting to approach a more normal
incidence using only one reflecting surface. Due to our
particular orientation of the laser and the spectrometer,
7 was about 75° and j3was varied between 45 to 20° for
maximum intensity which was again no more than two-
thirds of that achieved with Figure 1A geometry.

For the detection of strong lines the arrangements shown
in Figures 1B or 1C were convenient in that the adjustment
of the angle d was not too critical. However, when the
sample rested against an optical flat (in a vacuum cell or
using a microscope cover glass) the maximum intensity
achieved using the geometry of Figure 1A was always a
factor of 2-2.5 greater than could be obtained using the
other arrangements.

Raman Spectra of Chemisorbed Methanol. The phe-
nomenon whereby high area oxides exhibit a strong
fluorescence has been extensively dealt with in the lit-
erature.12811 This problem is more severe for zeolite
catalysts, probably due to traces of metal ion impurities,
than it is for high purity silica and, in very unfavorable
cases, may cause background signals as high as 106 cps
whereas some Raman lines may be 4 to 5 orders of
magnitude weaker. A typical background spectrum of a
pressed silica disk is shown in Figure 2A. The relatively
sharp features at 480, 600, 800, and 980 cm"lare due to
Raman scattering from the silica and the very broad
feature extending from 1000 to 4000 cm"1lis the back-
ground fluorescence. The maximum of the latter shifts
by about 1000 cm"1toward zero shift when the exciting line
is changed from 488.0 to 514.5 nm. That is, the maximum
remains unchanged on an absolute scale, near 18 500 cm"1
A similarly recorded spectrum of methylated silica is shown
in Figure 2B. New features are indicated by vertical
arrows.

The spectra shown in Figures 2A and B were recorded
using the geometry depicted in Figure IB. The scan speed
was 100 cm_Vmin using a time constant (r) of 10 s, a
mechanical slit width of 1600 ¢an, and a background zero
suppression of 1700 cps. The filtered laser power at the
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Figure 3. Scale expanded Raman spectra (A-C) of methylated silica
from 2800- to 3150-cm "1shift. (D) Infrared spectrum of methylated
silica. See text for scan conditions. For the intensity scale, the vertical
bar to the left represents 3000 cps for the Raman spectra or a
transmittance of 0.20 for the infrared spectrum on a linear transmittance
scale.

sample was 0.60 W. The inset Figure 2C shows the
1465-cm*“1 feature recorded with a tenfold abscissa ex-
pansion using 1.7 W of unfiltered power at the sample.
The peak height was 1000 cps above the base line, the scan
speed was 10 cm”~/min, the time constant was 10 s, and
the spectral slit width was 10 cm*“1 The background or
baseline signal level was 16000 cps so that the true peak
height in absolute terms was 17000 cps. Using similar slow
scan speeds, no additional features were detected in the
range 100-2800 cm"1which were also not present in the
background spectrum of silica.

The strong features between 2800 and 3050 cm’1are
shown on an expanded scale in Figure 3. These spectra
were recorded using an unfiltered beam (1.7 W) with a
background signal of about 17000 cps. The scan conditions
(spectral slit width 9 cm"1) were as follows: Figure 3A, 500
cm’Vmin, r = 0.1 s; Figure 3B, 50 cm”~/min, r = 15
Figure 3C, 10 cm“Ymin, r = 10 s. Figure 3D shows the
infrared spectrum of a 40 mg cm"2methylated disk which
was recorded using a scan speed of 83 cm”~/min and a
spectral slit width of 2cm"1 The peak intensity of the
strongest line at 2858 cm”1in the Raman spectra was 10500
cps and the geometry of Figure 1B was used. The max-
imum intensity achieved using the geometry of Figure 1A
was 15500 cps. Finally, the Raman spectra shown in
Figure 3 could also be produced using the 514.5-nm ex-
citing line (1.5 W) although the intensity was slightly lower
considering the lower power level and the red shift of the
exciting radiation.

Discussion

The interpretation of the infrared spectrum shown in
Figure 3D has been discussed in detail previously.12
Briefly, the three main absorption bands at 3000, 2958, and
2858 cm"lhave been assigned to the three CH stretching
modes of an unsymmetrical surface SIOCH3group which
has one strong and two weak CH bonds. The slightly
asymmetric band at 1465 cm"1 (of shape similar to that
shown in Figure 2C) was assigned to the antisymmetric
deformation mode. As with the Raman spectrum, the
infrared spectrum of the latter was an order of magnitude
less intense than that of the r(CH) bands and a similar
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situation prevails with respect to the Raman and infrared
spectrum of liquid methanol. However, the Raman
spectrum of liquid methanol has a very strong band at 1060
cm"1ldue to the C-0 stretching mode, a band which is also
intense in the infrared spectrum. A similar strong infrared
band has been reported at 1082 cm"1in the spectrum of
solid SIH3OCH3.16 Our failure to detect the equivalent
band, or any other low frequency lines, in the case of
surface SIOCH3is puzzling. We suspect that this might
be associated with a coupling of the low frequency modes
with the lattice modes of silica which produces a broad
smeared out profile which is essentially undetectable in
the general background at low frequency. We have also
similarly noted the absence of low frequency bands fol-
lowing the reaction of some halogen containing hydrogen
sequestering agents (e.g., SiICICH3 with silica under
conditions which should lead to the formation of surface
Si-0-SiClI2CH317 Bands due to the HCH) modes of the
methyl group have been detected in the Raman spectrum
whereas no evidence for HSi-Cl) modes has been observed.
[This work is still in a preliminary stage and was carried
out before we acquired our present and more sensitive
Raman spectrometer. Signal-to-noise ratios were about
two orders of magnitude poorer than presently obtainable
so the statement above may eventually have to be mod-
ified.] Finally, the extreme broadening of low frequency
modes is also apparent in several infrared studies of ad-
sorbent-adsorbate modes due to (M = metal) M-N,18
M-0,188 and M-C1920 modes and due to the hydrogen
halides on alkali halide surfaces2land this may be a general
phenomenon.

Previous Raman spectroscopic studies1'll have mainly
been concerned with physical adsorption on various high
surface area oxides and in many cases the signal-to-noise
ratio has been far worse than is routinely obtained using
infrared spectroscopy. The adsorption of pyridine has
been most extensively studied5'9 because certain modes
give rise to particularly strong Raman scattering and these
modes (iqg and ig2 shift in well-defined ways depending on
the type of site pyridine attaches itself to. None the less
in that and other published work the main emphasis has
been on detecting small frequency shifts and changes in
relative intensities as compared to the free molecule and
this has been, for example, correlated with the ionic
properties of cation exchanged zeolites.8'11 The spectra
shown in Figure 3 clearly demonstrate that under favorable
circumstances, Raman spectra of chemisorbed species can
be obtained having a signal-to-noise ratio which is com-
parable to that obtained using infrared spectroscopy. The
sensitivity of the technique is still not as great as the
infrared technique in that longer scan times (with long
time constants) must be employed in order to achieve
comparable spectra. (We note also that the spectral slit
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width was much greater in the Raman case.) None the less,
for strong signals one can scan rapidly (Figure 3B) and
relatively satisfactory spectra can be obtained. We an-
ticipate that the Raman technique will prove to be a
powerful new spectroscopic tool for studying chemisorbed
species.

Finally, the spectra recorded here were obtained using
a relatively high laser power, a desirable situation since
the signal-to-noise ratio increases as the square root of the
total count rate. Such power levels might not be possible
with weakly chemisorbed species where local heating may
become a factor, although this problem can be reduced by
rotating the sample. None the less, if the photon counting
system is capable of high levels of zero suppression then
it is always desirable to direct as much scattered light as
possible into the spectrometer. If both the fluorescence
background count rate and the Raman scattering count
rate increase then the signal-to-noise ratio is bound to
increase. The PAR counting system used in this work is
capable of suppressing background signals as high as 106
cps.
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Adsorbed NO on silica-supported nickel reacts at 20 °C to give NiINCO and gaseous CO2 Using CXD, the products
were NINCED and a 1:21 mixture of Cle02, C1® 1), and CI8 2, regardless of the proportions of CE and N XD
used. We postulate that the final step in carbon dioxide formation occurs when CO interacts with a surface
carbonate complex which contains two oxygen atoms from the original NO.

Isocyanate intermediates have been widely reported in
high temperature reactions between NO and CO over
various group 8 metal catalysts.16 Only over Ru has such
a species been reported as a result of a reaction carried out
at 20 °C.7 Few details are available concerning the
mechanism of isocyanate formation or of it’s role in the
possible formation of HCN or NH 3in the reaction of these
species over solid catalysts.16

Results are reported here of an infrared and mass
spectrometric study of the reaction at 20 °C between
chemisorbed NO on silica-suppcrted nickel and CO.
Adsorbed nickel isocyanate and gaseous carbon dioxide are
the only reaction products and the overall reaction stoi-
chiometry appears to be as follows:

2[NiNO + 2CO -> NiNCO + C02] (@)

Product identification was confirmed by use of 1, 1N,
and 18 labeled reactants and we have suggested that the
final step in CO2formation occurs when CO interacts with
asurface carbonate species. Our results are compared with
brief earlier studies by Blyholder and Allen8and by Ba-
tychko et al.9both of whom suggested that an activated
form of NiNO or Ni(NO)-+was formed rather than NiNCO.

The reaction cell (volume 300 mL) and the method of
catalyst preparation have been described elsewhere.D
Catalyst sample disks were 25 mm in diameter weighing
200 mg and contained 9.2 wt % of Ni. Infrared spectra
were recorded on a Perkin-ElImer Model 13G spectrometer
and mass spectra were run under high resolution condi-
tions on an A.E.l. MS902S instrument. Carbon monoxide
containing 99.0% oxygen-18 was supplied by Prochem.

Following the chemisorption of a saturation dose of NO
on silica-supported Ni (at least 2 Torr was added and
evacuated for 30 min) only a single strong band at 1864
cm*lwas observed as previously reported by Blyholder and
Allen8 and this was assigned to linear neutral NiNO
(Figure 1A). When excess gaseous CO (=2 Torr) was
subsequently added, the intensity of the 1864-cmi"1band
slowly decreased and new bands appeared at 2191 and 2082
cm"1 (Figure 1B, C). After 3 h of CO contact time the
intensity of the 1864-cm“1band was about halved, that of
the 2191-cnt*lband (now shifted to 2201 cm'™) had reached
its maximum intensity, and the weak band at 2082 cm"1
remained virtually unchanged (Figure IE). Following
evacuation for 10 min the 2082-cm"1band disappeared
whereas no changes were observed elsewhere even after
24-h evacuation.

