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THEORY OF COMPLEXES IN SOLUTION:
II. APPLICATION TO RAMAN SCATTERING FROM IODINE COMPLEXES IN
- LIQUID SOLUTIONS
Y. R. Shen and H. Rosen
'Department of Physics, University of California
“and
Inorganic Materials Research Division,

Lawrence Radiation Laboratory
Berkeley, California 9k720

ABSTRACT

Raman séattering from complexes in solution is discussed
from the microscopic and statistical point of view. It
is shown that the statistical theory proposed in the preceeding
paper is successful in explaining the observed anomalies in
Raman scattering from iodine complexes in solution. The
results indicate that each I2 can interact simultaneously
with two donors, that no particular complex configuration
dominates for weak 12 comﬁlexes, and that the shielaing

effect of inert solvent molecules on complex properties is

non-negligible.
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I.‘ INTRODUCTION

For the past two aecadeé, the subject of charge-transfer interaction
between molecules has attrécted much atteptioh. In particular,
charge-transfer complexes ot iodine haye teen inyestigated by meay
research workers.l‘ Benesi éﬁd Hildebriand2 were first to observe tﬁaﬁ
! when benzene (or methylated benzene) is added into a solution of iodine in
>én iﬁert solvent, such as carbontetrachloride, or n-hexane, a new |
absofptidn band in‘the ultraviolet appearé. They aésociatéd this band
with the féfﬁation of cémplexes between iodine and benzene. Mulliken3
subsequently recdgnized that these cémplexés are of the charge-transfer
t&pe in which iodine is the acceptor and benzene the donor. The
new absorption band is then known as the charge—transfer absorption
band of the complex. |

By assuﬁing that iodiﬁe forms a stable l:l.écmplex’ﬁith benzens,
and using the mass action law, Benesi and Hildebrénd2 wera able to
account fér the variation of opticai absorption as a.funétion of
the benzene concentration in the complex_solution by the well-known
Bénesi—Hildebrand équation. They then deduced from their results
the equiliBrium constant and the extinction coefficient for a 1:1
complex. However, it was observed fhat for iodine complexes with
méthylated behzene, the extinction coefficient of the charge-transfer
absorptioﬁ decreased with increasing methylation. To explain
this anomal&, Orgel and MullikenLl suggested that there might exist
simultaneoﬁsly in the solution two types of complexes; namely "stable"
and "contact" complexes respectively, and they showed that in such a

case, the Benesi-Hildebrand.equation still holds.. ‘Many other

Y

Iy

i
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authors have also modified the Benesi-Hildebrand equation by including
the effect of inert solvent molecules,5 the possible dependence of
extinction coefficient on donor or acceptor concentrations,6 the

7

possible existence of stable 1:2 complexes, etc.

In most experiments on charge-transfer complexes,'the effort has
been concentrated on measurements of thé charge-transfer absorption band.
There are, however, inherent difficulties in.the optical absorption
measurements. The large uncertainty in the results often makes
the comparison between theory and experiments rather difficult.

Moreover, thé absorption measurements.were usually limited to a single
or few discrete frequencies in the charge-transfer band. As Mulliken
and Person8 pointed out, the extinction coefficient which appears in any
theory of complexes should not be the one at a certain frequency, but
should be the one integratedvovef the entire charge-transfer band.

Only a few infrared?and Raman studieslo of charge—transfer interaction
have been reported. It is quite obvious that complex formation should
lead to a change in the fibrational spectrum of the solution.ll (see
Sec. II) With the advent of laser-Raman spectroscopy, Raman
measurements could now yield very accurate rgsults on the vibrational
spectrum of complexes, and appear to be a useful.new method for
investigati§n of charge-transfer complexes.

