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ABSTRACT
fRe;ults of Raman mgasuréménts on 12 complexes in.vérious
solutions are presented. Emphﬁéis is on the variation of
.the Raman spectrum of I2 in mixturés of n-hexane and benzene
or methylated benzenes. Our results indicate that each 12
molecule can probably interact with-more than one donor and

the effect of inert molecules in the solution should be

‘taken into account. S
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I. INTRODUCTION .

For tﬁe'past tuo-deeaies; the subjeot of'cha;geftransfer inieraction‘
between moleeules has attraCted mﬁch attention,H_Iﬂ]perticular; charge-
transfer.coﬁélexes of iodioe have been iﬁvestigateé b& maoy reSeerch'
'workers.1 Among the many’ propertles of charge—tranofEr complexes,~
the uv absorpt1v1tv has been investigated most thoroughly. Results are -
often avalvved using the Be1e31—Hlldeorand equat1on.2<‘The} are geoerally;‘
ingqualitetive agreemehtAwith theecharge-transfer fheory proposed bj -
Mulliken.3b_However,A£or weak comélexee, tﬁe reeults often show anooalous
behaﬁior.h- For e#ample,-since thevcharge-frenefer interactioo»between'e
I and rethylafedﬁbenzenes1ncrea=es with meth;latlon one would expect

the uv extinculon coefflclent of the complex also to increaae wltb

. methjlation but the opp031te was found 5

In order to efplain the anomalies, various autnors have modlfled

the Benes1-h11debrand theory2 in a varleuy o: waya.s-lo In particular,

Orgel and Mull’kenlo p01nted out that there is no g;gr{ori reasoh to-
»asSume the e#ietence of only 1:1 stable complexes in_solption.‘ The
observed proﬁerties of complexes in‘solution_shouldibe statistical
averages ovef_all attainable complex‘configurations 15 thermal equilibrium.io

v

complexes in ¥hich the charge-

This is'parﬁieuiarly true for weak 12 T
'3tran=fer 1nte1actlon is of falrly long range.ll

' There has also been cr1tic1am on the uv sbsorption measuremenfs.
The measurements were usually ca*rled out. at a2 single frequency 1nnthei

charge-transfer band, 1gnor1ng.the posszble snift and change of prof le
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of the'absorptibn bard. As Mulliken and Person> pointed out, the
extinction coefficient wanich goes into any theory of complexes should

be the oné iﬁtegrated over_the entire qﬁa:ge—transfer band. Unfbrtunatel s
.theré ﬁre technical difficulties in meking abscorption measurements over
the whole baﬁd‘to a good degree_of accuracy. Itlis therefore important.
to pefform'meésﬁrements on otherAproper£ieé.of complexes to offer an
indepéndent test of the theories. Infrarédland Ramag studies serve this

purpose.

There have been several reports of infra.redl 3 and Ra.m::zr':L h15

experiments on charge-transfer complexes. Reman measurements on I

1k

2
complexes;~ however, have been limited to the case of I

2 in pure

-donor solution. No systematic investigation of the chahges in the -~ -~

~ Reman spectrum of I2 compleies“as a function of donor concentration

. has been reported yet.
- In this paper}' we would like to report our recent experimental

studies on I2 complexes in solution with modern Raman spectroscopié

techﬁique.: Fmphasis is on the change of the Ranan spectrum of ié

due to charge-transfer interaction between I' and various donors.

2
The results indicate that I, can simultaneously interact with more than

2 . ,
one donor.  In Section II, a brief thecretical discussion on

the average properties of complexes in solution is given. Then
in Section ITI, we describe the experimental setup and procedure
briefly. Finally, in Section IV, the experimental results are

presented and interpreted.

e ———
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. II. THEORSTICAL DISCUSSICK o |
Propertiesvof a'noleculc ere generally cff cted~cy'molecular intcr-f
' action_withiits surroundingtmoleculesff'For conplexes in solution, ‘the
hservei’pronerties ol the'conplexes should correspdnd.to,statist1cal ‘

averagcs over all possvole complex conflauratlons, as sug?ested by

- Orgel and. Mulllken.l-o Consider a solutlon of complexes with a small

amount of acceptors dissolved in a mixture of donors and inert solvent
:molecules.» The concentration of-acceptors_is so low that the inter- p
.action hetween'acceptorsﬁcan be neglectedl' Therefore,jtheiproperties of
en acceptor'in the'solutiOn are affected‘only by its interactions with
. the neighboring'donors‘and inert noleculest We shall not make any pre;'
Judgment on what types of interactions they are, although it is believed
that the interaction between acceptors and donors is mainly due-to charge-
"transfer interaction. Let p(R) be the statlst1ca1 distrlbltlon function

for a particular configuration (denoted by R) of donors and -nert_molecules

around the acceptor. Then, for a certain property X of the acceptors,
such as the uv absorption coeff1c1ent, Raman scattering cross-sectlon,‘
- ete.; the corresponding observed quantityiis.gifenuby

= fy X@e@mer. @)
where the volume of 1ntegration V is chosen large enough to include all

molecules interacting wlth the acceptor. The" expre551on for p(R) can be

obtalned from 51mple statlstical mechanlcs.

