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___ Abstract

i

The ground electronié state of a n~m electron donor/acceptor
(EDE} complex, generally chaiacterised by comparatively minor
cnhanges in the geometric and electronic structures of the
components on complexation, can be studied by a variety of physical

methods, including wvibrational spectroscopy. Although the‘infrared

spectra of a’féW”f:f'EDE”ébmpIeﬁéé'ﬁaaibeéh obtained prior to

tiris research, noc successful Raman exéeriments had been reported.
This research is the first detailed Raman spectroscopiqfinvestigé—
tion of a sg;ies of 7-7 complexes.

In the present study, the Raman spectra of EDA complexes
hauiné tetracyanoethylene (TCNE) as electron acceptorwand aromatic
electron donors are examined in detail. 'The spectra studied are
for room teﬁperature solutions in either the (liquid) donpr or an

inert solvent. Because of the strong absorption of these
complexes, - the cOnventionél geometr§ of the Raman experiment is
inaﬁpiopria?e; instead, a new "backscatter%?g" geometry had to be
developed.\\The resulting Ramén signals from thesé coloured
solutions afe very weak, requiring the upe of sophisticatea optical
equipment énd photon countﬁng electronics.

The princip;l results obtained for the’Baman spectra §f thev

EDA complexes of TCNE are the’ follow1ng (1) the totally symmetric

— Y ,?L,f,,,, R N S

bands of TCNE eXhlblt con51derable 1nten51ty enhancements on

complexaﬁibﬁ,i(ll) both ‘the intensities and the positions of the
donor bands are not greatly affected by complexation; (iii) small |
yet systematic changes are observed in the pésitions of some of

the TCNE bands with complexation. Because they exhibit the most

iii . -



pronounced effects, the TCHE--Raman bandswere chosenm as the subject

for more detailed investigations. The intensity changes in the

-]

CNE Raman. spectrum on complexation are found to arise from the
preresonance or resonance Raman effects, depending on -the location
of the excitation frequency with respect to the absorption band

{or bands) of each complex.
display intensity changes of about an order of magnitude in the
TCNE C=C and C=N stretching bands. The excitation frequency

13

dependencé“of the’intigéities of both bands establishes the role
" of the first excited states of the complexes as intermediate
states, and also shows that the higher excited states of the
components or of the complex take part in tﬁe scattering. The
depolarisation ratios of the C¥C stretching bands at preresonance
approach 1/3, which indicates that the first excited states of the
complexes (with the possible exception of benzene/TCNE) are not
degenerate.

The resonance Raman spectra of thé complexes show intensity
increases up to an order of mégnitude greater than those in the

»

preresonance Raman spectra. The resonance Raman excitation
profi%es of the C=C and CéN bands of a number of complexes are

1

shifted by about 1000 - 2000 cm ~ to the low energy side of the

‘bands, and generally display the same characteristics whether the

7 - . .
exeitatiegtggiis~withiﬁpthe~fifst~or'the~second‘abscrpti0n*bﬁﬁa‘mﬂ“‘*‘

0of a complex. The resonance Raman excitation spectra were found
to be red shifted with respect to the absorption profiles. This

red shift 1is interpreied in terms of the vibronic theory of

iv



resgnancs Rawan scastering, and in terms of a model of the EDA

3

of the ground and/or
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states are nonradiatively damped by interactions with the

Xcite

4]
£

environment, The independent resonance with either absorption
sand of a complex Zavours the argument that when there are two

absorption bands these bands arise from different geometrical

configurations aof the complex. - L

- -

. - b - - v . - .
A new method for the determination of equilibrium constants

o]

for the formation of EDA complexes was developed using the

the TCNE C=C and C=N bands. The results of

by

intensity changes
this new method agree well with published data obtained by

.

previously estaslished methods, where‘comparative data are avail-
acle, and thus confi;m the.usefulness of this method.

The low energy Raman spectra of the EDA complexes contain a
rescnance~-enhances acceptor band which leads to a %evised vibra-

tional assignment of TCNE in this region. These investigations

resulted in a new assignment of the entire Raman spectrum of TCNE.
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. 1. INTRODUCTION

P W

< -

The theory of 7-7

w

electron donor/acceptor (EDA)f complexes,
given a number of yearsyégo by Mullikenf+, has served as the basis
for the interpretation of a vast amount of spectroscopic data.
Many of these invgstigations have been carried ocut in an attempt‘
to elucidate the nature of the donor/acceptor interaction in the
ground and first excited electronic states o£~theweempiexés;~—$he
majority of this work involves the stuay of electronic absorption
spectra for transitions between the ground and excited charge
transfer (CT) states; this?pfeponderance of absorption spectra is
at least partly due to the ready accessibility of absorption
spvectra in the visible and the ultraviolet regions, where the CT

transitions usually occur.

In contrast to electronic spectra, vibrational spectra have

been studied for only a rather limitéd number of EDA comple#és.

In Spite,of‘this, vibrational'spectrOSCOpy is ceftainly a suitable
method with which the ground states of EDA complexes can be probed,
‘&ince the viErational transitions occur within this lowest
electronic state. Both infrafed and Raman spectra can fhus be

considered as possible means to provide information on the nature

of the complexes.

Becaﬁseiéf the role of wvirtual (intermediate) states in Raman:

scattering, vibrational Raman spectroscopy also

, yields information

'A summary of abbreviaticns is given in Appendix A.
~ The important early papers by Mulliken on EDA complexes are
- regrinted in ref. 1

-

S ST IR posept ppevonesta e SISl



————1xrﬂjﬁr1ﬁmjteﬁ—e%ectr0ﬁit—states—when—the—exc1tatton—%iaser}—*——————f

- # frequency is near an electronic transition of the scattering
species. Thus, Raman spectra can furnish information not available
from infrared absorption spectra, and in appropriate cases allow

examination of both the ground and the excited electronic states

’ﬂ‘-

'of EDA complexes. L 7 '
The suitability of Raman spectroscopy for the study of EDA
complexés also arisesmfrggrthe fact that yibrag}ggg}ﬁfreqﬁencies

range from about 1014 71 to 10135 —l, whereas the lifetimes of

complexes in solutions at room temperature are variously estimated

to be between 10-3 s and 10;12 s. This means that many vibrations -

can take place befbre the complex, which 1is pfesent in equilibrium
witﬁ its components, can dissociaﬁeﬁ The Ramén spectra of both
free and associated species can thus be obtained3’4; in this case,
the complex is said to be spectroscdpics, i.e. to have a mean
lifetime longer than the measurement time of the spectroscopic
method. Although the'effects of weak complex formation on the
component spectra are in general not very great, the optical and
electronic equipment thch'are used to obtain Raman spectra make
the identification of bands of both complexed and uncomplexed
species possible.

The study of the Raman spectra 5f an EDA complex logic§lly
includes‘the following aspects6

{a) the comparison of the positions qfwthe,,fbands,,,in,,,,‘t'he, S

spectra of the free components with those in the spectrum of the
complex; ~

{b) the compaiison of band intensities in the spectra of the




free donor and the free acceptor w%th the intensities in the

spectrum of the complex; .

(c) the examination of the spectrum of the complex for the

appearance of new or activated bands which do not appear in the

spectra of either of the uncomplexed components.

+

Frequency shifts on complexation, which may be revealed by

the first kind of investigation, can often.give an indication of

changes in the geomeiric structures of the components arising
-

from the donor/acceptor interaction. On the other hand, activation

‘or intensification of the bands as a conseguence of complex

formation aré generally due to changes in molecular symmetry- or

to differeneeskin the electronic structures of the complexed
components as compared to the free components. Finally, the most
dramatic feature of the Raman spectrum of a complex is the
appearance of a new band (or bands) which arise from stretching or

bending of the intermolecular bond, Identification of the vibra-

tions of thejcomplex molecule comprises one main area of interest
for the Raman spectra of EDA complexe;.

The comélexes studied in this research have tetracyanoethyléne
(TCNE)} as the electron acceptor, andraromatic organic compounds as

electron donors; the complexes investigaied most thoroughly are

. those with methyl or methoxy substitutéd benzenes as_ donors. The

Raman -spectra of TCWE complexes are of lnterest partly because ,

many of thelr ‘other properties have already been ;reported, 1ncluding

absorption Spectra7_g, ‘luorescence spectraIU‘Ij, equilibrium

constants for complex :’ormationl4 lé, and otherslg. A particularly

3

interesting guestion Zor some of these TCNE EDA complexes is that




a complex7; as shown in Chapter 5, the Raman spectra help to

clarify this matter

' of the possible existence of more.than one geometric isomer for

In order that the intermolecular interactions of the EDA -

complexes are nct subject to the additional forces present in a

crystal lattice, the present investigation of the Raman spectra

is confined to soclution studies at ordinary temperatures. . This

proves to be advantageous, because the strong visible absorption

of the TCNE complexes

obtained for sclutions

since most of the, publ

means

that Raman spectra are more easily

than for crystalline complexes. Furthermore,

®

ished data for these complexes (see above)

has been obtained for sclutions, the results of the present study

can be directly compared tc the relevant literature results.

The Raman spectra of a limited number of EDA complexes had

been obtained prigcr toc the time at which theqresearch described

)

complexes had been reported.

‘ére was undertaken, although no sﬁccessful_studieé of w-w

Some data were available .for complexes

between ¢ acceptors and ~— donors such as I, complexes with benzene

2,

4
or methylbenzenes”, and for complexes between 0 acceptors and n

donors, especially halogen and interhalogen complexes with pyridine

and related aonorSB.

These‘spectra show generally that the effect

of complexation on the component bands increases with the strength

of the complex For:tu.

or the strong pyriiin

suggested the investig

A uch more 51gn1f1cant result was found

»

S e e e

1od1nefsystem where a band at 163 cm

3

N¥-I intermolecular stretching mode™. This

aticn of the Raman spectra of ©-7 complexes

tification

of the intermolecular vibration,
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than the 163 cm ' guoted above because of the weaker nature of

T-T complexes.

The older Raman spectra of EDA complexes mentioned above were

obtained, of course, using an excitation source then in common use,

in particular the Helium-Neon laser. Many of the complexes whose

‘spectra were obtained with this laser do not absorb significantly

L el A e s Lt s

L= 3

at 632.8 nm, hence r&donance Raman Scatterimg was usually not

opserved. In contrast, when the excitation light is absorbed by

L8

the complexes, the resonance effects which occur provide much new

information, as is shown by the Raman spectra of TCNE EDA complexes

described in this thesis.

¢

The infrared absorption spectra of several TCNE EDA complexes

, )
20-24

nave been reported . Since virtually all of-~these spectra

were obtained for solid complexes, where the charge transfer
interaction is weaker than in solution, the IR spectra are
generally not very useful in the interpretation of the Raman

solution data. The totally symmetric TCNE C=C and C=N stretching
s

*vibrations, vczc)and Yoy active'bnlyﬁin”the Raman spectrum of

uncomplexed TCNE -, appear i*h the infrared spectra of the crystalline

complexes and are shifted with respect to the v and,\)C:N bands

C=C
for uncomplexed TCNE, a fact which can be related to the degree of

[®]

harge transfer in the ground electronic states of the complexes.
Similar shifts in these bands occur in the Raman spectra of a

number of TCNE complexes as is shown by the results of the present

¥

investigation.

Among the published infrared absdrption spectra of TCNE EDA



complexes, the far infrared data of Larkindale and Simkin25 are

IR PR

of particuler interest. These authors reported a band at 115 cm_l

in the spectrum of mesitylene/TCNE which they asserted was not

present in the spectra of either of the uncomplexed compounds, and
’ ’ -

they assigned this band to the intermolecular stretching vibration
of this complex, which madeé this the first published assignment

of such a vibration for e 7-7 complex. Even though some doubt &s

i i Lt LA ot 3 ot P B 1 hE R e

to'the valldlty of . +hls‘3551gnment exists because of the publlshed
s I
IR data for uncomplexed QCNE26,.the possiblity of the occurrence

of an intermolecular vibration in this frequency reglon is an -
1moortant reason for 1nvest1gat1ng the low frequency Raman spectra

of this and related TCNE complexes.

While the research described in this thesis was under way, the

27,28 28

Raman spectra of the complexes benzene/TCNE ' toluene/TCNE

m-x;jlene/TCNE28 and anisé?e/TCNEzg were reported. Although the

investigations described in these papers are not nearly as

extensive as those described here, the data in them on intensity re

changes and frequency shifts of some TCNE bands on complexation
confirm the results of the present research. The conclusions in

these publications are discussed i? appropriate detail in

Chapter 5. < ‘

1.1 Organisation of the Thesis

The main part. of this thesis is arranged as descrlbed in the

owing paragraph. In Chapter 2, a brlef summary of Raman

|..4

ntensity theory is given; this review is not comprehensive, but
rather is intended to provide the reader with sufficient background

for the subseguent interpretation of results. Chapter 3 reviews



the theory of #-% EDA complexes; like Chapter 2, it includes

- =

topics .chosen from a large field and is therefore selective in
subject matter. cﬁhe,épparatus and methods used to obtain. the
Raman spectra of TCREVEDA complexes are described in Chapter 4. - = . .

These spectra are’ presented:in Chapter 5 and discussed in detail;

this chapterugbnst;tutes the main-part of the ,thesis. The

b e

preresonance Raman arkl resonance Raman effects in the TCNE bands

in the spectra of the complexes are described in the first two

sections of Chapter 5 and are then used to determine eguilibrium

constants of the complexes, which is a new method. Also discussed

in this chapter are the low energy bands and the remaining bands

E

in the spectra. The ihtensities in the Raman spectra &6f the

«

complexes.lead to an improved vibrational assignment of TCNE, which

Ster 6. Finally in Chapter 7, Conclusiqns
based on the sults in Chapter 5 are given, as are socome suggestions
for further ﬁork. -

Several appendices focllow the'mgin texﬁ of the thesis. In
the first ovne, all abbreviations used are defined. The Réman
spectra of the compgﬁnds used as electréh donors are not essential
to the main investigatio:, and are therefofe given as Appendix B.
Calculations of rescnance Raman excitation profiles, aﬁgorptionw

spectra and fluorescence spectra which are based on a model of

rozaose.\din Chapter 5 are described in ,

resconance Raman scattering p

~ -~ - L9 T S a I
Appendix C. In the last appendix the results of a photoconductivity
experiment which can detect the iocnic dissociation of the complexes

n their first excitel states, and thereby confirm further the

odel of resonance Raran scattering mentioned above, are presented.

v,

.-
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Before the results

2.

SUMME

e

RY OF RAMAN INTENSITY THEORY

of

the Raman

intensity studies of the

)
O
by
%

DA complexes are

principles of ¢

N -
incena

5.

of Paman 1ntensity,

4=~
(S

As shown in Chapt

rescrnance Zaman (227 =1

scectra of the complexes; accqordingly, each one 1is discussed in

present chapter.

nonresgonance scatterin

discussed, it

ne theories of

LS

Raman scattering.

Therefore,

e@ to provide sufficient -theoretical

»

D
A
"3

. 1
e recent review of Hester

ct are very important in

For a more comprehensive survey of the theories

. These two particular types of Raman

M

appearance of the TCHE

-

[X9]

v

reck on the theories.

s

exsiting light is Iar
3 =]

with the scattering =2

WwOED The separaticn te

AzsoroTison band 1s ans

Zamar pands far Ifrzo oz

tween the excitation freguency and the
N -1 \ . L
2T 10,000 ¢ The intensities of

oz _moze.

nance

bands in tHe

OCther bands in the spectra are due to
, SO a section of this chapter is also
discussions of each type of

is paid to the excitation

cf scattering observed, and to

cattering occurs when the frequency of the
electronic absorption associated

This scattering occurs

can be discussed in terms of

1s necessary to review some
. /)

retation of the Raman spectra presented

5, the preresonance Raman effect and the

e spectra of

\

can be consulted:

e Raman intensity, since this dependence

<
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Fig. 1 Schematic representation of three
types of Raman scattering. (a) , nonresonance
Raman; (b), preresonance Raman; (c), resonance
Raman. kK is the ground electronic state

and r 1s an excited electronic state; v, V'
cand v" are vibrational guantum numbers.

ither the classical” or The guantum mechanical theories; the

=
R <
zuantum theory is colitlined below.
2.1.1 fQuantum Theory
In the guantuT mechanical picture of light scattering, the
electric £ieild cf +the incident lignt, acting on the charges of

, perturps its wawveiunction. This approach to

scattering, wnlch involves the summation over states problem of

szcond order perturctziion theory, was first developed in 1925

nalogy to the classical theory of

- v~ o
LTI C oY

[\



dispersion. Based on their results, the quantum mechanical

expression for the scattering tensor is

f
: 0. "y 0.vv" 6"‘ " 0 oyt
M) . (M ) vv . vV
(= ), == 2 : Wl Molkr L M)y, Mok (2.1)
vt h . - , .
r toetik,y © Y0 Ve,vtik,vt T Vo

*®
*

v

—

Wi

ere h is Planck's constant; p and ¢ are the Cartesian axes

. 5 0 wvhwt o, ) } .. .
X, ¥ and z; (Mr}r? is the pth component of the vibronic matrix
: rer o Wl o 15.TRE con
v'v! Cs
elemen Mrk = <k,v' M r,v"> with M the electric dipole operator;
‘ »

"

the v" are the vibrational levels of the intermediate states r;
x cenotes the ground electronic state; v and v' are the initial
and the final vibrational levels involved in the transition,
P

respectively. The summation in equation (2.]) can be evaluated
either by means of a vibronic éxpahsioh or else in terms of the
ground state polarisability; the various procedures for the
sim;lificaﬁion of this sum have been reviewedrby Tang and

The total intensity of the Stokes Raman light of frequency

- v, scattered into the solid angle 4m is5

57.5 4 5
It = 371 Lglvg = V) E }(%Nj)vv,g (2.2)
- 37¢ o, :

)

Because of the denominators in eguation (2.1), (

apo depends

vv'
on the excitation freguency. However, far from resonance, the

freguency denominators in eguation (2.1) vary slowly with Voo and

. - , 4
nsity hardly deviates from the Ivv' ~ (vo - vm)

relation., This o  <Zependence of the scattered intensity is

zammornly observed in trhe spectra ¢f a wide variety of molecules.
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2.2 PreresonanceRamap Effeet

According to eguations (2.1) and (2.2), when tﬂq excitation
guency approachés an absorption band, the intensities of the

Raman pands of the absorbing compound can no longer be expected

to follow the yé law. The first-term in equation (2.1) begins to

-

outweigh the second, and the scattered intensity increases with

4 . . . . .
v. faster than ¥ increases. The excitation frequency is said to

)

in the preresonance region; the preresonance Raman intensities

o
[t
™

are generally about one order of magnitude greater than the non-

! . . . . P . ¢
resonance Raman intensities. Preresconance scattering- occurs when

the excitation frequency is approximately 3,000 cm_l to 10,000 c:m-l

. . .o 6
away from the absorpticn maximum ; the onset of preresconance for
a compound is not well defined, since its various Raman bands may
. P - 4 . . .
first show deviations from the v° law at different excitation

freguencies.
1

\ Besides having a stronger v, dependence than the ordinary

>

Paman effect, preresonance Raman scattering is also distinguished

by changes in the depolarisation ratios of the intensified bands
with respect to their nonresonance values. The explanation for
these changes 1is given in Sec. 2.2.2.

2.2.1 , Sources of Prerescnance Raman Intensity

When the excitation frequency is in the preresonamsg_region,

- . S i I
there are two important sources of Raman intensity . The first 1s
cased on a shift of the eguilibrium nuclear position along the

U

a3
L.l

U

n active vibraticnal coordinate upon excitation of the

s . ' - 8 . .
molecule; such a Raman pand 1s Condon allowed , and derives its

intensity from the cifference between the geometries of the two
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- *‘*eimﬁ'%a%esg? —The other origin of preresonance Raman

«

'inténéity involves a vibronic coupling of the first excited
electronic state with one o; more higher excited electronic states;
this mechanism is closely connected with the activity of the
vibrations 1in thervibronié specﬁra of the moleculeslo.

These two types of scattering can Ee distinguished experi-
mentally by means of their differenprexcitafion freqpegggﬁlﬂiﬂ -

dependences. Expressions for these Vo dependences were derived

by Albrecht and Hutley7 through a modification of the vibronic

expansion5 of eguation (2.1). The results of their analysis are
. o

the frequency factors

Y 2‘+ LE | v,V + v2
o= 2 rk ‘0 r o= 932 tk ‘rk 0 (2.3)
A=Y 7 52 B o2 - v 2 -
‘rk T 70 - rk o’ Wik 0
where Vo and vy are the transition freguencies to the first

excited electronic state r and to a higher excited state (or
]

average of states) t, respectively; v is the frequency of the
scattered light. 1If the preresonance Raman band derives its
intensity from thé Condon mechanism, its intensity is predicted
i; if vibronic coupling is important, then
=2

the intensity should vary as Fg-

to be proportional to F
These results were derived for

"2 totally symmetric vibration by assuming that only one component

condition {cf. Sec. 2.2.2). Examples of Fi éependeneelégénduof,,,ﬁ¥4
-2 . 12
r_ dependence

3 cf preresonance Raman intensities can be found in

the literature.

An essertial Zezture of the F_ term is that the Raman
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intensity depends on the vibronic coupling matrix element which

3

connedts S#ates r and t, and in ofdér that these states may be
coupled, the transitiéns to them must have the same'polarisat;on7.
In the theory of vibronic couplinglO; the vibrations which couple
states r and t are predicted to gi&e pre?esonance enhanced bands.
The activity in the preresonance Raman spectra of vibrations
known to mix the first excited statevwith higher excited states

supports this vibronic theory

2.2.2 Depolarisation Ratids

One essential aspect of the preresonance Raman spectra is the
depolarisation data for the bands which are enhanced in intensity.
In this section, the tendency of these depolarisation ratios to-
approach certain limiting values is explained, and shown to‘depend
on the degeneracy of the excited state r which is near the Raman
excitation frequency. Finally, the analysis 1s extended to
include resonance Raman scattering, and a selection rule for the
enhanced Raman bands is given.