Qur recent measurements12

of Raman scattering from solutions of
iodine in mixtures of benzene {or methylated benzene) and n-hexane
showed some anomalous results which cannot be explained by the theories

2
of Benesi-Hildebrand and of Orgel and Mulliken.)4 According to their

theories, several discrete fundamental Raman lines of iodine should
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appear, one for free iodine molecules, one for the 1l:1 stable compleres,
~and also one for the l:n contact complexes. While the relative
intensities of these lines should vary with the benzene concentration,

the positions of the lines for free I, and for the stable complexes

2
should not have changed. However, our measurements on ig complexes
with benzene, tbluene, or m-xylene in iner£ solvent, éhowed only a
single unrésolved line. As the benzene (or methylated benzene)
concentration increased, this Réman line simply shifted to lower
freéuencies without aﬁpreciable change in its 1inewidth or lineshape,

énd thé frequency shift for I, in 100% benzene was larger than the

2
half width bf the line. We can also show, from the model of either
Benesi—Hildebrand or Orgel-Mulliken, that the‘mean vibrational
frequency shift as a function of benzene conéentration should obey an
equation 6f the Benesi-Hildebrand form.13 Figure 1, however, shows that
our experimental results deviate definitely, although not appreciably,
from the théoretical curveés of the Benesi-Hildebrand equation. These
anomalous resglts suggest fhat the simple models of BeneSi—Hildebrand and
Orgel-Mulliken for complexes in solution are unsatisfactory and shoulé
be modified.

From a statistical poiﬁt of view, there is no é_priori’reason to
assume either the existence of only 1l:1 stéble complexes or the
division into stable and contact compleies in a soiution. As Orgel
and Mullikenh pointed out, the observed properties of complexes
should be statistical averages over all attainable configurations in

thermal equilibrium. This is particularly true for complexes with

relatively weak interaction between molecules, e.g., iodine-benzene
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charge—trénsfer complexes. In the preéeeding paper (I),lu we have
developed a statistical theory for complexes in solution which takes into
accounf both the statistical distributién of complex configurations
and the efféct of inert solvent molecules in the solution. We
would like to show in this paper that application of our theory to
the case of Ramén scattering from icdine complexes in solutions can
explain éll the observed anomalies we mentioned before.

We shall éssume that the concentrétion of 12 (the acceptors) is

small, and we shall consider only the effect of charge-transfer

interaction on the Raman spectrum of I To make the discussion complete,

X
we first develope in Sec. II the theory of Raman scattering from a
charge—transfer complex. The effect of charge-transfer interaction on
the Raman spéctfum of the acceptors is calculated. Then in Sec. III,
we apply our statistical theory to Raman scatterihg from charge-transfer
complexes in a liquid solution. The results are used.in Sec. IV to
explain the observed anomglies in Raman séattering from iodine complexes
in liquid solutions. Quantitative agreement between theory and experiment
is also obtained.
IT. RAMAN SCATTERING FROM A CHARGE-TRANSFER COMPLEX

The differential Raman'scattering cross-section do/dQ for a

material system wifh eigenstates Iw ) can be obtained from a straightfor-

15

" ward second-order perturbation calculation.
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Here,'¢i > and ,wf ) are the initial and the final states in the
S ’ Raman trésistion, and [wn ) are the intermediate states. The unit
vectors éo and és indicate the directions of polarizations of the
incoming and the scattered Stokes radiation whose fréquencies are
given by w_ and w, respectively. The energy difference (En - Ei)
between the states lwn ) ﬁnd ,wi ) is abbreviated as hwni.
In the case of Raman scattering by molecula; vibration, the states

lw ) are eigenstates of the combined electronic and vibrational system

- of a molecule. With Born-Oppenheimer approximation, one can write

T = 1 = oo [ o + NI LEI @

3Q |q=

where |¢ } and ln ) are the elsctronic and vibrational states respec-
tively, and @ is the ncrmal coordinate for the molecular vibration.

-~

If we write

I (3)
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| ) ' aYn \
u=) lnn)<nnlyn+Q]nn)<nn| /3Q+ z (4)
n N .