The 1864-cm"1band shifted to 1829 cn"1when 1N 18
was used whereas the 2201-cm"1band shifted downward
by 13 cm'l with BN /I, by 63 cm"l with
uN 18 /1K), and by 19 cm™"1with N 8 /IC1). The
2082-cm"1 band shifted downward by 47 cm™1 with
N B /I, by 52 cmi"lwith N B / I8, and no shift

was observed with 1N 18 / I 18).

The above isotopic shifts indicate that the species re-
sponsible for the 2201-cm"1band contains C, N, and O
atoms and the magnitude of the shifts is comperable to
that which has been reported for various surface iso-
cyanates.34711 Similarly, the shifts in the 2082-cmi"1band
(and its absolute position) are consistent with the for-
mation of linear adsorbed CO, either on Ni or NiO.12"¥4
(Using our catalyst we found that when CO alone was
adsorbed on bare hydrogen free Ni, the NiCO band was
at 2033 cm"1which is close to that reported by Primet and
Sheppard, Pbut when the Ni had been pretreated with 02
at 20 °C then the band was at 2082 cm"1) It would appear
that the band observed at 2180 cm"1 by Blyholder and
Allen8 and at 2190 cm"1 by Batychko et al.9 after the
interaction of adsorbed NO with gaseous CO is not due
to an “activated” form of adsorbed NO or to Ni(NO)-+but
is also due to surface nickel isocyanate. (These groups did
not use isotopically labeled reactants.)

In the above reaction, the bands mentioned were also
generated when a less than saturation dose of NO was
allowed to react with any dose of gaseous CO. The in-
tensity of the 1864-cmi*1band was correspondingly weaker
initially and the ultimate intensity of the NiNCO band
after CO was added was also weaker but in all cases about
3 hwas required before the reaction apparently stopped.
In all cases, regardless of the relative proportions of NO
or CO used, only CO2plus residual CO was detected in the
gas phase (there was noN2 N2, NO2 or 02 and if CED
was used, in all cases a 1:2:1 mixture of CI 2 C1 1D,
and CI 2was detected along with CI8 only. There was
no evidence of isotopic mixing among the surface species,
only NiN 1, NiINC 1), and adsorbed CI were detected.

The generation of the 1:2:1 mixture of carbon dioxide
molecules of mass 44, 46, and 48 regardless of the pro-
portions of CI) and NI® used can most easily be ra-
tionalized if we assume that the final step in CO2formation
involves the statistical decomposition of a surface complex
which always contains two carbon atoms, two oxygen-16
atoms, and two oxygen-18 atoms. EIl Shobaky et al. 15
proposed that the interaction between adsorbed CO3and
CO played an important role in the oxidation of CO to C02
over some hickel oxide catalysts and we propose that in
the present case a similar mechanism applies in that C10
interacts with CI® 218 such that the 1:21 mixture of
labeled CO2molecules are produced. Although the total
stoichiometry could be represented by eq 1, the inter-
mediate step might be as follows:

Ni + 2NiN10 + 3C,80 - 2NiNCI® + NiC10 2190 )
NiC,60 280 + CI® - Ni + 2CO, [1:2:1] ®3)

The processes illustrated in eq 1-3 are only intended to
indicate how a precursor NiC 18 218 species and subse-
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Figure 1. The dashed line indicates the background infrared spectrum
of a Ni/SiOZsampIe. A compensating Si02disk was placed in the
reference beam in order to partially cancel out strong bands due to
silica. The break in the spectrum at 2000 cm-l arises because of a
grating change which requires new instrument settings: (A) after adding
10 Torr of NO and evacuating for 30 min; (B) after adding 10 Torr of
CO, immediate scan. (C, D, E) after 15, 45, and 180 min, respectively.

quently CO2[1:2:1] might be generated. At this point we
do not know if we should have written NiC 1 in place of
CX in any of these equations, nor whether isocyanate
formation only occurs after NiNO has decomposed into
NiN and NiO. The latter process has been reported in the
literature 816 Band it is possible to devise a large number
of schemes involving NiN, NiO, or NiCO which wiill
produce the same result. The important point is that if
eq 3 represents the final step leading to CO2formation,
then the two oxygen-16 atoms must have come from the

G. H. Morine and J. E. Willard

original NI and that this was true regardless of the
proportions of N3 and C18) used.

Finally, although stable metal carbonates are reported
to have infrared bands in the 1500-1300-cm1 spectral
regionis no such bands were observed in this work. This
may indicate that in excess CO reaction 3 occurs rapidly
or more probably it may indicate that our proposed
carbonate type intermediate has absorption bands below
the silica cutoff at 1350 crcT1
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The isothermal luminescence of y-irradiated 3-methylpentane glass at 77 K has been found to grow in proportion
to the concentration of trapped electrons to at least 2 x 1019eV g ', in contrast to the implication of reports
in the literature. The appearance of luminescence peaks at two different temperatures during warm-up is evidence
for neutralization of two types of cation-anion (or radical-radical) pairs, one of which is present in enhanced

concentration in samples containing O2 The dose dependence of the integrated warm-up luminescence indicates
that the cations and/or anions responsible for the luminescence at doses less than 1 x 1019eV g lare different
from those at considerably higher doses. The extent and limits of knowledge available for assignment of the
luminescence peaks to specific elementary processes are discussed.

Introduction

Following exposure of glassy hydrocarbons to ionizing
radiation, trapped electrons (ek),3Bradicals,3and anions
are observable at <77 K. Cations equivalent to the e and
anions must also be present, but no optical or definitive
ESR spectra have been found for these in pure hydro-
carbons, although cations of dilute additives such as olefins,
biphenyl, and organic amines with known optical, ESR,
or luminescent spectra are identifiable.38 The types of
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trapped cations which may be present in a typical y-ir-
radiated hydrocarbon glass such as 3-methylpentane
(BMP) include Ca- 4+ Ca1 1Bt; CaH B+, Ci2H2s+ and cations
of impurities present initially or as the result of radia-
tion-induced decomposition. If the spectroscopy of these
species in the glassy state were accurately known, it should
be possible to identify them by the spectra of the iso-
thermal, warm-up, and photostimulated luminescence4
emitted as a result of their neutralization by electrons and
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anions in the 7 -irradiated samples. Attempts at such
identification have been inconclusive because of lack of
knowledge of the luminescent spectra. In this paper we
extend the information on isothermal and warm-up lu-
minescence from - -irradiated 3MP glass, and discuss
alternative interpretations. We also show that the growth
in isothermal luminescence intensity with dose parallels
the growth in et’ concentration, in contrast to previous4ef
evidence.

Experimental Section

Phillips Pure Grade 3-methylpentane was further pu-
rified by passage through a 70-cm column of freshly ac-
tivated silica gel with collection under dry nitrogen, fol-
lowed by pumping on the liquid at -75 °C for 10 min and
freeze-pump-thaw cycles using liquid nitrogen. It was
stored over Na-K alloy, LiAIH4 or Linde 10X molecular
sieve freshly activated under vacuum. Following such
treatment the optical density at 200 nm was <0.08 for a
1-cm path. (Current practice in our laboratory indicates
that equal purity is obtained by degassing and exposure
to activated molecular sieve without silica gel treatment.)
Samples for the luminescence studies (—3.5 mL) were
prepared by distillation under vacuum into 1cm X 1 cm
i.d. 5 cm high Suprasil cells.

Measurements of the luminescence intensity were made
with the - -irFadiated sample mounted in a quartz Dewar
with flat windows:" The light was focused by a quartz lens
onto the slit of a Bausch and Lomb high intensity mo-
nochrometer, or the desired wavelength range was selected
by filters; Detection was by means of an RCA 1P28
photomultiplier tube coupled to an electrometer and chart
recorder. The-warm-up luminescence was determined
during spontaneous warming following removal of the
liquid nitrogen from the sample Dewar. The temperature
of the sample was monitored by a thermocouple attached
to the exterior of the cell.

The spectra reported here were determined by scanning
the monochrometer by hand, with alternate scan directions
to compensate for luminescence growth and decay during
scanning. For the isothermal luminescence, the spectrum
was scanned in 5-nm steps and the band shape determined.
For the warmtup luminescence, only the band maxima wes
determined.

Results

Isothermal Luminescence. The spectrum of the iso-
thermal luminescence at 77 K from 3MP following 7 ir-
radiation at 77 K has been reported: to have a small band
with Arra at 230 nmdcand a much more intense broad band
for which \my, values of 425,496f 415,4£and 380 nm4-have
been given. Our value for the latter band is 420 nm. The
samples were quenched in liquid nitrogen immediately
before a5-min 1 X 105 eV g: - irradiation and the spectral
measurements were made during ~i0 min following ir-
radiation.

For determination of the dose dependence of the iso-
thermal luminescence, the luminescence was monitored
at 400 nm at 77 K for 1h starting s min after irradiation
of the 3MP at 77 K (Figure 1). The samples were
quenched to 77 K 25 min before the end of their respective
irradiations, which varied from ~3to 13 min. The results
(Figure 1) indicate an approximately linear increase in
luminescence with doseto 2 X 10 €V g4 To obtain the
true relative luminescent intensities, correction has been
made for the increase in self-absorption with dose, as-
sinning the following: the average distance traveled by the
photons in escaping the 1cm X 1cm cell is 0.5 cm; 54%
of the et decay during : h over which the luminescence
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Figure 1. Luminescence of 7 -irradiated 3MP at 77 K as a function
of 7 dose. Each point indicates the luminescence integrated over 1
h starting 6 min after the end of 7 irradiation at a dose rate of 1.8 X
1018 eV g_1 min-1. The luminescence was viewed through a mono-
chromator set to give a band pass at half-height of about 20 nm centered
at 400 nm: (O) relative intensities uncorrected for self-absorption; (O)
relative intensities corrected for self-absorption (see text); (O) normalized
data of Funabashi et al.44

87K

Figure 2. Warm-up luminescence from 3MP samples 7 irradiated at
77 K. (A) Degassed sample bleached 10 min with 100-W tungsten lamp
at 5 cm following 1 X 102 eV g_1 7 dose. (B) Sample saturated with
air before cooling to 77 K; dose, 5 X 1019eV g_1; no photobleaching.
The recording of A was done with higher amplification than B, For each
plot the cell luminescence was essentially constant in the temperature
range directly under the peaks, giving a background intensity at the
level of the high temperature end of the plot.

was integrated; G(et) =0.7; ofet ) at 1600 nm =3 X 104
p(3MP, 77 K) =0.87 gcm'3 «(400 nm)/i(1600 hm) =0.08.
The average absorption may be estimated from the average
of the OD values at 400 nm at the start and end of 1 h over
which the luminescence was integrated.