The depolarisation ratio of a Raman band when excited with

plane polarised light is3 ' //,

38 (2.4)

where the spherical part of the polarisability derivative is

ot

_ P il I | ! i T
2 3{lxx + ﬁyy + ﬁzz}

12,13 e
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52 - l—ll P S ta l, R a=vas =T ‘)—2—(—‘—0—_4'——)—%(—'—2?‘—!—%»—0—2—)—}—
=T flfdxx rlyy7 * TJyy “22 o0, 0k axy “xz 0Lyz S

where the aij<are the components of the polarisability derivative

with respect to the vibrational coordinate. .
When a single electronic state is the dominant source of the
preresorfance Raman intensity, and the transition to this state is

, . , . . 14
in a speqific direction, e.g. x, all a!. except o vanish . In
P ' g ’ i5 XX

. -/ _ 1, ., 22 _ a2 s Ay e
this case, o = g(JXX) p 2T = ol and.vequatlon (2.4) becomes
: 3,7 1
. = 5 > = § (2.4a)
£ = 0 - T e
45 JXX) + 4ol
The limiting value - = 0.33 occurs in the preresonance Raman

enhanced bands of many different cdmpoundsls.
If the preresonant excited state is doubly degenerate, then
the dipole transiticn can be in either of two directions with

respect to the molecule. Thus e.g. a;X = a;y # 0, with all other

aij = 0; in this case dquation (2.4) reduces to o, = 1/8. 1If the

degeneracy is any higher, £, = 0. Observed depclarisation ratios

equal tc 1/8 for resonarnce Raman bands have been cited as evidence

. 11,16
of the degeneracy of the resonant excited state ™'~ 7.

In the caseiof resonance .Raman scattering (Sec._,2.3), « and B

5

take on new meanings, ané then correspond to the absolu sguares

’

0f the transi

oments along or across the bond axis,

respectively . However, the limiting values of the depol?d

isation ratios are the same as those given above for preresonance
2 + i 7
aran scattering . g

Eguation (2.4a) vermits a conclusion regarding the activity

[N

. o
ons 1 oL

at

(Y

0
[ A
.
8}
1

preresonance or resonance Raman spectra.
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Because p, is less than 0.75 only fir totally symmetric vibra—;}

A

tions4w the above analysis implies that only totally symmetric
ER i .

vibrations are alloweéd in the preresonance or %g§éhanceaRaman

effects, A somewhat different approach for the case of resonance
Raman scattering leads to the same conclusion regarding the '
symmetry of the allowed vibrations, provided that the symmetry of

the molecule in the excited state is the same as that in the

ground»statelg.

2.3 Resonance Raman Intensities

when the wavelength of the excitation light falls within an
avsorption band of the sample, the resonance Raman effect may be
observed. The most obvious characteristic of this effect is an
increase of up‘to several orders of magnitﬁde in the intensities of
the affected bands. RR‘scattering, like preresonance Raman:

¥

scattering, is characterised by changes in depolarisation ratios

Hh

¢f the intensity enhanced bands with respect to their nonresonance
values (Sec. 2.2.2).
At resonance, eguation (2.1) is not valid, and must be

mocified by the introduction of a damping term into the frequency

denominator. When this i1s done, the denominators account for many
of the features of RR scattering,; including the RR intensity

enhancements and the dominance of the first term under the summation.
Because of the proximity of Yy B0 the molecular vibronie-freguency- -

u "y very few states r contribute to the scattering tensor;

Y

since v 5 is of the order of Voo the summation must be

r,v';k,v

L

extended over v". Consistent with the above discussion of

-

screresonance mamhall
Y

n

cattering, the RR scattering region can be
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defined to include excitation fregqueneies within about 3000 cm—%

(a1}

on eithér éide ofrfgeiégééré£ibn maximum.

Because of the considerable amoﬁnt of material on the subject
of RR écattering published in recent years, a detailed review i;
clearly beyond the scope ofr£his sectidn. Instead, an outline of
the theories cf RR scattering which are used in the interpretation

of the spectra of the TCNE complexes/is presented here. For

. : SR - T o
comprehensive reviews of theoretical and experimental aspects

of RR scattering, the publications of Behringer should be
consulted.

2.3.1 Theory of Behringer

The simplification of the RR scattering tensor considered
first is the one proposed a number of years ago by Behringerzo.
In this approach, the tensor 1is decomposed into real and imaginary

parts, and the behaviour of each part is investigated as the

excitation frequency varies across the absorption band. This

method 1is diséussed.here because'of its similarity to the approach-
used for the calculation of RR excitation profiles in Appéndix C.
Beginning with eguation (2.1), the damping faétor Yr,v" is
introduced into the scattering fenso;, and the second term under
the summation is neglected. _Réexpressing the vibronic transition

moments as products of pure electronic transition moments and

vibrational overlap integrals then gives

(¢ )

oo’ vv

O 0 n 143 '
- T ’?;‘EZLMQIKLLMUJIR<YLV ><V LV 2 T (2.5)

v - Vv, + 1
vt r,v';k,v 0 Yr,v"

wnerein the summatiocn over all the states r,v" is reduced to a
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Fig. 2 Frequency dependence of the resonance
Raman intensity according to the theory of

Behringer.

-

summation over the vibrational levels v" of the single resonating

state r; equation (2.5)fis'equivalent to the retention of only

the first term in the vibronic expansion of the scattering tensor
(Sec. 2.3.2). Behringer2 restricted his analysis to the case

but the results

v =v' =0, 1.e. to resonance Rayleigh scattering,

can be generalised to incjude resonance Raman scattering if the

‘potential energy surfaces of states k and r are different

constant between

® Assuming that the absorption probability is

freguencies v' and v", and vanishes elsewhere, a rectangular
absorption band is introduced. Approximation of the summation by

an integral over the extent of this absorption band then gives

vV
(2 ) =§f 4 = oL 4 ia (2.6)
1 r,V )




where

where v' and v" are the lower and the upper limits of the
s . 4

absorption (Fig. 2). As shown in equation (2.6), the RR

scattering tensor contains both real and imaginary components.
According to eguation (2.2), the Raman intensity is propor-
tional to the sguared modulus-of the scattering tensor;: thus the

. . . . 2 2
RR excitation profile varies as ol + a

I 11" In Fig. 2,7thls sum

and 1ts components are piotted in the vicinity of the rectangular
absorption band. As shown in the Figure, far from resonénce the

contribution of is comparatively unimportant; on the other

“II

hand, in the centre of the absorption band the scattering tensor

is imaginary, i.e. only the o component determines the Raman

1T
intensity. The inclusion of the damping term iyr " in the

r
expression for the RR scattering tensor, which mathematically leads

to the existence.of o is therefore most essential. In the

I1’
context of this theory, the excitation frequency dependence of the
sum ai + ail is responsible for the deviation of the scattered

intensity from the v4 law.

2.3.,2 Vibronic Expansion of the Scattering Tensor : B

’// There has been z considerable amount of research into the
5,6,10,21-24

vipronic expansion theories of RR intensity recently

10

Of special interest here is the theory of Albrecht and some of

its refinements, which are amenable to experimental verification,
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[ Bl e |
ZZ

Zccording to Xoningstein and co-workers”’““, based on the

L . : . 10 . .
vibroni¢ couplilng mo4gel S Aldbrecat the RR scattering tensor 1S

given By <he exoression

1 ) 0 O " [N | ‘
c = . E M (M), _<vivi><vijve> +
(u-i:‘j')VV' h(‘/ N L _“Jo+l‘{r V") ( p)rk SORT ! i T
r,vV K,V ’ I',V" ;
»
..Q ,O ,.,O ] " n i §‘> +
+ E Ry [(dj)kt(?ﬁ)rk<v fv ><v" Qv
r,t, v - S T e g
0 0 . [
3 < Ty > +
o ) o) evlumear ol |
. f%ﬁ’r
Q 0 O . 1 n ]y .
+ M M >< fv> + -
:E: B [(“;}rk(‘c)tr<v [vr><vriofy , e
r,t#k,
Vll O O
+ i e TN} l‘ LIS
0 5H 0 _ 0 (2.7
re I = < 4 > I 11 :
where he, t‘%Q" / (.Jr t) is the vibronic coupling
operator in which the Hamiltonian H is differentiated with

respect to the coocrdinate Q at the equilibrium position of the
nuclei, and all of +he octher symbolsxhave the same meanings ‘as

previcusly stated, As can be

0

een from the freguency denominator,
equatioh {2.7) comes fror the excansion of the first term only
in equationr(Z.l}.

In the vibrohic theory of RR intensity, the selection rules
are based on the conditicons for the nonvanishing of the vibrational

overlap integrals <v , v"> and <v".v'> and o; the matrlx elemeﬂts

<viQlv">, etc. These selection rules depend upon the locatlon of

the resonance freguency with respect toc the pure electronic

S

transition freguency of the mclecule, and on the differences which

may exist between the potential energy surfaces of the ground
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z

Sinze rescnance <Tan SCcCur wiih a pure electronic transition
-1 or with a wvibronic transition (e.g.
1

= . -}, the restrictions on v" which determinge the

salection rules also igcate the position of the resonance

hus, it is possikle that the terms in

; o L, T ~ . T:

}’_‘,'—f",.&,v 0 A

eguation (2.7) may ressconate at different frequencies, according

. Py 3. oy 11 . P “ = 22 Fa s

to the wvalue of v" i1n the numerator of each term="". This
crinciple is utilized in Chapter 3 for the simplification of the
RP scattering tenscr £or the EDA cormplexes., ’
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3. THEORY OF =—-7 ELECTRON DONOR/ACCEPTOR COMPLEXES

-
A brief theoretical background to the electronic and the

vibraticnal specira of '—-7 EDA complexes is given in this chapter.

Thnis discussion is not intended to be comprehensive, but rather to
describe certain aspects of the nature of EDA complexes. For more

detailed theoretical descriptions of these complexes, other
- 21,2 ; . .
references can be consuited . The goal cof this chapter is to

Fi
[0

ine the most important theories of the electronic spectra, and

'..J

O

rt
Q

o present some predictions regarding the vibrational spectra of
w-7 EDA complexes, so that the experimental results described in
Chapter 5 can be more fully understood.

3.1 Electronic Spectra

In this section, the electronic absorption spectrum character-

-,

ic of the EDA: complex is explained in terms of its electronic R
states. The valence-bond treatment of Mulliken and the molecular
orbital descripticn of EDX complexes are discussed here; alterna-

tive descriptions of weakx donor/acceptor interactions-are given

3,1, Valence-Bond Model3

Accordéding to the valence-bond model of EDA complexes, the
ground state ("normal state") wavefunction for a weak complex 1is

frY Y
NritTiTen /

v DA . oy 3 1)

?W{Dn} = &tO(D°°'A} + b?l(D -erA ) (3.1)
where fO(D--'A} is the so-called "no-bond" wavefunction, and
corresponds to the structure ¢f the complex in which the bonding

ccours as a result ol Zipole-dipocle forces, London dispersion \\\
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S + - , .
forces, etc. ?l(D **A ) represents the dative, or charge

transfer, wavefunction, and characterises the complex in which an
electron has been ﬁransferred from the donor to the acceptor. For
weak complexes, such,as the 7-7 complexes studied in the present
research, a ;> b.

The coefficients a and b determine the relative contributions
of the normalised no-bond and dative wavefunctions. These

coefficients satisfy the normalisation condition

(a® + abs) + (b2

+ abs) = 1 o (3.2)
where the overlap integral S is defined by

e o -
S = J[rO(D--~A)rl(D == )dT (3.3)

and is proportional to the overlap integral between the highest

h
o))

illed molecular orktital of the donor and the lowest unfilled

molecular orbital of the acceptor. According to the overlap and
orientatlon principle, the donor and the acceptor molecules tend

to orient themselves so as to make S a maximum. The guantity

L2

(™ + abS8S) is a measure of the extent of charge transfer in the

1

ground electronic state.
The excited state of the complex has as its wavefunction

" - L +”. - _ * ..
\:E(DA) = a -l(D A ) b ‘«PO(D A) (3.4)

: . 2 2 <2, . P :
ernatively, the ratio b7 /{a” + b") is sometimes referred to as

g
[
Y

[

ne decree oI charcge transfer in the ground state. These two

v

fu

e

ntities are not necessarily equal; e.g. for a = .95, b = .23

E

.1% the normzlisation condition in eguation (3.2) is
, b° + ab3 = .075, and 5°/(a’ + b?) = .056.

fu

jo ]

KL
n 0N

th

£

ie

43
fu
(r
}a
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where the;coefficients a”® and b*:éatisfy a normalisation relation
analogous to(equation {3.2). 1In the excited state, }he complex

has a high degree of ionic character, i.e; a’s> bfa;

The wavefunctions in equations (3.1) and (3.4) may also

contaln contributions from locally excited donor or.acceptor

states [e.g. ?(D*A)]; such contributions are ordinarily insig-

nificant for ?N} but can be'iﬁébrfént in the case ofﬁWE, égggéiélly

when the energy of the locally excited state is comparable to that
of 7y , 5
The energy levels of the EDA complex which emerde from this

. 4 ' . . .
rescnance structure theory  are shown in Fig. 3. The intermolec-

ular charge transfer transition energy hvc is given by the

T
. 5
eguat:on

t Gy + X - X ©(3.5)

CcT D 1

hv = I_ - (EA + ? 1 0

where I, is the vertical ionisation potential (ionisation energy);

Ep is the vertical electron affinity of the accepﬁbr; G0 is the

sum of ground state no-bond terms including electrostatic enerqgy

and van der Waals energy; Gl is the sum of dative state terms

including the Coulomb interaction; X, and X

0 1

are -the resonance
" energles between the no-bond and the dative structures in the

ground and excited states, respectively. Because of these
resonance energies, nhv.. is not simply equal to the energy required

e

toc transfer an electreon from the donor to the acceptor (i.e. the
snergy difference setwesn the no-bond and the dative 'states);
instead, it 1s the energy of the transition between the states

whcse wavelunctions ars +,. and *-. The sum Gy * Xy equals the
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D+A

D---A -
D--- A<D A

Fig. 3 Energy level diagram of an EDA complex.

The underlined structures are the dominant ones

for the ground and the excited electronic states.
binding energy, i.e. the energy given up wheﬁ two moleculeé
interact and form a complex in the ground electronic state. This
intermclecular binding energy is the thermodynamic quahtity LH.

For wn-7 complexes such as those studied here, I is the

dominant term in eguation (3.5); because of this, for a series of
comolexes having the same acceptor, hv has an almost linear

CcT

elationship with the ionisation potentials of the donors. . The

A

dependernce of the energy of the CT band on the donor ionisation
cotantial has been discussed extensively elsewherez’4. . —
It should be pointed out that this analysis strictly applies

only to EDA complexes in the vapour phase, and that the energetics
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of these complexes éré gémewhat chanéeé i; soiution.' However,

most experiméntal data are obtained for solutions and often must
be interpreted without spe;ific consideration of solvation effects,
the extent of which are known for only a limited numberiéf cases.

3.1.2 Molecular Crbital Treatment

A simple molecular orbital picture of the, EDA complexG’7 can

be used to discuss its electronic tfansifions without rééouf§é5ﬁaw
‘the wvalence=bond model described above. In this molecular orbital .
approach; the CT band of the complex, or the lowest energy Cf

band of a complex which has multiple CT bands, is attributed to the
transfer of an electron from the highest occupied molecular orbital
of the donor to the lowest vacant molecular orbital of the acceptor.

Some domments on the molecular orbital interpre}ation of the

CT transitions in the complexes.where substituted benzenes are

the electron donors are apﬁropriate here, since these,donors are
used extensively in this work. In benzéne, the highest occupied
electronic state is of Elg symmetry, and is thus doubly degenerate.
Substitution on the benzene ring removes this degeneracy, and
qproduces two occupied orbitals whose energy difference depends

on the number of substituents, their naturé; and their positions

on the ringg. As a coﬂéequence, two CT bands are usually observed
‘for EDA complexes having substitgted benzepes”as glqg};gp donorsr
(except when the substitution does not remove the degeneracy, e.g.

in hexamethylbenzene). TFor TCNE complexes, a correlation has been
observed between the difference in the energies of the two highest
occuzied donor orbitals and the spacing of the CT absorption

, which 1s consistent with this analysis.

PIETI TE R R )
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In the complexes where the degeneracy-of the highest filled

v

benzene orbital has been removed by substitution, the overlap and
orientation principle (Sec. 3.1.1) predicts two definite configur-
ations of the complex; in favourable cases, these geométric
isomers can be correlated with the two CT bands, although'it should
bé remembered that for room temperature solutions, the barrier to
the rotation.bétween these configurations is small enoughrthat the
distinction beﬁ&een them may be lostz. The questidnrof the
correlation of the two distinct geometric structures of a

complex with its multiple CT bands is considered from thé stand-

point of the experimental results for the TCNE EDA complexes in

Chapter 5.

3.2 Vibrational Spectra

The theory of the vibrational spectra of EDA complexes, in
contrast to that of the electronic spectra, has not been developed -
very extensively. Because of this, only a brief discussion can
be presented in this séctlon. For an extensive review of the

theoretical aspects of these wvibrational spectra, the recent

tblication of PersonlO should be consulted, especially with regard

'Q

tc the infrared absorption spectra of EDA complexes.
One area of the yibratiornal spectra for which some theoretical

dictions can be made concerns the frequency shifts in the donor

g

0

r

and acceptor bands which accompany complexation. These freg#ency

shifts in general can be caused by the coupling of the affected
vibrations with other donor or acceptor vibrations, by geometric
structure chances of the compcnent molecules on complexation, or

v changes in the vitrations which are due to electrostatic or. .,
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dispersion effectslo. Any theory which accounts for these effects

must predict changes 1n the force constants of the bonds which are
affected by the complexation.
According to the valence-bond theory described in Sec. 3.1.1,

the changes in the force constants which accompany the formation.

[}

of —-v EDA complexes are expected to be very small. If several

.

C=C bonds are invclved in the donor vibration (e.g. in a rinj

mode of benzene or a substituted benzene), although a slight

[

. et
‘weakening of the stretching force constants is expected because”

of the sacrificial character of the donor, when this effect is
délocalised over a number of bonds, it may be too weak to be
observed. The C=C stretching ffequency in a 17 acceptor such as
TCNE should be lowered by complexation, since the electron accepted
by the molecule goes into an antibonding orbital, weakening the

C=C bond; since the delocalisation is much less extensive in a
‘small molecule such as TCNE, the chance of observing su¢h>a
decrease in freguency is much greater than in the case of a
molecule such as benzene.

The "classical" electrostatic and dispersion interactions
”mentioned above can alsc affect the positions of the component
vigrational bands; in the case of ©-7 complexes, the resulting
frequency sﬂifts can be as great as those which are due to
complexation. “Because of this, the solvent effect of liquid
electron donors such as benzene and some of the substituted
benzenes on the band positions must be taken into consideration

wnen the donor serves as the solvent.’ *

The subject of Raman intensity effects in the spectra of w-m
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R >

EDA complexes, which is the central theme of this thesis:, is a ,
new one; consequently, no references to this topic can be cited
here. 1Instead, Raman intensity theory is discussed from a some-

what more general viewpoint in Chapter 2.
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- 4. EXPERIMENTAL

4.1 Excitation and Detection é
Most of the Raman spectra reported in this thesis were i
obtained with a Coherent Radiation Model 52G Argon Ion laser as %
tg; excitation source. The eight visible lines of thisrlaséf %
ranging from 514.5 nm (19,430 cm—l) tou457.9 nm (21,831 CW—}l_ﬁ?? W_;gﬁ
each of sufficient power to produce satisfactory spectra of the ;
EDA complexes of TCNE; another line 5! 454 .5 nm is too weak for f
the study of the complexes. -
Spectra excited with the Argon laser are complicated in some ;
cases by plasma emission linesl, which are of comparable intensity
to the weak Raman bands of the EDA complexes. The appearance of
these plasma lines in the spectra may be conveniently kept to a '
minimum through careful choice of the appropriate experimental :
geometry; vaer:§>checks were made fo ensure that none of the 7

observed bands in the spectra are attributable to the plasma lines.

A few Raman spectra of the EDA complexes were excited with a

Spectra-Physics Model 125 Helium-Neon laser, which has an output

wavelength of 632.8 nm (15,798 cm-l). Because of the comparatively

low (about 50 mw) power of this laser, it can be used for the

spectra of the complexes only when the absorptions of the samples

at the laser wavelength are small. Raman spectra excited with a S

. ’ X . . / oo . 1
Helium-Neon laser can be interfered with by Neon emission lines™;
as in the case of Argon laser excitation, experimental safeguards

prevent these lines from being interpreted as Raman bands of the

Ve
samples.

A small number c¢Z the Paman spectra were excited with a

. .



33

Coherernt Radiation Model 590 Dye Laser; the dye laser was pumped

with the ﬁrgdn YTas=sr. Thoe lIasing dye was Rhodanine 6G dissolved
in ethylene clyccl, and the wavelencth of the dye laser radiation
was in the vicinity of 600 nm.

Because of ths strong absorption of the laser light by most
of the EDA comple'eé, the laser power had to e kept below about
250 mw to avolid.significant heating of the samples. The use of

‘}
higher laser power Ior s::cngly,aisorbing solutions produces.
spurious heating eifects in the spectra (relative intensitiés
dependent upon power usad) . This heating effect is first
noticeable wheﬁ the laser power 1is about 400 mw; with the power
at 250 mw of less, no measurable temperature rise occurs within
thértime required tc record a spectrum. The measurement of the
Stoxes/antiStokes intensity ratio for the bands of a strongly
ansorbing EDA complsx sclution when excited with about 200 mw

that rno cdetectable temperature rise occurs

fom
fu
wn
(0
A

g
Q
X
{1
a
(9]
e}
)
b
}eso
(D
{2

within such a soclution.
’ . e a . S . 2
The solutions to Ze studied were contained in ordinary 1 cm
guartz cells. Raman spectra oI strongly absorpbing solutions within
these cuvettes scmeifimes contain the 1nter‘er1ng broad guartz

wam - - 1 P =0 — "'l — ‘-1 )

Paman bands at arcout &30 cm 7, 800 cm and 1050 cm ~; these

guartz Dands tend to mask medium or weak bands arising from the

se oI the rotating sample
. Zhe gscd results cbtainable by that method suggested

sthat a2 similar technizue

.J

culd be used with the TCNE EDA complexes.

f
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For.the more recentliy recorded spectra, the scattered light

was analysed with a Szex Mozel 13461 % metre double spectrometer. :
The porfcormance of thlis Zoublie smacirometer was far superior to H
that ¢f tho arrangensnt dascrifed above, so that a number of ;
3 4 4

s

, . . . . . N i

Speotra oshtalined Using the two rmonochromators in series could be 3
5

: N 3

witwh the doille specirormcter. gThe accuracy of the band f

1 3

£23517ions Sbtained with the Spex 1301 was also within %3 cm . :

]
o'

waz detescied with an ITT Fw-130 photo-

, contained 1in a Products For

multipiler tube (S-27 ressonse)

Paszarcn Model TE-201 shisided housing. The generally weak Raman : =
szezira of the comzlexss necessitate 1o background count rated, -

and these ars achisved v cooling the PMT with a dry ice-methabol

¥

ne sigrals Irom tns chotomulitiplier were detected with
s; the latter consisted of an SSR

Model 1122 Anplifier/Cigoriminator Icllowed by either an SSR

ne L8C, which rhas two channels for accumulating

data, was arranged zo yisld source-cempensated spectra by

i3ing 2 sseconi 2MT o fstect a smail fixed fraction of the laser
ceam, and £n2 counts In the signal and the reference

- — ey b} - - N - — . - ‘,.ﬁ,‘L - R 4
Sne wlth o ths TooToT CTImiing syuitoent were about Sophotons/s; e
PR I - ~ ot~ L R S e oy 1m0 b P l‘. 5 i) e -
WIS LRSS 5:3nEacs IST =RE STrongsd a&sorbing scelutions = -
Sva mamrraas AT qed T AT, s 7 - & ded
w2z zeuwaen D oand 1TUL Zhstons/s. Iine spectra were recorded on
hed - = - - - - oD g | - - -, =
A miLE2n LELSNL Sr-ast WLAITT Selorcsr.
,q
- 1 N = ' ‘
In2 speziral zansltlvity anid tne relative polgrisation
L}
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resnonse of The systom [photomultiplier + spectrometer) were
deterrined using arn Zlectron Crtics Associates L-101 Standard

he resulis of this calibration were in turn used to
correct the relative infehsities and the obserwved depolarisation

ra2tiTsS. . F/\

2.2 Raman Sonecira of Colounrless Famples

Spectra of ezen of «he solid electron donors and of solid

ained Zy allowing the laser beam to strike a few

sarmple, and viewlng the scattered

respect to the incident beamn.

irng liguids (including solutions of

s, were recorded in a simllar manner.
e

slicht impurities in the samples

cence, especially with 488.0 nm

zzuld be eliminated (in most cases)

excitation.