» with | = © r_[¢ >( ¢njeo.£ eO'£J¢n >< ¢nlesoz
Ya h(wo - w i) - hTwo - wni)

For fundamental Raman transitions, only terms linear in Q in Eq. (1)

contribute. The differential scattering cross-section becomes

e 3 ale, 2

do _ w W o a<¢f y 3y, |
- b [englaln; 2 ‘W—L 637+ Coplggles ? + Coply 5|

where : y = Z Y

» ol =l
n .

n
The above result applies not only to free acceptor molecules, but
also to acceptor molecules interacting with donor molecules. In the
latter case, the eigenstates of a free acceptor molecule are modified
by the charge-transfer interaction with the donor or donors. According

to Mulliken,l6’:Ll the ground state of a 1:1 chargé-transfer complex is

givenvby
v, > = ata) Jy 0 +vla) [y,

=,510|¢>o> lng> + b, ]¢l> |ng>

(% 8b 3,6 ) 316, ) | -
-9 y o 1.6 [ 1
+(3Q |¢’O > o+ 55 Ml ) + 2, 3G + b 59 )Q]ng Y + ... (6)

(5)
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where l¢o ). is the electronic‘state for the "no-bond" structure (Df——A)

éﬁd |¢1 ) is the "dative" state (D' - A”). The coefficients a and b are
assumed real and normalized such that a2 + b2 + 28bS = 1 with S = (¢o|¢l ). .
Siﬁce we are only interested in the effe;t of the charge-transfér
interactioﬁ on the vibrational spectrum of the acceptor, only the
normal'coordinate_Q of the acéeptor is given explicitly in Eq. (16).
The case éf zerd charge-transfer intgraction corresponds to a = 1 and

. r
b = 0, Similarly, the optical excited states of the molecules should

also be modified accordingly by the charge-transfer interaction. In

particular, there now exists an excited charge-transfer state described by

lWop? =2 (&) [u > -v(Q) v . (1)

1

As a result, the operator y defined in Egs. (4) and (5) becomes

Y=y, +to& | (8)

where vy = Yo_if the charge-transfer interaction is zero. From Egs, 1),
(6), and (8), we find that the differential scattering cross-section
for fundemental Raman transitions in a 1:1 charge-transfer complex is

given by
' 3

e w
do _ % %%

aQ - —TR nelalng

ba, b X9 a9, | ' R . .
M.. =—(¢°| +a—"-—<@l|v+.a - +b (YO+AY)(aol¢o> +b0l¢l)) .

) 12, 12 (9) ‘

Q o 3Q o 9Q

+ (a.o (o] + v <¢ll)[g—q (v, + Y)](aol(bo > + b [¢,))

= | da_ 3b, 39, 3[6,
+{afe,l + 1 o, (Yo"'AY)(‘aEMO) tago 190 + ey =S+ vt )
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" we note that Ay includes moaification on all opticél excited states

due to charge-transfer interaction. Consequently to a good approximation

in evaluating Mfi’ we could perhaps neglect the modification on the

initial and final states due to charge-tranéfer interaction. We then

have

Mo, = M.~ + AM. , A (10)
Xy : Y 319
o _ o[ ‘ ) &)
where Mfi =5 Yo ,¢0 > o+ (¢o, 56—'|¢° > o+ (¢O]YO 3G

and AMfi nas the same expression as M. except with Yo replaced by Ay.

o)
fi
Moreover, if we assume that the major contribution to Ay comes from
the newly formed charge-transfer band, then the charge-transfer inter-
action would lead to an increase in the Raman scattering cross-section
given approximately by

@0 @)t
ae/  \af Y, an (uz = Wn) n(wo - wni)

oT p are the oscillator strength and the average energy of

the charge-transfer band, and fni is the oscillator strength for the

where f and hwc

optical transition between state; ,¢i > and l¢n } . Here, we have

_ assuﬁed the existence of a 1:1 charge-transfer pair with a definite
configuration. More generally, if the acceptor interacts with’several
donors simultaneously, then in the first-order approximation, we
should sum over contributions due to each donor accordingly. For
complexes in‘solution, numerous.complex configurations exist and the

results should also be averaged over the statistical distribution of
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complex configurations as we‘mentioned earlier. This will be done in
the next section.

From the experimental point of view, it is always difficult to measure
the abéolute scattering (or absorption) cross-section. The vibrational
frequeﬁcies, however, can be Aetermined with great accuracy by modern
Raman specfréscopy.l2 It is well known that interaction between molecules
may cause significant changes in the atomic bonding stréngth. The charge-
transfer interaction is particularly effecfive. It leads to shifts in the
vibrational frequencies of both the donor and the acceptor. The theory of
the vibrational frequency shifts in donors or acceptors has been formulated
by Friedrich and Pérson.ll Here, we shall give a brief review of their
calculation.

