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The optical proberties of.various iodine solutions have been iﬁvest-‘
igated by many authors.l Benesi and ﬁildebrand2 first observed a new
absorption band in the ultraviolet spectra of solutions of iodine in
aromatic hydrocarbons. This absofption band has been attributed by
Mulliken3 to the formation of charge-transfer complexes betﬁeen iodine
and hydrocarbon molecules. Infrared absorption by iodine in pyridine
compiexes and in benzene has also been studled by Plyler and I\./Iul]_:Lken.lL
The iodine fundamental vibration in these solutions shows a frequency
shift from its vapor velue which is also attributed to the formation of
charge-transfer complexes. In principle, Raman spectroscopy would be
more suitable for the investigation of the iodine vibration; hOWever;
as far as we know, no detailed Raman spectrum of lodine has ever been
reported. Using a He-Ne laser as the exciting source, we have now obtained
the Raman spectra of iodine in various solutions. In particular, we have
measured the frequency shifts of the iodine fundamentél vibration_in liquid
mixtures of benzene (or methylated benzenes) and some inert solvenf,-such
as n—hexéne, as a function of the benzene (or methylated benzene) concen;
tratipn. Our results cannot be explained satisfacﬁérily by the simple

2

model of Orgel and Mulliken on charge-transfer complexes. Nevertheless,

t Alfred P. Sloan Research Fellow,
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by'generalizing.their model using interaction potential betweenvmolecules}t
we have succeeded in interpreting our experimental findings.
The construction of our Raman spectrometer was the same as that of o - _*'

5

Porto. The stretching vibration of iodine in the vapor phase has a,
characteristic frequency of 213 cm l. For 1odine in n-hexane, we ob-
| served that the v1brational spectral line was shifted to 210 cm l._ When
benzene was added into the solution, the line gradually shifted to an even
lower frequency with no appreciable‘broadening.. The frequency shift was'>
more'pronounced if methylated benzene instead of benzene was used. -With
mesitylene at low concentrations, however, the spectral Lline showed two
vdistinct peaks,,one at 210 cmfl and the other at'2Q2.5 cmfl;> As the
| mesitylene concentration was increased, the peaks remained unshifted, but,‘
. ‘the relative intensity of the peaks changedj the 210 cm-l peak diminished
and the 202.5‘cm-l peak grew. Finally, at sufficiently high concentration,
the weak peak disabpeared and the.strong.peak started to shift to lower
frequencies. .In Fig. 1, for a reason to be seen later, we have plotted
the frequency shift of the center of gravity of the Ieivibrational sbectrum;‘
as a function of the concentration of benzene or nethylated benzene in
n-hexane. Similar results Were also obtained for.iodine in other'inert
solutions, such as CClh and n-heptane.7- Note that the dielectric constants¢
of CClh and benzene are approximately the same.

The frequency shift with benzene or methylated benzene concentration
can be understood as the result of the formation of charge-transfer complexes. .
In interpreting the optical absorption data in lodine solutions, Orgel and

5

Mulliken” have assumed that ilodine would form two classes of complekes with

benzene, e.g., the contact and the stable charge-transfer complexes. With
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their model,.one would expect two peaks in the'Raman spgctrum of iodine
in these solutions. The frequency o% the peak corresponding to contact
charge-transfer complexes wouid shiff with thé benzene concentrationvmore
rapidly, and the relative intensity of the two peaks would change. This
1s contradictory to what we have observed except in mesitylene at low |

/ 3

concentrations. However, as Orgel and Mulliken have pointed out,” there
is a priorl no justification for dividing the complexes strictly into two
classes. In fact, from the physical point of view, it should be more
appropriate to use interaction potentlals raﬁher than reaction equilibrium
to describe interactiohs between molecules,

Let V(z) be the change in the potential seen by the iodine molecule
at O when an n-hexane molecule at r is replaced by a benzene molecule,
The, first- aﬁd second-order derivatives of V with respect to the normal
coordinate.of vibration will then induce a shift A(V) in the &ibrational

' frequency of iodine.8 with N benzene molecules, the iodine vibration

would have in the first order a resonance frequency

w = o + g A(V(gi)). ' | (1)
i=1 .