If_yelallow-an‘acceo or to interact siru’taneously '1th several
surroundinv @lecu’es, tnen we can show from stef tlcal”treatment-

. that Eo. (l) tenes the form o 5 ' . ST P

lQB+a o _“+,

(x) = (2)

L

é . o ‘ . ' ’ p!‘
l+b1"3‘°2°3 e S

i et e ame R iemie eh adey
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nnere pB is uhe donor concentration in the sc]utlon, and ah end b

-

e,
[T TS —— .
Lo

o are constanu copLL1c1ents o o j~f”
In experlnnrugl 1nV° tlratlon, 1t 1s more 1nterest1vg to ccmpare
'.,the observ;d p:opertv of accepuors at flnlte donor concentratlons with .

"7sthe same property'at zero donor Lonbentratlon (correspondxng to pure

"_inert solvpnu) Tnere;o e the quant1 ty cf interest 1s

Sy sto oo T s
el ”2$i ..u_"v..PB?°_j : S - :1( 2 _ '
- From Eq. (2), we obtain , ) :
e '] ,“. . '.,- _.Su,. . R
. . 6 p +C p +-o¢‘ . ’ . oL ) ’. . :
T ey =22 B ey
"“€95J"ﬁ f :,. Lﬁgﬁﬂ@p +... ' o _:,_Lfinr -
?’»whére cﬂ and b are constant coefflclents. f :
When only the -1nea* terms are aﬂnt in both the vum‘raoor :
. -and the dbnomlnatcr the above equatlon reduﬂ;s to the well-known
ifBene51—Hlld=b*¢nd equation,2
1/<Ax u/zu )(1+1/wa) R O

where AXO and K are constants depending on the properties of the com-
plexes. In the Benesi-Hildebrand model, K represents the equilibrium
constant but this is not true here as is seen from the derlvatlon of

Eq. (5)
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‘1 the tefms ¢u§aafat~ié in py are also kept, then the equetion has the
form derived o; Deranleau.g:u , !
= .. . ‘
we now cons*oer tbe c se’ of Raman scattezing f*om ccnnlexes in

'SQIution._ Because of interactlon between donors and

.“‘"_’acceptore (mainly due to charge-transrer interactlon) Raman scattering. i

..

 from a vibratlonal mode of the acceptor is changed throuvh changes o’
:energies and wave. functions of the elsenstat°s of the acceptor. ”he
.:.1:8catteringgcrossfsectlon could erther inCrease,or‘decreese,_but if_the
-_~f=¥'#in¥neﬁiy created; Strong cnargejtransfer bend-heppens to%be.neer the fre-
': quency;of'tbe:eXCiting field it iS»lineiyito haﬁe a noticeeble enhance-v
i.-ment.la_ Wlth X replaced by (do/dﬂ) in th° above equations, we then .

have the func ional dependence of the observed differenti_I scattering
/ - .

cross-section(do/dﬂ ) on. the donor concentratlon pB
-jf“jML ;-' Interactlon between donors and acceptors also loosens up the inter-

"'atomic bonding in an acceptor. As a result the v1bratlona1 frequencles

19,20

’ 'Tnof the acceptor usually shift to lower velues. For complexes in

solution, the observed spectral dlstributlon for a Raman mode is given bj

. e ot T - . - . Y
Dot . : - . - - N t

ST ) = fy slea (R) (aolR)/d) o(R) @R 6)
s e o T e CLTI T T T

' vhere 5(w—w ) is the 11n shan functlon Normally,'theldistribution'of

.donors and inert nolecures has 2 faw most favo*able conflguratlons
Bl"BZ’ etc,f If the corresnond'nc CH (R ), W, ( ) etc. are sepsr ted

~

-

by more than & linewidth; then sevc:el dlstlnct peaks would be cbserv n.--'

for the same mode in the’spectrum. Thws hcnpcn;, for exa nle, in the o

- . . L R . . Coe
- . . - P EEN - Lo

. 1 :

= .

_vv.._-r—:.—em_—v_?&:* ' ) | ‘_ 4 . _‘

'Qua '
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’ -'.»:{/.' < ,~._' (Amv) = (mv)
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:‘ case of stronv l 1 cownlexn‘ in solutlon There two vell- eparated

. i .
: Raman lines coa’d bb oboerved fpr an accentor xode one for cowplec d

and one for uncorolrvsd acceptor moleculeg.