Warm-Up Luminescence. Samples of pure degassed
3MP which have been ; irradiated (6 x 10181 x 102eV
gD at 77 K followed by bleaching the electrons with
near-IR light show a broad structureless peak with
maximum intensity at 86-87 K when warmed. The
temperature and structure of the peak was independent
of whether the luminescence was monitored at 360 or 400
nm with a monochromator or by the total light which
passed a filter which eliminated wavelengths below 350 nm.
The integrated warm-up luminescence intensity was ap-
proximately the same as the isothermal luminescence
intensity integrated for : h starting s min after irradiation.
Exposure of - -irradiated samples to light in the 300-
700-nm range before warming reduces and, with prolonged
exposure, removes the ss K peak but exposes a much
smaller peak with a maximum at —91 K (Figure 2A),
which is only partially bleached on exhaustive illumination.
The Anaxof the spectrum of the ss K luminescence is at
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Figure 3. Integrated warm-up luminescence and electrical conductivity
of [-irradiated (77 K) 3MP as a function of dose to 2.5 X 1019ev g 1L
(O) luminescence, this work, measured at 400 nm; (O) luminescence,
ref 4d, measured at 425 nm; () electrical conductivity, 85 K peak,
ref 19.

Figure 4. Integrated warm-up luminescence of T-irradiated (77 K) 3MP
measured at 400 nm as a function of dose to 1.0 X 102 eV g'lL

500 == 20 nm, and that of the 91 K peak 380 =20 nm. For
samples saturated with air before cooling to 77 K, the
integrated warm-up luminescence is greatly increased, and
the ratio of the 91 K peak to the ss K peak is also greatly
increased (Figure 2B). (It is worthy of note that the
relative intensity of the 91 K peak is enhanced by the
decreasing absorption of the luminescence by the sample
as the reaction intermediates decay.) The freshly irra-
diated air-saturated samples are grey or black. This
opacity, the ss K luminescence and part of the 91 K lu-
minescence, can be removed by exposure to light of a
medium pressure Hg arc through a Pyrex filter.

The growth in warm-up luminescence of the degassed
samples of 3MP with increasing - dose was linear at doses
above —2 x 10 eV g™, but not at lower doses (Figures
3and 4). For the experiments of Figures 3and 4 the et~
were bleached with 950-nm light prior to warm-up. The
warm-up luminescence was monitored at 400 nm at
warming rates of 2-4 K min.: and was integrated by
weighing the peak cut from the recorder paper. Correction
was made for the luminescence from the cell walls. Lit-
erature values for warm-up luminescence and warm-up
electrical conductivity of 3MP following - irradiation at
77 K are included in Figure 3

Discussion

Correlation of Dose Dependence of Luminescence and
ef Concentration. The concentration of et in - -irradiated
3MP at 77 K measured by ESR or infrared absorption
increases linearly with dose at low doses, passes through
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amaximum at —1x 102eV g'], and then decreasesss By
contrast the isothermal luminescence intensity integrated
over 15 min following irradiation has been reported to rise
to a maximum at 2-4 x 10s eV g 14df and thereafter
remain constant to at least 1.4 x 105 eV g 14 If these
observations are both correct, the apparent lack of cor-
relation between et~concentration and luminescence in-
tensity implies that the photon yield per electron which
combines with a cation decreases dramatically with in-
creasing dose above 2 x 10is eV g indicating a changing
mechanism of neutralization with increasing dose. We
have, therefore, determined the growth in integrated
isothermal luminescence with dose under conditions
similar to those under which the growth in [ep] has been
studied. The data plotted in Figure : show linearity to
at least 1 x 109 €V g: and (after correction for the ab-
sorption of luminescence by the growing concentration of
reaction products. and some electron decay during irra-
diation) near linearity to 2 x 10s eV g * without evidence
of the plateau onset at 2-4 x 10s eV g: previously ob-
served. It appears that the plateau observed in the earlier
work may have resulted from the competition between the
production and decay of et-having reached a steady state
at the relatively low dose rate used. The initial half-life
for et~decay in 3MP at 77 K varies from - s min in un-
annealed samples in ESR tubes and 25 min for unannealed
samples in 1cm x 1 cm cells to 60 min in well-annealed
samples.” The dose rates used in the experiments where
the plateaus were obtained4™ appear to have been —2 x
107 eV g: minl, requiring 20 min to reach 4 x 10s eV
gT The determinations of growth in et concentration with
dose were made in one cases at a 15-fold higher dose rate,
requiring a much shorter irradiation time, and in anothers
at 71 K where et* decay is negligible.

Above ~2 x 10w eV g1 the rate of growth of et con-
centration with dose decreasess This is attributable to
prompt capture of a portion of the e by the growing
concentration of trapped radicals in competition with
stable trapping. In this dose region the molar heat of
photobleaching of those e which are trapped decreases
with increasing doses consistent with the conclusion that
the fraction reacting with radicals rather than cations is
increasing. It may be assumed that, in this dose region,
the isothermal luminescence per mole of ef decaying,
measured at 400 nm, would decrease in parallel with the
decrease in heat of reaction since the energy of attachment
of electrons to radicals is too low (0.5-1 eV)s to produce
400-nm photons.

Warm-Up Luminescence. The data of Figure 2 show
that radiation-produced ions and/or radicals which are
quite stable in 3MP at 77 K migrate sufficiently rapidly
at higher temperatures so that at a warming rate of ~3
K min: they all react at ~95 K. At least two discrete
populations are indicated by the peaks at s and 91 K.
The complete elimination of the ss K peak by exposure
of the sample to UV radiation is evidence that it results
from reaction of carbanions with cations, the carbanions
being removedso by photodetachment when illuminated.

The fact that the 91 K peak is only partially removed
by pre-warm-up illumination suggests that it may be the
result, in part at least, of radical-radical combination. The
difference in photoeffects, the relative enhancement of the
91 K peak by the presence of oxygen, and the difference
in \naxfor the two peaks indicate that they are caused by
different species. However, it should be noted that even
if all the luminescence were caused by the same species,
two peaks might be resolved in the warm-up spectrum, the
first resulting from short-range intraspur encounters and
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the second resulting from random encounters required for
reaction when the spurs are depleted. The contrast be-
tween the rates of intraspur reaction and random-en-
counter reaction is illustrated by these two modes of radical
decay in - -irradiated 3MP glass.3 Such spatial control
may contribute to the peak separation shown in Figure 2 .

Two peaks in the warm-up luminescence of - -irradiated
3MP, one with Xn&xat ~83 K and one at ~93 K, which
are qualitatively similar to those of Figure 2, have been
reporteds to have different rates of growth with dose. The
first increases rapidly with dose below 2 x 10s eV g: and
relatively slowly thereafter. The second peak is negligible
below 2 x 10 eV g : but grows rapidly thereafter up to
14 x 10s eV g * the highest dose tested. A similar feature
seerrs to be reflected in the plot of integrated warm-up
luminescence at 400 nm as a function of dose shown in
Figure 4 where a rapid initial rise followed by a leveling
off is followed by a renewed but slower rise. This suggests
that the nature of the cation-anion population formed
during the initial stages of irradiation is such as to yield
more photons per neutralization event than are produced
by the combining species at higher doses. The nature of
the predominant cationic or anionic species may change
with dose because (1) a charge scavenging impurity is
depleted; (2) the concentration of a charge scavenging
stable product grows; (3) the solvent radicals, which in-
crease in concentration linearly with dose,3 capture
progressively more of the electrons or positive charge or
both. The latter effect would be expected to become
significant only at concentrations high enough for spur
overlap to be significant. There is evidences for the onset
of such overlap of electron spurs at <1.2 x 10s €V  in
3MP at 77 K.

Sawai has reported that luminescence during warming
3MP to 8K following - irradiation at 77 K extends from
~390 to 500 nm with a maximum at ~425 nm. On
heating to 90 K, an emission from ~470 to 600 nm with
amaximum at 530 nm appeared. The integrated 530-nm
luminescence grew linearly with dose to >7 X 10s eV g'l
with no plateau. This dose is in the range which might
appear linear on the initial rising portion of Figures 3 and
4.

Species Which May Be Responsible for the Lu-
minescence. The only reactions in 7 -irradiated organic
glasses which are sufficiently exothermic to produce excited
species which can luminesce in the visible-UV region are
neutralization (of cations by either electrons or anions) and
radical-radical reactions. For such luminescence to occur,
the product molecule must have excited states available
in the appropriate energy region. Both the spectrum and
the probability of light emission from these excited states
may be different in the glassy phase than in the gas or
liquid. The dlass provides a dielectric medium which (1)
reduces the total energy of neutralization; (:) constrains
free rotation, with the result that the excited molecules
may luminesce from a geometry characteristic of the cation
rather than the lowest excited state of the neutral molecule;
() may reduce the decomposition of excited molecules,
and hence increase the probability of luminescence from
the undecomposed form. The influence which these solid
state effects may have on the luminescence spectra, and
the current lack of knowledge of the identity of the
predominant cation in - -irradiated hydrocarbons, lead to
considerable uncertainty in the assignment of the lu-
minescence peaks to specific processes. Also, it is not
known whether the luminescence is the product of neu-
tralization of the predominant charged species or only a
minor component of the cations and/or anions. There is
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evidence:o that only a small fraction of the neutralization
events (g, 10 J result in the emission of photons, but also
evidence that for liquid hydrocarbons:: the low emission
yield is due to a low fluorescence yield from the first
excited singlet state, rather than to alow G value for the
production of this state.

Despite the uncertainties noted abowve, it is useful to
consider what may be concluded from present knowledge
about the elementary processes responsible for the lu-
minescence. There is definitive evidence from ESR spectra
of ; -irradia’ed 3MP for the presence of secondary 3-
methylpentyl radicals:. and physically trapped electrons3®
(produced with G values of 3.03and 0.7.1s respectively).
Anions, presumed to be predominantly CsH 135 are indi-
cated by their photodetachment which produces ob-
servable electrons3and by their optical absorptions The
possible cations include CsH M4 CsH 13+ (formed in the
primary ionization event or by capture of migrating
positive charge by CsHi: radicals), CsH 55+ (formed by
proton transfer), Ci.H &+ (formed by CsH M+ + CsH 14 —%
Ci2HZB++ H2), and CsH 22+(formed by capture of positive
charge by radiation-produced olefin molecules, or by
CeH M+ » CsH 22++ H2 where the asterisk indicates an
excited state of the cation).