Bacause of the strong absoroiion of the laser light by most
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~
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~o obtain their Raman spectra meet

wlwn 3everal grozlams., For a fsw complexes, e.g. benzene/TCNE,
a zonvantional 2L2° samolie geomeitry can be uszed successfully;
nowevar, for most cormtlexss thls arrangement is not sulitable,

wnich €iznificantly abscrb the laser beam,

/ i Cmn 3 LT
{Tnacks: nz" zesimetry” was found to be the most suiltable

|
1
¥
N
}]

Tiz. 4. In =nis arrangement, the laser beam 1is incident on

acproximately -30° with respect to
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~absorbing
Art laser sample
- A7 L IPMT
3 L
Specfromefer
Fig. 4 Backscattering geometry used to obtain
Raman spectra of strongly absorbing EDA complex
sciutions. : ~
of approximately +60° with respect to the normal.- Thus, the
direction of observaticn 1is still at'right angles with respect to
the incident light, and thz depolarisation ratios obtéined with
this packscattering geometry can ?e compared with those observed
for transparent sclutions with conventional 90° geometry. When
the concentration of the complex is about 1072 M (Molar) or less, no
significant reabscrption pfoblems are encountered with the
hackscattering geometry, since the scattered light is collected ‘

ers of the sample. At higher concentra-

nily from the surface la:y
ticns, a reabsorption effect sometimes occurs when this geometry
is used {(Sec. 5.2.57).
The internal intensity stancards for the preresonance Raman

. s , . -1
and resonance Raman Investigations were Elther,ﬁthCchlz 283 cm

S EE e -1
and/or 704 cm T pands, or the donor bands at about 1600 cm
wrn2n they were 2I sufficient strength). The latter reference is
asgacially advantagscus Ior the study of the excitation wavelength
Izgenience of the TINIZ . ._, band, duye to their proximity and
cocnseguent similar rzalsorption intensity losses. The TCHE

C=N
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pand (apout é230uggtiaralso can be studied successfully with

this internal standard, except at relatively high concentrations.

The 1ntensities of the bands used as inteYnal standards 'were

) 4 e -
corrected for the {nonresonance) v  excitation frequency

dependence. For the case of benzene/TCNE, the 1585/1604 qm—l

3

o
o
3
N
(]
ot
)
o8

. . 4 R
shown to follow the <~ law over the wavelength range covered by

the Argon laserg: .

.

4.4 Lbsorption ané Fluorescence Spectra

The absorptiocn spectra of the TCNE EDA complexes were taken

on a Cary Model 14 or a Cary Mocdel 17 spectrophotometer. The
measurements were made at room temperature; in most cases the

solvent was used as the reférence. 3

Fluorescence spectra of the EDA complexes in solution were

1

measured at 77 ¥ ancd, w

r

1en they were observable, at 300 K. The

77 X spectra were obtairned by placing the samples in capillaries,

which were then immersed in a dewar containing liquid nitrogen,
. .

and viewing the light from the sample at an angle of 90°. The

room temperature fluorescence spectra were recorded in a manner

similar to that in which the Raman spectra of the complexes were

TCYE and the warious compounds used as electron donors were

cztained in either rsagent, spectroguality or chromatoquality
grades from the follcwing suppliers: Eastman Kodak Company;

X & ¥ Lakzoratories; Mztheson Coleman & Bell; Fluka A G; Fisher

ny; Aldrich Chemical Company; and J.T. Baker

oublet, which is used as the internal standard, has been
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¥

Chemiczal Company. When necessary, solids were purified by

recr?stallisation cr sublimation and iiquids were purified by
distil;ations.

Because of its high reactivity, the purification and storage
of TCHE were giveﬁ more attention than that for most of the other
chemicals. In particular, the TCNE used for the preparation of
the complexes was sublimed two ,or more times, and stored. in the

i ] . » - _

dark in a dry atmcschere. When TCNE is treated in this manner,

it remains pure for several months.
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5. 'RESULTS AND DISCUSSION

The Raman spectra of EDA complexes of TCHNE are discgssed in
detail in this chapter. The main topics of interest in these
spectra are the intensity effects and their applications, the low

energy spectra, and the band positions. The organisation of the

chapter %s therefore as follows: the preresonance Raman effect
and the resonance Raman efféct deal with the inteﬁgiﬁieéroérbagds,
énd‘are the sub%scts of the first two sections; the resonance
‘Raman intensities are used for the determination of eguilibrium
constants in the next section;'the low energy Raman spectra are
discussed’in a separate section because of their special interest;
and finaliy, the comparison of the band positions in the spectfa
of the comﬁlexes with those in the spectra of the uncomplexed
components is the topic of the last section.

The CT;absorption band (or bands) of the TCNE complexes
discﬁssed in Fhis chapter oécﬁr between about 350 nm and 700 nm.
Thus when the Argon laser is used for excitation, both incident
and scattered light are absorbed to some degree, and the resulting
"Raman spectra are comparatively weak; part of a typical spectrum
is shown in Fig. 12. _Because the spectra are generallf weak, only
a limited number of Raman bands are observed, and the measured ot
intensities and pbsitions of thése bands carry greater uncertainties
than Raman spectra of nonabéprbing'samples do. |

.1 Preresonance Raman Effect in EDA Complexes of TCNEl’2

n

In this section, the preresonance Raman effect in suitable

3
0
i

complexes is discussed. Specific information on the inter-

Y

late states in the preresonance scattering process is obtained

!
®
o)
=
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by studying the excitation frequency dependence of the intensities

ofrthe tétally SymmetricT C=C and CéﬁﬁTCNﬁiﬁgﬁén bands, and by

rneasuring the depolarisation ratios of these bands. The stronger

preresonance effect in the v band is also shown to cause the

c=C

excitation wavelenath dependence of the I(vczc)/l(vC:N) intensity.

ratio.

As discussed in Sec. 2.2, the preresonance Raman effect is

important when the wavelength of the excitation source iS’ﬁéar*fhé;*
long wavelength absofption edge of fhe sample. In the present
study this condition occurs when -electron donors are chosen such
tha% the CT absorption bands of'thei} TCNE complexes have their ,
maxima near 406Vnm (the shortest useful wavelength available from
the Argon laser is 457.9 nm), whicp is the case for toluene and
fluorobenzene as donors. The CT absorption maxima of the TCNE
complexes with these donors arevgiven in Table I, and the long'
wavelength absorption edges for these complexes are shown in

Fig. 5, along with the positions of the Argon laser lines.

5.1.1 Preresonance in TCNE Vibrations ~

As the ex;itation wavelength approaches the absorption maxima
of a complex, the intensities'of the bands aséigned to totally
symmetric vibrations in the spectrum of uncomplexed TCNE increase
"relative to ££e intensities of the nontotally symmetric bands.

The bands which show this preresonance intensity enhancement are

listed in Table II, tocether with their as$ignments. Since the

" symmetry of a TCXE ED2 complex is lower than that of TCNE,

“This refers to the symmetry of an uncomplexed TCNE molecule
{Chapter 6).
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fig. 5 Long wavelength absorption edges of TCNE EDA complexes

which yield preresonance Raman spectra. (a) toluene/TCNE in

CH2C12; (b) benzene/TCNE_in CH2C12; (c)‘fluorobenzene/TCNE.

-

/ N



46

Table I. Absorption maxima of the TCNE Ebércomplexes whose Raman

spectra show preresonance intensity effects

. -1

Complex - Solvent Ark(nm) vrk(cm )
fluorobenzene/TCNE fluorobenzene 358 27,900
benzene/TCNE CH2C12 389 25,700
toluene/TCNE CH2C12 407 24,600

Table II.

TCNE vibrations increased in intensity in the

preresonance Raman spectra of TCNE EDA complexes

v(em 1)2 Deécriptionb'c
490 combination band
532 C-C=N bend
1526 combination band
1567 C=C stretch

2236

C=N stretch

aBand/Bgsitions are for solid {(uncomplexed) TCNE..

’fbgfi bands are of ag

symmetry in uncomplexed TCNE.

cAsSignments are discussed in Chapter 6.
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vibrations which are totally symmetric in uncomplexed TCNE, which
belongs to the Doy point group, are also totally symmetric in the
EDA complex. The preresonance-intensity behaviour is therefore
consistent with the predicted activity of the bands in the
preresonance Raman spectra, as discussed in Sec. 2.2.2.

Even when only totally symmetric bands are considered, their
reiative intensities ip the preresonance region vary with - - — ———
excitation wavelength. (This is shown below to be the result of
the different positions of the principal intermediate states. for
the vibrations involved.) The éhange which is most noticeable in
the preresonance Raman spectra is the increase in intensity of
the

band with respect to the v band; the I(vc=c)/I(vC:N)

Ye=c C:=N

intensity ratio in the benzene/TCNE spectrum increases from 1.2

or 457.9 nm excitation. Both of

for 514.5 nm excitation‘to‘l.B
these intensity ratios are well abave that observed for uncomplexed
TCNE, about 0.5 (Table III).
TCNE has two Raman active C=N Jstretching modes, one of ag
symmetry and one of b3g symmetry. In the preresonance Raman
spectra of TCNE complexes, the intensity of the angEN'band is

considerably increased relative to that of the b3 band. For

gvdEN
the preresonance intensity studies, the ag/ng intensity ratio
was further increased by viewing bnly the parallel component of
the scattered light. Thus to a very good approximation, the
intensity observed at preresonancé is that of thé"ag‘vibfaEiOn;
the following discussion 1s based on this‘premise%
,. ;

The excitation wavelength dependence of theé Raman intensities

of the totally symmetric TCNE bands has also been observed by
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Table III. Intensity changes in TCNE bands on complexation
(excitation wavelength 514.5 nm)

Sample Solvent I (vo_o}/I(vao)?'P
TCHE (solid) : --- .5
TCNE - : CH2C12 - 5
fluorobenzeng/TCﬁE fluorobenzene .8
benzene/TCNﬁ( CH2C12 1.2
toluene/TCNE CH2C12 2.5

Uncertainties in intensity ratios are t .2 or less.

The two close-lying C=ZXN stretching bands are not resolved.

others3'4. Although neither of these studies included all of the
bands in Table II, they do confirm the results of the present
Vo=c and Vesn bands.

5.1.2 Intermediate States

investigation for the

According to the theory of Albrecht and Hutley5 {Chapter 2},

2 with F, and F_ given by equation (2.3).

Zﬁe prerésonance Raman intensity is proportional to one of the
r B’ a B

eguency factors Fi or F

The EDA complexes have a large number of excited electronic states

o

1}
n

candidates for v_. and Ve however, certain restrictions on
o £

e intermediate states must be taken into account. According to

rt
oy

-

. . 3
the preresonance theory , v and

rk nmust satisfy the following

tk

criteria:

onor, acceptor or charge transfer origin) which can be considered

(1) electronic state r is the major active virtual electronic

RTINS

oy

e

e

aotpetdhe w1

PR e
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state in the near- resonance condition;

(2) the particular v and Vi guarantee that only on

rk

component of the scattering tensor is enhanced;

(3) the active virtual states t lie at energies sufficigntly

high to permit the use of some average Vi’

(4) the transitions Viex and must have the same polari

Vik

sation.

o
For the analysis of the preresonance Raman spectra of fhe

TCNE EDA complexes in terms of this theory, v is taken as the

rk

freguency of the CT absorption maximum {Table I). Two different

- . v . . -1 .
fregquencies were used for ek The first cone, 36,170 cm ~, is the

frequency of the TCHE absorption‘baﬁd for TCHE in CH2C12, which

. Cee e . . . . 6
by analogy with the TCNE absorption spectrum in ethanol solution
Fd

is assigned to an n»=* TCNE transition. This is the lowest

-

energy singlet transition of TCNE which is polarised perpendicular

+

to the molecular plane. The second v 55,560 cm—l, represents

tk’

an average far UV (180 nm) transition; when v is in the far UV,

tk

the exact freguency used hardly affects the Fg values.

These chcices for vrk ang iy are consistent with the above

esonance thedry, as will now be shown.
fA

H
(Y
e
&
’—l
]
o
o
M
o)
ot
n
Q
th
ot
oy
O
e
L]
M
R

(L') The first excited electronic states of the EDA complexes
/900 cm to 24,600 cm—l) are comparatively close to

. ‘ . . -1
the Argon lasaf“finesrfwgzcﬁ,llewoetweenfl9,43ﬁvcmﬂ1wanﬁvﬁm~ -

21,831 cm 7. These states are the only ones in this region an
thus 1f prerescnance cccurs, it is likely that they are the major
actiwve virtual states, The ircortance of the first excited CT

suggested by the intensity

ot
[
tn
ct
jAl]
ct
o
[(]]
' ']
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complexation (Table III).
.

ciectronic state, and yields
gxcitation freguency dependence

i law.

, 4
the [(nonrescnance} Vv

b v
the c=C

e excitation wavelength nears the

band depolarisation

-

-

3 as
This irdicates that only one component of

anced (Sec. 2.2.2).
1

7

36,l70'cm- an average

since it is close _

band position in

[

P
‘These two states are close enough

as an average does not introduce

the data.
1

retation of

55,580 cm , 13 correctly

since there are numerous

ot

i?ese polyatomic molecules, or

intermediate states.

transitions

ere can ke assumed to pe

Since the planes of the

mciecules in TCHNE -

complexes are .

-

Fann s

H e kel
-

are thus assumed to

Wil

transiti

donor or acceptor transitions.

e TCNE n—~=* transition

3

and

[

[

ans

-

H

e
C10Tn,



' therefore the requirement that Vi aﬁaﬁvéi'be of the same

polarisation is satisfied. Furtherm%re, the second excited

®

singlet transition_of TCNE has also been identified as ah out-of-
plane polarised'transition7; thus it too is parallel to thejéf
transition. Since the 55,560 cm_l value for btk is an average
freouency, no information is availableiwhich can tell whether it

meets this polarisation requirement. o T e

5.1.3 Comparlson of Theory and Experlment : : » -

The frequency factors Fi and Fé calculated for the EDA

complexes of TCNE are given in Tables IV - VI. Consistent with

the form of F, and F the frequency dependence‘ f the Raman

A B’

intensity is stronger when the absorption maximum is nearer the

excitation lines (toluene/TCNE) than when the absorption is

farther from the excitation (fluorobenzene/TCNE). ‘The choice gf .

/»{k considerably affects the magnitude of F2 although the

BI
is not greatly different for either

frequency debendence of Fé

W The frequency factors for v

tk'
those for v

c=c are only slightly larger than

CVN and by themselves do not account for the increase
in the I(\)C C)/I(\)C =N

1nvolves the cross sections for the electronic transitions and

) ratio on complexation; this increase also

5
- the v1bron1c energles . .

In Flgures 6 "to- 11 the frequency factors are compared with

the-experlmental data. These f1gures show that in all three ®

complexes, the Ve=c intenSItleSafollOW”the'upper Fﬁ’c& VEeSs (those
having vtk = 36,170 cm_l);_the vCZN intensities tend to agree_w1th
the lower Fé curves (vtk = 55,560 cmfl). The Fg frequency ‘

dependences of these Raman bands confirm that the Argon laser C e

2
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llnes ar@‘?ar enougf'from Eﬁe aBsorptlon bands of these TCNE
G

—complexes that the'pfefeseﬁanee'Raman effect deterﬁunes—thet—v————t—f——t

1nten51t1es of the vC=C and vc =N bands. . ’ S '7 &v‘p,,

-Because the frequency dependence of the lower Fé curveshis

weaker than that of the upper F; curves, the intensity ratio
0 approaches the absorption maximum. ' -

This increase is observed in theée Raman speetra Qf all three

I(vczc)/I(vCEN),increases as v

’comblexes, and is greatest'fbr the eomple; With the strongest(v

dependence; toluene/TCNE.' o | ‘f/ o ’ R é%?
ThefcbmpariSbn of the preresonance Raman intensity data-for t

the TCNE‘EDA complexes'nith.the calculations:basedron<thé theory

- of Albrecht and Hutiey5 is‘snmmarised‘in Table QLI. Inspeetion'of

this Table confirms the concluslons based on con51deratlon of

Figs. 6 to ll given above. For fluorobenzene/TCNE

= 36vl70 cmt andgv = 55, 560 cm -1 give about the same

Vtk tk

agreement w1th the observed v

c= Cvlntensities; etherwise, the

concluSLOnstare the same as before.
,As shown rn Sec. 2.2.2, the depolarisation ratios of the
preresonance—enhanced Raman bands approach lrmiting values which
are characteristlc of the degeneracy of the pr1nc1pal 1ntermed1ate
state The depolarlsatlon ratios for the VC=C Raman bands in the
spectra of the TCNE EDA complexes are observed to increase from
- 0.21 for fluQrobenZene/TCNE to 0.29 for benzene/TCNE and 9.35 for
toluene/TCNE, paraliel to ‘the red shift in the'absorption'maximum"
with the change in the denor. Thus, the Vooe

approaches 1/3; therefore, the first excited states of the above

depolarisation ratio

EDA complexes_are not degenerate, with the possible exception of

e
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benzene/TCNE. The fact that the ag " depolarisation ratios

VC=N

- have not increased'measurably above the nonresonance’Value of .10 °
w1th complexatlon suggests that the Vos C mode is subject .to a.

‘stronger preresonance effect than is the v :N mode.

. The preresonance effect in the v, v1bration apparently

Cc=C
extends well beyond tbe CT absorptlon edges, as 1nd1cated by the

fact that I( )/I(v ) for benzene/TCNE is Stlll about l l even
when-the'exc1tation~wavelength is 601.2“hm. If it is assumed‘that

preresonance enhancement of the v band is responsible for the

C=C
increase in thls.ratlo above the nonresonance value of,O.S,'then
one concludes that preresonance Raman scattering is important even
when'the excitation frequency is 9000 cm—l.away from the absorption °
maximum, presumably because of the considerable widths of the CT
absorption bands, which in the case of beniene/TCNE extend to

about 550 nm. o - | ‘ Y

5.1.4 Discussion of the Results

Flgures 6 to 11 show, as descrlbed above, thaE\IT/C C) and

o N) exhlblt Fg rather than Fi frequency dependence of the

iinten51ty. Since both of the frequencres vfk and Vi occur in the

rk 1s included 1in FAf it can be

concluded that state r (the first excited state of the EDA complex)

(v
expression for FB,<while‘only %

is not the only 1mportant scatterlng state, sumcewF2 frequency

A -

"dependence is not observed. In view of these results, the

suggestion by Kaya et al.4 that the flrst excited CT state is the
dominant scattering state should thérefore be clarified. The

importance of this state is indicated by the fact that the

debendence of

frequencies V. are essential in explaining the Vo



| M |
| | . ﬂ S
™~ l . ,, . , ! . \” A
¢ ,,! , ol g
Rk S » g
- h ) L ’
Lot vTiT pvcz - 99w - 168" | L0°T 1°z ' agec 6 <y
Lot o 8T £0°7 29°€ FLL®T 006" 95T S9W 8°59%
CvLe TT°1 ZL° T T0°€ 08L" | 88" 86:T. .  TL°€ L 7L
Lot vT T 89°1 852 TR L96" £v°T  66°7 S 9Lp
. |eo6T LL6" 9¢°1 0T’z . 006° - /96" T AR . 60°2 0°88%
L88”" cee6” 60°T LT - 0L8" » D 1T6°: L0°T vLT ‘G 96
€26° 866" - L0°T SP°T 121N 296" 80°T £V 1 L°T0G
00T 00°T 00°T 00°1 00°T . 00°T - 00°T 00°T S*v1s
. ) . N S
)iwu g.. r*191.4 ‘121 ,v., dxs N=D,,, °T1°Z q 191 .4 191,v¥ "dx® 0=0, arny ©
N ylzd) 6 () uAmmv ST S plzd) \uAmmv - nAmmv o YT (uu) Uy
M o " C1o%yn ut anpo/suszusq ‘ \
el - :
M R | , o |
PTT C 8T g6°T = TT°¢ €16° 0T"°T S 6S°T €8°€  6°LSV
o ST'T SE°T 18°T 76°2 VY6” 0T T 6v°1 T0°€ 8°G9% *
CsTUT ze T 89°T FASEAN 956" 60T 6€°T 95" L TLY
O TITT AR 56 T 7 00°2 ¥0°T 91T SV T T1°2 S 9LY
o L86" L0°T €z T CELT z0°T 0T"T LTt v 99°T 0°88%
L 956 10T 0T'T 67T 066 . ¥0°T - .¥T°T €v°T G 96%
1986 Z0°T 60°T 0e°T - Z0°T 90°T €1°T SZ°T L"TOS
| 00°T . 00°T 00°T 00°1 ~00°T 00°T 00°T 00" T S 1S
| . ; - & . . . . - R B ) . . .QW@ =
R CECIY 191 .9 191,V dxa NzD, 191,49 192,49 ICEM4 =9y 1 ura) Oy
| snmmv o mANmV mANmV 5 )T @Ammv UANmV QWN@V. ,mA ) (urua) ~.
| ANDJL/2uazusqoaonty t
, : " AeTanH
\ L : S