Hé can a’so measure tn= mean v1bratlonal freouancy deflned as

<> -T f's_(m’m-ia@/r Q8

. . . . - -
N - -

‘>{1' from EQ. (6), we qénAiggdily.find' '  -» ‘ :iii 5:12;;;”.;;-,

. v

o)

M

[, w (R)(do(R)/a0) s(R)aR/[, (do(R)/aR) p(R)AR
' Vo; v ~ ". . ‘?p ~ Yo - : ,
i.”vﬁiéh Eaﬂ also be expressed in tﬁ° forn of Eq. (2).
frequencf shift is thnn glven bj ' i .f“i;”ji

.
- - ——— o o
—
: . . -

- (u%_) p_=0

Rav.

(8)

The mean vitvrational

-‘;...' - v‘. :‘ i ..v ..‘ . ~ -. . B ‘ L . ._..' . _.:- . v i . j_ . :.'; o E
R T é e G :_1_.‘ 9)
L L Toreypgte a0 TH L S i

2.
1+b +b2p

175772% T BT e A

vhere bn and cn are constants. the above

Again, in special cases,
equation reduces to. the simple form of the Benesi-Hildebrand equation,
Eq. (5), althouch the phy51cal meanlngs of the coeff1c1ents would be

different.

We shell 2pply these results to the case
12 complexes in solution in Sectien IV. ST

. .
..

of Raman scattering from

- s —— o e b
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- III. :.F"JCPERIE-T“NTAL ARRANGEMENT
The constructlonlof tne Raman Spectrometer was the same as that
of Landon and Porto.z% The output of a He—Ne laser (Spectra Phy51csi
Model" 125), after pa551ng thourgh an 1nterference fllter, was zocused
on the sample»w1th a m;croscope objectlve._ Scattered radlatlon from
'the.samole‘in’a direCtion perpendicular to the incoming bear waS'

collected Wlth a projector lens ‘and focused on the entrance sllt of a ,7

. double monochromator. (Spex Mbdel 1koo) For detectlon, the photon

countlng technlque was adopted. A photomultlpller (EMI 9558 QA),

cooled to —70°C with dry nltrogen was used to detect single nhotons o

in the form of current pulses These pulses were then ampllfled shaped

and flnally reglstered on a mult1channel analjzer.

- —_— o — o e —— - .

This setup.proved to be both conven1ent and sensitiye, Excellent

Raman spectrafof 12 in solutiong were obtained with little effort. For

example'fﬁith a scan speed of 1.A/min end a slit width“of h'cmf;'on tne.

monochromator, the fundamental Paman 11ne of I in a 0. 06 molar solution

-2
appeared wlth a signal—to—noise ratio greater than 50. A typlcal

spectrum is~shown in Fig. 1. Iodlne absorbs rather strongly at uhe
laser frequency (6328 A ). To av01d heatlng effects, 1t is necessary
not to focus the laser beam too: strongly 1nto the I solutlon. -Qne

2

must also properly choose the ccncentratlon of I2 and the distance the -

—scattered_radlatlon travels through the solutlon in order to optlmlze_
the signal-to-noise ratio}: In our eXperiments, thevI2 concentration wés
usually taken to be 0. 06 M and the laser was focused at appror1mately a
1 mm away from the cell window throu~h- which the scattered radlatlon

- was collected. For frequency calibratlon, spectral lines from a Ne lamp

were used.

[

-8- L UCRL;19_069—Rer_' .
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A majot difficulty in our Raman studies on I, complexes is that

" the Raman lines of I, sometimes overlap with Raman lines of the solvent

2

molecules. Decomposition of the'iines_intrdduces error and makes the

'experimental data much less accurate. For'examples, the 12 fundamental

overleps slightly with a toluene line;at 2lh’cm'1, and the first over-
2

tone of I, overlaps with a week benzene line at hoh_cm-l; In principle,
the sbove difficulty can be avoided by measurements at two different

.i2 goncéntrations'.so that.the'parﬁ duévto solvent molecules in_the
A; opsefved spéctrﬁm can-be Suﬁtrééted out, Nq‘suéh éorrecéign pchedure )
wésvmadé in oﬁr éxpériméﬁté.

Thé-chemicals ﬁséd were ali>of éhe Reégent'grade. ’High purity of
thé #olvénts ié.not importanﬁ here, since the effect'of impurities on
1odiné should bé.small. .Wé saw no observable effeéts fréﬁ the small
qﬁantitiés,of impurities in ouf"experimehts. >Solutions were prepared
-.tthe sane day they wéré measured. Errors.in the conéentrationé of
éoluﬁidns verg estimated to‘bé + 2%. Unless specified, all measuréments
wére made-at 25°cC. | | |

IV. EXPERIMENTAL RESULTS AND DISCUSSION
.A( .Raman Spectré of 12 in Various ?olvepts

In an'iodiné solﬁtion, interaction of I2 with solvent molecules
aiﬁays:lgads to a shift ‘in the frequency of the Ié.stretching vibration.
We can ﬁsuaiiy divide the intermolecular intgraction into t#o types:
the long-rangs vén der Vaals inferaction22 and the short-range chemical