It may be concluded with conviction, based on much
evidence, that the isothermal luminescence from - -irra-
diated 3MP at 77 K results from neutralization of cations
by et-which tunnel and/or diffuse from their traps. As
noted above, the ss K peak of the war.n-up spectrum may
be assigned with some certainty to the neutralization of
cations by anions and it appears that the 91 K peak may
involve contribution from both anion-cation and radi-
cal-radical combination. These species must be heavier
and more slowly diffusing than those responsible for the
ss K peak. The ions may be oxy ions (e.g., CsH1:02’
formed by reaction of 0 2~with CsH1z or CsH 13’ with 02
and the radicals may be peroxy radicals (eg., CcsHLO2
formed by reaction of CsH13 + 02, since the peak is
greatly enhanced in the presence of 02 In carefully de-
gassed samples the peak is small and is detectable only if
a portion of the ss K peak has been removed by UV
exposure at 77 K prior to warm-up. This residual 91 K
peak must result from (. ) oxy ions or radicals formed from
trace o » remaining even after careful degassing; (2)
Ci:H3#; (3) reactions of cations with anions from different
spurs after the spur concentrations have been depleted.

Some assignments of the luminescence peaks from
7 -irradiated 3MP dlass to specific processes have been
suggested in the literature. The 230-nm band observed
by Merkel and Hamill4<has been attributed by them to
fluorescence from the first excited singlet of CsH14 on the
basis of the Anaxof 231 nm reported.s for the fluorescence
from liquid 2-methylpentane when activated by 165-nm
radiation. This assignment is plausible but it appears
impossible with present knowledge to eliminate alternative
possibilities: e.g., the fluorescence of CsH 12~ formed by
@O CHU+e 'CeHH- CHI2*+H2or (2 CsH 13+
+e — CsH I+ H, or (3) CsH12 +a mobile positive hole
FoCeHPLCsHR2++e  CsH 2% It has been suggested4*
that the latter process, involving reaction with a stable
radiation product, is ruled out by the observation that the
luminescence intensity reaches a saturation level with
increasing doseddand by the finding that when a sample
is re-irradiated following melting and refreezing the lu-
minescence is not greater than that from the initial ir-
radiation.4<Xa As described abowve, it now appears that the
reported saturation of luminescence with dose was simply
a result of proportionality of the luminescence intensity
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to the et concentration in experiments where the latter
reached a plateau at low doses. Likewise, the re-irradiation
tests do not prove that radiation-produced olefins are
unimportant since the olefin concentration in the melted
and refrozen samples would be much lower than the local
olefin concentration in the radiation-produced spurs. Thus
the reasons for discarding excited olefins as the source of
the observed luminescence do not now appear compelling.
It has been reportedios that the presence of 10s mole
fraction of olefins or diolefins in alkane glasses greatly
increases the luminescence observed after - irradiation
and, in other work, that 1CI: mole fraction of 2-methyl-
1 -pentene in 3MP glass increased the luminescence«: The
absorption spectra (S = SO of various olefins show red
limits near 200 nm..;s The 230-nm luminescence of 7 -
irradiated 3MP is in the correct energy region to represent
olefin fluorescence and has alifetime <2 ms o consistent
with an allowed transition.

If the 230-nm band is due to fluorescence from an ex-
cited olefin, it is plausible that the 420-nm band is the
result of phosphorescence from the same molecule. Gas
phase electron impact studies show first excited triplet
levels of olefins at 4.2-4.3 eV..s If the luminescence
spectrum is a mirror reflection of the absorption spectrum
(hypothetical in this case), the 420-nm (3 eV) band may
be olefin phosphorescence rather than the alkane phos-
phorescence which has been suggested s«

The ss K warm-up luminescence peak with Xnax at
480-520 nm which we have observed must include the
same species as the integrated luminescence in the 83-90
K range observed by Sawai.4f If this luminescence is the
result of cation-anion neutralization, it is probable that
it comes from the same excited state species as the lu-
minescence from neutralization of the cation by an
electron, which gives the 420-nm band of isothermal lu-
minescence. The energy required to remove electrons from
the carbanions is not sufficient to reduce the energy of
neutralization below that of the first excited triplet of the
neutralization product. The red shift of some 0.5 eV for
the warm-up luminescence is not inconsistent with this
conclusion because of the following: (i) the decreased
energy available from neutralization of the cation by a
molecular anion rather than an electron may result in
emission from a lower vibrational level of the same
electronic state; (2) the viscosity of 3MP decreases from
10 Pat 77K to 1% P atss K.17 At 77 K the rigidity of
the glass may be expected to impede rotation to the
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equilibrium angle of the excited olefin molecule from that
of the cation being neutralized. If such rotation is possible
at the lower viscosity atss K, the energy of the first excited
triplet state and hence of the phosphorescence will be
reduced. The principles of such effects have been dis-
cussed 118 Geometric effects may also result in different
vibrational levels of the electronic ground state being
populated when the excited molecule emits, thus changing
the photon energy. The difference in Arax for the lu-
minescence from polycrystalline isopentane at 77 K (410
nm) as compared to glassy isopentane (490 nm)4bappears
to be an example of the results of viscosity related geo-
metric effects.
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Optical Absorption Spectrum of Chromium(ll) Chloride Single Crystals

David R. Rosseinsky* and lain A. Dorrity

Department of Chemistry, The University, Exeter, England (Received July 19, 1977)

The spectra from 5000 to 30000 e of single crystals of CrCl. have been examined from 300tos K. In making
assignments and estimating energy levels, literature treatments of free-ion levels were examined, and the Racah
formalism found inadequate; Ferguson’s free-atom method served best. The spin allowed transitions were
interpreted for a Dhfield giving Dg, Ds, and Dt. Quintet-triplet transitions are interpreted as for Oh for several
reasons.  Intensities and their temperature dependences were examined.

The spectra of the chromium dihalides have received
little attention compared with the other transition metal
dihalides and, in general, the electronic spectra of Cr(II)
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compounds have not been extensively studied, largely
because they are so readily oxidized. Most of the work has
concentrated on the spin-allowed transition sEg:D) -»
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TABLE I: Observed and Calculated Energies, Relative
to the D Ground State, of the Triplet Terms
of the Free Cr2+ lon

Obsd

energy,
Term cm”1 Caled energies, cm™
3H 17064 16860 16188 17040 16064 17500
P 17152 19058 18934 19243 17768 19884

18176 19388 19598 19595 18461 20119
kel 20521 20935 20663 21190 20559 21550
D 25419 26640 27920 27000 26852 27220
IF 42952 44092 45698 44695 44594 45016
p 48857 44422 46362 45047 45287 45251
Blcm-1 815 895 830 899 810
Clem"1 3400 3152 3430 3117 3565
C/B 4.17 3.52 4.13 3.47 4.40
Ref 17 2 5 18 19 20

sT06D) which is’oftcri split by Jahn-Teller (distortion)
lowering of the orbital degeneracy of these states 1 s and
few complete analyses: s-s,29 Of the spin-forbidden tran-
sitions have been reported. Diffuse reflectance..:; and
single crystalss spectra of CrF. have been reported and
there are considerable differences in their interpretation
and assignments." For CrCI2 only diffuse reflectancers
studies have been made, but no attempt has been made
to assign the observed broad spin-allowed transitions and
weak sharp spin-forbidden transitions.

Recently there, has been interestio-12 in the spin-for-
bidden transitions in the spectra of ferro- and antifer-
romagnetic Cr(Il) compounds and their anomalous in-
tensities and temperature dependence have been related
to the magnetic coupling in these compounds. Since CrCl.
is antiferromagneti.c it might thus be expected that its
spectrum would show similar behavior.

There have beén several studiesis-is of the crystal
structure of CrCl: and reasonable agreement is found for
the orthorhombic unit-cell parameters, the unit-cell
containing two molecules. In this structure, each Cr2+ion
is at the center of a plane of four Cl- ions, and an additional
two CT, at longer distances, are almost at right angles to
the planar CrCls unit. These tetragonally distorted oc-
tahedra share their shortest edges to form densely packed
chains parallel to the c axis. This tetragonal Jahn-Teller
distortion might be expected to have an appreciable effect
on the optical absorption spectrum, giving rise to band
splittings from the deviation from Ohsymmetry.

Antiferromagnetism sets in at the Néel temperature TN
= 20K and neutron diffraction studies:s establish that the
magnetic unit cell has b and ¢ values double those of the
crystallographic unit cell. The structure consists of fer-
romagnetic (Oil) planes of Cr2+ions with parallel spins,
with adjacent planes having oppositely orientated spins.
(The ferrogmagnetic planes are incorrectly identified as
(001) planes in ref 30.) From consideration of the in-
tensities of the magnetic reflections, the magnetic moments
of the Cr2+ions were found:s to be directed along one of
the long Cr-CI bonds.

Free lon Spectrum

The experimentally observed energies of the terms of
the d. configuration of Cr2+have been given by Moore.i7
From these, the centers of gravity of the spin-orbit
components of the triplet terms can be determined, as by
Oelkrug. and McPherson et al.s There is poor agreement
between their respective derived values, and so the energies
have now been rederived (Table I). These energies differ
considerably from those given by Oelkrug.: but are in
agreement with those of McPherson et al..« apart from the
energies of the 2 and P terms.
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Several sets of values of the Racah interelectronic re-
pulsion parameters B and C, obtained from fitting to the
free ion spectrum, are available in the literature. However,
Table | shows that the calculated energies are in poor
agreement with the observed. No unique set of values of
B and C can fit all the free ion energy levels, since the sum
of the energies of the 3 states should equal the sum of
the energies of the sF, obviously not the case.

As the theory is inadequate for the free ion, calculations
made for the Cr2+ion in aligand field using the strong field
scheme will also be considerably in error. Substitution of
the reduced experimentally observed term energies directly
into the weak field matrices will allow more accurate
calculations and assignments to be made 134

Experimental Section

Chromium dichloride (Alfa Inorganics) was sublimed at
—3800 °C in silica tubes sealed under vacuum; the com-
mercial product appeared to be contaminated with traces
of violet-colored CrCl: and possibly Cr.03 Attempts were
made to grow large crystals from melts, but the resultant
boules consisted of numerous crystalline regions rather
than one single crystal. Only small crystals ~3 X 2 mm
could be cleaved from these boules due to this, and to the
frequent cleaving along the ¢ axis to form very small
needles.

The spectra were measured at 300, 70, and s K, in the
range 5000-30000 cn+L, with the incident light propagated
perpendicular to the crystallographic c axis, using a
Beckman Acta M1V spectrophotometer. The crystals were
clamped over ~ 1.5 mm circular apertures punched in brass
plates, and inserted in the sample chamber of an Oxford
Instruments CF200 continuous-flow liquid helium cryostat.
Temperatures were determined and controlled to within
-2 K by an Oxford Instruments VC30 temperature
controller.