. pue yoaI1qIvy IO K109y ay3 YyaTm Wmﬂpﬂmcwpcﬂ uewey soueuossiaid JO uos

Taedwod “IIA STYERL



~

03

.A

,#wuwﬂHmEHoc pue

+©wmﬂamﬁﬁoc pue

S |
mumv N=Jq @wuownnoo Aq popTATD" Aat

i 4

N=D

e3ep G P230921100 Aq POpPTATP. (

N=D

Eo
.ﬂl
"POSTTRWIOU pue ejep

dmm mm

ona 9¢

a Umpowuhoo wn @mﬁa>a© m

4 Q
=" Nmm

3

Kaosyz

A . *IT pue ¢ ‘L °b1a Tm.mmumoﬂﬁcﬂ sae
S9T3UTR}ISOUN Hmucmaﬂuwmxm tuu G*$IS I® POSTTBWIOU \COﬂuomHHoo,va X xuo#ova\Az )T
‘PSSTTRWIOU pue BIEBP O=0, pe3d21100 Aq pPOpPTATP AH wo mmm;mm = 13 o) M o
. | , N T :
*pPOSTTRWIOU pue e3lep D=9, @muowhuoo Aq @w@abaﬁ A _ud dma:wm = a) M

A @mmadﬁEuoc pue e3Ep ° =0, Umpomunoo an @m@a>a@ Mma

| 0T pue g ‘9 °"sBTJd ut qmumo%ﬁ a1®
W s9T3juTelasoun AMpcmEHuwmxm \pEc‘m.¢dw,um pasTITrWIOU ~c0ﬂwowuuoo.¢7 X Auoaova\AUnU>va
L0°T 0€"T 6€°¢ Z6°G . Z0°T 92 6E° L 6°LSY
ET°T ZE'T 8T Z0° ¥ 886° IT°¢ 62°S wumwv
'T0°T 9T°T - Z1°¢ Zv "€ g98° 6S°T A m.mhw
60°T € 1 60°2 LL™T 786 ° L9°T ¢ m.whw
80°T LT T vo°T T6°T 9¢6° 0€°1 0¥ "¢ 0°88%
gee6” -¥86° AN ZL T ZoL” 449 12°¢ m”mm¢
606" Eve6” 60°T €S°T 9¢€L” z68° S6°1 N.Hom
00°T 00°T: oo T 00°T . 00°T 00°T 00°T S'PIS

.¢mn,m Hwn , amn —a%5 N=D REFI: *Tox,d ., 191 ,¥ *dxs uwu> ura ©
- shmmv 5 mv : A q) 5 AT UANmV oAmmv QAva o )T (uu) 7Y

5 ©10%m0 ut @NDL/suentol
| o | oW ,
' AeTanH pue 34odIqTY

jo 2yl y3zIM wwﬂuﬂmcmucﬂ ueuwey Souruossaasad JO nOmﬂnmmEoo. (~3uod) IIA 3Tgedl



i

64

the Raman intensity; at theésamelime, the‘Féldependence offthek,
intensity'implies that‘onewdr mofe higher states of the components
or of the complex are essenéial to account for‘the magnitudes of
the observed preresonance Raman 1nten51t1es.r

In,Sec. 2.2.1 the role of v1bron1é%coupling in the pre-

resonance Raman effect was dlscussed Using~the nomenclatureh

1ntroduced in that chapter, the F2 dependence of the 1nten51ty
which is- observed in the Raman spectra of the TCNE EDA complexes
implies that the preresonancefRaman intensity is,derivedymostly e

from a vibronic coupling mechanism, rather than from a distortion = *

z

of the C=C or C=N bonds in the first. exc1ted CT states of the
complexes. The v1§»pn1c coupllng occurs via the‘matrlx elements

connecting states‘r and t; thus, the TCNE V._c and vCZN vibrations

couple the first excited state of the complex with higher excited

states of the acceptor, donor or complex. The UV ahsorption

spectrarof TCNE7 indicate that the C=C distance also is not much ﬂt

* .
~

changed in the frist exc1ted state of TCNE.
5.2 Resonance Raman (RR) Effect in EDA Complexes of TCNEl ll

r

When the Raman exc1tatlon wavelength falls within the reglon

A

of strong absorptlon of'a TCNE EDA complex, the RR effect is

observed in some of the TCNE~bands. These RR bands display changes

1ntenslt1es far from resonance. The depolarxsatlon ratios of, the -

a

affected bands .are also changed’with regard to their nonresonance
values. Other features of the”RR spectra which give useful
information on the EDA complexes 1nclude the exc1tatlon proflles

of the RR bands, the halfwidths of the Raman bands,- and the fact



AfL'TaBIe'VlII. CT absorption maxima (CH2Q12 solutionsj-of TCNE EDA .

¥

5

}fas,the,QutputJlines,oflthe,ArgonWlase

'Vand’therczhigsgpption'maxima are listed in Table VIII. The Raman

&

~ second CT- absorptlon.band of these complexes. The excitation

- I(v

TCNE which have CT’absorption

- - . 65

Tl R E N N AP Iy

__complexes which display jLLmsonanc;LRamffm—i
3

. Donor + A(nm)
o-xylene - ' " 436
m-xylene - 440
p-xylene v h 415, 470 .
mesitylerne ' 466 .
durene ..’ .- 490
isodurene B - % 488 .
,pentamethylbenzene, % 521 _ O
hexamethylbenzene T Fe541
anisole - - 383, 510
o-dimethoxybenzene . - 429, 592 :
m-dimethaxybenzene 441, 559 .
- p-dimethoxybenzene 380, 637

1,2,3-trimethoxybenzene 515
l,2,4—trimethoxybenzene 427, 685
1,3,5~trimethoxybenzene - 552 .
-acenaphthene . : 442, 654

.. ‘fluorene R 402, 417, 571
naphthalene A 427, 550 ’
'pyrene' 4 391, 495, 725

4

~r

t§§t resonance also occurs when the excitation fallslwithin the

proglles.also account for the wavelength dependence of the ~i ' : i

C=C)/I(\)—CZN) intensity ratio which is observed for some

complexes.

-

e RB TR S ks Y e fw

A large number of electron ors form EDA complexes with

the same wavelength range

,,WTheronorslstudiedlheremmﬁ"llllé

~

spectra of all of these complexes as obtalned w1th thlS exc1tatlon

gsource dlsplay at least some of the resona?ce characteplstlcs Zﬁ

mentloned above; the complexes studied most extensivelvaith
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T

regard to the RR effect are those in which methylbenzenes or
methoxybenzenes‘aré theAelectfon donors, for reasons stated in

,Seé.,5.2;3. The greatest'inténsity changes on complexation are

i
T
)
k4
i
i‘é
%
3
o
%
o

observéd in the spectra of the methylbénzene/TCNE complexes; they
will be discussed in the following sections.

5.2.1 Resonance in TCNE Vibrations

The inerease in the intensitiés of the totallyré§mﬁé£riarrw

TCNE. bands vis & vis the nontotally symmetric»bands,*first 5;
observed Whén‘the excitation freguéncy iscseveral thoﬁsahd cm :;
away from the éT tfansition'(Sec; 5.}.1), also oceurs in the §
* . . , ‘ kS

region:where the'excitatibn soufce is in resonance with this %
transition. ‘Bécause of absorption problems, the overall intensity g
of thevRR épectra is low; the.rgla;ive'<ntensi§y increase‘ofvEFé é
j; bandébensures that the ohly TCNE bands which'can‘be,identified g
4:§re’theltotally symmetric ones (Tabie iX);’Wﬁe;eas in thé pre-{v g

- .
b -

s resonance spectfé nontotally symmétric TCNExbands are stiil
observable.
‘'The TCNE bands at '490~>°cm—l and 532 ém—l (Table II)'cannot bel
identified in the present RR spectra of the TCNE EDA complexes
-because the quartz cuvettes uéed toagontaigfﬁhg Solutions:préduce

a broad, strong gyartz Raman band centred near 450 cm_l (Séc, 4.l),

I TN

which masks these weak TCNE bands. Since these two TCNE bands arev

~

of no special intergst'in this study,:-no further attempts to

observe'them have been made.” On the basis of the preresonance

Raman and resonance Raman a¢tivities of the 1526, 1567 and

1

2236 cm - TCNE bands (compare Tables II and IX), the bands at

490 and 532 cm-'l can be assumed to occur in the RR spectra of'the

N s G ‘,nq-}v‘(-tg{‘-‘u’b\ CkeE A‘v..uu -

-,
"

AY



Table IX. TCNE vibrations active in the resonance Raman spectra
. - of TCNE EDA complexes

\)(cm—"l)a ‘ Descriptionbfc
150 " (CN)-C-(CN) scissoring
1526 combination band -
1567 C=C stretch
2236 'CEN stretch.

aBand‘positions are for solid (uncomplexed) TCNE.
PAl1 bands are of ag symmetry.

cAssignments are discussed in Chapter 6.

\TCNE EDA complexes, albelt with less intehsity than those of the
‘other TCNE bands. | |

The Rﬁfspectrazof'the TCNE‘EDA;complexes also contain
rescnance—enhanced bands at'lSS—l67°cm—l, which are not detectable
in the'preresohancegﬁaman spectra. These bands are discussed in
detall in Sec. 5.4; where it is shown that the,most‘likely‘origin
of them is the totally symmetrlc TCNE v1bratlon VS. The assign-
ment of thlS TCNE Vlbratlon is also discussed in Sec. 6.1.

An -increase in I(vC=C)/1’(VcEN)~F above’the nonresonance Qalue

\

of 0.5 is observed in the RR spectra'of‘the TCNE EDA complexes

Y

(Tablé’X); a typical spectrum showing these two TCNE bands is

given in.Figure 12. For some of the complexes 1n Table X

I(v ) varies con51derably within the wavelength range of

Ve=c!/ Moz L ohe
the Argon. laser The relatlonshlp of thlS result to the RR - ,

-

+The absolute 1nten51ty increases with complexation (Tables XV- XVII)

quantlfy the RR intensification of these bands, whereas the
intensity ratios indicate only the relative 1nten51ty changes.
A

<
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'~ Table X. Intensity ratios for TCNE EDA complexes

69

(excitation
wavelength 488.0 or 514.5 nm)>
Donor? _ [Donor],Mm® [TCNE],M Voo C)/I (\) )Cl
o-xylene (&) .10 2.8 .
m~-xylene (%) .083 3.4
p-xylene (%) .11 2.3
mesitylene (L) .083 2.6
durene (s) .69 .10 3.5
isodurene (%) , . 056 2.3
pentamethylbenzene (s) .74 .091 2.9 T
hexamethylbenzene (s) 1.1 .097 3.0
anisole (%) ' .099 2.0
o-dimethoxybenzene (1) .098 2.0
m-dimethoxybenzene (%) .094 2.2
p-dimethoxybenzene (s) 1.0 .086 1.9
‘1,2,3-trimethoxybenzene (s) 3.2 .18 1.9
1,2,4-trimethoxybenzene (2) .092 1.6
1,3,5-trimethoxybenzene (s) 1.1 N - 094 2.1
acenaphthene (s) .94 \\\\Qgi 2.5
fluorene (s) .20 .0 1.8
naphthalene (s) .86 .099 . 1.3
pyrene (s)’ .17 .011 3.1

—

4The ratio- for uncomplexed TCNE is about 0.5.

P (4) = liquid; (s) = solid.

Crefers to CH.Cl. solutions and solid donors.

2772

solutions the donor is the solvent.

dUncertainties in intensity ratios are *.2 o

£

By

In all o§her

" excitation proflles of . the affected bands is discussed in

- Sec. 5,213. In addition, some of

e.ratios ‘'in Table X are .

misleading.insofar as they are seridusly affected by reabsorption

of the scattered light. (Sec_\S 2,5).

' B’écaﬁse of

the con ’c*e’ntr'at i on

and wavelength dependentre of the reabsorptton effect,\the ﬂ:ntenserey

ratlos in Table X should be regarded as characterlstlc of the

complexes only at the spepifled excitation wavelengths and

-

concentrations. When the concentration of a complex is reduced
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o .
Braede - an

7

et

to the point where reabsorption is no longer significant,

I(vczc)/I(VCEN) may be changed considerably (Table XIV).

' Because .of the increased intensities of the totally symmetric
acceptor bands at resonance, - the ag Vesn ‘band is much.stronger

than the b band; when a large excess of the donor is.

» 3g.vCEN
present, ‘only the ag_band can be';dentlfled. Therefore through-

' v .
out Sec. 5.2, Vozn is used only in reference to the agﬂyefN

i)

vibration.

5.2.2 Observed Features of the Resonance Raman Effect

Before the RR excitation profiles of the VC=C and YCZN bands =

are discussed, some of the other features of the spectra will-be
described. Particula% attention is paid in this discussion to

‘those espects of the spectra which supply information on the EDA

4

complexes.
As mentioned in Sec. 5.1, the depolarisation ratio of the

TCNE VC=C band increases from its nonresonance velue of 0.21 to a

value approaching 1/3 ih the preresonance Raman spectra of
TCNE EDA eomplexes. At resonance, depolarisation ratios

T

Py = 0.33.% .03 ~are observed for the Vozc and Vesn bandf in the
TCNE EDA complexes with the electron donorsmp—xylene, mesitylene,
hexamethylbenzehe (HMB),'m—dimethoxybenzene apd eﬁisoie, and for -
the 167 cm * band in the Spectrum of HMB/TCNE.' The fact that the
\depolarlsatlon ratlos of -the VC —¢c and——\)C =N pands equalﬂ1/3 at -
resonance- Has also been reported by other workersrln,the,case,off
m-xyleoe/TCNE4.’ These results‘lmply that only one component of

the scattering tensor is enhanced in the case of each of these

three vibrations; it furthermore indicates, as mentioned in

-
tr A P e Ty
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3
g
&
&

&
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¥

G el
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Sec. 5.1.2. The fact that the v

" excitation is between

o

. N

Sec. 5.1.3, that the first excited statésfof these EDA complexes
need not be.degenerate; Since only one cémponent of the scattering
tensor is enhanced, the CT transition ocesmrs in a well-defined

direction with

< L4

: s | ‘
respect to the molecular fomplex, as discussed in

- e
B9
«

c=C and/véEN depolarisation

ratios arevéssentially equal to 1/3 for/m—dimethoxybenzene/TCNE

'

shows that.-the same limiting walue occurs when the excitation falls——
between the two CT absorption maxima.

After the publication of these reéultsll, Jensen reported
® » B ‘

Iy

some surprising'depolarisation data foiithe anisole/TCNE complexlz,

According to this paper, the depolariéation ratios of the Veag

and'VC5§ bands in this complex are about 1/3'when the excitation

is in resonance with the first CT absorption band, but—rise to

4

about .45 foF the vc=cﬂ£and and .70 for the VosN band When the
e

X two CT absqquibn maxima. These results

were-obtained for solutions where anisole is the solvent, i.e. ‘
under concentration conditions considerably different than those

for the dilute CH,C1,

discrepancy between these two studies, the anisole/TCNE complex

)

‘solutions mentioned above. Because of the oot

in which the donor is the solvent was invéstigated further to see

if the results of Jensen12 could beirepeated, The Gc=C depolar;
isation ratios found are .33 * .03 for 514.5 nm excitation,
0 £ Ty,

A4

.36 + .03 for 488.0 nm excitation, and .36 t .05 for 476.5 nm

excitation. These data do not confirm the increases reported in

‘Jensen's paper. It must be emphasized that these resuylts for

anisole/TCNE are not as accurate as those for some of the other

complexes mentioned above, since the RR intensity enhancement is



weaker'in anisole/TCNE. Therexperimental;uncertainties quoted'
for anisole/TCNE in this paragraph reflect this fact; therefore
it is concluded that within experimental uncertainty, the

depolarisation ratio does not rise above 0.33 for the Veac band

"

in the spectrum of anisole/TCNE where the donor is‘the solvent.

The conclusions of Jensen therefore must be regardedfwith some

‘scepticism.

The proposal that the multiple CT bands of TCNE complexes

arise'from different geometric isomersl3 is supported by the

obserVation that when the excitation falls within the second'
absorption'band of a complex (Fiﬁs. 20 and 21), an RR effect is
observed which has the same characteristics as those observed in
complexés where the excitation is in the first CT absorption band.“
‘If the multiple CT bands of a'complex are due to a single |

geometrlc structure, they can both be expected to contrlbute

~

51§n1f1cantly to the scatterlng tensor, and produce an . RR effect

which is dlfferent from that observed for complexes with a single

¥

absorptlon,band. The lndependent resonance Observed for ,the CT

Al .

‘absorption bands therefore is gonsistent w1th the suggestron,that

each band is ‘due to-a different species of the same complex. .
) " - N ~ * - 'v‘ ‘- . . . ' - J
The strength of the'RR effect in’the TCNE EDA.complexes 1is '

e

1nd1cated by the fact that the Ve=c and vC N 1nten51t1es increase:

by as much as two orders of magnltude in the tran51tlon from

nonresonance to resonance; however, a very common feature of the
RR effect, the appearance of overtones or comblnatlon bands.
/‘ B i,

involving the enhanced bands, cannot be detected in these spectra.

Accordlng to the v1bronlc theory of RR scatterlng (Sec. 2. 3 2),
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»

the failure to observe overtones ‘is due to small.: values of the

vibrational overlap integrals <v" |V'> where the quantum number of

the level on which the transition terminates is v' = 2, 3, etc.

Alternatively, this failure may arise from the strong damping of
the CT states (Sec. 5.2.3).
The RR enhanced TCNE bands are much broader than are their

@ .

counterparts in the spectrum of uncomplexed’TCNE.. Specifically,

in the spectrum of hexamethylbenzene/TCNE the halfWidth of the
TCNE-vc=C band 1s 16 ¥ 2 cm l, whereas the spectrum of a_CH2Cl2
olution of TCNE shows a~vc = halfwidth of 9 i‘l'cm—l. ‘Similarly,
in the spectrum of HMB/TCNE the 167 cm -1 band (attributed to TCNE |
vibration v5) has a halfWidth of 17 ¢+ 1 cm—l.' These broad bands
could be characteristic of the resonance scattering process, or
they could be due to a change in the molecular notion of TCNE as

a consequencevof complexation. Since thesresonance‘Ramanvconditionk
~cannot conveniently be separated from the complexation,  the |
p0551ble causes cannot be examin€d independepntly and -the source of

e

broadening 1dentified It should be meﬁtfogzd that restricted
rotational motion in solutions ordinarily leads to narrow1ng of
vibrational bands; however, cases where such restricted motion is

accompanied by band broadening have also been observedl4. Further.

investigation of the broadening of  the Raman bands requires their

resolution into parallel and perpendlcular polarised componentsls. ;

5.2.3 Excitation Profiles of vqigiand VC N gancs

TheiRR excitation profilef i.e. the plot of RR-intensity

- v _ .
(divided by v4)«vs. excitation frequency, shows the exc1tation

e !

frequency dependence of the scattering tensor (apojvv' and can
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.glve 1nformatlon wh1ch leads to the s1mpllf1cat10n of the

expres51on for the tensor. The excitation profiles of the TCNE

Vozc and Ves ; bands also explainvsome of the féatures of the %

Raman spectra of ‘the TCNE EDA complexes, and some of the details

of the exc1ted.statés of the complexes. The éxc1tatlon profiles

(NP

e PR ~

of these particular bands are studled because of- thelrkuery IR
noticeable 1nten51ty increases on complexatlon, and because theAAwgﬂéuﬁj
bands are’sufficiently strong that quantitative measurements of |
their intensitieS'with all of the excitation lines of the Argon
laser are possible..

RR exc1tatlon profiles of the Voo =C and VosN bands»are shown

in Figures 13 to 19 for the complexes where the excitation
frequency falls in ghe first CT_absorption band, and %n Figures 20
and 21 for the’co plenes where the excitation is within the.
second 'CT absorption band. These figures show that the excitation
profiles roughly parallel the absorption spectra, except that the.
profiles areodlsplaced by about lQOOV— 2000‘cm_,l toward lower
energy with respect to the correspondlng absorptlon maxima. This
unusual result is ‘discussed in detall below, and is interpreted
according to both existing and’ new‘RR theoriesL Not all of the
;complexesrllsted in Table VlII'are includedrin the excitatign
profile data. Some of them are not sultable forrstudy w1th7Argon

laser ex01tatlon because of the wavelengths of thelr CT absorptlon

bands, whlle others give weak intensity enhancements whlch prohibit .

quantltatlve measurements.

. In the complexes where the exc1tatlon proflles have 1dent1—

ofile peaks at lower

fiable maxima, for each complex the VC=C pr
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Fig. 21 Exc1tatlon proflles of the vc_e and
for the second CT transition of acenaphthene/TCNE in CH2Cl2
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‘Table XII. Intensity ratios for mesityléné/TCNE in‘CHzglé-r
Mesitylene,concehtration, 1.0 Ma; TCNﬁ concentration,
.0092 M. ' ‘ ' |
o oagm 1 ) /Tlvn_ )P
S0 ' - T We=c Cc=N’ -
o ' 514.5 o x 6.0
- 501.7 , _ : 5.0 7,
96,5 e e e B3P -
' 488.0 ' : 31—
- 476.5 3.0
472.7 3.1 -
- _ 465.8 2.8
€. : 457.9 2.6 . R
@M = moles/litre.

Uncertainties in intensity ratios are * .2 or less.

frequerncy than»does the v profile (Table XI). Because of this,

C=N

()

at excitation frequencies Cloge to the le,frequency.edges of the

C=C)/I(vCEN) ratio is greate;vthan that obtained

when the excitation frequency is near the centres of the profiles.

profiles, the I(V

lTherefore, the displacement of the excitation pébfiles leads to a -
‘wavelength dependence Of'I(vC=C)/I(vCEN) in the ﬁamgn.spectra of
complexes such as o-xylene/TCNE or mesit&lené/TCNE (Table XII).

The Raman spectra of a number of different kinds of

16-18

" molecules have RR excitation profiles which are approximately. -

proportignal to their respective absorption”curvest””CompariSGK’fm””
with the excitation profiles ofqthé,TCNE~EDAWeémp%exes—shews~thatf~4**
the approximate4proportionality‘betweeq the lear absérptivity and

the excitation profilé may occur over part‘of thé'spectrum, but

once theimaximum in the,absérption curve is‘reached,'the proportion-

1

, .- i g . : " ]
ality breaks down. Attempts to determine the maximum of the
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Tabié XIII.' TCNE complex absorptlon maxima in. CH2C12 having

excitation proflles w1thout observed maxima
{

v S " Donor ' N A (nm) o e
-l
’ ’ ' -
‘durene , 490
isodurene. . 488
hexamethylbenzene . - - 54y o T
anisole" 510
; m- dlmethoxybenzene 441
pyrene - 495 v

acenaphthene . 442

1
1

Bajyo strongly overlapping CT absorption bands.