The spectral distribution of the vibration one would observe is then giveh
by

S(w) = [ glw - wo(gl...gN)) f(zl"'§N> dry .o.dry (2)
where g is the line-shape function and f({l...EN) 1s the N-particle dis- .
tribution function. The interpretation can however be greatly simplified

if we conslder the mean frequency (wo) rather than the spectral distri-

bution of the line. We find o
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(@) + (B)
wherev(wo);_independent of V, 1s the mean freqﬁency bf'the iinéyin the
‘-absence of benzehe, and if p({) is the number of benzene molecules per unit

volume at”g; the mean frequency shift (A) of the>line'is given by

{8) = [ A(r) o(r) 4W,r2.dr.v. | o bb(h) o

In the neighborhood of the iodine molecule at O, the density p(r) is
different from the average density Py A benzene molecule at r seeé 8

potential,chnngewof_v. (x)due to the presence of the lodine moleculé,'andr'

BI
of_f'VBB(EA- r!) p(z')drt due to other benzene molecules substituting the

._n-hexane molecules, where the integrgtion f' d{’excludes the space in the -
: repulsive‘rgnge of thé bgnzéne molecule at r, and fqr p(g) ='po, we ekpectv"f'
f'VBé(g - g’)po dr! to be independent of r. Here, we have neglected for .
simplicity the further complication due to rélative'orientation of molecules;

We (can) assume that the benzene-benzene and the benzine-iodine interactions

are highly directional along the axis of the benzene ring. We now have

it

o(x) (p,/2) exp {(-1/kT)tf'vBB(g -x') p(zhart + v (x) 1}
- : - - (3)

7 = ,éxp ((-1/kT)[f'VBB(£ - E')'Q(S')di' + VBI(E)]} dr.

funit volume

Using the iteration approximation, and neglecting the difference between
p(r) and o, in Z, we find, from Egs. (1) andv(5)v
| 00

) = [, wm® A(x) (o_fz) exp ((-L/KT)[p b(x) +V, (x)1) ar  (6)
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where
Zy = funit volume eXP(-VBI/kT)dE

2
t .

h(r) = [ vga(r - ") ((1/zI) exp[Vy (z')/kT] - 1} ar' -0  as row
Tt is difficult to evaluate h(r) in general.' We meke the simplification
by assuming that [r?A(r) exp(-VBI/kT)/h‘(r)] varies slowly compared with

| exp~[-poh(r)/kT]. We would then obtain

(@) = - ¢ [1 - exp(-x p_/p )] (7
where ' / |

N -v k-T

c = Egizi ((A/%% r2 e BI )

A -_-'pmh(r)/k'r

and P is the average density.of pure benzene., The cu;ves of (B) versus
(po/pm) given by Eq. (7) are ploftgd in Fig, 1, in comparison with the.
experimental data. ’For each curve, the parameters C and A\ were chosen to
match the initial slope and the maximum frequency shift. Thevagreement
between experimental results and theoretical curves is excellent.

The Qibrational frequency shift of iodline with benzene or methylétéd
benzene concentration can therefore be understobd as the result of inter-
action between iodine and benzene or methylated benzene. At the same
concentration, the shift will be larger if the interacﬁion potenﬁial is
strongef and steeper. Thus, from Fig. 1, we conclude that the inferaction
bétween iodine and methylated.benzenes increases with the degree 6f
vmethylation. ‘The methyl groups seem tovbe responsible for the stronger

interaction with iodinen9 Note that we have not yet specified the
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physical necnanism fcr the interaction.‘.However,.we expect thet invre;,
placing n-hexane by benzene, the change 1n electrostatlc interactlon is
small; The 1od1ne frequency shift is mainly due to the formatlon of |
charge-transfer complexes between 1od1ne and benzene. If the charge-
Vtransfer interection is sufficiently strong and steep; then the model of
Orgel and Mulliken‘should be a good approximetion.  Equation (2) would
also predict the'appeerance of two well sepafated neaks in the spectral—v
‘distribution, one for lodine conplexes andbthe otner for fodine molecules
shielded by inert solvent. The relative intensity of the peaks depends.v.
on the.distribution of tne methylated benzene molecules. Tnis is what we
obsefved in the case of mesitylene at low concentrations. The ‘same would
be true if, for'example; pyridine instead of mesitylene is used.
- Since our calculation is a first-order one; we expect that the dis-

crepancy between theory and experiments would be larger for stronger

interaction. From Eq. (7) we can also predict that if V.. > kT, the

BI
'frequency shift should decrease w1th temperature. The theory in this
'paper can also be used to interpret the optical absorption data in 1od1ne'
solutions.l-'5 Instead of measnring the extinction coefficient at a

2,3

particular frequency in the chargeetfansfer band, it would be more  o
appropriate.to consider the integrated absorption strength for the whele.:vl
cherge-transfer band; Then Eq. (h) would also descrlbe the variation of
the charge-transfer absorptlon with benzene concentration 1f now A(r) 1s
the induced change-transfer oscillator strength of an iodine molecule at O

due to the presence of a benzene molecule at r. Curves similar to Fig. 1

would be expected.
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