We assume that the potential function for a particular molecular

vibration in the charge—transfér complex can be written approximately as

WCT(Q) = (ai + aObOS) WO(Q) + (bi + aobOS) wl(Q) (12)

where W_ and W, are the potential functions for the no-bond (D---A) and
+ -
the dative (D - A ) structures respectively. The force constant for

the molecular vibration in the 1:1 complex is then given by
_ a2 2
Kep = 37 Won / 2Q

- ' 2 '
= (ao + aObOS)kO + (bO + aObOS)kl ) (13)

_ a2 2 _ a2
where ko - 0 wq/%Q and kl =9 W%/EQQ. From Eq. (13), we obtain the

frequency shift
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CcT ~ ko)/ko}wvo

= 5 [(k/k ) - 1] (6 +ab S . (14)

Here, wvo is the vibrational frequency for»thevfree acceptor, and we
have used the normalization condition ai + bi + 2aoboS = 1. Since kl
is usually smaller than ko,l7 the frequenéy shift va is negative,
indicating a decrease in the vibrational frequency.

Again, if the acceptor interacts simultaneously with n donors, tﬁe
vibrational frequency shift va of the acceptor is, in the first-order
approximation, the sum of contirubtions from all the n donors. The
observed frequency shift for complexes in solution should also be the
average of va over the statistical distribution of all complex configura-
tions. ©Equation (14) can be used directly to compare with experimental
observatiéns only when there is more or less a definite complex configura-
tion in a solution, as was assumed in Ref. 11, In the following

section, we shall find thé statistical averages of A(do/d) and va for

complexes in a liquid solution using our theory proposed in T.

ITI. RAMAN SCATTERING FROM COMPLEXES IN A LIQUID SOLUTION

Equation (2) in I gives a general expression for the statistical
average of a certain physical property X of the "A" molecules (the
acceptors) dissolved in the solvent mixture of "B" (donor) and "C"
(inert soivent) molecules. In a liquid solution, the number of "B" and
"C" molecules in the volume Vo should be a constant according to the

cell model, and hence, we have n+m = constant = p. We then write
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Ax>y =) x(nsm) p(n,m) dr,---dr dR -——dR (15)
v . : ~1 ~1
n,m o
n+m=p
with p(n,m) given by Eq. (7) in I. The quantity we are often interested

in is the change of (X} as a function of donor concentration with

respect to the solution of pure inert solvent. We have
(x> = (x> -(xloP)y (16)

Let X be the differential Raman scattering cross-section dc/dQ. We

then find
(4o _. (0,p) (n,m)
A(TY7a0) ) = 2 f 49/40)« do /.~ 1p dr, ---dr_ dR ~--aR
1] ~1 ~n ~1 ~m
n+m—p
(1r) -
where ‘

« AN
|

[y (a0
o]

(o

,p)/dQ) exp[-BU(o’p)]dg'-——dg(P)

x l/fv expl-p0'* P e —-an(®).
o}

For the special case of 1:1 complexes in solution, the change of this .
differential scattering cross-section should obey Eq. (15) in I, which
is of the Bensi-Hildebrand form. (see Sec. III of I). _

Similarly, let the frequency of a vibrational mode of the acceptor

interacting with the n donors and the m inert molecules be

(n,m) _  (n,m)
Wy, =y 4 (rl___zn’ Bl__—gm)'

If g(w—wv) is the lineshape f%nction independent of the interaction, then

with X=g(w—wv) do/dQ in Eq. (15) the observed spectral distribution for
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complexes in a liquid solution is given by
- sm) ( m) (n,m)
stw= 1 [, glu-u, )(do /dQ)p dr, ---dr_ dPl—-—dR . (18)
n+m=p
By definition, the mean‘vibrational frequency is
_ [s0]
Cw > = [~ slw) wdw/f
= [ -(w'+w (n’m))s(w'+w nm) f S(w'+w (n’m))dw'. (19)
~ v _ v .
We also define
Cda_ ) =(w ) - ( 0P), (20)
v v v
where we find, from Egs. (18) and (19)
(Aw ) =
v
(n,m) (0,p) \n,m) (n,m)
) fVO [w, <o y 1(dc /100 dr---dr_ de———dR
n+m=p
1 (n,m) (n,m)
X ) fv (do /3900 drl-——dL dR, ---dR
n,m o
n+m=p
(21)
(o,p) y - , (p) (o,p) (0,p) (o,p)
<wV. ) = fVOdR ---dR wg(w—wv )(do /dQ) exp[ -BU J
x 1. (ao(o’p>/ ) expl-gu‘®>P)arr__ar(P).
VO an
(22)
In the case where (do/dQ) does not vary much over various configurations
for which p(n,m) differs appreciably from zero, the mean frequency