The integrated intensities of the observed absorptions
were determined by measuring the band areas with a
planimeter, but the corresponding oscillator strengths
could not be calculated because of the extraordinary
difficulty experienced in measuring the thicknesses of the
samples, which were probably about 100 jum Attempts
using a micrometer were unsuccessful due to small size and
fragility, and measurements using an optical interference
technique:z:-2a were not applicable.

Recorded absorbance vs. wavelength spectra in the
7000-15000-cm:  region were replotted for linearity in
wavenumber and resolution into Gaussian components
using a Dupont 310 curve resolver.

Results and Discussion

Quintet-Quintet Transitions. In an octahedral ligand
field the D ground state of the free Cr2+ion is split into
two terms sEgand sT 2y differing by 10Dq, and thus only
one spin-allowed transition sEg — sT2) is expected.
However, since the CrCls units here are tetragonally
distorted, the effect of the lower symmetry field must be
considered in the assignment of the quintet-quintet
transitions in CrCI2 For this assignment, the symmetry
at the Cr2+site may be considered to be Dih although the
symmetry is less than this, since the CrClg octahedra are
angularly distorted as well as axially lengthened. In a D&
ligand field the D free ion term is split giving rise to four
quintet states. As the distortion in CrCl. takes the form
of an axial elongation of the CrClg octahedra, the sBlgterm
is predicteds to be the ground state, and three spin-allowed
transitions from this state to the other quintet states are

thus expected. (
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Wavenumb% (l(ch hl

Figure 1. Absorption spectrum of crCl2in near-IR region at 6 K.

TABLE Il: Assignments and Observed Energies at 6 K
of Spin-Allowed Transitions and Ligand Field
Parameters for CrF, and CrCl,

Obsd energies,

Theoretical

Assignment Formula CrFj0  CrClb
R ->5A 4Ds + 5Dt 10495 9100

B2y 10Dq 11623 11050c
B,g -m 55y 10Dq + 3Ds- 5Dt 14669 12250e
Dqgfcm-1 1162 1100
Dsicm"l 1934 1470
Dtlcm-1 551 640

a Experimental data for CrF2 from Table Il of ref 5.
b Fackler and Holah9 observed maxima at 8750 and
12 000 cm'lin diffuse reflectance spectrum at 77 K.
¢ Maxima of Gaussian components resolved from band
at 211750 cm"1

In the spectrum of CrCI2 an intense extremely broad
absorption centered at ~11000 €M 1 Was observed at room
temperature. On cooling to liquid helium temperatures,
the absorption decreased in intensity and revealed two
bands at 9000 and 11750 cm : and a weak shoulder at
~ 14000 cm“], as shown in Figure 1 Gaussian analysis
of this absorption enabled the higher-energy band to be
resolved into two components centered at 11050 and 12250
cm“l By comparison with other Crlll) spectrai-ss the
three lower-energy bands are assigned to spin-allowed
transitions to the sAlg, and sEglevels, respectively.
The shoulder at 14000 c:: most probably arises from the
presence of a Cr(l1l) impurity, due to oxidation of the
sample. (A broad spin-allowed band, assigned to the
aAodsF) = 4T ogiF) transition, assuming Ohsymmetry, is
observed:s at orl4z00 cmy: in the spectrum of CrCls at 4.2
K.) A similar shoulder is also observed in the diffuse
reflectance spectrum of CrCl. reported by Clark

The ligand field parameters Dq, Ds, and Dt can be
derived empirically from the spectra using the theoretical
expressionss 2s for the transition energies shown in Table
11, together with their values at s K and the assignments
of the spin-allowed transitions. Both Ds and Dt are found
to be positive, as expecteds from consideration of the
nature of the distortion in CrCI2 For comparison are
presented the corresponding assignments and parameters
derived from the s K spectrum of CrF of Lim and Stout s
These values are not Lim and Stout’s, since their as-
signments indicate an unexpectedly small separation
between the °Blgand :Alg levels, an incorrect sequence of
the °Egand sB2energy levels, and lead to tetragonal
splitting parameters Ds and Dt of opposite signss The
assignments given here accord with those of Oelkrug. s for
the room temperature spectrum of CrF2 although he was
not able to resolve the sBlg-* [Algtransition and thus did
not derive values of the parameters Ds and Dt.

Quintet-Triplet Transitions. A series of sharp bands,
Vhich are much less intense than the quintet-quintet
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transitions, was observed in the spectrum of CrCl: in the
15000-22 000 cm'], and corresponds to spin-forbidden
transitions. This spectral region is shown in Figure - at
temperatures of 300, 70, and s K.

The Cr site in CrCl: being tetragonally elongated, the
analysis of these transitions should be carried out on the
basis of a Dih ligand field, as for the spin-allowed tran-
sitions. However, the Dih weak-field matrices have not
been formulated, and since, as discussed above, the the-
oretical formulation of the free ion terms for the Cr2+free
ion is inadequate, it is doubtful whether the Dih strong-
field matricesZ provide a basis for the assignment of the
spectrum of CrCI2 Furthermore, although this spectral
region is complex, it does not appear to be consistent with
the presence of the ten transitions which are predicted to
occur with the assumption of Dihsymmetry. Polarization
measurements for interpretation on this basis were not
found possible due to the difficulties in cleaving the
crystals. The analysis of the visible spectrum of CrCl. was
thus carried out on the basis of an octahedral ligand field.
Despite the heavy emphasis above on the tetragonal
distortion in CrCI2 especially in the interpretation of the
spin-allowed transitions, it nevertheless appears that this
approximation is justified by the close similarity of the
spectrum to those of Cr(I1) chloro complexes..s..2 such as
RbCrCls and CsCrCI3 in which the Cr2+ion is approxi-
mately octahedrally coordinated, and, anticipating the
results of this section, by the good agreement between the
calculated and observed energies. In the assignment of the
spin-forbidden bands of tetragonally distorted Cr(ll)
complexes:s.11 it was noted that the positions of the
transitions were almost constant despite the various
distortions of the Cr2+environment, and it was concluded::
that either “the ligand field states retain their cubic
symmetry or the lower than cubic symmetry states are
insensitive to distortions in the ligand field”.

The ligand field calculations of the quintet-triplet
transitions were carried out by computer diagonalization
of the crystal field energy matrices. The weak field
matrices for a d.: ion in an octahedral ligand field, derived
by Ferguson et al..2s were used and the reduced experi-
mental free-ion term energies were substituted directly into
them. Treatment of off-diagonal elements in the free-ion
energy matrix follows ref 28,

Table 111 shows the observed and calculated energies of
the quintet-triplet transitions. These calculated energies
were obtained by varying the effective free-ion term en-
ergies and the best fit was obtained with the percentages
of the free-ion values shown in this table, and using aDq
value of 1100 cm™], derived from the energy difference of
the sBlg and sB2)j levels observed in the spin-allowed
transitions. The calculated energies were found to be
relatively insensitive to the choice of Dg, except for the
sEg— T layzH) transition, but since this transition was not
observed, not much significance can be attached to the Dq
value, given here, although it should be noted that Dq is
approximately 1100 cm : for octahedral Cr(Il) chloro
complexes.

Agreement between the calculated and observed energies
is remarkably good, especially considering the nature of
the approximation involved in the assumption of octa-
hedral symmetry. The transition to the sT IggGH) level was
calculated to occur at 6620 cm“], but the observed spec-
trum, recorded down to 5000 cm*], showed no trace of any
absorption in this region. A similar failure to observe this
transition in the spectrums of CrF2 which is also tet-
ragonally distorted, has also been reported, but it has been
observed:.46.20 in the spectra of other tetragonally distorted
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TABLE Ill: Observed (6 K) and Calculated Energies
Relative to Ground State F=g(5D) and Assignments
of Spin-Forbidden Transitions of CrCI2

Energy, cm"1
Assignment Obsd* Caled6

3r,ga(3H) 6450
16000
16069
16108
16129
16152
16181
16236
16281
16351
16592
16736
16854
16941
17109
17352
17421
17503
17537
17636
17777
17841
18786
19036
19312
20790
20863
20946
21034
21132
21331

~25300d

Eg(3H) 16130

3T Igb (3H) 16270

3T 2g(3H)
16570

3A29(3F) 17600

'Eg, 'T29('l)c

3AI1g(6) 18670

Fg(3) 21200

3T Ig(P) 25160

“ Fackler and Holah9 observed bands at 16300, 17500,
and 19000 cm™ in the diffuse reflectance spectrum at 77
K. 6 These energies have been calculated with Dq =
1100 cm'land with the 35, 3H, D, ;P, and P term ener-
gies reduced to 91%, and the IF and 3 term energies re-
duced to 88%, of the free ion values (see Table I). e Ten-
tative assignment; the energy of this transition has not
been calculated, see text. “ Observed as a shoulder on
the onset of charge transfer absorption.

approximately octahedral Cr(Il) complexes. Possibly the
missing transition is obscured by the low-energy tail of the
spin-allowed transitions.

The assignments, given by Alcock et al.fi for the spectra
of CsCrCl and RbCrCI3 were made on the basis of cal-
culations using the theoretical Racah formalisms of the free
ion energies in the weak field matrices, and differ in some
cases from those presented here. From earlier arguments
regarding the free ion spectrum of Cr2+ the calculations
given here are freer of objection and appear to provide a
better description of the observed spectrum. The spectra
of these chloro complexes lack an equivalent of the ab-
sorption centered at ~ 17800 cm': in the s K spectrum of
CrCl: (Figure 2) and its assignment to a quintet triplet
transition is problematic. Instead it is tentatively assigned
to the transitions to the singlet levels 'Eg :T.g:1) Cal-
culation of the energies of these transitions, using the free
atom method as employed for the triplet terms, was not
possible since the only singlet states that have been
observed:; in the free-ion spectrum are the 'F and &5
terms. However, inspection of the energy level diagrams
for a d: ion in an Oh ligand field reveals that these
transitions are expected to occur in this region.

The band assigned to the °Eg —3FEg35) transition
centered at - 2 1100 CM 1 appears to lie on top of a very
broad, weak absorption. The presence of traces of Cr(lI)
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TABLE IV: Relative Integrated Intensities” of
Absorptions in CrCI2 Spectrum

Relative integrated
intensity

Transition 300 K 70 K 6~K
Spin-allowed
absorptions6 1000 740 630
sEg(5D) — EQ(*H), 3T,gb(3H) 31 21 14
SEg(¥D) — 'T,g(3H) 20 19 13
FEg(!D) — 3A,9(F) c 9 8
Fg(!'D) — A (0) 69 61 33
sEg(D) -» FE9(H) - 38% 32 17

“ Intensities relative to combined intensities of spin-
allowed absorptions (= 1000) at 300 K. 6 Combined
intensities of spin-allowed transitions to 5Alg, sB2g, and
g levels. c Not sufficiently resolved at 300 K.

d Approximate value due to overlapping with charge-
transfer absorption.

as an impurity in the sample is the probable cause of this
latter absorption, since the absorption spectrunmes of CrCls
shows the broad spin-allowed transition :A.g:F) 4T IgGF)
(assuming Chsymmetry at 19900 cm: at 4.2 K). Clark’s
diffuse reflectance spectrum: of CrCl. shows an intense
broad band at -:20000 cm'], which indicates his sample
was severely contaminated with Cr(l11).