23

interaction.”  1In the case of I, complexes, the chemical interaction

2
is presumably dominated by the charge-transfer interaction. In many
cases, it is important to separate the effect of the charge-transfer

interaction from that of the van der Waals interaction. to




Y X3

K 1e"5In'order-to estimete theleffect ofﬂvan der-Wesls:interection;,we'
have measured the Raman spectra of 12 dlssolved in: varlous so’vents.
Whlle a trueﬁmlcroscoolc theory for the v1bratlona1 frequency shlfts
due to van’der Waals 1nteractlon is’ not avallable it is generally

assumed fzom Onsager s reactlon fleld model that the frequency shlf*

2
. Am for a solute molecule 1s ‘a functlon of n~ where n 1s the refractwvs

’

‘that Aw (n> ) can be approximated by a straight line. The results of .

" our- Raman measurements on the fundamental v1brat10n of 12 in various.

solvents are glven in Table I. Here, the mean v1bret10nal frequencv

(wv ) is deflned as the center of grav1ty of the Raman llne with _

; resnect to the excltwnv laser frequency.. . Our measurements on this

—-- mean frequency'could be as accurate as * .l-cm_lr,.In Fig. 2, the mean "

: frequency shlfts, deflned as (Aw )

1]

: . T

- . = R ;
Wy ‘QQV ) where‘wv°.213., em |
is the v1brat10nal freauency of* 12 n the vapor~phase;?5‘are plotted L

. L against (n - l) 26

From uv absorntlon measurements we know thac 12

: has essentlally no charge-trans;er 1nteraction with n—hexan- n—heptan
and CClh.27‘ Figure 2 shows that the frequency shifts for 12 in these
three solvents are small and the tnree respectlve p01nts inueed fall

on a. strelght llne The frequency shlfts in the'other solvents are.'

partly due to charge—transfer 1nteractlon, and ng 2 indlcates that

’

.the charﬂe-tran Ter 1nteract10? between 12 aﬂd solvent molecules 1f .

index of the solvent.eh* For a narrow range of n2‘ ve would then exnect'

20— ' '.'ﬁ-.:lﬁ - :ﬁéRLel9069-Rev.

. increases 1n the fOIIOW1no orde"‘ chloroform cyclohexene nltroben ne, v

chlozobenzene, bromobenzene benzene, toluene m~leene and m°51ty1en

This result on the Ielatlve strengths of the charge—trans’e“ 1nte“ac ion

bctWecn‘IQ and-different donors is con51stent-mrth tha uv measurervents.S 7 -

S A s S e o &y B

b

e

. ey 4t e

et Vmetemime v ot "
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B. Raman Specire of I, in Mixturet of n-hexaac and Benzene or

2

!
|
! ; hbthjlated Benzenes

For a b°tt rsband;ns of cnerge trensfer complexes in solu-
fion, we have made 2 systematic investigation-of the Ranman speetrug
of 12 in-mixtures of n-hexens end benrene or mﬂthylated benzenes.

In pure n-hexan tQ- I, Raman lire hes & mean v1brat&oqa1 frequency

2.
of 210.1 cmf;, end an apparent full width st half maximum  of 6 0 cu 1,
{The eorreepcndirg true full'width is 5 1l cm 1, dbfained from |
deconvelution of the llne wvith the slit function.) With increasing
benzene concentratlon in the mixture, the line gredually shifts to
Jover freguencies (see Fig. 3) with little ehange ie the line profile,
end finally rsaches a mean f*equency cf 264.6 em 1 ih'pure benzene.
This ehifp-is primarily due to charge-transfer interactioﬁ between

I, end benzenz, since we recall that there is no charge-transfer

2 _
, interactioh'betveen'Ia'and‘n—hexene ond that the ven der Weals shifts estimated =~
for - 12 in prre n-hexsne and in pure benzene dif ffer only by 0.% em™
-, 28

as seen from Flg 2.

This observaulon cannot be explained by the model of I_ and benz ne

. 2
forming 1:1 ccmplexes '(allew1ng each 12 to interact with only one donor).
" Such a model: would predict two discrete Reman lines of I2 in the mixed

solution, one for I unassociated wlth benzene, and the other for 12

complexed with benzene. As the benzene concentration 1ncreases, the
frequencies of the two lines would remain-unchanged, but their relative

intensity would change. Even for I2 in pure benzene, only 60% of I2‘

"~ would have formed 1:1 complexes,2 and the uncomplexed 12 line would be

easily detectable. Our spectra show that, with increasing benzene cbncen—
tration, the I2 line shifts as a whole to lower frequencies. The.shift
from pure n-hexane to pure benzene is greater than the half width of the

3 3 [ ) il . ' v . | j
-line. It is impossible to decompose the line into two lines, one for



"all complex conflguratlons as indicated by Eq. (6)

g hes dlSChSS =d varzous models of a l 1 I

complex formation with the first donor, and therefore reduces ite
o - . . . L. o
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_complexed 12 and one for uncomplexed 12, as reqnired by the- above model.‘

We did observe a small change (< 25%) in the linewldth as shown. 1n Fig. L,

but it.does_not affect our conclusion. Similar?results vere obtained S

' for Ié_in nixtures.of n-hexane.end‘toluene or m-xylene. Our results

suggeSt that the charge-transfer interaction between 12 and the donors

is weak and each 12 molecule can interact 31multaneously w1th more than

one donor, The observed spectrum S(w) is a statlstlcal _average over

Microszoplc plcuures also seem to suggest tbat an 12 Lolecule

"_could inte t effectively wlth more then one donor. hull ken

- "
- .