-

Vooc excitation profile for HMB/TCNE using the dye laservas'the

@

excitation source were unsuccessful, because of the poor signal-

to-noise ratip in the spectra. The absorption ma#ima ef this and
other complexes for which the exeitation profiles do not have
maxima observable with Argon laser excitation are listed in

Table XIII. | ‘ ‘

The anisole/TCNE and m—xylene/TCNE RR excitation profiles
obtained by other authors4’12 are inrgodd adreement with those’in_
Figs. 15 and 19. Both of the studies cited used different internal
standards than the solvent band used in thlS work; the agreement
of the publlshed results with- those reported here indicates” that T
the excitation profiles in Figs. 13 to Zl,actuallymreﬁleet~the—
excitation frequency dependence of the scatteringltensor, and that
they are not producrd by experimental artifacts sueh as reabsorption
of thé,scattered 1£§R% or other effects. v ‘ o

In Table XI the excitation profiles are summarised.for those

-~



TCNE compleiéswinEIﬁdéd”fﬁ’the present study whose RR excitation
profiles have identifiable maxima. For ‘each complex, the excita-

tion profile maximum for the band occurs at higher“energy

o= N,

than for the VC c band. This can.occur.iﬁ the. resonance is with

the v1bronld (electronlc + v1bratlonal) trans1tlons involving these

v1bratlonslg_20. Slnce the v1bratlonless electronlc transitions -

-of these¥complexeswarernot aetive in their‘abSorption*spectr
their frequenc1es can be estlmated by subtractlng the frequency of
the approprlate v1bratlonal 1nterval from -each exc1tatlon profgle
max1mum:+ The 0-0 frequenc1es estlmated by thus method are entered
in column 4 of Table XI. The comparlson of these estlmated
frequencies wrth the pure electroniC'transition frequenciesA .
(oolumnES)f calculated as the,mirror point of CT‘absorptionAandi
fluOresoenoe spectraZl, shows satisfactory agreement, and thus
confirms that the excitation profiles are a result of resonance
with the vibronic transitions involving the‘\)C=C and VCEN modes.
Within the framework of;the vibronic theory of RR 'spectra22
(Sec. 2.3.2), this is equlvalent to, the statement that the vibra-
tional quantum number v" of the 1ntermed1ate electronic state in
‘the RR scatterlng process has the Value 1 for either vibration.

These results permit some comments on the form of the

L

. scattering tensor (o According to the vibrenic theory of

DU vv'!

RR spectra,’ the scattering tensor in general contains three

-contributions, i.e. the three terms of equation (2.7). When

“totally symmetric vibrations such as Vo=c and Vezy are enhanced in

-/
N

'TImplicit in this analysfg;;thhe assumption that the vibrational
frequency of each mode is the'same in both electronic states.-

4



-

,!“,}::‘ ;\8 8 -

—_ , . ‘ - ~ . . -

'intensityvin RR spectra, the potential energy surfaces of the

-3
5

ground and first excited electronic states are generaily
diffgrent 3; tifis is- conSistent with the. implied differences 1n,

the potential surfaces of the ‘ground and excited §?ates of TCNE EDA
21,24

complexes . When the potentlal energyAsurfaces of electronlc,

states k and .r are different all three terns of equation'(2.7)

can'contribute tOﬂ(abOTvv “and- the exc1tation profile maximum need

. not coincide with either the 0~0 or the 0-1 freguen01e525; hswever,

the observed resonance with the 0-1 freguencies.for the TéNQe
complexes suggests the dominange of certain terms in 'the expression
for 'the scattering tensor. h

The experimental)results which are relevant to the 51mplifi—

cation of ‘the scattering tensor are (a) only totally symmetric

» . Y
4 .

s . - W .
vibrations are .enhanced in intensity 1n the RR spectra;

{

3

(b) depolarisation ratios of. the RR bands are (within experimental
. - .« - ' .
uncertainty) equal to 1/3; (c) the resonance is with the first

vibronic transitions; (d) the excitation frequency dependence,of

the preresonance Raman intensities foilews the F; frequency
factors. Results (a),and (b) impiy that p =0 and hence that the.
scattering tensor ean be written (app%v' 20;ﬂthe condition of
resonance v_ k,v~V N0 described in (c) implies that. v" =1

and v = 0; and pOint (d) suggests the importance of the vibronic

' int . T ref ei
c=C and vCEN 1nten51ties he ore,

coupling operator hgr_for the v
the seCond term of equation (2.7) is,the most important one for

the intensities of the V and v

C=C C=N bands in- the RR spectra ef the

'TCNE EDA complexes, and the scattering‘tensor has the approximate

form

. -
n / | ’



,eg: * . ‘ ' [
2 S o e - &
v o o hQ (M ) (MO) <V';'iV'~><VV'Q‘G'V'> - f.‘ ;'L e .
(a ) = = : , (5.1)
po vy h -y + l-Y ' I ¢
Tty Ve, vk, v T 0 r,v"

where v = 0, v'.= 1 ahd v" = 1. s

" The red shift of the/BR excitation profiles with respect ‘to “' .

~their respective absorption-maxima,can be.interpreted in terms of

w

equatlon (2. l), rathér than the v1bron1c expan51on described above.

‘The asymmetry of the CT absorptlon bands and- the large Stok%s (red)
shift (about 6000 cm ) between absorptlon and—fluorescence ;QWW,¢.
max1mall 1nd1cate a con51derable difference between the potentlal'\
fenergyvcurves of the ground and exc1ted states of each complex.
The absorptlon 1nten51ty is governedfhx\the matrix elements
coupllng the ground (initial) state to the exc1ted (resonant)
state, and the Raman rnten51ty is determlned by,the product of

. _ . . .

the matrix  elements coupling the ground and excited states and

those coupling the excited andgfinalstates; Therefore, the shift

- w
{ .

in the potentlal energy curves produces a-dlsplacement of -the
Raman exc1tatlon proﬁile w1th respect to the absorption proflle
in the same drrectlon'as the‘shlft~1n the'fluorescence spectrum.
Furthermore, if the absorption band can be considered to arise
from a superp051tlon of hlghly damped Lorent21an vibronic

transitions, whose damplng 1ncreases w1th the energy of the

tran51t10ns, the asymmetrx{of the absorptlon bands and of the RR?

exc1tat10n proflles i8 predictable. 'This descrlptlon of the
RR process in EDA’ ¢omplexes is™EWe*basis for the,calcuiatlon of
RR Jexcitation profiles, fluorescence spectra and absorptio ctra

of a hypothetical system presented in Appendix C. ‘ ' - . (f;

A
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. . The phy51cal‘m chanism for thelfrecuencv dependent damn1nn "

. is postulated’to arlse from 1nte ctlons betweenrthe EDA complex

and the solvent wh1ch lead to ar duced llfetlme ‘for the h1gher ) é
v1bratlonal levels of the ground and/or exc1ted electronlc states. §

r . ;
In partlcular, nonrad1at1ve damplng 1n the exc1ted state may %
occur v1a ionic dlssoc1atlon of thé complex after its, exc1tat10n, g

» “a process whlch 1s strongly solvent dependentz6 27,‘ An ?XP%?l“:QWQlllllé
1;p5' mental.test for the existence of this mechanism is described in . é
. Appendlx p. R ST | ; . . é
o It is approprlate to ment;on here that red. ShlftS of the RR "i

excitatlon ‘profiles for the visible diodine transition with respect» CH

to the’absorption spectra for I, in complexing solvents have been

'observed and have been attrlbuted to a destructlve 1nterference

between the contrrbutlons to the scatterlng tensor from the

(resonant) I2 state andfthe (preresonant) CT'states in these7
complexeszs. It is reasonable to expect higher lying states to - o

P

makensomé contribution to the scattering tensor even at i‘r
: N ’ .

'resonance29; however, the relatlve strengths of the preresénance

and resonance Raman effects observed in the present study of TCNE

3

EDA complexes implies that such ‘an explanatlon is not»llkely in

Y S T

P

this casell.
. N . ! < . . . )
5.2.4 The Transition from Preresonance to Resonance Raman

Scattering

&

It has heen shown in Sections 5.1 and 5.2, that the.
ﬁfequencies of the excitation lines vis a vis the position
of the CT absorption band for_a-given complex determine whether

the preresonance or the resonance Raman effect is observed in the

!

h )
\ .
L e eRer s pRere S B
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Vscatterlng  The transition frqm the preresonanqpﬁto tHe

v = 23 000 cm (the CT absorptlon max1mun®, Vv = 36, l70 ‘cm

L — — 91

: i - o
- . : ; - [ R i
. u A S _»;*1 L

TCNE VC —C and vé =N bands. Thus 1t is loglcal to enqu1re ]ust

\
where the preresonance scattéring is replaced bzﬁgfson.

»

s

region is illustrated in the study of the exc1tat1on frequency

dependence of the MC -C and'\)C:N intensities for the'o—xylene/TCNE

complex. ‘This complex is chosen because its CT absorption

-

maximum; 436 nm, is nQt too far from those of the coﬁplexes'Wherdgff
the preresonance Raman effect is observed (Table-I)7
In Flgure 22 the preFesgnance Raman frequency factors F—z

(divided by Vv ) are’ compared W1th the- observed exc1tatlon proflles
g ‘

C=C C=N
analysis of Sec. 5.1, the frequency factors are calculated using
B Il l

for the v and v _ bands. In order to be con51stent with the»

rk tk

' _ -1 .
for the vc c band and Vi = 55,560 cm ~ for the Vesn band.

Flgf 22 shows that for the first few laser lines (beginning

S

j‘withethe one\at’Sl4 5 nm) , there is falr accord between the

calculated frequency factors and the observed 1nten51t1es, this -

agreement pers1sts a little closer to the absorptlon maximum for

the V.- intensity than it does for Vooc+ For both vibrations,
R
as the excitation moves closer to the absorptlon maximum, the
% (S .

frequency factors diVerge rapidly from‘the observed ihtensities.

These results suggest that the}preresonance regions for the Veos =N

c=C

frog;preresonance to resonance Raman scattering for the TCNE. EDA
e ‘ ' ) '

and the v bands are slightly different, and that the tran51t10nr

cBﬁplexes - at least as far as thé TCNE v and v_..,, vibrations

C=C» C=N

are: concerned - occurs when the excitation frequency is about

3000 to 4000 cm—lﬂ%way from the absorption maximun. When the

v
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’ excrtatlon is closer than +this to—the'absorptron band,
no longer be 1gnored and RR scatterlng occurs.';" .

)

5.2.5 Reabsorptlon Effect on}I(v )I(\)C:N

7

Light sc tered by absorbing solutions may be absorbed 1tself

\ when the absorptiyvity at the wavelength of the scattequ llght is
glgnlflcant. Thls/reabsorptlon (or self—absorptlon) effect occurs

.:‘\ L . 4 .
in many. of the TCNE EDA complexes.  The intensities of the Vome,

ana'vaN Raman bands for a given complex are in generalfaffected ;
e ‘ -
dlfﬁerently, and their observed ratlo can be affected by reabsorp—

&

tion.

;

In Table XIV I(v )/I%v ') ratios observed for the
' me51tylene/TCNE complex at several different exc1tatlon wavelengths

and different acceptor concentrations are given. The data show

e

. that in soluqions with higher TCNE concentration (and stronger
absorption), the excitation wavelength dependence of the intensity

ratio is diminished. t This concentration'effect cannot be

&

//// accounted for by -a dlfférence in the degree of complexation of
TCNE (Sec. 5.3). Slncelfﬁe Ve=c band is more apt to suffer
1nten51ty loss from reabsorptlon than is the Ves N band .(the molar

absorpt1v1ty at the- wavelength of the v band is greater than

Cc=C
that at the” VC =N wavelength‘for each excitation wavelength), this

concentration dependence of‘I(v ) is concluded to arise.

c= c)/I(“c =N

the reabsorption effect.

Similar results are obtained for ‘other complexés in which the
e : P _

» PR ‘ "
1-The wavelength dependence ®f this intensity ratio is discussed
in Sec. 5.2.3.



Table XIV.A&I(v )/I(v ) for mes;tylene%iCNEg&n~€H¥€}4—’*—’4—ng/**

.

e for several ex01tat10n wavelengths gnd TCNE

. concentrations. a,b Mesitylene concentration = 1.0 M

- ! ;

e
t

N

7
\

| | \ [TCNE oy M -
Aglom) /7029 087

514.5 4.0 3.5
496.5 - 3.3 3.0
476.5 2.9 2.8 N
457.9 2.5 2.2

a e . . e ' ‘
Uncertainties in the intensity ratios are + .2 or less.

bThé CT absorption maximum for this complex is at 466 nm.

excitation is on the long wavelength side of the EDA complex .
absorption maximum. Beqausevof théﬂvery'signif%cant effect of
reabsorption on relative intensities, the interpretation of RR

excitation profiles in Sec. 5.2.3 is confined to the results for

dilute solutions, where reabsorption is mwch less troublesome

>

- (see below). 7 ; T _

-

Whenever a complex absorbs the laser beam strbngli, e.g. for
mesitylene/TCNE and 514.5 nm excitation, measurement of the
concentration dependence "of the intensity ratio of two-bands which

are- subject EB-reabsorption to différeﬁtjdegrees'makés possible

the caléulation of ‘the depth of penetration of the beam into the"
3 O . . = - R

Jfolutibnu<..tFor the v._. and v, bands,the,appropﬁiape~equatiQﬁﬁ*ﬂ;~w
~iS . 7 7 o B - . y - 7 B ) i . - B
v
log (i;v§=c;) = iog (;é;g:gé) - bcAe
JC \". " C=N'/observed . C=N’"Jtrue

. T (5.2)
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where the, subscrlpts "observed" and "true" denote the ‘measured and_

1ntr1n31c ratios respectlvely, b is the penetratlon depth, c is
the concentration -of ‘the complex, and Ae is ‘the difference between.

the.molar absorptivities at the vC=C and No=n wavelengths. -

"According to eduation (5.2), a plot of observed intensity ratios

vs._cﬂalyields a ht line, (provided that the scattering

length is constant), with a e equal td -b andl the intercept,

obtained by extrapolation to’Zero‘concentration, equal to the true
]

intensity ratio. The \data for me51tylene/TCNE in CH Clz, when

_analysed accordlng to this equatlon,,lmply.that the penetration
‘depth of the 514.5 nm light is (.0085 +.0011) cm, and that the
‘true 1nten51ty ratio is 6.0 * 1.0. Thus, according to Table XIQ,
even. a TCNE concentratlon of. .029 M is sufficient to cause |
-significant teabsorption The calculated penetratlon,depth of
about 0085 cm is reasonable in view of the molar absorpt1v1t1es

and the concentrations of'mesitylene/TCNEhused.

5.3 Equilibrium Constant Measurements by Raman Spectroscopy

-

3 . -

In the preceding two sections, the intensity increases in the

chc'and Vosy bands of TCNE on:complexation with aromatic electron

. A *
donors were discussed in detall and shown to result from

.

preresonance or resonance Raman scatterlng The preresonance or 3

resonance condltlons arlse from the prox1m1ty of the Raman

Y

=t

exc1tatlon frequenc1es to the CT absorptlon bands, the close ™

N . [

’relatlonshlp-between the Raman 1nten81ty changes and the absorptlonL

intensities makes it pos51ble to- use the Raman Intens&tles, instead

=

of the absorptlon 1nten51t1es, to calculate the concentratlon\of

the complex in solution and from there the equlllbrlunf\\hstanf)

\

i v [N N
\H,/ ! . o

1\55 | | 7
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'(KAD) for. the complex'formation ThisAeeﬁstitatesfa—newemethod——eggegeglf

[y

of determlnatlon of K for m- ﬂ EDA complexes

3 ) - N - \SW"“‘:
The present,determlnatlon of equlllbrlum constants by Raman

iy
i

spectroscopy is an application of some of the information gained

:ln the” investigation of the RR effect in TCNE EDA complexes. The

. 'h\;?D are found for TCNE: complexes in which various methyl or methoxy

substituted benzenes are the electron donors; these complexes are

T
ot

chosen‘from among those discussed in Sections 5.1.-and 5.2 because

W D

- they display sufficiently large intensity changes in the. TCNE . , 3

Veo=c and Vesn bands with complexation when using the Argon laser

for excitation. TCNE complexes which haVe-comparatively small

equilibrium constants are omitted,

KAD
C

since the uncertainties in the
for such- complexes as calculated from the Raman spectra are

of the same order of magnitude as the equilibrium constants.

themselves.

The solvents used for Raman studies of EDA complexes must be.-

chosen so that they satisfy certain criteria, ~The. most important

of these are that the solvent dissolve both of the components of

the complex in sufficient'concentration that the Raman bands of

+

. 1nterest are- of reasonable 1nten31ty over a range of concentratlons,

that the solvent does not have Raman bands whlch interfere w1th

the component bands to be analysedf and finally,- that the solvent

does not lnteract strongly w1th either- of the eomponents.rﬂSane

dlchloromethane meets-all thefabove,crlterla+,1t,waslchosen as
=5

the prIﬁClpal solvent for thlS 1nvestlgatlon

%

An addltlonal

.4

factor In favour of thlS ch01ce of solvent is the fact that’

equilibrium constants determined by other methods have been

¥
s
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. reported for many TCNE EDA compfexes in'CH2C12, so that a
L : . ¢
comparison of some of the Raman results with other published -

results is poésible. TThérother_solyents used for.thévRamdn,

AD

determination qﬁ:KC, are dibtomomethané and 1,2~dichloroethane; .,7\

i

theéewsolvents were chosen for the same reasons -as was‘CH2Cl2.

"

5.3.1 The Iﬁtehsity Ratio Method _ . - ~ e

P

ty of the Vooc band is,greater

The increase in the inteﬁéf
than the increase in .the v, band on complexation, which fosults

in an iﬁcrease in the I(vC=C)/I(vC5N) intensity ratios.nyuantitaa
~tive use of these intensity increases can then be made by measuring

the intensity ratios of these bands under various conditions.
Al . ’ o . N
Specifically, the measurement of intensity ratios for solutions of

appropriate known concentrations makes possible the calculation of
 the equilibfium constants. . As shown below, calculation of Kﬁp for

.

a complex only requires the measurement of one intensity ratio
once the intengity changes with complexation are'known.‘-Thus, the

I(vc=c)/I(vC:N) intensity ratios are obtained for solutions which -
have suitable small fractions of the acceptor complexed; the

"calculate these fractions -.

4

experimental ratios are then used to

¢

and the concentrations of the species in the solutions. This

allows calculation of thé equilibrium constants for complex

4

formation. - ' ' .

“The complexation‘of TCNE results in an increase in

I(vcgé)/I(vC:N) from the value for uncomplexed TCNE (about 0.5),

to a larger value characteristic of the complex and of -the excita-

.

-tion frequency used (Table X). 1In a solution where a small par

v .

of the TCNE is complexed, the Vo=e and Vezn intensities originaté



) both from MMIIMW

1nten51ty ratlo somewhere between the two llmltlng values occurSgl'og
A mathematgcal relatlonshlp between-thls 1nten51ty ratlo ana*the
fraction Of TCNE complexed is a prerequlslte for ‘the calculation
of KiD; such an equatlon is derived in the follow1ng paragraphs.
* For a TCNE EDA complex ‘in solutlon in which a fraction Yy of
. the TCNE is assoc1atedrwyth-the donog%}n the fQ;m,Qﬁ,gﬂl;lﬁcompleglll;t
and if the TCNE Ye=c and ag Vezy ' »

sc}ipts 1 and 2 respectively, then the observed intensitiesqgf

bahds are denoted by the sub— %

-

these Raman bands are-

. . ) S " :
Ip = ¥iic + vy, | (5.3a)
Iy = ¥, + A=)y, * (5.3b)

where the subscripts c¢ and u represent complexed TCNE and
uncomplexed TCNE, respectively. From equations (5.3a) and (5.3b)

one obtains

. I - - 1 . - | .
= = L + LY : (5.4)
I, Toe o Toy Toe Iow

yr— + (l-y)3— yr— + (=-y)y—
1lc 1lc . lu . 1lu

The equilibrium constant for the formation of the complex accord-

ing to -the equilibrium D + A ¥ AD is

KAD = [AD] ) . | » - L L o

] - (5.5)
where [D]O‘and [A]0 are the initial donor‘:i@ acceptor concentra-

tions, and the concentration ratio y = [AD]/[A}O,

\\\ The intensity ratios on the right-hand side of equation (5.4)

P
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are obtained as follows:

a Iyu/1y comes from the s —

e uncomplexéd TCNE; IZC/Ilc is the limitipg-valhe chafacteristic,of

AY

the particular complex and excitation frequency under consideration;

ol

the other two ratios are not meagured directly, but are instead

calculated as the products IZu/Ilc \k(lzu/llul(llu/llc) and

. SR . .
I2c/Ilu gr(IZC/IlC)(IlC/Ilu), where Iﬁg/%&u is ‘the relatlve}

. . e
“increase in the intensity of the Vozc band on complexation. . This

intensity increase quantifies the resonance enhancement of this
e 3 :

ey

4 . n ’ » . ‘% \\ * ' ' -
band, and is determined using a strong solvent band as internal

e ) ?ﬁ"\

standard in order to compensate for the¢sloss in ogverall intensity
" ‘ /ﬂ; ht .
o

‘ecitation light by the EDA

“‘% #

resulting from the absorption of the

complex.

The Il/I2 intensity ratio, which varies bgtween Ilu/I2u and

’Ilc/IZC; is for~y <<.1 approximately equal to .
I - <
I Y + 1 . (5.6)
o) Toc oy Toe . Tou
| 5 PuS S & S S

1c 1c 1lu Tu
. . : “\

According to the data in Table XV, which are typical for the TCNE
. ' Ioc 2c 2u >v Trc

complexes, TI— > Y—I_ and Y3
o - “1c lu T 1lu y

When y is very

small, equation (5.5) becomes simply y = KiD[D]O.' With these

approximations, the intensity ﬁg}io is given by

n’ . I .

I > R
71 AD lc . £ T1lu

T=— = K = [D] + =,y << . -
I2 c IZu a Q o IZu

. ‘ - , ‘ ’ - (5.7)

When the kind of complex and the gxcitation ffequencyware'fixed,

b » ,
Kﬁ and Ilc/Ilu are constant; thus, equation (5.7) predicts an



complex.