A considerable amount of fine structure was observed
in all the observed bands at « K, probably due to the
effects of spin-orbit splitting, coupling with phonon and
magnon modes, and to the symmetry’s being lower than
Oh Definite assignments of this structure were not
possible.

Intensities and Temperature Dependence of Spectra.
The difficulties in measuring the thicknesses of the crystals
precluded the determination of the oscillator strengths of
the observed transitions. However, it is still possible to
make some comments of a qualitative nature on their
relative intensities, which are given in Table IV. For the
spin-allowed quintet-quintet transitions a decrease in
intensity as the temperature was lowered was observed.
This is as expected and is typical of the behavior of vi-
bronically assisted electronic transitions which show a
temperature dependence of the type

f(T) = f{0) coth (he/2kT)

The effect of temperature on the spin-forbidden tran-
sitions is somewhat different, and although the deter-
mination of the integrated intensities of some of the bands
is only approximate at 300 K due to the overlapping of
adjacent absorptions, Table 1V shows that there is only
a small decrease in intensity between 300 and 70K. The
exception to this behavior is the band assigned to the
sEgED) — sA20F) transition, which appears to increase
in intensity. Ats K, honever, the spectrum is substantially
different, becoming much more complex with the bands
showing considerable fine structure. The integrated in-
tensities of all the transitions, with the exception of the
transition to the sA-gGF) level, are considerably less at this
temperature than at 70K, and this observed decrease over
the 64 K temperature range is much greater than that
observed over the 230 K range from 300 to 70 K. In
addition, the low-frequency onsets of all the bands, except
the manifoid attributed to the °Eg) - 2T:0:H) tran-
sition, beccme very sharp (see Figure 2).

Anomalously intense spin-forbidden transitions have
been observed before in the spectra of various other an-
tiferromagr.etic and ferromagnetic Cr(Il) compounds.2.io 12
and the intensities of these bands have been ascribed to
the effects of an exchange-induced electron dipole
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Wavenurrer (1030151)

Figure 2. Absorption spectrum of CrCI2in 650-400-nm region: upper
trace, 300 K; middle trace, 70 K; lower trace, 6 K.

mechanism, which is related to the magnetic coupling in
these compounds. Furthermore, the intensities of the
transitions to the sEg:H) and sAlgeG) levels (octahedral
assignments) in the spectrum of ferromagnetic K.CrCl.
were observed. to decrease almost to zero below the Curie
temperature, Tq- 65 K, when ferromagnetic ordering set
in.

CrCl: hasiz a Néel temperature of Tn =20 K and the
observed decrease in intensity of the quintet-triplet
transitions between 70 and ¢ K is most likely related to
the onset of antiferromagnetic ordering involving a con-
tribution to the intensities from an exchange-type
mechanism. This temperature dependence is in accord-
ance with that experimentally observed and predicted from
theoretical considerations,s:.3s for antiferromagnets such
as MnF: and RbMnF3 The spin-forbidden absorptions
in these compounds were observed to undergo a sharp
decrease in intensity at the Néel temperature, the mag-
nitude of the change being related to the relative con-
tributions from magnon “hot” bands (exciton - magnon),
magnon “cold” bands (exciton + magnon), and phonon
modes. Further analysis must await detailed studies of
the temperature variation of f, which to save an immense
amount of preparative time should be conducted on a

W. L. McCullen and T. L. Brown

microspectrophotometer requiring much smaller crystals
than we found necessary.
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Calculated Effects of Distortion on the Electric Field Gradient

Parameters of Nitrogen-14 in Pyridinium and Imidazolium lons

William L. McCullen and Theodore L. Brown*

School of Chemical Sciences and Materials Research Laboratory, University of lllinois, Urbana, Illinois 61801 (Received July 7, 1977)

The effects on the electric field gradient parameters of N of distorting a proton from its equilibrium position
have been calculated for pyridinium and imidazolium ions using orbital populations generated by a parameter-free
approximate molecular orbital method. The results indicate that small in-plane distortions cause eZqzlh
to decrease by less than 226 while 1j may increase significantly. Small out-of-plane distortions result in increasing
eQ<Iz/h by less than 2% and decreasing €by less than 3%

Utilization of double resonance methods for the de-
tection of N NQR spectra permits the detection of low
frequency quadrupole transitions characteristic of coor-
dinated nitrogen. Accordingly, this technique holds
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considerable promise for the study of diamagnetic com-
plexes involving nitrogen donor ligands. It has been
possible, using a modification of the Townes-Dailey
model.: to account for the N NQR spectra of coordinated
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Figure 1. Coordinate system for pyridinium (a) and imidazolium (b).

pyridine, phenanthroline, and imidazole. 4 In all these
cases, the nitrogen is in a quasi-trigonal environment, in
which the two N-C bonds and the N-M bond lie in a
plane. In applying the Townes-Dailey model to such
complexes, we have made the assumption that the met-
al-nitrogen bond lies along the C-N-C angle bisector, and
in the plane of the ligand. However, there are many
compounds in which this condition may not hold. For
example, in phenanthroline complexes, the metal-nitrogen
internuclear axis typically lies s-10 © away from the
pseudo-twofold axis through the nitrogen. In addition,
packing considerations within the lattice may cause
monodentate ligands such as pyridine or imidazole to be
displaced so that the metal-nitrogen vector lies away from
the in-plane bisector of the C-N-C angle. It is thus
important to know the effect of these distortions on the
values of the quadrupole coupling constant, eXgzzh, and
asymmetry parameter, 1.

We have attempted to evaluate the importance of
distortions by calculating the effect of angular distortions
on eXgzzh and = at nitrogen in pyridinium and imida-
zolium ions. These species may be considered to be
“complexes” of the neutral ligands, pyridine, and imid-
azole, respectively, with the proton as Lewis acid. The
nitrogen orbital population in the bond to the proton in
these species is lower than in the metal complexes of these
ligands. In effect, the proton is a stronger Lewis acid than
any of the other metal ion species studied. Accordingly,
the effects of distortion in pyridinium and imidazolium
ions should represent an upper limit to the effects observed
in complexes of pyridine and imidazole with metal ions.

Calculations

The calculations were carried out using a parameter-free
approximate molecular orbital method described else-
wheres The geometry employed for pyridine is an
idealized structure based on crystal structure datas All
C-H bond distances were assumed to be 1.08 A7 An
identical geometry is assumed for pyridinium, with ad-
dition of a proton to the nitrogen atom, N-H bond distance
= 108 A The geometry assumed for imidazole is that
based on a microwave structural study s The geometry for
the imidazolium ions is the same as that for imidazole, with
the addition of a proton to N(I) with an assumed N-H
bond distance of 0.998 A The numbering of atoms for
pyridinium and imidazolium are shown in Figure 1

It is important to note that the imidazolium ion is not
assumed to have C2isymmetry, as is in fact the case for
this species. By retaining the ring geometry of neutral
imidazole, the amino nitrogen is made to retain an en-
vironment which we expect more closely resembles that
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in metal ion complexes of imidazole.

The molecular orbital calculations provide a set of ei-
genvectors for the occupied molecular orbitals. Using these
the field gradient at nitrogen has been calculated using two
levels of approximation. In method I, the field gradient
is assumed to arise entirely from the imbalance of nitrogen
2 p orbital populations. These are evaluated as the gross
atomic orbital populations, assuming a Mulliken popu-
lation analysis; i.e.

Ni = 2N k(Cu + ICiMCuSu) ¢)
k j

where the summation k is over the occupied molecular
orbitals of population Nk In method Il, additional
contributions to the field gradient from charges residing
on other atoms are included. These are estimated by
computing the net charge in each of the other atoms in the
structure, and evaluating the contribution to the field
gradient from that net charge in terms of a classical ex-
pression for the contribution to the field gradient, i.e.

3 cos:
[z -

"a

22A u qg m

m |
where the summation a is over the other atoms of the
molecule. In this expression, Z represents the nuclear
charge excluding that balanced by core electrons, and the
summation within the bracketed expression represents
shielding of that nuclear charge by the electrons occupying
the valence atomic orbitals of that atom.

The molecular orbital calculations were carried out for
the neutral ligands, pyridine and imidazole, and for the
pyridinium and imidazolium ions. For both ions the
calculations were repeated with the proton displaced from
the in-plane bisector of the CNC angle, in : © intervals up
to 10° displacements. The displacements were made both
in-plane and out-of-plane. In the case of the imidazolium
ion, the in-plane displacements were carried out in both
directions, since these are nonequivalent in that species.

AclLmcjimsu)]a (2)

Results and Discussion

The many attempts which have been made to calculate
the quadrupole coupling constant and asymmetry pa-
rameter at N in pyridine, imidazole, and other nitro-
gen-containing heterocycles have met with varying degrees
of successs-14 Our method of calculation here does not
represent an attempt to improve upon earlier calculations.
Our concern is mainly with the changes in the field gra-
dient tensor which occur upon movement of the proton
away from the equilibrium position. Thus it is only
necessary that the calculations provide a reasonably re-
alistic representation of the field gradient tensor in the
neutral ligand and in the ion.

From the population analysis, the diagonal components
of the field gradient tensor in the axis systerms shown in
Figure 1 can be calculated from the following expressions.is

Vzz - c<20[Ne2 ‘/ANp™ + NPY)] (©)
VYY = eqO[NPy- 'h(NP<+ NRJ] @
Vxx =eQoLNpx~ Ih(NR/ +Ay] ®

where Qis obtained as described below. These diagonal
components are relabeled so that Vzz > VY 2 Vxx- Then
eX)gzh = eQVzz/h, and

V= (Vxx ~ VYY)IVZ G)
The quantity qOis calculated using the Clementi SCF
atomic wavefunction:s for the 2 p orbital of nitrogen to be
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TABLE |I: Calculated and Observed Field Gradients
Method | Method Il Exptl
Townes-Daile opulations
e2Qqzzlh, y pop e2Qqzz/h, 2QqzJ h,
MHz Vv 2p* 2Py 2p2 MHz Vv MHz Vv Ref
Pyridine -5.827 0.0137 1.09278 1.09875 1.75340 -5.850 0.0460 4.584 0.396 14
Pyridinium -1.750 0.4518 1.14720 1.31492 1.08771 -1.891 0.4624 1.090 0.509 2
Imidazole* -5.158 0.2407 1.09678 1.19018 1.72563 -5.146 0.2618 3.679b 0.022 4
Imidazolium* -2.360 0.5253 1.16166 1.38125 1.06837 -2.504 0.5833 1.451° 0.717 4

Data for imino nitrogen.
Data for imidazolium iodide."