2—benaene corplex.3_ Accordlng

' to him, the most comp:ct and most Drob5ble model hes tne 1od1n° molecule

restlng on the banzcne molecule "1tn its axls para.lol to the olene of

the benzene rin* and its center on the sixfold axis of th benzene.- In

'all the models, t seoms obv1ovs tha. we. cannot rule out the posslb*l1ty

, 'of hav1ng a second ben’ene molecule interactinp wlth the 1od1ue from

. . . - ..

' th° othe“ 51de, althouvn the interac.ion could be shlelded cops*derab s

B _by,tne 1nterac ion of the ioclne with the first benzene rolecnle.‘

'ThiSfZShieldrng:':; ‘should be nore effect1v= for stronrer charge-t ensfer

* interaction, since the I_ molecule is more nezatively charged in-the

«

-7
- .
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ability to interact with pther donors. We then expect that for sufficiently

2 2
with & more or less definite configuration at low donor concentrationms.

strong I, complexes, I, and donor molecules would actually form 1:1 complexes

Correspondingly, two Raman lines should appear with their relative

intensity changing with donor concentration. This is indeed the case

29

for I, in mixutres of n-hexane and mesitylene. At low concentrations

2
Aof mesitylene, two lines at 210.1 cm'l-and 202.5 cm-l can be observed.

With increaéing'mesitylene concentration, the complexed 12 line

(202.5 cmfl).increases in intensity and the uncomplexed line (210.1 em 1)

diminishes. TFor mesitylene concentration higher than 40%, only the
complex line remains and gradually Shifts_as a whole to lower frequencies
with increésing mesitylene concentration. This gradual shift again

indicates.that each Ievmoleéulé now starts interacting effectively

v;th more than one donor although the interaction is shielded to some

extent by the charge-transfer interaction between 12 and the first donor. ;

One can also regard the I_-mésitylene complex as a unit which

2

now interacts weskly with surrounding donors to fbrm'highé:-order
complexes in various attainable configurations.

Since the charge-transfér interaction between I 'and‘pyridine is

v .

2

supposed tobbe even strénger, we woﬂld expect to observe the sane
phenomenon for I2 in mixtures of n-hexane and pryidine. We found that
there are indeed two lines at 210.1 cm—l and 185 cxn.‘1 for pyridine
concentrations léss than 0.2%. With increasing‘pyriéine concentration
above O.QZ,Ithe uncomple#ed liné disappears énd thé compléxéd liné

JRrs

gradually shifts to lower frequencies with increasing linewidth.
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Flnally, 1n pure pyridine, the line appears at. l7h cm -1 with a'linewidtb

of 15 cm»l.v Infrared measurements on Ie-pyrldine (Py I ) complexes in

inert solvents with small concentrations of I2 and pyridine-have also-

revealed an absorption band around lSh cm l. 3 In addition,'Pljler and -

Mulliken?_'3 have observed two 1nfrared absorption bands for’I2 and.p
pyridineiin’benzene;vone at'20hbcmfl and one at l?h'cmfl.’ fhéy identify .
the 204 gm‘l line as due to Ié-hénzene,compleiee; -Théy also suggestl
that the»l?h em ™} line could be due to the formdtlon.of.dOuble_compleres~
Benzene_-PyI2 of'donor—acceptor character, or dne to_Pylé-ln'"contact"‘ !

donor-acceptor interaction with the benzene molecules around it Our

observation of a gradual shift of the complexed 12 1ine from 185 cm -1

to 174 em ;, which has also been observed in the 1nfrared—work of Glnn

and Wood, 3leads us to believe that the shift is the result of 1nter—: |

-action between the PyI comolex end ne*ghbo*lns molecules in the

-'-statistvcel sense.} The 1nte ion could be of donor-accepcor charao er

) but sxnce the PyI conplex has a large permanent dlpole momenu, |

2

van der Veels 1nteractlon between PYLa and su“roandinc molecules could

_also be apprec1ab]e. Further studles of the PyI comp’ex in dlfferent

'5fsolvents could el 1p dete m*ne whlch t pe of interaction is more 1rnoortant.

B

'Our renark here also apnlies to the cese of PyI in benzene
As we mentlo ed earlier neasurements of the mesn v1bratlonal

frequency shlft (Au ) in the Raman spectrum can be very ancurate,‘and"

can be used to test quantitatlvelj the theories on comple es in solutiomn.