. approximate proportionality between Il/I2 and [D]O for each

The graph of I,/I, vs. [D],/[A], for several different

TCNE EDA complexes (Figure 23) shows that the expected proportion-

¢ 7 = 100
,Table‘ijﬁ“inﬁensfﬁyiiatips used for théicalculation.of‘KAD for
/ 'TCNE EDA ».cbmplexes,iin CH,C1, sblutionsa'b’c;
» S I, 1.7 I
Donor ' Excitation ng‘ f2u i2c Ilc
] . wavel,e"r’lgthw (nm) 1c “1lc lu lu -
)} v N :v o ; - .
durene- - : 488.0 : .26 . .031 15 59
o 514.5 .23 ..019 22 96
‘isodurene - .488.0 . .33 043 14 43
' - ~ 514.5 ' .30 .032 17 58
pentamethylbenzene -  488.0 - .31 .016 36 115 =~ e
‘ - - 514.5 .32 -.010 61 188
hexamethylbenzene = 488.0 .41, J0l2- - 62 150 .
: : ‘ 514.5 .41 .0068 110 275
For both excitation waQeleﬁgths‘in ﬁ?}s—t@b&e, 12 /I1 is
) RN u u . .
abOUt 2&0- , « ) ¢
bUncertainties in the .intensity .ratios are less than 10% of
their magnitudes. ' EY
C . . . ' '
Subscripts 1 and 2 signify TCNE ?C=C an‘d.ag Vesy bands
respectively; c¢ and u denote complexed and uncomplexed TCNE
respectively. o ‘ 1 !
' -

ality between these two quantities gccurs as long as the donor ... .

concentration (and therefore the fraction y) isréomggrggivg;g low. "

As the donor concentration increases, the approximations used in

the derivation of quation (5.75 lose théir validity; therefore,

: . : \
the linear relationship no longer exists, and

fhe eXact'gQuation
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Fig. 23 1Intensity ratio of TCNE Vv

of relative donor concentration. Donors are o-xylene (x),

514.5 nm in all cases except mesitylene/TCNE (@), 488.0 nm.  The
. .

uncertainty in Il/I2 is

3

mesitylene ( o and e), and durene (}).

.2 or less.

"*ﬁQ-L . D
[D],/[A],

and vCEN

Excitation wavelength

t
£

T JRE

bands as. a function
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(5 4) governs/the 1nten51ty ratlos. " In the reglon where Il/ 2

is a slowly varylng funct;lon of donor concentratlon, the prec151on
in the c‘alculated results'ls not very 'good since 51gn1f1cant

varlatlons in the donor concentratlon hardly affect the 1nten51ty

“~ -

ratio. Because ,of this, KAQD are best determined for 's,olutlons 1n;

: which only a small fraction (less ‘than 1/10) of the acceptor is
complexed~ ‘ = k .
@

X
Elgure 23 shows also, for the me51tylene/TCNE data for two

?

excitation wavelengths that the rate of increase with '

2
[]?]0 depenas on -the magnitudes of Ilc)IZa dnd of KZ;D _,L as is 7 )
predicted by equation (5.7). For this eomplex, the ,Ile/IZU w‘,hich'i
is obtained with 5‘14.‘5 nm excita‘tien i$§ greater than that found
» " with 488.0 nin excitation; as expectedr, the slope of 11/12 vs. [D]O.
is steeper with the 514.5 nm laser line. These results emphasise
the fact tﬁat the complex and the excitation waveleﬁgth must }ae

!

specified when édua\tions (5.4) or (5.7) are to be used.

4

The fin?l important feature of ‘.f‘ig. 23, the occurreace of
steeper slopes for complexes W1§}\ hlgher K}(:D, is eonsistent 'with
*eq:atlon (5.7) in view of the 1nten51ty ratios in Table XV.
"5.3.2 Results

The KA calculated from equations (5.4) and (5. 5) are
sumnarised for the TCNE complexes in CI-12C12 solutlons in Ta%l
‘and for the CHZJBr2 and dlchloroethane solutions in Table XVII.
VThe comparison of these results w1th the KQD in the llterature 1s
discussed in Sec. 5.3.3. It should be noted that the equl ibrium -

constant for the CHZClz/TCNE EDA complex31 r32 is less thanfz

0.2, i.e, it is considerably smaller than any”of the KﬁD in

°
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Table XVI. Equlllbrlum constants for TCNE EDA com 1exes
e ———CH_CY, solutions at room termperature (about 21°)

) 2772
| . £ ap, -1 - . a,b
Donor , . Kc (M i)» - ﬂ Ilc/Ilu' |
- o-xylene . .42 % 15 75 + 25 x
- m-xylene - . .50 ¢ .18 75 .25
‘p-xylene / . .52 % .19 75 + 25 ~
“mesitylene .. ‘ 1.6 % .6 ) " 75 + 25
durene . _ . . 3.3 + .4 96
- isodurene . 0 o AT T sy T
" pentamethylbenzene VR 7.4 t .6 188
hexamethylbenzene : - 17 £ 2 - 275
" anisole .4 : .52 + .14 - 20 £+ 5
~. o-dimethoxybenzené - o 1.0 ¢ .3 12 £ 3
m~dimethoxybenzene o 1.0 £ . 300
p-dimethoxybenzene v , 1.00+ .3 9 + 3~
1,2,3-trimethoxybenzene L .84 + .30 30 ¥ 10
"1,2,4~trimethoxybenzene P~ * .3 5 - 12 + 3
T.3nt .3 45 + 10

1,3,5-trimethoxybenzene

aIntensity increase of thef:‘l‘CNE“\)C=C band on complexation}
excitation wavelength 514.5 nm. = - - TN

bValues quoted with uncertainties are estimated (see. text).

Table XVI:
"THe equilibrium constants in TablevXVI are baeed-ontll/lz‘
measureg at several excitation wavelengths between'457.9 and
514.5 nm. Since Il/I2 for a Solution Q ies with excrtatlon
§ avelength, the data are analysed in terms Of the approprlate
//wquatlons (see aboveﬁ. The 1nten51ty ratlos do not indicate any
' systematic varlatlon of the calculated y with wavelength.— ‘There—’*”

fore for each solutlon, the average Qidthe,calculated/yréer~the—f
AD

exc1tatlon wavelengths employed is used. to c,alculatelKc , and the
'KéD for a series of solutidnsi(S to 15) of one complex are

averaged and entered in Table XVI. Only one or two excitation e
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XVI and XVII contain the v
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‘Table XVII. Egquilibrium-constants fQIAICNEJED&<mMmﬁu§ﬂHi;UL4f

/ . solvents other than CH Cl2 at room temperature
2, ‘ ,(about 21°) .

' ab, -1 . " a

Donor Solvent Kc (h ) Ilc/IIU'

——— » - .
p-dimethoxybenzene 'CH,Br,, 1.0 t .3 9 + 3
hexamethylbenzene CH2Br2. 23 + 2+ 206
'hexamethylbenzene C,H,Cl, 19 + 3 153

L3

aIntenSity increase of the TCNE Vooc band‘on,complexétion;
excitation wavelength‘514.5'nm. '

bEstimated.galue (see,text).
AD

wavelengths were used to calculate the K, summarised in Table XVII

since the results for the CH2C12 solutions showed that by using a .

wider\raﬂge of laser  lines no further informétion is obtained.
In addition to the Calculated-quilibrium constants, Tebles

c=C ihtensity enhancements on complexa; 

tion, as observed with 514.5 nm excitation. From equations (5{4)h

and (5.7), it can be seen that the determination bf;KﬁD usihg
Raman intensity ratios is only as-aceurate as are the measured
. : N - ] . :
c/Ilu. Thus for completeness,. both KAD and I /I are entered
in the Tahles. Comparison of these ratlos with the preresonance )
Raman results of Sec/ 5.1 shows that the RR 1ntens1ty increases
are in most cases an’order of magnltude larger‘than “the- preres- 7

onance Raman 1nten51ty enhancements  in the TCNE EDAfcomplexes‘{

For thls reason, the KA were obtained only for TCNE COmplexes in

' whlch the RR effect occurs with Argon laser ex01tat10n.

Ly

i~ One limitation of the 1ntens1ty ratio methcd is the

-

P R Y
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inaccéssibll%ty of;accuratellc/li raLLQS—£orucomplexeS—ha¥%ng——————s+—
small’KiD.' For such complexes the addltlon of even a large excess

“of the donor to a TCNE solutlon does not bring about the complexa—l
‘tion of most of thevTCNEu Attempts.tdﬂﬁeasure Ilc/;lu for these
complexes yielded artificially low results lbecause the concentra-

tlon of TCNE respon51ble for the band w1th 1nten51ty Il is less

" than the concentratlon which produces 1ntens1ty Il . V(Thls””;mw:mmi

P

© e

srtuatlon does not occur for complexes with hlgher.K D; whereJ" Y
an excess of donor ensures the complexatlon of v1rtually all of
the TCNE). If a large amount of donor is added to a solutlon in
an attempt to complex all of the TCNE, a concentration~gradlent
withln the cuvette sometimes develops, further complicating the
results.

Because of‘these considerations,\the i /I 1u observed
experlmentally for the weaker complexes are used only as a- bas1s
- for the estimate of the true ratios. The I /Ilu Wthh are
;estimated are those for which‘uncertalntles are quoted in
Tables XVI and XVII. For example, mesltylene or one of the
xylenes, when added to a TCNE solutlon, produces an 1ntens1f1catlon:
in the TCNE Vo=c band by a factor between perhaps 50 and 100; for

one of these complexes,,Ilc/Ilu is therefore about 75 25, Thesé

falrly wide limits are derived from the results of a n'

o

attempts to measure the ratlos for these complexerraandmfromfthevffwlefw
estlmate that about .3 to 7 of the acceptor was actually complexed”,,,r
in each solutlonﬂA Obv1ously, the KiD calculated u51ng estlmated ) ‘
IiC/Ilu‘aré not as reé&able as those calculated for complexes in

ya

. 3 ) ) V&"’
~which Ilc/Ilu 1siknown more accprately. )
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The Raman method of determining K@DWQfYEDA complexes was

suecessfully applied to TCNE EDX complexes in the solvents.

CH Br and dichloroethane (Tables XVI ana'XVII) Readily

CH Cl2’ 2 2

avallable conventlonal nonpolar solvents could not be used partly

-

because;of the limited solublllty of TCNE in these 'solvents, and
T - . ‘ N . < »,

partly because of interfering solvent bands. .Solvents such as

cyclohexane and CCl, were .tried, but:in order to dissolve

4 V=R : R
e S : T e

sufficient TCNE in one of them to produce a reliable Raman

spectrum, an excess of the electfon donor had to be added. In

- that case, however, the reselting'SOlution is nbt-suitab;e for

equilibrium constant determination by the Raman intensity .ratio’
method, since it has much more than 1/10 of the dissolved TCNE:
complexed (see above).” Because of this, the Raman method was not -

applied te TCNE complexes:ihwsuch solvents, despite the esirability

of such data for comparison with results in solvents such as

CH,C1

2772° .
5.3.3 Comparison with Other Methods

In Table XVIII the K for CH2C12 solutions as determined
from the Rdman ;ntens;ty ratios are compared with published KéD
obtained by absorption spectroscopy, The results of the Réman

spectre agree‘very well -with these of the absorption method,

showing that the appllcatlon of Raman spectroscopy - to the deter—

AD

mination of K. of EDA complexes is v1ﬁble, Forﬁthe,otherﬁf

‘solvents, the HMB/TCNE KA determlned from the Ramah Spectra

(Table XVII) are equal w1th1n experimental uncertalnty; to the
33,34 §

valueS-obtalned from absorptlon spectra . The results of the

Raman and the absorption methods for thaining.KgD areAgreatly at
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Table XVIII. Comparison~df equilibrium constants for TCNE EDA

complexes in CH2C12 solutions obtained by various :

d

methods
. _ This worka . Literature
_ Donor S Raman’ Absorption™ Absorption,

o-xylene 5 42 + .15 .41 .45°
m-xylene o .50 t .18 - _— | .38
p-xylene o .52 + .19 » .47 .49 o
mesitylene . 1.6t .6 1.2 1.1% 1.59
du;ene ‘ 3.3 ¢ -—— 3.4°
isodufene ' ' 4.7 + .7 | 4.7 -5
pentam@éthylbenzene - 7.4 + .6 _— - 7.9°
hexamethylbenzene 17 + 2 - 16.80; 21.6
anisole. - ‘ .52 + .14 - .28¢
4Room temperature (about 21°).
bObtalned under the concentratlon condltlon [D] = [A] according

to the method of ref 34.
cRef. 8; obtained for relatlve concentratlons [D] >> [A] at 22°.
Ref. 31; obtained for relative ‘concentrations [D] > [A] at 25°.

€calculated from the Kinvalue in ‘ref. 32, measured at 22°.

variance with those® derived from a calorimetric method35.

' The equilibrium constants calculated ﬁrom the‘Ramqnqspectra,
v'fof sdlutiéns~with [b] ~ [A] (éolumn 2, Table XVIII), agree well
Wlth those’ obtalned from absorptlon spectra for- solutlons hav1ng
[D] = [A] (column,3),or [D] >> [AJ (columg 4) . . Slncefonlyfl;l,

complexes are likely.to occur when the donor concentration is

comparable to that of the acceptor, and when the overall concentra-

]

tion is low, the consistency of these results supports;&be

assumption that only 1:1 complexes occur under the condi;ion
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‘acceptors other than TCNE. . The K,
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(B] >> [A] for the complereslstudiedl

,/’Fﬁrther comment on the accuracy of the KiD

determined from ,
Raman spéctra isjposs;ble in view of the results of the NMR

AD

measurements of Kc for m—7 EDA complexes using, however,

AD calculated from absorption

Spectraefor solutions’Wﬁth [D] = [A]} a§reeawell with the NMR |

[D]/‘[A]s_ The l*relati“\re concentration de‘pendence in the
NMR data 1mp11es t the same klnd of complex is detected in each

solutlon, by 1nference, thlS is the 1: l complex. ~Thls supports

results,_mglch are 1ndependent of the relatlve concentratlon

the assumptlon that;the K AD determlned by absorption spectroscopy |
for solutions with [D} = [A] are the true equlllbrlum constants’

for the formatlon of the 1:1 £omplexes Slnce ‘the absorptlon and

VRaman results tend to agree, the Raman results are thus supported

e ~ *

- by the NMR data. The goal of thlS 1nvestlgatlon has been to show

that the appllcatlon of Raman- spectroscopy to the study of EDA .

complex equlllbrla is. fea51ble, and the agreement of the Raman KA
and the absorptlon KAD (as well as,those from,NMR}’lndlcates that4
this is_so, | |

5.4 Low Energy Spectra36'r ’ o B

As mentioned in'Chapter l‘ an important aspect of the. Raman
spectra of EDA complexes is the low energy reglon of thelr Spectra,
because it is in this reglon that one expects -a new band- or bands
to appear, characteristic of the complex but“notrofuelther,of its -
components.‘ Intermolecular stretching and‘bending vibrations are-»

expected to occur below about 150 cm“l for -1 complexes, because

of the weak intermolecular interaction in the'ground state.

o
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: The EDA complexes 1mvest1gated here also deserve spe01i}/
~
attentlon in the low energy reglon because of the ex1sten9e of
several low energy Raman bands in the Spectrum of . uncomplexed
TCNE whose asaagnments are not very well establlshed/(Chapter 6).
The aé\&v1ty/if these TCNE v1bratrons in the prefesonance or -
reeonence Raman spectra of the cemplekes’ceh/help identify totally -
symmetric,vibratiens and therefere simpli y the 51tuat10n Bécéﬁée
of the lack of a- satlsfactory ass1gn nt for TCNE im thlS reglon,
the low energy Raman spectrum of ncomplexed TCNE as well{as of
complexed TCNE is discussed/}n/this section.

'5.4.1 Low Energy Raman Bafds of TCNE - ' ) .

X

Since a thorough/{nvestigaticn of the low frequency Raman
e : g .

- e . B
spectrum of TCNE/hés‘not been published prior to this work, it is

//

necessary %o examine this spectrum before interpreting the low

- energy §pec'ra of the complexes. InFig. 24a the low energy
: e - ’ ‘ : :
spectrum of jpolycrystalline TCNE is shown. The spectrum has two

o

“bands in the‘region of immediate interest, at 134 cm—l and 150 cm;}.

When. TCNE is.dissolved in noncomplexing solvents, the 134 cm'-l

band is not of eufficientfintensity to be observedlin the sol; 1

spectra (Chapter 6). Since the totéliy symmetric vibration Ve
. i 2 . -

(Fig. 25a) is expected in this region, the 150 cm-l band is

assigned to Ve and the 134 cm_l band is attributed to a nontotally,

symmetric vibration, consistent with its depolarlsed character.

The fact that the 150 cm -1 band is observed only in - the
spectrum of solid TCNE might be considered as evidence that it

arises from a lattice vibration; since no assignment of the
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Fig. 24 Lowiengrgy Raman spectra of uncomplexed TCNE and of

complexed TCNE. (a) solid TCNE; (b) hexamethylbenzene/TCNE in

CH2C12.

™
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(a) - - (b)
Fig. 25 Planar scissoring vibrations of TCNE;
(@) ve; (b) v '

lattice modes of TCNE has been,publisﬂed,'this pessibility cannot
’ge ruled‘out with certaintyr However, the presence of thisbbéed
in the solution spectra of the complexes (Secs 5.4.2)-stron§ly
sﬁggests the egistence of a TCNE fundamental near 150 cm_l; Thus
the data are consistent with the assignment of the,150~cm-; band‘ ‘ 2

. to ve. o . . ,‘ ?

5.4.2 Low Energy Raman Bands of EDA Complexes of TCNE

As ehown in Table XIX, a Raman band is fqund between %SS'em—l -
and 167 cm ' in the spectrum of<eacﬂ TCNE complex haviﬁg a ﬁ%thyl—
benzene or a methoxybenzéne'électron doner; These are,the only
bands in the spectra of the complexes in the accessible low energy
reglon (about 90 cm -1 to 200 ¢m l), except for a few unshlftedA,

é%onor bands near 200 cm,Lt; For mest of the complexesL these ‘low
‘energy bands are very wea&r(eignals as_Sma%}4§§;;QWEEQEQQ§/§li,%EL,;
exception to this is the 167 cm—;*pah§{0f HMB/TCNE, whose intensity
is of the order of lOO photons/s (Fig:*24b), orAagout 2/3 ‘that of *
the TCNE Vooc band at le%ﬁcm . Siﬁdeﬂthe ié? cﬁ-l band,is the ‘ é
- ) *‘r\f ;j U :

T2

i

Wk

- +§
: 3

' b



 Table XIX. EéW’éﬁéfqy Raman bands of TCNE EDA complexes and of
' ‘uncomplexed donors between 100 cm—-l and 200 cm_-l

Neat Donor

: ‘ - TCNE
_ - Donor - "’ This work?® Low temp. complex®’
benzene - , : , none none
toluene none 155
. O-Xylene : 179 158
-m-Xylene ' : none : ~1leo
p-xylene S none v ST 157
mesitylene C none » 159
durene 101 161 160
isodurene none - - : 157 7
pentamethylbenzene ' ' 104 . , 163
hexamethylbenzene - \ 114 ' 165 167
anisole ‘ ' o none: - LT 157
o-dimethoxybenzene 171 ‘ 158
m~-dimethoxybenzene none ' , 159 -
p-dimethoxybenzene 114 ’ . 156
1,2,3-trimethoxybenzene - 106, 149 ' 162
1,2,4-trimethoxybenzene 197 = - Cos 161

1,3,5-trimethoxybenzene o 128,192 ) : 161

aUncertq&ﬁties in bahd positions are * 2 cm_l or- less.

Literature values; refs. 39 and 40.
€solvent used was CH2C12. Donor and acceptof concentrations
weretadjusted so that the complex concentration in each solution‘,

was between 10_3"and 10_2 M.

strongest low energyfgand observed, it was selected gor the more
detailed investigatidns described below which attempt'to,aséértain

the origin of these low energy bands. - o

The 155 - 167 cm:l'bénds'in:the épeétrarof fEéWTéﬁﬁfﬁbAwwj
complexes may have one-or more of the following origins: (a) the
bands arise from the<totally symmetric TCNE vibration Ve anar
éppearvbecause of resonance enhancement;.(b) the (infrared active)

TCNE vibration v12 is activated in the Raman spectra of the

.



the 155 - 167 cm-_l bands display several characteristics. of RR
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Edmplexes;’(CS torsional vibrations of the methyl or methoxy donor

substituent groups are the source of the bands; (d) the bands are
due to the stretching vibrations .of the complexes."These

possibilities are discussed below, and the firstvone is shown to .

be the-moStflikely.soﬁrce,of the bands in the spectra of the

»

~complexes.. ot ) ' ' -

(a)  Resonance Raman effect in the TCNE'vibféﬁiGhiﬁs;
' 1

Accepting the proposition that the 150 cm -~ TCNE band is due

to Ve, the activity in the spectra of the compléxes of the other
o 1

totally symmetric vibrations of TCNE suggests that the 150 cm

"band might alqe be resonance enhanced in the spectra. Indeed,

2

scattering, including the following:

- (1) Usihgrthe CHZClZAband atv283 cm“l as an internal standarqg,
the intensities of the bands are weaker for complexes in which thgry
resonanﬁe effeét is’weaker”(é.g. p-xylene/TCNE) than féf‘comﬁlexes
in whicﬂ ;he resonance effect'isvstronger (e.g. HMB/TCNE) . (The

strength of the resonance is indicated by the intensity increases ,

-of the- v and v bands on complexation; Table XVI).

C=C C=N

(2)  As shown in Figure 26, the excitation profile of the

- ’ .

HMB/TCNE 167 cm™t band is very similar to that of the v,_. and

the VesN bands in this complex, which are al}so

figure.

hown in this

(3) The depolarisation rat of the band' is

Py = .33 + .03, the same as those of the VC=C and Yooy bands, and ,

indicative of the RR effect where the resondting state is not
degenerate (Sec. 2.2.2). . .', ' . . .

.
—
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Fig. 26‘,Excitation profiléS‘of the 1§§‘cm71 ﬁ;nd and the’vCﬁC”'

and Vezy FCNE vibrations for hexamethylbenzene/TCNE in CHZCIZQ

,Squares: 167 cmnl band; open circles! filled circles: v ._

Ve=c’ C=N"
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(4) Partial excitation profiles for the m-xyiene/TCNE and
«durene/TCNE low frequency bands are consistent with the Vooc and

Ve oN profiles for these complexes.v
(5) Agailn using the 283 cm -1 _solvent band as internal
standafd, the 157 cm -1 p- xylene/TCNE band is found ‘to be more than

five times weaker when excited at 632.8 nm than when exc1ted at

488.0 nm.. Since the first CT absorption band of this complex is .
at 470 nm, this result,impfies an increased’resonanoe enhancement

of the 157 cm'lvband as the Raman excitation wavelength approaches

*

the CT absorption maximum.