9 (Cegress)

Figure 2. cCalculated results for pyrldinium: (a) graph of e2Qqzz/h\is.
8 (angle of distortion); (b) graph of Qvs.8. The solid curve represents
the in-plane results; the dashed curve represents the out-of-plane results.

1632 X 105 cm-3 The value of Q is chosen so that
e2Qqz/h =s.ss MHz. This leads to avalue of Q =0.0156
b. Using these values, the field gradient parameters for
pyridine and pyridinium listed in Table | were obtained,
using both method |1 and method Il. As expected the
values resulting from these two treatments differ by less
than 10 %

Protonation of pyridine radically affects the electronic
environment about the nitrogen, in producing a large
decrease in eX)gzzh. The principal axis systerm undergoes
reorientation, such that the major axis of the field gradient
tensor lies normal to the ring. These calculated results are
in general agreement with the observations, although the
detailed fit with experimental data is not very good. The
fact that the major field gradient axis is normal to the
plane of the ring suggests that in-plane motions of the
proton in the pyridinium ion will have a negligible effect
on eXqzzh, whereas out-of plane distortions might be
expected to have a larger effect.

Figure > shows the changes in eXgzzh and » resulting
from in-plare distortion of the hydrogen in the pyridinium
ion. In keeping with expectations the change in the
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b Data for IV-benzylimidazole,” chosen because it is free of hydroge n-bonding complications

Figure 3. Calculated results for imidazolium: (a) graph of e20qzz/h
vs. 0; (b) graph of rj vs. 8. The dashed curve represents the out-of-plane
results; curve 1 represents the In-plane distortion toward N(2), and curve
2 represents the In-plane distortion away from N(2).

quadrupole coupling constant is quite small, less than 1.5%6
as calculated by either method. Such change as does occur
results from s'ightly increased populations of the 2pxand
2 pzorbitals, with concurrent reduction in the population
of the proton Is orbital. The asymmetry parameter un-
dergoes comparatively much larger change. This is to be
expected, since the asymmetry parameter will depend upon
the redistribution of electron density of the 2pxand 2 pz
orbitals.

Out-of-plane distortion of the proton in pyridinium
causes the quadrupolar coupling constant to increase.
Surprisingly, the change is again quite small, amounting
only to about 1.25% for a 10° distortion. The change in
asymmetry parameter, which amounts to a decrease of
2 2 Y% for a 10 © distortion, is also quite small.

The results of the calculations for imidazolium are
displayed in Table I. As expected, protonation of the
unshared electron pair of the imino nitrogen causes alarge
decrease in eX)qzzh and 7

The changes in eXgzzh and 7 for distortions of the
hydrogen in imidazolium are displayed in Figure s . The
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values for eX)gzzh were the same for both cases of the
in-plane distortions of imidazolium, thus only two curves
are shown in Figure 3a. The calculations show than an
in-plane distortion in either direction away from the bi-
sector of the C-N-C angle causes a small decrease in the
quadrupole coupling constant. When the proton is moved
toward N(z ), the calculated change in 1 is about 4% for
a 10° distortion. On the other hand, p changes by about
16% when the proton is moved in the opposite direction
in-plane. Just as for pyridinium ion, out-of-plane dis-
tortion causes only a small change in either the quadrupole
coupling constant or asymmetry parameter. It is note-
worthy also that angular distortions of the proton bound
to N(I) produce changes of less than : % in either the
quadrupole coupling constant or asymmetry parameter at
the amino nitrogen, N(2). These results are consistent with
our expectation that the electronic environment at N(z2)
is virtually insensitive to small changes occurring at N(1).

Results of these calculations shew quite clearly that
angular distortions in the coordination environment of the
ligated nitrogen in coordinated pyridine or imidazole are
not likely to have a significant effect on the observed
quadrupole coupling constant. On the other hand, in-plane
distortions may have somewhat larger effects on the
asymmetry parameter, r/. The fact that both in-plane and
out-of-plane distortions produce only small perturbations
in eXQgzZh suggests that this quantity is likely to be
insensitive to distortions regardless of the direction of the
principal component of the field gradient tensor. However,
the sensitivity of \to distortions may vary from one co-
ordination situation to another. The present calculations
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do lend support to the validity of the approximations made
in interpreting the field gradient parameters for UN in the
several types of complexes which have already been
studied.
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COMMUNICATIONS TO THE EDITOR

Spin Exchange and Broadening of Electron Spin

Resonance Spectra in Solutions

Sir: The study of spin exchange in liquids is a powerful
tool in the analysis of the diffusional process in liquids.
The widths of individual hyperfir.e lines of free radicals
in liquids are observed to broaden with increasing free
radical concentration. This phenomena is due to spin
exchange interactions which cause the magnetic envi-
ronment of an electron spin undergoing magnetic reso-
nance to fluctuate. We are concerned in this communi-
cation with the diffusion of free radicals in solution.

Pake and Tuttle: first described exchange broadening
in terms of radical-radical encounter rate, v.

W= kvp +R

where W is the ESR line width in gauss, k a constant, v
the radical-radical encounter rate, and p the probability
that exchange will occur upon radical-radical collision.
The encounter rate is normally related to the solvent
viscosity, ¥, and temperature, T, through the Stokes-
Einstein equation. Hence a plot of line width against T/g

should be linear. Deviations from this behavior have been
reported by Edelstein et al. More recently Povichs ex-
amined the relationship between line width, viscosity, and
temperature using dilute nitroxide free-radical solutions
of different viscosities. The results show that broadening
is linear with respect to temperature in contrast to the
Stokes-Einstein equation. Povichs examined the data of
Edelstein et al. and showed that similar linear W-T
behavior is observed for di-tert-butyl nitroxide in degassed
propane. No explanation was offered for these observa-
tions. In this communication we show that these obser-
vations can be readily explained by current theories of the
liquid state.

Hildebrand. showed the similarity between viscous flow
and diffusion and presented a new diffusion mechanism
where the mean free paths are only small fractions of the
molecular diameter. This is in contrast to the well-known
rate theory approach where mean free paths equal to the
molecular diameter are needed, thereby introducing an
activation energy for diffusion. Sridhar and Potters
following the work of Hildebrand,» derived an equation for
predicting diffusion coefficients in liquids. This equation
gives reasonable predictions compared to other available

The Journal of Physical Chemistry, Vol. 81, No. 26, 1977
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Figure 1. ESR line width of propane and dodecane, Data obtained from
ref 2 and 3. Extrapolation to zero line width gives the temperature at
which the diffusion coefficient is zero.

Figure 2. Variation of fluidity with temperature. Data obtained from
ref 8 and 4. Extrapolation shows that fluidity is zero at the temperature
where the line width is zero.

equations. We shall use Hildebrand’'s mechanism in
reexamining the dodecane data of Povich3and the propane
data of Edelstein et al.2

Povich6has shown that the relationship between the line
width and diffusion coefficient is linear. Sridhar and
Potter7have used such a relationship to measure oxygen
diffusion coefficients in cyclohexane. The data so obtained
are consistent with available data on the oxygen-cyclo-
hexane system. We shall assume such a linear dependence
of line width on diffusion coefficient in what follows. Line
widths in solution will have the same temperature de-
pendence as diffusivities.

According to Hildebrand’s mechanism diffusion starts
at the same temperature (TQ as fluidity (I/tj) and is linear
with temperature. The molal volume at TOis VOa cor-
responding state ratio of the critical volume. In Figure 1
the ESR line width of propane2and dodecane3is plotted
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Figure 3. Self-diffusion coefficient of dodecane. Data obtained by ref
9 using pulsed NMR technique. The diffusion coefficient is zero at 230
K.

against temperature. Extrapolation of this plot should
yield TO for propane and dodecane due to the above-
mentioned relationship between line width and diffusion
coefficients. In Figure 2 fluidity is plotted against tem-
perature. The viscosity of dodecane was obtained from
the Handbook8and for propane from Hildebrand.4 As seen
in Figure 2 both the fluidity lines extrapolate to the same
TO as obtained from Figure 1. In Figure 3 some low
temperature self-diffusion data for dodecane are plotted
against temperature. These data were obtained using
pulsed NMR technique by Ertl and Dullien.9 Again the
data extrapolate to TO, for dodecane, where viscous flow
ceases and the diffusion coefficient is zero. Similarly the
decrease in line width with increasing pressure reported
by Povich3 based on Edelstein et al.’s2 data can be ex-
plained by a decrease in diffusion coefficient. For example,
Benedek and Purcelll0examined the influence of pressure,
at constant temperature, on the self-diffusion coefficient
of water. An approximately linear relationship between
diffusion coefficient and pressure was noticed with de-
crease in diffusion coefficient with increasing pressure.
Simons and Ponterll in a recent review of diffusion in
liquid systems comment on the difficulty in relating
diffusion coefficient to viscosity alone and conclude that
such relationships have marginal utility.

In conclusion we have shown that the observed inter-
actions between free radicals in solution can be explained
by available theories of diffusion. At least at low tem-
peratures Hildebrand's4 theory of diffusion seems to be
remarkably supported by available ESR data. Further
studies of line broadening, at various temperatures and
pressures, should provide valuable insight into the dif-
fusional process in liquids.
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Homomolecular Oxygen Isotopic Exchange Reaction
on Zinc Sulfide below -80 °C

Publication costs assisted by Hokkaido University

Sir: Homomolecular oxygen isotopic exchange reactions
at -196 or -193 °C have been observed on several oxides
such as ZnO, Zn0O/AI20 3 and Ti0214 So far, the for-
mation of an 0 4 intermediate between 0 2~and Oz was
conjectured2to account for such an unusual reaction taking
place at low temperatures. The authors tried to monitor
the 0 2-species during the equilibration reaction on ZnO
by using an oxygen-17 isotope, and deduced that the 04
intermediate might be formed instead of 04~ in low-
temperature isotopic exchange reactions.34 This com-
munication shows that the ZnS surface also brings about
isotopic equilibration of oxygen at liquid nitrogen tem-
perature, which may be the first observation of this unique
exchange reaction over a catalyst other than oxides.