shift becomes
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(hw > = ) [ [w (n’m)-<; (0,p) )]p(n’m)dr —=—dr- dR. ---dR (23)
v v v v ~1 ~n ~1 ~m
n,m o
n+m=p

which is then of the same form as Eq. (17) with do/dﬂ replaced by w_.
In the following section, we shall apply the above general formalism

to the special case of I, complexes in liquid solutions.

2

IV. IODINE COMPLEXES IN LIQUID SOLUTIONS
As we mentioned earlier, experimental results have shown that
in the solution of 12 in benzene and n-hexane (or CClu), with increasing

benzene concentration, the fundamental Raman line of I2 shifts as a
whole to loﬁer frequencies without appreciable change in either its
linewidth or lineshape. This cannof be explained by the ﬁodel of
either Beneéi—Hildebrand or Orgel;Mulliken. From dur statistical theory,
however, tﬁis is not surprising, since the Qibrational frequengy'wv Qf
12 is a function of the configuration of benzene and n-hexane around
it, and as shown in Eq. (19), the observed spectrum S(w) depends on
the statistical distribution of the various configurations. That the

" observed spectrum S(w) remains a single unresolved line suggests that
the interaction potential between iodine and benzene is rather weak
and varies slowly as the relative positions and orientations of iodine
with respect to the neighboring benzene and n-hexane molecules change.
This agrees with the results of other investigations which indicate
that complexes of iodine and benzene (or methylated benzene) in
solution are rather loose.18 " If the interaction potential were strong

and varied abruptly, then we would expect to see, at least at sufficiently

low concentrations of benzene, two resolved Raman lines, one for free
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I, and the other for I, interacting with benzene. This is indeed the

2 2

case for 12 and mesitylene in n-hexane. It is known that the charge-

transfer interaction between iodine and methylated benzene increases

L Q
‘s with methylation. While for 12 complexes with benzene, toluene,

and m-xylene, we always observed one single Raman line of I, with larger

2

frequency shift corresponding to higher degree of methylation, we did
observe for Ig—mesitylene complexes in n-hexane two Raman lines.12
At low concentrations of mesitylene, the two lines were at approximately

202.5 and 210.1 cm_l, for I, bound and unbound to mesitylene respectively.

v2,

As the mesitylene concentration increases, the free 12 line diminished

and the Ig—complex line increased in strength. At 30% of mesitylene,

the free I2 line almost vanished and the I2—comp1ex line started to

shift towards lower frequencies, indicating that an iodine molecule
could now start interacting simultaneously, in the statistical sense,
with more than one mesitylene molecule. The above description also

applies qualitatively to other I, -complexes with strong interaction

between Ié and the donors, such as the Ig—pyridine complex.12

2

Quantitatively, since X in Eqs. (15) and (16) can be either the
oscillator strength f of the uv absorption band or the Raman scattering
. dc - do .

cross-section (~ /dQ), the quantities (Af ) and ¢ A( /df) > should
cbey the same equation. Therefore, just as the uv absorption measure-
ments, the measurements of the variation of (A(do/dﬂ) ) with the
L '

donor concentration can be used to test the theories on complexes

in solution. Unfortunately, because of inherent technical difficulties

for absolute measurements of scaltering cross-section, the experimental

results were much too inaccurate to be used for comparison with theories.