Low energy RR bands have also been observed in the spectra of

TCNE anion salts3?. It i's not certain that these bands have an

analogous origin to those observed in the spectra of the TCNE EDA
complexes; but the similarity of the results in the two studies;is

~consistent with a'TCNE origin in both cases. The 150 - 180 cm-l

TCNE anion salt bands were attributed to lattice modes37 38 but
such an a551gnment is ruled outtfor spectra of EDA complexes in
solution. _
. . K] )
(b) Raman actlvatlon of the TCNE vibration Vyge
The small donor dependence of the p051tlons of the

155 - 167 cm -1 bands 1mplles that they have a TCNE orlgln ar

~an alternative to Ve the TCNE vibration vlz,(Flg. 25b) can be
considered a possible source of the bands. Vibration' v12 is actrve""’
N« 58
37

only in the infrared spectrum of unCOmplexed TCNE™ ', and must be

somehow actlvated in order to’ appear in the Raman spectra of the

~—

complexes. . The data do not contain any‘evidence of such an

activation; furthermore, extensive investigation of the Raman
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spectra of these complexes has not,revealtgLéugf4y#%H;4ygnqxuaa4ﬁigggggggaf

Raman actlvated ungerade TCNE vibrations. Therefore it is

unlikely -that the 155 - - 167 cm” ! bands are due to the TCNE

vibration V12'

(c) Torsional vibrations of donor methyl or methoxy groups.

Both durene and HMB have low temperature Raman bands whlch
~are of essentially the same frequency as those observed at ordlnary

temperatures in the spectra of thelr respective TCNE complexes

e i R B ag e

i,

(Ta e/XIX). These low temperature bands have been assigned to

torsional.vibrations of the methyl groups on the bas1s of thelr

vH/v isotopic ratlos39 40.

Fhe UV absorption spectra of HMB41

and of the dimethoxy-
42,43 ‘

benzenes have V1bratlona1 intervals of about 150 - 165 em T

14

which in the case of the dimethoxybenzenes have been assigned to

torsional vibrations43. Of these ccmpounds, only o-dimethoxy-

benzene has a Raman band below 200‘cm“l at room temperature

(Table XIX)..

' The fact that the Raman spectrum of benzene/TCNE does not

have a measurablé band near 160 cm -1 is not inconsistent with the

-1
ass1gnment to Subst&tuent torsional v1bratlons of the 155 - 167 cm

‘w

bands in the spectra of complexes having substituted benzenes as

donors. However, the preresonance Raman intensity increases in

=

.the benzene/TCNE VC=C and chN_bands (Figs. 8 and 9) are weaker,//

-than those in the.thuene/TaNE bands (Figs. 10 and 11), and much

weaker than the RR intensity increases observed for the other

complexes in Table XIX: ﬁ;yyhe 155 - 167 cm_l bands appear by
L ]

virtue of resonance enhancement associated with (a) or (b) above,
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the weaker resonance effect in benzene/TCNE would probably produce

a band below the llmltS of detectlon Therefore, the absence of

a low energy band for thlS complex cannot really be consrdered as

evidence in favour of the assrgnment,of the<155 - 167 cm L bandsj
rto~supstituent'torsionalTVibrations; Co A X'

. 5 v - B N i /J

(d). Intermolecular vibrations of the complexes.

R
N\

o :The'least‘iikeiy"oflthe'orrginSWconsidered—here;éor~theeioW*ékeej;
energy'bands in~the,spectra of the complexes is that‘theyfarﬁse
from the intermolecular’stretching vibrations of the complexes.
Althouygh. the trend in the frequenciesrof these bands as the‘donor

is changed is consistent with that expecte or such vibrations,

thlS assignment is very 1mprobable, since the ntermolecular

'v1bratlons of these weak complexes are expected to occur at much

. lower energies, and to Vary more in energy depend;ng on the strength

of the complex than the-12 cm ~1 observed.

In view of tne ev1dence presented under (a) to (d), the most

| likely origin of the 155 - 167 cm -1 bandS‘ln the -Raman spectra of

the EDA complexes of TCNE having substituted behzenes as donors is

the TCNE vibration v5; The observed RR characteristics of the

bands, similar to those of the v and Vesn bands, -inply that

C=C

they arise from such a totally-stmetricvvibration. The decrease
in the frequencies of the bands with the Strength of the complexes

can be explained in terms of thé”éhargé'fediEEfiniiéﬁ"énwiﬂé"Eﬁ””*“”f

groups in the complexes, and the effect of these charges on the

vibration which brings the groups closer together.

5.5 Frequency Shifts on Complexationl

In this section, the positions of the Raman bands of the donor
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and acceptor molecules in the: spectra~of*the complexes—are—eempafed~——‘—
‘*ﬁ"

to the pOSl%?QhS in the spectra of the uncomplexed compounds.

This comparison shows the effects of complexation on the bond
/strengths of the component molecules. Thevfrequencies observed
arise from tranSitions between'the vibrational levels of the

ground electronic states, and notspec}fic consiaeration‘of'the.t o
participation,of,the excited states in the‘scattering is necessary.
bonor'vibrations and acceptOr vibrations are discussed.separately;
particular/attention is paid to the TCNE freduency shifts with
complexationJ since they allowhan estimation of'the datiué[
character of the ground electrbnic states of the complexes. » r,ra

5.5.1 FPrequency Shifts in Donor Bands ' . : —

“In Tables XX and XXI all of the Raman bands in the spectra of
the TCNE complexes with benzene or substituted bénzenes whi@h are‘-
zattributable_to’donor vibrations are listed,‘ Since the vibrational
spectra of some of these donors have notxbeenfcompletely assigned,
and because no systeématic shift of donor bands is observed on
‘complexation, no attempt is made here to 1dentify all of -the donor
vibrations’ which are active in the spectra of the complexes. The,r
.Vibrational aSSignments of many of the compounds used as electron -
‘donors have been summarised by Varsanyi4€ B ' ﬂ

Comparison of Tables XX and XXI shows that the preresonance

i ) : ) 4

Raman spectra of TCNE EDA complexes are somewhat richer in donor. - t,”;
' bands than’are the resonance Raman spectra.—~This mainly results . - .
’from the fact that the absorption and reabsorption effects are less

troublesome in the preresonance Raman spectra.. The complexes which

strongly absorb the laser beam yield very weak Raman spectray and ;

i
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which produce strong RR effects in the TCNE bands, e.g.

Tahle.XX. Donor ‘bands in the preresonance Raman spectra of -

TCNE EDA complexes (donor as, solvent) &

Donor , Band p051tlons (cm—I)a b . ‘Q L
fluorobenzene | 241(249); 519(517);. 613(611); 804(803);
L : : -+ 1010(1010); 125¥(1158); 1219(1220); '

3076 (3075)
benzene : o 408 (405); 607(608); 671(68Q11ﬁ802(802)

845(845); 992(992); 1176 (1177);
L 1588 (1585); 1604 (1604); 2948%2948)
—~ | 3057(3057).

toluene f . 526(526) ; 624(626); 790(790) ;
| | . 1009(1010); 1036(1035); 1211(1214);
1378(1380); 1598(1602); 2925(2922);

-

3052 (3055)
o i

e

' ¢
The first of each pair of numbers is the band position observed
in the spectrum of the complex; .the second (in parentheses) 1s
the pand poesition- in the spectrum of the neat donor. ‘ ,

Uncertalnty 1n band positions- is +3 cm- -1 or less.

thereforekonly the strongest donor bands (usnaily those‘assigned
to totally symmetric vibrations) can be identified. The,donors

pentamethylbenZene (PMB) , give complexes Wlth strong CT absorptlonzl\\

bands, only a few donor bands can be 1dent1f1ed in their spectra

| '(?able.XXI).

Jensenl2 recently reportedfa resonance effect for'som%ﬁq; the

totaily symmetric donor,bands in the spectrum.of anisole/TCNE- If

= s

such an effect occurs in the spectra of other TCNE complexes, it

might account for the predominance of totally symmetric ‘bands in

x

Table XXI. ~A\thorough investigation of the donor bands which are‘,

active in the RR spectra of the TCNE EDA complexes would elucidate

H L ~
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‘Table XXI. Donor bands in the reésonance Raman spectra of

'TCNE EDA complexes® - | ;

-

Donorb S s ~ Band-:positions (cm—l)c’g
o-xylene (%) | . 738(734); 1053(1053); 1221(1223); o
T 3050(3048) -
m-xylené (L) ’ © 532(536); 724(723); 998(999);
- | = - 1249(1248); 1378(1377) | ©
p-xylene (&) : 825(826); 1199(1204); 1606(1615);
N 2926 (2924) : o
mesitylene (2) o 233(228); 272(273); 520(514); 578(576); -

. - . - °997(996); 1296(1299); '1368(1378) ‘
© 1604 (1605); 2873(2868); 2916(2919) ;"
2999 (3008) ' o

- durene (s) o » 734 (735); 1266(1266); 1614(1617)
.isodurene (%) : ngOSkl208); 1293(1284); 1607(1608) ;

: : A 13A' 2912 (2910) | ’ ‘
pentamethylbenzene (SL;‘_ 894(89;); 1288 (1290) ; 1599(16033 f;
hexaméﬁhylbenzene (s)‘ 1296(1297);‘1388(1393) | o s
anisoXe- (%) - - \ 996(996);01168(1176); 1244 (1247);

. 1298(1304); 1439(1455); 1595(1594)
3058(3060) : '

o-dimethoxybenzene (%) 745(748); 1055(1052); 1165(1164);
1252 (1256); 1329(1330); 1450(1456);
1505(1504); 1586(1591); 3006(3005);
3074(3074).

m-dimethoxybenzene (%) 728 (719); 990(992); 1288(1287);
1340 (1334); 1457(1455); 1588(1596)

p-dimethoxybenzene (s) < 1177(1174); 1260(1267)

o

l;2,§—trimethoxybenzene (s) 1296(1297)

1,2,4-trimethoxybenzene (%) 613 (618); 1204 (1185); 1333(1340);
~ ‘ 1451 (1454); 1597 (1607); 2839 (2837);
2046 (2943); 3003(3004); 3078(3080)

S
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Table XXI. (cont.) :Donor bands in the resonance Raman spectra _

of TCNE EDA cbmpléxésa‘,

c,d .

@

Donor. : T Band positiods (cmFl)

1,3,5-trimethoxybenzene (s) 986 (990); 1212(1209); 1349 (1337)
B | 2990(3004) : | ,

%Band positions for complexes having solid donors are for CH2C12~

solutions; for Complexes'haVing liquid dbnor$?ftﬁe'donor’Serves
as the solvent.. . - | o '_ °
b gy = liquid; (s) = solid | )
CThe first of each pair of numbers is the band position observed.

in the spectrum of the'compléx; the second (in pafentheses);is the
lband'position in the spectrum of the neat donor. ‘ -

dUncertainty in band positibnsris 13 cm—luor less.



- this'sit&ation,'bot'is beiond thews66§5f6f75hfsl§oszg
| The data in Tables XX and XXI indicate that virtually all of
the donor bands in the spectra ofdthe_TCNE complexes are»shifted,»
by less than ld cm_l withvfespectfto the band positions in the
spectra ' of the uncomplexed donors.TL Many of thedbands‘ih‘theseu
tablesyere (within experimental uncertainty) unshifted by

complexation. ~These results ares in- accord with those reported

- for the 1nfrared45 46 and Raman3’4'12

spectra of TCNE_EDA
complexes. As mentioned in Chaptet 3, the effects of complexation
Ofvﬂ electron donors "are expected to be small consistent with |
the date in Tables XX and XXI. Since the spectra ftom Wthh the
-data in these tables are taken aré for solutions in whlch the
donor_ls in excess, the donor bandstmostly orlglnate from thg
uncomplexed donors. The donor bands would have to;be significantly
affeoted by complexation to be identified as shifted bands, and
this is not observed.

5.5.2 Frequency Shifts In Acceptor Bandsl

Tables XXII and XXIII summarise the observed TCNE band

positions in the spectra of its EDA cpmplexes}‘the low energy bands

(fec. 5.4) are not:included. For'most of the complexes, only the

totally symmetric Ve=g and Vv bands (and ih some oasesithe

CEN
1526 cm ¥ band) of TCNE can be identified outside of the low.energy

region (Table XXIII). Because the data in these tables are for

"solutions having a large excess of the donor they correspond to

+The Raman spectra of thel\electron donors studied are given in

Appendlx B _

e ot i i A s g2 A e
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Table XXII. Band p051tlons for complexed and for uncoﬁplexed

TCNEZ , : : ' .
. Band positions-(cm—l)b : : )
benzene/TCNE - TCNE (solid) : TCNE(solution)c
487 . 490 | | 494
531 ' v 532 ‘ . - 533
1524 : 1526 . : 1522
1564 1567 ' 1559
2228 ) ~ 2236 L T2224 -
2234 2247 _ ~ 2233
. N4

aAssignments are discussed in Chapter 6. ,
Uncertainties in band positions are +3 cm-l or lees.

CNoncomplexing solvents used were CH2Cl2 and CHBCN.

the band positions of complexed TCNE.

- Table 2XII shows that the TCNE bands in the spegtrgm of
benzene/TCNE tend to occur at-lower energies than the§ do in the
spectrum of solid TCNE, -but only in the case of theliwo C=N
stretehing‘vibrations are .these shifts definitely greater than the

experimental‘uncerthinty in the band positions. Thus, the .TCNE

3

frequency shifts for benzene/TCNE‘relative to solid TCNE:are
comparable to those observed for the sPectra of TCNE in non-
complexing solvents. Together with the results‘described in

. Sec. 5.5.1, thlS 1mp11es that the Raman spectrum of an Eﬁ%‘complex

such as benzene/TCNE - if only band pos1tlons are cen51dered -
.consists of a superposition of the spectra of the components, with

only minor changes in the vibrational frequencies as a consequence

?

of complexation.

band positions in the spectra of the TCNE EDA

The v CIN

c=C and v

p—
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complexes (Table XXIIT) are red shlfted by up to 20 cm = with- =

respect to the band p051tlons for solid TCNE (Table XXII) or for

solutions of TCNE in nonlnteractlng solventsl. Because the 24 and

- the b bands are of comparable intensity in the spectrum of

3g Ve=N
uncomplexed TCNE, -the interpretation of the shifts of the VCfN
'bands must consider the fact that (with four exceptions) only‘the

a_ band is observed in the spectra of the complexes (Table'XXIII),‘

The Vesn band posrtion'rn the low resolutlon spectrum of

. nncomplexed TCNE cannot be compared with the low resolution spectra

ot most of the complexes; since_this would suggest an exaggeratediﬁ
red shift. Thus, the VC =N band pOSitions inxthe'spectra of the
complexes as summarlsed in Table XXIII are arranged accordlng to
thelr symmetry spe01es (determlned by depolarlsatlon ratlos), to
fac1lltate the comparison with the band positions for uncomplexed
TCNE. | N

The increases in the magnitudes of the Ve=¢ and agerEN

frequency .shifts with change of donor parallel each other and in
,the-case of the nethylbenzene-donors, tend to increase with
1ncrea51ng free energy of formatlon of the complexes in CH2Cl2
| ‘solutlons32; thls is also the case for the me thoxybenzene donors47.

The greatest ShlftS are observed 1n the spectra of HMB/TCNE whlch
on the ba51s of its free energy of formatlon as’ reflected in the
. equilibrium- constant for complex formatlon‘(Table XVI) is the

£ I

strongest complex 1nvest1gated The smallest shlfts in the band

p051t1ons océur for 1,2,3- trlmethoxybenzene/TCNE, and are
attrlbuted to steric hlndrance assoc1ated with the three adjacent

methoxy groups which prevents full conjugatlon of these groups w1th
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Table XXIII Band p051tlons for complexed TCNEZ /b (cm_l)

Donorc . : Ve=c YCEN(ag)d .~vCEN(b3g)d

benzene (&) 1564 2228 2234
toluene (%) - 1564 2230 ———
o-xylene (})q?, 1562 2226 ——
m-xylene (2)-_ . 1557 2222 ———
p-xXylene (%) 1559 . 2223 -
mesitylene (&) - - ~1560 2227 =TT
durene (s) 1552 2222 -
isodurene (%) ; 'l§56 « 2220 —_——
pentamethylbenzene (s) 1552 ° 2223 -
hexamethylbenzene (s) 1547 2223 —-—-
anisole (2) _ 1558 2227 -—
o-dimethoxybenzene (2) 1557 2228 ———
m-dimethoxybenzene » (L) 1554 2226 -—-
p-dimethoxybenzene (s) 1553 2226 -
1,2,3-trimethoxybenzene (%) . 1564 2233 ——
1,2,4-trimethoxybenzene (%)}, - 1550 2227 -
1,3,5-trimethoxybenzene (s) 1553 2226 -—
fluorobenzene (%) - 1559 . 2230 2238
hexafluorobenzene (%) 1560 2226 2235
acenaphthene (s) 1556 2232 - —-—
chrysene (s) 1556 2227 2234
fluorene (s) 1557 2226 ——=
naphthalene "(s) - 1558 2231 ~—=
pyrene (s) » T, 1556 2229 ———

/" ’
/

4pand pgsitions for cbmplexes having solid donors are for CH.Cl

solutions, for complexes having llquld donors,

as the . s&ivent

bExcess donor was present in each solutlon
€2y = liquid; (s) = solid. '

Symmetry spe01es refer to uncomplexed TCNE.

d

2772

the donor serves

/

e



the benzene,n electronhsystemj aﬂé~a%so—interferestwith‘the*ciosel";;

approach of TCNE to the.donor reqéired forf;trong interactionlB. ‘
The observed red shifts of the Voo C(and vC:N Raman bands on

complexation are in the same dlrectloﬁgas the shifts of the

infrared activated vc C and Veosn bands in the spectrum of the TCNE

an}on46’48: in the anion spectra these bands occur at about

‘l§80 cm_l'and 2190 cm{l, respectiygly. Comparing tbe,bandvshiﬁtsﬂeeeée

for Vo=c in Table XXITI with‘the 180 cm"l shift observed in the .

,° tranSitionierm TQNE-to the TCNE anion, and assuming that the
magnitude of the shift is‘proportional to the degree of electron
transferjto TCNE, one calcolates the ground states of the stronger

) complexes to‘have up to 10% dative character, while for the weaker

1 complexes the ground state is less than 5% ionic. These estimates

of the ionic character are about the same as those bdsed on dipole
moments of‘the methylbenzene/TCNE complexes49 or on ihfrared spectra

of glassy*HMB/TCNE Samples48. The red shifts in the VC ~c and Ve

(¢/~n,fbands for -the complexes in solution can be attrlbuted to the fact

that the electron accepted by. the TCNE molecule goes ‘into an
antibonding T orbltal; since this orbltal ig localised on the
AJC=C bond, the bond is weakened and its stretching frequencyAis

A

lowered. This effect is also manifested in the C=N bonds, probably

because of conjugation in the TCNE molecule. -

Toos
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6. ASSIGNMENT QF. THE RAMAN SPECTRUM QF TETRACYANOETHYLENE

The iﬁQestigation of the Raman s?ectra of the EDA complexes
of TCNE has made apparent the need for an imprqved assignment of
the TCNE Raman spectrum. 1In pafticulaiﬁ’the published assignments
of three of the totally symmetric vibrations and Seve;al of the O
low energy nontotally symmetrié_Vibrations,nefﬁ\éa\be ree&aluqﬁéd.
Thus,/in'this chapter, a new aséié%ﬁent of the RamanﬁachVE‘*“““'***N***‘
fundamental vibrations‘of‘TCNE is.proposed. It contains changes
rto some - of "the previoﬁs assignﬁents; including those for thg
dut-of-plane vibrations, which are consistent with pﬁblished}andv
ne@ pélarisation and intensity data. Moreover, it is based on
the resonance Raman and preresonance Raman intensity’behaviqpr of
‘the‘totally symmetric TCNE bands in the spectra of TCNE cémp}exes,
as'describgd in Chapter 5. New Raman spectra of TCNEﬂqwhich B —~.
augment the pré&iously published data,,aie aléo feﬁgigéd; The
infrared absorption spectra of some TCNE EDAchmpléxes as. published
by‘several authors are also taken into consideratién.

A number of authors have published vibrationalgassignmentsVQf

TCNEl_B. The early paper of Miller et al.3, together with the

recent one on the Raman spectra of TCNE and TCNE'anion by Hinkel
and Devlins, are ‘the most representative works and therefore serve

as the starting point for the improved assignment given in this

chapter., g
The TCNE molecule_beiongs to the D, point group. Taking thé%;

X axis perpehdicular td thé molecular plane and the Z axis

parallel to the C=C bond, the 24 molecular vibrations are

P

divided into the symmetry classes
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5ag +2a + lblé + 4b,  + 2b2g + 4b, + 4b3g,f 2bg .y T

where the gerade vibrations are predictel. by group theory to be

Raman active, and the dngeradé Vibrations (except au) are allowed
in the infrared spectrum. According to the X—ray’anélysis of

- Bekoe and TruebloOdg,-a TCNE molecule in the crystal oééupies a

site of symmetry Ci; e mytual eiglusion'rule therefore should |

govern the activities of héb@ﬁgs ih‘therﬁibrgtional spectra of
solid TCNE. Alcomparison of the Raman bands observed for solid

TCNE¥in thérpresent'WOrk (Table XXIV) Wifﬂ the published infrared

2-4,6

spectra “shows no bands common to both kinds of spectra,

consist%pt with this statement.rq'

In the following discussion, .the band positions referred to

//afé those observed in the Raman spectrum of solid TCNE. The

numbering of the TCNE vibrations (Table XXV) is the same as that

suggested by Miller et al.3 ' -

6.1 a_ Vibrations
—g -

The assignments of vy and v, in Table XXV are the s%mé as
/

3,5,7,8

the préviously published ones . Both of these vibrations

B

give rise to Raman bands which are resonance-enhanced qﬁ
complexation; similar intensity behaviour is used as evidence in

the assignment of some of the other TCNE bands to totally

symmetric vibrations.

In a change from the published assignments, the 592 cmf;

‘band is now attributed to»v3. This new assignment is’ suggested

) :
by the appearante of bands near 580 cm 1

10,11

intherinfrared spectra

of crystalline TCNE complexes

A

The IR spectra of TCNE EDA complexes are ‘of special interest



ii =
3 b \
- o K%’
| AT T3
?;biefXXIVﬁ~4ikﬁm¥$789eeter~9f'tg%ﬂﬁﬁé. e
Band positions (cm %)2 |
" so1id® - Solution®’® _'ASSignmentse
27 s - - Tattice mode
64 s "Lattice mode ’ '
74 sh ~ 'Lattice mode N <:: :
97 s \ ¢ .. . Lattice mode Y
134 5 130 ap =~ - V14
‘150 m : Vg - -
251 m 247 dp vy, .
360 m 360 dp Vi3 .
490 w 494 p 134 + 360 = 494 ()
508 w o o vy, (150 + 360 ='510) :
, v N ? o ;
532 w 53% p; kv4’(v3) ‘
592 w - 589 p? - V3
674 s 674 dp L Vg
1262 w L .
1278 s 1274 dp ’ngffgﬁo
1507 w )
1526 m 1522 p | 251 + 1278 = 1529
1537 w ~ *
1567 s + 1559 p ) ‘vz
1581 w S -
2191 w S 'TCNE anion?‘
2236 s. - 2224 p v |
2247 s 2233 p Vig - 4\0\3%?;;
2309 w , .

aUhcértaihty i
b

®sélvents used were CH.C1

dp = polarised; dp =

s = strong; m = medium; w

27727

depolarised. N

n band éositions is # 3'cm“l or less.

weak; sh = ‘shoulder.