Commercial ZnS (ZnS-1) (99.99%) from Nakarai
Chemicals and high purity ZnS (ZnS-11) (99.999%) from
Yamanaka Chemicals were used as the catalyst. The
sulfide was evacuated for 1 h at 450 °C and treated with
30-50 Torr of for 1 h at the same temperature. Finally
it was evacuated at 450 °C for 2 h. When about 0.5 Torr
of a mixture of 180 2and 180 2 (1800 226% and 180 268.7%)
was admitted to the reactor at room temperature, evidence
of an isotopic exchange reaction was detected to a slight
extent on both ZnS-1 and ZnS-11. When the temperature
of the reactor was lowered, however, isotopic equilibration
in the gas phase oxygen was markedly enhanced as shown
in Figure 1. From the results shown in Figure 1, the
activity for the equilibration reaction has an optimum
temperature. If the reaction at -196 °C was stopped at
30 min and the reactor was warmed quickly from -196 °C
to room temperature, the isotopic composition of gas phase
oxygen changed abruptly as shown in Figure 1. This fact
may suggest that the decrease in the activity at a lower
temperature than the optimum is caused by the slow
desorption of the adsorbed oxygen whose isotopic com-
position is closer to equilibrium than that in gas phase.
That is, the equilibration of gas phase oxygen is controlled
by the slow desorption of adsorbed oxygen being more
extensively exchanged at a lower than optimum tem-
perature of around -90 °C.

In order to shed light on the active species of this unique
isotopic scrambling, a thermal desorption experiment was
performed by controlling the nitrogen stream from liquid
nitrogen Dewar vessel. A mixture of 18 2 and 180 2 was
admitted to the reactor which had been dipped in liquid
nitrogen and kept at that temperature for 15 or 30 min.
After that, the reactor was warmed from liquid nitrogen

M
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Time (min)
Figure 1. Changes in isotopic gas phase (open symbols) composition
and of desorbed oxygen (solid symbols) obtained by raising the
temperature to room temperature.

Figure 2. Thermal desorption spectrum and isotopic composition of
oxygen adsorbed on ZnS at liquid nitrogen temperature for 30 min.

temperature to room temperature. Desorbed oxygen was
removed from the reactor by evacuation through a leak,
and the pressure change during thermal desorption was
monitored by a Pirany gage. The isotopic composition of
the desorbed oxygen was simultaneously analyzed by a
mass spectrometer. A typical desorption spectrum and its
isotopic composition observed on ZnS-1 are shown in
Figure 2, where a single desorption peak with a maximum
at ca. -108 °C is observed. It is obvious that the isotopic
composition of the desorbed oxygen depends markedly on
the desorption temperature, that is, desorbed oxygen at
temperatures lower than -110 °C shows isotopic compo-
sition nearly equal to that of the original mixture, while
the oxygen desorbing above -100 °C is almost equilibrated.
In order to make clear the isotopic equilibration of the
adsorbed oxygen at liquid nitrogen temperature, the
catalyst was kept at liquid nitrogen temperature for certain
intervals, after which the reactor was warmed to room
temperature quickly and the average isotopic distribution
of the desorbed oxygen was determined by a mass spec-
trometer. As shown in Figure 3, the average isotopic
composition of the desorbed oxygen apparently approaches
equilibrium with the contact time at liquid nitrogen
temperature. This fact suggests that the active oxygen for
isotopic equilibration is held rather strongly on the surface
and is miscible with the weakly held inactive oxygen which
can desorb below -110 °C because the thermal desorption
experiments whose the contact time at liquid nitrogen
temperature is varied between 15 and 30 min give quite
similar isotopic distributions indicating equilibration of
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Figure 3. Changes of isotopic gas-phase composition and the average
desorbed oxygen composition vs. time at liquid nitrogen temperature.

the oxygen desorbing above -100 °C.

A question which arises here is whether the ZnS surface
is oxidized by contact with oxygen at liquid nitrogen
temperature. To shed light on this problem, an attempt
has been made to detect oxygen signals by the Vaccum
Generator ESCA-3 instrument with Mg Ka or Al Ka x-ray
excitation. The binding energies of copper signals with
respect to the Fermi level were Cu(2p32 = 932.5, Cu(3s)
= 122.5, and Cu(L3V48M 45 auger = 918.8 eV, and these
values were quite in accord with reference data.56 Prior
to setting up the sample in the ESCA apparatus, a sample
of ZnS-11 powder was subjected to evacuation at 450 °C
for 1 h followed by treatment with H2S (48 Torr) for 1 h
at the same temperature. After that, it was evacuated at
300 °C for 1 h, and was again treated with 75 Torr of H2S
at 450 °C for 1 h. In a separate experiment, it has been
certified that the ZnS undergoing the above treatment is
active for the equilibration of oxygen as has been shown
in Figure 3.

The ZnS-1l sample treated as described above was
mounted on a Au mesh plate and heated under evacuation
for 2 h at 450 °C in the ESCA chamber. No oxygen signals
were observed for this evacuated ZnS-I1 sample by either
Mg Ka or Al Ka. After this premeasurement by ESCA,
the sample was cooled to about -150 °C and contacted with
oxygen (1 Torr) for 30 min in the apparatus. The ma-
nipulator was then warmed to room temperature with the
evacuation of oxygen and the sample was subjected to
ESCA measurement. A weak O(lIs) signal having binding
energy of 532.0 eV was observed after an accumulation of
64 times. The binding energy observed in this experiment
is undoubtedly higher by about 2 eV than that of ZnO,7
and is rather close to O(ls) of adsorbed CO.8 This signal
was erased by bombarding with an electron beam for Auger
analysis. Accordingly, it may be concluded that the ZnS
surface does not change to an oxide upon contact with
oxygen at temperatures as low as that of liquid nitrogen,
and that the carbon impurity may change to carbon
monoxide during the ESCA measurement. It has been
known that Si02 Mo0S2 and Mo003 show no catalytic
activityll for such a unique equilibration reaction at low
temperatures. Accordingly, ordinal condensed oxygen
should be inactive for the exchange reaction, and the
isotopic equilibration observed on ZnS surface at rather
low temperature is undoubtedly the catalytic process. The
fact that no oxygen signals have been detected by ESCA
on the ZnS surface after the equilibration reaction may
indicate a lack of oxygen dissociation on the surface, which
strongly support the 0 4intermediate, as has been proposed
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for ZnO and Ti0234 However, in remarkable contrast is
the fact that ZnS shows no photoeffect on the isotopic
equilibration as is observed on Zn0O.110
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Calculation of the Thermodynamic Functions for the
Specific Adsorption of lons on Mercury
at the Potential of Zero Charge

Publication costs assisted by the Consejo Nacional de Investigaciones
Cientificas y Técnicas (Argentina)

Sir: The specific adsorption of ions plays an important
role in the structural theories of the electrical double layer
and evaluation of the pertaining thermodynamic data is
very useful in interpreting the electrochemical behavior
of a metal-ionic solution interface. The electrostatic model
for ionic specific adsorptionlpermits an estimation of the
thermodynamic data for the adsorption of single charged
ions on mercury at the potential of zero charge (pzc) in a
relatively simple manner. The model has also been ex-
tended by introducing some modifications to cover ionic
specific adsorptions at solid electrode/solution interfaces
and has been used to calculate the standard free energy
change for the adsorption of halides and OH ions on gold.2
This communication reports a revision of the calculation
of the thermodynamic data related to the specific ad-
sorption of ions on mercury strictly following the elec-
trostatic model referred to in the literature.1l These cal-
culations showed some numerical errors in the published
results which appreciably alter the values of the standard
free energy (AGad), enthalpy (AHad®), and entropy (ASad)
changes. Results at 25 °C are assembled in Table I. The
subscripts 0 and r refer respectively to the original and
corrected data. A straightforward comparison of results
shows the following features: (i) The (AGad’)rvalues are
actually more negative than those originally reported, (ii)
The results now indicate the likely adsorption of K+ ion.
(iii) Either the anion or the cation adsorbability order
follows their qualitative behavior, (iv) The (AGad)rvalues
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TABLE I:
lonic S(ARad°)o- &ARad°)r, (ASad®)o,
species cal/mol cal/mol eu
Na+ 18.5 16.00 16.3
K+ 6.8 0.90 13.9
Cs+ -6.8 -12.11 1.6
F' 14.1 10.23 17.5
CL -9.6 -13.73 -2.1
Br" -12.9 -16.95 -5.1
r -16.4 -17.44 -11.0

“ The standard states for iS° and AG° are the same as quoted

for Br and I‘ ions are practically equal, () The dis-
crepancy between (AGad®)rand that arising from the re-
ported experimental value for the T ioni: is somewhat
larger than that originally reported.:

In spite of the numerical differences already indicated
which have"to be Considered when such data are quoted
as reference, it should also be emphasized that the cal-
culated magnitudes are very sensitive to the chosen hy-
dration parameters and the degree of surface coverage by
water molecules. Although the electrostatic model ap-
proach appears, in the authors’ opinion, essentially correct,
it involves however several approximations which are open
to discussion, as it has been already recognized by An-
dersen and Bockris.: One of them refers to employing
experimental primary hydration numbers together with
ion-water electrostatic interaction energies which were
derived by Eley and Evans: for a coordination number
equal to 4. Thus AHhd the calculated hydration enthalpy
changes, are in disagreement with the experimental results.
Another critical point is the contribution to the total
enthalpy change of the difference in the number of hy-
drogen bonds playing a part in the transfer of ions from
the solution to the interface. This number should change
depending on whether the process involves an anion or a
cation, because of the different orientation of the water
dipole in the primary hydration sheath.

As to the structure of water at the metal surface, there
is an incongruence between the number of degrees of
freedom assigned to the water molecule to evaluate the
various thermodynamic contributions and the localized
adsorption model which apparently explains the adsorption
characteristics of water on mercury at room temperature.
Other comments on the electrostatic model have already
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(A%adO)r> (AGad®)0, (AGad’)r,
eu kcal/mol kcal/mol
20.07 13.7 10.02
11.57 2.7 -2.55
2.24 -7.3 -12.77
16.91 8.9 5.19
-2.03 -9.0 -13.12
-6.14 -11.4 -15.12
-7.07 -13.1 -15.33

in the literature.l

been indicated by Reevess such as the use of vibrational
states for the adsorbed system as if it were a gas phase.

Certainly the electrostatic model for the specific ad-
sorption on ions can be improved with a broader per-
spective following the more recent advances made both in
the structure of water and solutions as well as in the field
of the electrical double layer. Therefore, it deserves a
further revision as far as the underlying theories on which
the model is based.
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