~16— UCRL-19058-Rev-
Part IT

Measurements of the vibrational frequéncy shift in the Raman
spectrum can be very accuréte, and can actﬁally be used to test quantitatively
.
the theories on complexes in solution. Equations (20)-(22) unfortunately
show that the mean frequency shift also depends on the mean Raman scattering 2

cross—-section. However, we recall that for I -benzene complexes in solu-

2
tion, as the benzene concentration increases, the Raman line simply shifts
without appreciable change in.the lineshape and the linewidth. As seen

(n,m)

from Eq. (18), this suggests that the distribution function p must

always have a single sharp peak shifting with benzene concentration on the

{
.n,m), do/dQ should not have

frequeﬁcy scale. Within this narrow peak of p
much variation; otherwise the spectral liné would be appreciably broadened
and diétorted. ((dg/dQ ) ) changes by about 60% as the benzene concentration
varies from O to 100%.12 Therefore, we can use Eq. (23) for.(Awv ) as a
good aﬁproximation. - This is also trué for Ig—tolueﬂe and I2—m-xylene

complexes in solution. For Ig—mesitylene complexes, we still expect

Eq. (23) to be a fairly good approximation since the Raman line is only
distorted at low mesitylene concentrations at which (A(do/dQ) > is not
yet appreciable (probably less than 30%).

Now with Eq. (23) for (va ), if we assume the existen;e of 1:1
complexes in solution, then the variation of l/(Awv > with donor concen-
tration, p should obey Eq. (15) of I in the Benesi-Hildebrand form (with
X and pB replaced by w, and Pp respectively). Figure la shows the experi- e
mental data on l/(AmV ) vs the concentration l/pB.of benzene or methyléted
“benzene. We notice that the experimental points fit a curve with definite

curvature in the region of small l/pB, while Eq. (15) of I should

_ describe a straight line. The case of toluene is more uncertain, because
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of larger experimental error caused by the overlapping of the I2 Raman

line with a toluene Raman line. If, hovever, we still use Eq. (15)

of I to fit the experimental data by the least-square method, we can
thenvdeduce the coefficients (va)O and K fromvthe slope of the line and
the intercept of the line with the verticai axis. The results are

shown in Ta?le I, fogether'with Ke deduced from uv absorption measurements.19
It is seen that K and Keq agree to within 30%.20

Mulliken has discussed various modéls of a 1:1 I2—benzene complex.3
According to him, the most compact and most probable model has the
iodine molecule resting on the benzene molecule with its axis parallel
to the plane of the benzene and its center on the sixfold axis of the
benzene. In all the models, it seems obvious that we cannot rule out
‘the possibility of having a second benzene molecule interacting with
the iodine from the other side, although this interaction could be
shielded considerably by the interaction of the iodine with the first—
benzene molecule.

Let us therefore assume that‘each iodine can interact effectively
with two benzene molecules‘simultaneously, but neglect the probability
that it can interact with more than two. Equation (23) in I with
AX replaced by va should then describe the mean vibrational frequency
shift. In Table II, we show the values of the four parameters, a, b, c,
and d, determined from the best fit of the experimental data to Eq. (23)
of I for the four cases. Figure 1 shows how well the experimental

points fit with the theoretical curves of Egq. (23) in I; there is a

definite improvement in comparison with the best-fit Benesi-Hildebrand
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curves of Eq. (15) in I. Howéver, the uncertainty in determining the
parameters, a, b, ¢, and d, is quite large,21 as suggested by the small
difference between the two sets of curves in Fig. 1. (The parameter c

can be determined rather accurately from the asymptotic slope of

l/(Awv > vs l/po at small pD.)gl The least square error in the fitting

could, of coﬁrse, be greatly improved if more experimental data points
were available. |

Table II shows.that a and ¢ increase with the degreé of methylation
on benzene, while b and d decrease, if the case of toluene is discarded
because of the experimental difficulﬁy mentioned earlier. As seen

from the expressions for a, b, ¢, and d in Eq. (24) of I, an increase

(l,l),

in a and ¢ implies an increase in the magnitudes of |U and

(l’l)l-

]va Physically, this suggests that the interaction between.