Cea

" In Flg 3, .l/(va ), the inverse of’ the mean frequency sh1ft-of'theﬁ

I fundamcnual vibration from its value in pure n—hexane is plotted

agalrst l/CPB/DBO) the inverse of the’ normel1zed concentration of 3

benzene or me bjlated benzene, whcre oB is the concentratlcn of bc17ene

B2
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or methylated benzéné in thé miétﬁré,'ahd Pro thetéoncentration of pure
benzen;,or methylatéd bénzené. Thg'resultélloqk very much the same

as tﬁosé obtainéd'from thé'uv méasﬁréménts with thé extinction
coefficient replacéd by thé méan freqﬁéncy shift..'This is not
unexpééted-since both thé avéragé uv ;itinétion coéfficiént (integrated
over the entire chargé—transfér band) and the méan frequency shift
shoﬁld have the form of Eq. (4) in Section II. in fact, if we use the
Benesi—Hildébrénd équatioh,.or Eq; (5), to fit the experimenfal data
by the least-square method, we find_that the conétant K deduced from -
our measurements is within éS% of thé value of KuvAdeduced from uv
gbsorption measureméntss’ 30,31 (seé Tabie I1). This.gives us further

assurance that the vibrational frequency shifts @f I,1in these mixtures

2
from its value in pure n-hexane is'priﬁarily due to charge-~transfer
interaction.

In Fig. 3, while the Benesi-Hildebrand equation yields a straight

line, the experimental data show some evidence of curvature. From

Eq. (9), ve realize that & better approximation should be

18 ) = (L+a, X+ X2)/ (8. X+B.X2) | @o)
17 72 1 72 : .
where X = pB/de'and.al, a2, Bl’ and 82 are constapt pa?ametfrs. In
Fig. 3, the theoretical curves obtained from a least-square
fit of both Eq. (10) and the Benesi-Hildebrand equation are
shown. It is seen that Eq. (10) appears to give a better

description of the experimental data. The values of
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. l’ X Bl, and B are glven in Table ITI. However, the uncertalnty.ln
determlning these parameters is quite large,32 as suggested by the.
lsmall difference between‘the‘two sets of curves in Fig. 3. (Theu
parameter B 'can however be determined’quite‘accurately from the

) 32 ~ The least-

asymptotlc slope of 1/(Aw ) vs pBo/pB at small pB
: square error in the flttlng could of course be greatly 1mnroved if more

experlmental data points are avellable.

c. Temperature Dependenee of_Reman'Spectragof I, in Mixtures
| of Benzene and n-Hexane A |

Generally, thermal agitation decreases the probablllty of inter-
gction between molecules. Therefore, the vibratlonal frequency shift‘
of 12 in SQlution should'be smaller at higher temperarures;U;ln Fig. 5,
we showﬂthe.variation of. the frequency'shift as a function of the"
benzene concentratlon in mlxtures of benzene and n-hexane at 25°C and
55°C. For a given benzene concentration, the shift is indeed smaller
‘at the higher temperature.

| rD. Varlation of Raman Scatterlng.Intensity with
Benzene»Concentratlon in Mixtures of Benzene andeClh
Fer cenilexes in solution, the variatlon 6f thelRaman seattering:

cress—section I2 should have the same functional dependence on the

e
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donor concentrafioﬁ es the eiﬁinctien cqefficienﬁ for»cha;ge—transfer
dbsofptiongls | Thﬁs;,meaSurements>of Raman scatteriné intensity of 12
as & function of the doror cqncentretioh'should provide another éest
on the theories of complexes in solution.‘ Bahnick and Persori15 have

in fact made such measurements on several charge-transfer complexes.

The equilihrium constants deduced from their results by assuming 1:1
complexes agree thh those obtalned from uv m~asurements. We have

measured the integrated Raman cross-section of. 12 in mlxtures of

benzene apd CClh, In order to eliminate possible varietions of
coliection-efficiency, change of absorptivity with benzene concentration,
long-term inétability of the Raman spectrometer, etc., we need an

-——4nternal inben51ty calibration for scattering cross—sectlon measurenments.

'This is provided by the strong Raman line of CClh at 217 cm l. We
o together with the 217 cm "} 1ine of

CClh; We then considered only the relative scattering cross7sectioh

always ‘measured the Raman line of I

6fAthe‘I line with respect to the CClh line. We found experimentally

2
that in the sbsence of L, the scattering intensity of the 217 em T

CClh'line is proportional to the concentration of CClh in agreement
15

with the results of Baﬁnick and Person. Therefore, within éxperimentai
error, the‘scattering'cross-section of the CClh line should be unaffected
by the CClh—benzene interaction. Our experimental results in Fig. 6

show that the relatlve Raman cross-sectlon of 12 increases with the

benzene cqncentratlon. ‘This behavior agrees qualitatively with
what we woﬁid predict since.a strong charge—transfer band appears
in the near uv (see Section I1). Unfortunately, there is inheree;i
inaccuraey in the meaeerements of integrated intensity. The same

difficulty clearly exists also in.the measurements 6f Bahnick end Person.ls
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In ou:'case,lthé'accuracy is worse since the CCih line'oveflapé slightiy
with the‘Ié?line. Consequently, the results in Fig. 6 cannot 5e.used.'

for'a quantitative test on the different theories of complexes in -

L

solution.

E. First Raman Overtonévof-12 in Mixtures of Benienezand n~hexane.
We have ‘also measured the relative scattering cross-section of

the I -firstfévertoné with respect to the fundamental &s a function of

2
benzene cbnéentration. ﬁSually; one would expéct the overtones'fo be

much wéakéf-than the fundameﬁtal. 'waeve:; we found in pure héhexane
that.ﬁhe‘first*overtone is only L times leés inteﬂsé than the'fundamental..
.Thi; anomély:is~brob§blydue ﬁbireéonance‘enhancemént, sihcevfheKeXCiting
1aséf'fréquéncy is at the lower edgé of the.viéibié'aﬁsorptidﬁ,band'of

Ié. Betausg.of this fésongnqg Raman effé;t,'the‘iélﬂaman'line is |
'éxceptidnally strong*(ldo times‘morerinténSe fhan the 217 qul-CClh

1iﬁe); and it would noﬁ'be'surprising>even if the first ovértoﬁeJA
happened,ﬁo Bé'more intensé than the fundaménta1.33 As'thé’beﬁéene
concenfration'increaSes, the relative c:oss;section becomes smaller,

end finally in pure benzene, the overtone is approximately 8 timéé’
vegker-th§n the fundamental. This is presumably because th¢ Visible
vabsorptidn band of 12 .

interaction between T

has.a blue shift resulting from the charge-transfer B

o and benzene . 2% Here agein, the results are’

. . . . L KR
not accurate enough for a more detailed quantitative discussion.

Anharmonicity in a molecular vibraﬁion should be refiected in
the overtone spectfum of the vibration. Thus, measurements of'tpg

2 cphplexes in solution should yield information

overtone spectrum of I
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~about how the anharmonicity of the I-I intramolecular potential is
changed by the charge-transfer interaction. Wé'hgve measured the

2

first Ramen overtone of I. in mixtures of benzene and n-hexane. Just
as for the fundamental, the mean frequency of the overtone shifts to

1owér fréqﬁéncies’as the benzene concentration is increased (see Fig. T).
Thé 6vertoné»liné isvroughly symmétric, wiﬁh'a linewidih of about 18 cm._1
which i@érégses slightly with higher benzene concentrations; Qualitatively,
these reéults are expected if we take into aécount the statistical
distribuﬁion of comrlex cohfigurations in solution, and consider the
fact that the overtone line is usually broader than the fundamental.

To show explicitly the éhange of anharmonicity, we have plotted in
Fig. 8 thé difference between twice the mean fUndamenﬁal frequency and
thévmean—ovértoné frequency ?é a function of the benzene concentration.
In puré n-hexane the anharmonicity is 2.5 times greater than the value

found in v’apor25

and as the benzené concentrétion increases, the

"avé:agé"‘anharmonicity of the vibration decreaées, approaching zero
for bénzene cqncentrations greatef than 50%. The difference between
thé anharmonicity in pure n-hexahe and in vapor is presumably due t;
’and n-pexane which enhances the

2

anharmonicity. On the other hand, the charge-transfer interaction

van der Waals interaction between I

apparently tends to make the I, vibration more harmonic.

2
F. Intermolecular Mode of 12 Complexes

In addition to a change in the Raman speétrum of I_, the charge-

2’

transfer interaction between I, and the donor could also induce a new

2

intermolecular. mode. Frequencies of intermolecular modes are generally

low, higher for stronger interaction. The charge-transfer inﬁeraction
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betweemilé*amd'py:idine is erceptionally'strongg ‘From the infrared;
aﬁsorpﬁiongspéctrum; Lake and ThompsomlBThaYe ipdeed found the inter-

» molecolarpmode'at.9h'cmfl in the‘Ié—pyridine complex.  We have tried

to-observe the sameuintermolecﬁlar-mo&e from the Raman spectrmm. |

However from‘tha charge configu ration. ot ‘the I2
intermolecular mode is probably more infrared—actlve than Raman—actlve.'
Because of this and}also-because'of'the relatively large scattering
'background‘near the'exciting laser line, we have not been successfui

in detecting'this intermolecular mode.

| | 'VI. CONCLUSION
It is demonstrated that Ramsn spectroscopy can be used to

investlgate charge—transfer complexes in solutlon. By measuring the

- mean freqpencies of the I, stretching vibration'in various solvents,

2

the freqyency shift due to van der Vaals interaction_can be separated

from that due to charge-transfer- interaction. Investigation of the
12 Raman"spectrum‘in rixtures of n-hexane and benzene or methylated

benzene shows ‘thzt each I, molecule can prooably interact simultaneously
; 2 - . v S .