I2 and methylated benzene becomes stronger with methylation, in agreement
with the conclusion drawn by others.e’h On the other hand, the decrease
in b and d implies that IU(E’O)] does not increase as rapidly as

IU(l’l)l when the degree of methylation on benzene increases. This

suggests that there is an increasing tendency for 12 to form a 1:1

complex as benzene is methylated. The large errors in a, b, and 4,
however, make the above interpretation uncertain. |

Knowing the values for a, b, ¢, and d, we can calculate from
Eq. (24) of I the values for the following microscopic quantities:

2

(2,0) ) = (H/B)togl(t/v)

(0,2)

(U - U

x fV exp[—B(U(g’o) - (U(O’e) ) )]dzdz'}.’
e}

v,
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(ultst) _ylos2)y o <‘l/8)1og{(l/vo)2

< 1 expl-g(u{Ts1) _ (y0:2) ) )larar'};

o
o, (B0 gy (220 )y =
'fVo (wv(z,o) - <wv'<0’2) ) ), expl -(u{2>0) -A<U(O’2_) ) )ldrar!
y l/fv exp[-8(u(2:0) _ (y(0:2) )larar ' ;
o

( (wv(l,l) _ (wv(o,z) ) ) =

IV (wv(l’l) - <wv(0,2) ) exp[—B(U(l’l) - (U(O’Q) > )larar’

~ o~

x i/qv exp[—B(U(l’l) - (U(O’g) > )ldrdr'.
) .

\(21;)
Equatioh {2k4) shows that these quantities are some kind of averages

over the volume Vo, which could be quite different from averages over
the effective interaction volume. In order to find the latter quantities
which are physically more meaningful, we must have knowledge about the
effective interaction range, or more exactly, the functional forms of

U(Z,O), U(l’l), wv(2,0), and wv(l’l). Because the quantities in Eq. (2k)
are not so meaningful physically, we will not present here their wvalues

deduced from the parameters in Table IT.

V. CONCLUSION
The thedry of Raman scattering from complexes in solution is

discussed here from the microscopic and statistical point of view. It
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is shown that the models of Benesi-Hildebrand and of Orgel-Mulliken cannot
explain the experimental results on Raman scattering from iodine complexes
in solution. Ouf statistical theory proposed in I, which takes into
account the statistical distribution of complex configurétions and the

t

shielding»effect of the inert:molecules can, however, explain the
results éuccess;ully. We show that the distribution of the complex
configurations changes as the benzene (or methylated benzene) concen-
tration varies, and that at high benzene concentrations, each iodine
moleculé is likely to interact with two benzene molecules simultaneously.
These conclusions are clearly not in contradiction with the probable
geometry of:the complexes andvthe fact that the éomplexes are loose.

Cur approach shows that the effect of inert molecules in the
complex sclution is important, énd that the cases of complexes in
gas and in liquid are different. This may explain the anomaliés

observed by Lang and Strong22 and by Carter, et als in uv absorption

measurements.
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Benzene
Toluene
m-xylene

Mesitylene

\X

(va)o

8.6 cm

- 10.3 cm

10.5 cm

12.8 cm
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TABLE I

K (liters/mole)

0.17
0.21
0.40

0.62

K

eq
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(liters/mole)

- 0.15

0.16

0.31

0.82



o o o
N o o)

o
N

‘Inverse mean frequency shift , 1/<Aw,> (cm)

-26- UCRL-19058-Rev
Part II

i

e Benzene
a Toluene

o M-Xylene
o Mesitlene

QOur theoretica! curve
————— Benelsi-HliIdel?rond curve
1

4
Inverse normalized concentration of
benzene or methylated benzene

8

(Ppo

Fig.

12 16 20

/pp)

XBL697-3278

la



-27- AR UCRL-19058-Rev

. Part IT
L L L L
0 \ o Benzene 7
N\ A Toluene
\
A\ o M-Xylene
\ N o Mesitlene - _
\ .
— 2 %,\ N Our theoretical curves
£ R\NN\N W - Benesi - Hildebrand
A y \ curves
v\ ‘
4>
3 41 R -
<
Y, 3\
07
=
- ]
O
[
I3,
>
o— \
e
w— 8 -
o Expt. errors &
= N
I Benzene S
101 ] Toluene B
Fad \\ O
. I M-Xylene -~
Mesitlene
[ 1 ] 1 | L ! 1 | L |
0] 0.2 04 0.6 08 1.0

Normalized concentration of benzene or
methylated benzene {p /g 1)

XBLEI7-3277

Fig. 1b



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




- -

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

- O