.'with‘more than one donor in-the statistical sense. We have‘also
measured for varlous donor concentratlons, the temperature varlation,

the linew1dth - and the scatterlng cross—sectlon of the Ie-fundamental

and in addltlon the I overtone spectrum Results agree qual;tatlvely ‘

2
with what the theory would predict.
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200.0

O i+ i+

+

g + +

1+

Frequency (cm-l)

0.1
0.1
0.3
o.h
0.k
0.k

0.k

0.4

0.1

0.2
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TABLE II

5  , (Amv)ou "' K (liters/mole) Khv | (litgrslmole)
._‘Beniehev' 8.6 emt

027 . 0a57 (a)
- Toluene 0.3 . g T a6 - ()
‘mexylene 105l gug S 03 ()

Mesitylene  12.8 cmél_ . "5.62' R ~ 7f'53h": (a)



w27- " UCRL-19069-Rev.
. g .
TABLE III
% % By 62 v
Benzene - = 2.64 4.53 13.20 31.71'

Toluene 328 105 o 22.0  1h.26

. m-Xylene 3.0 3.6 - 30.6 29.37

Mes_it.ylene. 3.68  0.72k 53.11 2.72
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FIGURE CAI.’TION'S

Fig; 1. 'A:t&pical Raman spoctfum (theUcéntr31 1iné) of tho Ié‘fUndamen;
ﬁai.vibration in pure bohzone aﬁ 55°C. The dot§ correspond to |
Jtho numbér of coonts in £he,channels of the‘mnltichanoei analyier.
The tvo- side llnes are Ne calibration llnes at 6402.25 A ‘and -
6h2l T1 AL The 1nstrumental linew1dth is 'k cm l. Note_that,oniy,

» one.spectral line of I

- shows up, while the model of a 1-1'comp1ex :

‘ vould predlct two. -
lFig.‘2;r Mean frequency shift of the 12 fundamental v1bration from its
volue in vapor in varlogs solvents vs n2‘_ 1, whqre‘n is the
'Arefractive indei of solvent.. |
l - n-hexane 2 -~ n—heptane, 3 -.carbon tetrachloride,
h - chloroform, 5 - cyclohexane 6 ~ nitrobenzene°'
T- chlorobenzene; 8 - brOmobonzene; 9 - beozene;
10 ;-toluéné' il - m—xylene; 12 -'meSitylené;
Fig. 3:: Comparlson of the theoretical curve of Eq. (10) and the .
Benesi Hildebrand curve of Eq. (5) with the experlmental data.
The inverse mean vibrational frequency shifts 1/(*Awv )lof 12.1n
lsolutions of benzene or methylated benzene aod n-hexane,'ﬁith‘ 3
reSpoot\to the frequency in pure n-hexane,vare piotted'as.a;funotion
of ioverse oormalized concentration ofvbenzone or mothyloted benzene
pﬁo/oB; where pBo is the deﬁéit& of pure beniene or meth?lated

benzené'and Py is the density of'benzene or methylated benzene in

the*mixtures.

&

et e+ e
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Fig. 4. Apparent Raman_lineﬁidth of the I, fundemental vs the normalized

benzene concentration. The instrumental linewidth is 4 cm L. The

true width of the 12 line in n-hexane obtained by deconvolution of

the line with the slit function is 5.1 cm l.

| Fig. 5. Me=n freauency shift of the I fuadamental as a functlon of

2

normallzed benzene concentratlon ‘at two temperatures 25°C and 55°C.

Fig; 6. Var1at1on of the Raman scattering cross—section of the 12

fUndamental (normalized aaalnSu the Raman scatterlna cross-sectlon
.of the 217 em ™t line of CCl)) as a function of the normalized
benzene concentration. _ - T .

- Fig. T. Mean freguency of the 12 first overfone vs the normalized

_benzene concentration.
Fig. 8. Variation of 2wf - m as a functlon of the normelized tenzens
concentration where wf and w, are the mean lreque1c1es of the

) fundamentel and the first overicne of the 12 vibraulqn respectively.

TABLE CAP"IONS

' Table . £ v i i
I Mean requenc1es of the 12 fundamenual vibration in various

solvents.

Table II.; Values or (Am ) vand K in Eq. (5) derived from the best
fit of the exper1m=nta1 data. to Eq. (5) es shown in Fig. 3.

The equlllb*lum constants K deduced from the uv ebsorption

measurements are obtalned from (a) R. M. Keefer and L. J. Andrews
]

Ref. 30 2nd (b) L. J. Andrews and K. M. fee‘el, Ref. 5.

Table ITI. '
I ealues of al, a2, Bl, and 3 in Fq. (10) derived from tne

2

- best fit of Lhe exper:mcnuel data to Eo. (10) as shown iﬁ Fig. 3
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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