CH

3

CN and acetone.

e : . X C . L
“Alternate assignmernts are given in parentheses.

£
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since they showuthe~actiﬂat§£ﬁy{H?43&%%%—#nﬁ}rv4/vibrat%onSfof*‘*f”‘/‘ff
TCNE. JThlS actlvatlon is generally thought to be due to the *

9

electron v1bratlon"'mechanlsm first suggested by Fergusonl?,

,whereln the v1bratlon is actlvated because of its 1nfluence on

the ionisation energy of the donor or on the electron afflnlty of

) 9 3

the acceptor. From the dlscu551on in Chapter 3, it can be seen

the polarlsed 1nfrared spectra of SOlld HMB/TCNE

that such a v1bratlon is necessarlly related toltherlnte ction . .

of the components 1n the complex The result is a charge

0sc1llatlon between donor and acceptor, occurring with the

frequency'of,the vlbratlon; For a,complexpln which donor and

E

5 . = R
'acceptor planes are parallel (the approx1mate configuration of

‘the TCNE EDA complexes), this osc1llatlon is perpendlcular to the

1

molecular planes, and the associated infrared absorptlon band is
therefore polarlsed in this dlrectlonlo.' Only totally symmetrlc

Vlbratlons of components can be enhanced as electron Vlbratlons
4 &

in the spectra of EDA complexesl3.

- the results obtained for

Returnlng to_ ‘the a551gnment of v3,
i 10,11,13

and

PMB/TCNElO can now be’ con51dered : These complexes form needle- T

- - .

like crystals,,w1th the donor and acceptor planes perpendlcular

to the: needle ax1s10 ll. énce the crystals are apprgprlately .

oriented, ‘the dlchr01c behav1our of thelr IR absorptlon bands

the activated TCNE in-plane v;bratrens—»l‘and—wftal304appearwmﬁﬂr”“’

out-of-plane polarlsatlon, ’consistent w1th the electron v1brat10n,A
LY B

model described above, The 1nfrared spectra of both complexes
?

'

-

- also have bands near 580 cm 1,Veach of whlch are\comprlsed of an
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out— oprlane polarised eempenent and;an~%nnpiane—eempenent7\4$hegdgegggne

1n—plane band is probably due- to a planar TCNE V1bratlonlo, and
is. of no special interest. On the other hand, Moszynskall
attributed the out-of-plane component to an electron vibration,

but-did not assign this frequency to a partieular totally |

symmetric mode. o . : . a

These results suggest that there is a totally symmetric
electronvvibratien neaf‘580;cm—llin these‘speetra.v BobhrdonorS~
have totally symmetric‘vibrations nearby, as indicated byatbe
polarised Raman bands at 550 cm T and 567 cmf; forbHMB'and,PMB

N . 5 .
respectivelyl4; however, ‘these dbnor band positions do not agree

well with the observed 580 cm—l frequéncy in the spectra of the

compiexes, and the eXistencé of a TCNE ag vibration near 580 cm-l\
is intimated. Raman band of TCNE at 592 cm -1 thus can be
ﬁ2551gned to Var con51stent with the calculatlon3 which places Vs
at §07 cm l. The orlglnal asSlgnment of the 674 cm -1 band to
v33’5’7 is. clearly unsatlsfactory,751nce the solutlon spectra show
tbat this band is depolarlsedsr(see Table XXIV). cf\ |

Because of the change in the assignment of v,, the 532 cm——
TCNE band is now attributed to v4, conS1stent with early -
ass;gnments3’§ 7. There is no doubt that this band must be placed
in the ag class, since it is polarlsed and furthermore has {f
rbonsiderable resonance Raman intensity in~the~5peCtramomeTGNE;andﬂwwﬁﬁﬂ
NaTCNES. In—additien,rpreresonancefRamanfnesultswforethe,WWWW” ,a"nﬂ;”a
benzene/TCNE complex (see Chapter 5) show. that this band has an

excitation frequency dependence similar to those of Vi and Vg

Sinceuthe 532 cm_l bandgcannot be explaingd as a combination or
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'prov1ded thaE both of the latter two bands arise from ng

as was suggested by Hinkel "and Devlin®.

o : . 136

overtone band, it must therefore be due to-a totally symmetric

As 1ndicated by the data in Tables XXIV and XXV, the

TCNE fundamental

polarised character of the 490 cm'l band is conSistent With its

ass1gnment as a combination of the bands at 134-cm -1 and 360 cm,;;\

v1brations;' The preresonance Raman intens1ty study for‘benzene/TCNEl
shows that the intensity of-this band-is increasedfwhen the
excitation‘frequency approaches the’absorption maximum; this~fact,
hoWever, does not require its assignment.as a fundamental, sinCe" : %
combination bands in the ag class also can be resonance or ’,\' -
preresonance enhanced (see Tables II and IX) Therefore, thev

490 cm -1 band need not be assigned to an a fundamental vibration,

As;an alternative to the assignments or vy and v, given here,
the 532 cm © and 490 cm”© bands can be assigned to v, and D
respectiVelyS. Thigs is a plausible assignment-vhowever, it doesA
notvexplZin the'eligtron Vibration 1nfrared bands in the spectra~
of the complexes ‘described above

The final TCNE ag Vibration, Ve, is assiéned here_to the béhd}
at 150 cm l. This is a change from the previous assignments of

the 134 em™ ¥ band to v53’5’7; Miller et al.” made the latter e

* assignment in spite of the fact that their solutiontdata -showed - —- -

-1

that the_band is depolarised. The 150 cm band is the only other

band in this region and therefore must be considered as a

possibility for Vg . )
Experimental evidence supporting the assignment of the 150 cm“l

el e e e F




i

-
L 1
i

‘band to vg is: found in_the low energy Raman spectra of PCNE-EDA
‘complexes,-which contain resonance-enhanced bands at 155 = 167 cm’

(Sec. 5.4.2). As‘discuséed in Sec. 5.2, the RR effect in the -

spectra of these cbmplexes manifests itself in the“%Otally
symmetric vibrations of TCNE; 'Thus, as-shdwn in'Sec. 5.4, these

bands are.mOSt;likely to originate from the TCNE uibraﬁion,vsu

6.2 b,_ Vibrations . o i < ;.kWMm;ﬁﬁ~;;%A¢fgd

=lg
The dnly TCNE vibratign of blg symme;rx, Vg iéréssigned to
the depola:ised]674 cm_; band. ,Alfhough tﬁe present work provides
no positivé verification of thiS'éssignment, the strengtﬁ of this
band indicaggs that it almost certainly arises‘from a fundamental =
vibration; the assignmen£ of'the.674 cm~}‘band to. vg, t%?ether;
with the other assignments in this chapter, enéures that no strong

or medium intensity bands are ignored. At the preSent'time, no

calculated frequencies for the nonplanar TCNE vibrations have been

published, so there is no other way to check on this assignment.

6.3 bé Vibrations
.. —<g

The bands at 360 and 134 cmml are assigned to the nonplanar

vibrations Vis and Vig respectively, consistent with the fact that -
both bands are depolarised in the SOlution'spectra. Furthermore,

this assignment means that the combination Vi3 + Vv which has

147

1

ag symmetfy, can account for the polarised 490 cm bénd. Since

no normal coordinate calculations have been- reported for the-—- o

TCNE b vibrations, the correlation of these bands to the -.

2g

particﬁlar b vibrations in Table XXV is based on the assumption

2g

that the bending vibration occurs at higher frequency than does

the wagging mode.
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6.4 239 Vlbr%tlogsﬂ

4

—'Thé as§i§ﬁﬁéHE§W6f4£hé ng‘vibrations in Tables XXIV and XXV

-agree with‘severailof the previously published,one53’7’8.' The

only new result in support of these assignments is the observation

“that the 251‘cm—l and 1278 cm“l bands are depoiariSed,’which is
compafible with their assignment to nontotaliy symmetric

vibrations.
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7. CONCLUSIONS

e

- The first detailed investigation of the Raman spectra of a
series of m-m EDA coﬁplexes has been describedcin the preceding
chapters. Emphasis was plécedvon the effects‘of complexation on
the/Vibrations of tﬁe aéceptor (TCNE) mdlecule observed for room

temperature solutions in either the (liquid)‘dondf or an inert

FOlvept. o o . o o i,i,;wﬁT, . B
Strong absorption of the Argon laser exqifation light by the
TCNE complekeé was found to produce prerésdnance;angxresonance
Raman intensity>effects in the bands assigned to theikotélly
.symmetric vibrations of TCNE.‘ These effects lead to iﬁtensity
changes " (both absolpte ahd relative) and depolarisgﬁion ratio
changes for the affected bands. . |
The‘excitation frequency dépeﬁdence,ofvthe intensities of
the above-mentioned TCNE bands was studied igiboth the preresonance
and the resonance Raman regions. ' The frequency dépendence observed
for the preresonanée Raman spectra establiéhes the role-o% the

first excited states of the complexes as iﬁtermediat states and

molecules. The resonance Raman: excitation profiles of the C=C .

and C=N stretching bands ‘were obsérved‘to”bE”shifteﬁ”by”abbﬁf4”'”7
1bdo - 2000‘cm—l toward the low energy -side-of the absorption S
bands whether the’exditation fallsiwithin the first or the second
CT absorption band.of the complex. This red shift was interpreted

in terms of the vibronic theory of RR séattering, and shown to

\
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occu¥ as a result of resonance with the vibronic. absorption

bands'involVinéifgéwvé;é’and/vééN_vibrationsf_ A model of the RR
séattering in the EDA éomplexes in whicg the higher.vibronic
"levels of the ground and first excited CT states ;re nonradiétivély |
daﬁpéd was suggested as the explanation of the shifts of the
profiles. |

The intensity increases in the TCNE Vooe and Voo bands on

complexation were used quantitatively to balculate the equilibrium
constants for complex formation, thus estabfishing a new method

“*for the dEterminagion of equilibrium constants of w-1 complexes.
2 . f . . . 'JF,‘

.. The results obtained using Raman intensities were found to agree

> very well with the published results as obtained by absorption

““ spectroscopy - o | , %

- Low energy Raman spectra /of the complexes were investigated
1

above about 90 cm ~. Bands at 155 - 167 cm_l'were observed and by

virtue of their, RR characteristics assigned to the lowest energy

S

totélly symmetric TCNE vibfgtion, which necessitated a new
assignment of the low energy Raman bands of unéampleied TCNE. Aa'
Raman band which is defihitely attributéble to the intermolecular
stresfhihg*yibration does not occur in the spectra'of.the complekes.
?he g;hd pqsitions inhthe spectra of the coﬁplexesvwere found
to be nearly the same as those in the spectraiqf the respecﬁive
1

s« uncomplexed compounds. Systematic red shifts ofﬂggﬂ}gwgpﬁgmfw,fgr,

~f§~‘\£23%ECNg Vooe and V.. bands were observed and related to a degree

: o/ 5 e
of electron transfer approaching 10% in the ground state of the
‘complexes. No systematic shifts in the donor bands with complexa—‘

tion occur.
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=

Thekﬁamag,gpectrum,of uncemplexeéw%eNE*waérinvesfiéaféa”’*f'lgg;
- partly to’improve the assignments_of the 10@ energy Vibrations,

and later extended to include the entire spectrumn. 'Thie_lead to

a new assignment of the TCNE Ramah spectrum in which about half

of the prev1ously published a351gnments were changed

7.1 Suggestlons for Further Work

\
Because this research was the‘first extensive investigation-

ofrthe Raman spectra of TCNE EDA‘complexes, it has perhaps posed
as many questions as it has answered. The results described in
Chapter 5 werxe cbtained inhthe attempt to elucidate certain
aspects of these spectra; however,‘éther important'points remain
to he considered. In this sectioh, the most important of these
t0pics;are briefly discussed, as are some other interesting
subject;%which have arisen out of this work. /

The reader is awarevof the ehphasis which was placed on the
acceptor bands in the spectra of the complexes studied here.
Donor bands were also observed, but these were not studied to the
same extent. Therefore, further investigation of the Raman spectra
- of TCNE.EDA complexes might well begin with an analysis of the
effects of complexation on the positions and intensities of the
donor bands. Such data would provide valuable informaticn‘on
geometric and electronic structure changes in the doncrs with
complexation. These spectra would be most 1nformat1ve 1f obtained
for solutions in which a sizeable fractlon,of the~denerrks - Co T

complexed, i.e. under different concentration conditions than

those in the present investlgation. The spectra already obtained

<

-
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have shown that the effectS“of'compiexatIon""th"aonor‘b"a“““““‘+*

)

are not as great as those observed for the acceptor, empha5151ng,
the importance of the relative donor and acceptor concentrations

in the solutions used for any study of donbdr bands.

o e b i e A S o

Dichloromethane was used as the solvent forAmost of the

samples which were investigated here, especially where the effects

of reabsorptlon were found,to be,s;gn;flcant, resonancé Raman
exc1tatlon profiles were!obtalned in most cases using CH2C12 bands

as internal ;nten51tyvstandards. *Since the red shift of the

excitation profiles with respect to the CT absorption bands was

'interpreted‘to.be"a'consequencé of interactions between the

"vaww¢wﬁWMWmamL“ e
‘

electronically excited complex and the solvent, further investi- "

gation of the excitation profiles ought to include a check for : ;

»

any solvent‘dependence of the profiles. As suggested by the

results in Appendix D,.a nonpolkar solvent such_as cyclohexane may

et o i e
R 4

result in a much different'solvent—complex interaction and there-o
'fore certainly'should be included in such a study.

The good results obtalned from the Raman 1nten51ty ratio
method for calculating equlllbrlum constants are very encouraglng
Further experlments in thlS area should involve temperature control
in order that equlllbrlum constants can be obtalned for a Series
of temperatures and the”enthalpyrof formatlon,ofithe‘complexes
calculated.riThe,latterfquantityrrsran?iﬁportantfmeasure’of”the R
strength of a compiexwanéwaseseehehaswbeeneoBEaineélby—absofption~e~«
spectroscopy, so that,as in the case of the”equilibrium constants
a comparison of the Raman results Qith pubiiShed results is

possible.




The'methyl and’méthoxy substituted benzenes employed here
as electron donors comprise but one group of donors which 1nteract
with TCNE to form EDA compléxesﬂ: Many other TCNE EDA complexes
aosorb in the visible region, andvresonance(Raman scattering is
expected to occur for many of these. As shown by the results of
the present work, a consideraole amount of information on the;
excited,elcctronic states of EDA complexes can'be?obtaihédﬁfromuz
their‘RR spectra, and this condlusion should remain Valid‘for a
large number of TCNE EDA complexes.

The photoconductivity experiment described in Appendifo has
established the existence- of the 1on1c dissociation process in a
qumber of electronically exc1ted TCNE complexes. Further investi-

gations of the photoconduct1v1ty behaviour of TCNE EDA complexes

3
\

should attempt to quantify parameters such as rates of ion
E:roduction, lifetimes of ions in solution, and recombination of _
ions. These data would provide valuable insioht into energy <
transfer processes in these complexes.

The experlments proposed in this section -should answer some
of the more interesting questions which persist regarding the
nature of EDA complexes. ‘Although these complexes have been
studied extensively.by atuariety'of methods, they are not fully

understood. . The future application of Raman spectroscopy to . this

field will certainly 1mprove this s1tuation ' o

>

/
/



APPENDIX A

NOTATION

Table XXVI. Abbreviations used in the ‘thesis .

Abbreviation -

Méahing,
A ) lacceptor e
‘ JCTV éhargeftransfer
ﬁjb donor | J
EPA electrﬁn donor/acceptor :
HMB hexaméthylbenzene x
KéD equilibrium constant for complex AD |
~ M molaf |
PMB. pénﬁémethylbenzené
RR iresbnaﬁce Raman |
TCNB teﬁraéyanobenzene
TCNE té%gécyanoethylene '
! .
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APPENDIX'B
e ~ f\

RAMAN SPECTRA OF ELECT ON DONORS

o . N

The Raman spectra of the compounds used as. electron donors 1n
the EDAﬁcomplexes of TCNE are summarised- in tabular form 1n thls .

_appendlx. All of the methyl and methoxy substitdted benz@hes

investigated in thlS work are presented for completeness, although

1somerof'these'3pectra'have*alreadywbeenwreportedwinwthetliteraturefttttt

The band positions for the‘uncomplexed donors as given inf<:”\\;

L

" sec. 5j5 1 are taken from this appendlx.

The donor Raman spectra were measured in the frequency reglon

‘from about lOO,cm_l to 3100 cm -1 and are reported in Tables XXVII
7to,XXXII. The‘uncertainties in the band p051tlons in these tables
arngenerally within 13 cm-l. Therrelative;intensities‘of the

' bands observed are also 1ncluded ’It ‘should be noted that no
spec1al effort was made to observe all the weak donor bands, such
bandSRgenerally cannot befIdentlfled in the-spectra of the.ECNE )
‘EDA.;;mplexes} becauseiof the OVerall-low inteﬁsity of suchf |

spectra.

s

ng

-
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Tablé“xX%II. Raman spectra éf benzehe and'ﬁonosubstituted
benzenes® P B - ‘ '
benzene toluene ' fluorobenzene ' anisole
405 vw 526 m 249 m 266 w
608 m 626 m 517 w . 443 m
680 vw 734 vw 611l w ' 511 vw
802 vw 790 s 803 s o 554 vw
845 w 844 sh 1010 s 612 w
992 s, - 892 vw 1158 m - 782 w
1177 m 1010 m 1220 m : 996 s
1404 vw 1035 w 1602 m : 1030 m
1585 m 1167 m 3075 s¢ ° ‘1176 m A
1604 . m ' ’ 1214 m - 1247 w
2948 w 7/ 1331 w 1304 w
3057.s . 1380 m . 1455 m
: 1441 w 1594 m
: . 1584 m 1606 s
- © 1602 m t 2838 m
' 2922 'm ® 2916-sh !
12984 sh _ ‘ 2942 m
3055 s : R 4 : 3003 m
| & . 3060 s
3 ] N . o
As = strong; m = medium; w = weak; vw = very weak; sh = shoulder

_bBand positions in cmf;. .

(8

b
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Table XXVIII. Faman spectra of xylemes®’®

" o-xylene . - m=xylene p-xylene : - A
S ©o181w . 202 m . 310 m o
o 256 w - ' 227 m 384 w
. 505 w 279 w 462 s
. 582 m - - .516 m . 647 s. :
- 643 vw . : "536 s 703 w ¢
- 734 s - ) - 723 s 826.m ﬂ
987 w 767 vw 1042 v }
1053 m 999 s 1204 s
1158 w - 1035 w. 1312 w
71223 m 1095 w 1378 w-
‘ 1291 vw ) 1167 w 1448 w
- 1385 m * 1248 m_ 1576 vw -
- 1451 w - , 1262 w 1615 w R
1584 m - 1377 m 2924 m
1608 m ' 1590 w 3025 m
2921 m D , 1610 w 3054 m
2942 sh S 2726 w ’
2977 sh. L 2860 m
3048 m - 2910 s
: ‘ 3041 m :
.

Sabbreviations are the same as in Table XXVII.

bBand ﬁositions in em”
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Table XXIX. TRaman Spectra of higher methylbenzenes?’ n

mesitylene I durene isodurene
, L R , : i
228 m 101 s 230 m
273 w 271 m 276 w ] ¥
514 m 352 m - 326 m ‘
576 s 433 vw 452 m
996 s ' 505 m 497 vw
- 1036w , 735 s . ‘ - = e
1164 vw 1266 m | 544 m
1299 s - 1377 w 72 s
~ 1378 s ' 1390 'w : 731 m -
1440 w_ 1444 w \ 877 vw : ,
1605 m 1617 m 892 vw :
2729 w 2914 m 956 m N
2868 m 2960 m 1140 m :
2919 s 2981w 1208 w ’
3008 m , 3023 w N 1284 m
/ \ . 1376 m
~ 1440 w
1480 vw
1576 vw )
1608 m
2722 vw
2858 m
2910 m
2958 sh
' 3005 m

dabbreviations are the same as in Table XXVII.

bBand positions in cm_l
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‘Table XXX. Raman spectra of pentamethylbenzené and

hexamethylbenzenea’b

pentamethylbenzene ' , &exameQﬁylbenzenelﬁ
‘1034 s 113 m {
30l m 364 m .
- 355 m 5 452 m >
446 w ’ 556 m =
484 m S 1297 s B,
554 sh : 1366 .m <
570 s i ' 1393 m S
’ 681 m ° N 1572 m Fam
897 vw - 2910 s ¥
1214 vw . S ) 2985 m
1290 m , ) . : & - '
1364 m . .- : o & : —
1388 m oo = 4 D )
i 1440 vw . , ' -
1562 vw . ' : C S
1574 vw ’ o ‘ “
1 VW . .
2856 sh . ) ’ : _ ‘
2906 m A A - B
2932 sh ~ #
2956 sh .
2990 w i
dabbreviations are the same as in Table XXVII. N :
b s . -1 : :
Band positions. in cm i
i
{

ki R st



Table XXXI. Raman spectra of dimethoxybenzenes® '™

1

I

un

I

o-dimethoxybenzene

m-dimethoxybenzene

p-dimethoxybenzene

171
208
381
476
578
748
1052
. 1164
1256
1330
1456
1504
1591
2839
2951
3005
3074

B3 %<

AUEEEEEREEE

207
254
292
370
426
462
532
580
621
719
764
992

11038
1085
1157
1186
1208
1287
1334
1455
1596
1609

- 2837

2943
3008
3076

ns8ns 3
-

=2

3zuws éiwa

==

nunnid=zl333330nEniE

634 w_

114 sh
278 w
382 w
406 w
552 w

708 w
804 sh
816 m
846 w
1026 w.

1057 ‘vw

71152-vw
1168 sh
1174 sh
1267 m

1306 wvw
1448 sh
1466 sh

1585 w .

1611 w
2842 w
2918 sh
2949 m
3016 s
3056 m
3078 s

aAbbreviations are the same as in‘Table XXVII.

Band positions in cm
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Table XXXII. - Raman spectra of trimethoxybenzenesa’b

~

o~

1,2,3- o 1,2,4- . 1,3,5-

B (e L S PR

trimethoxybenzene trimethoxybenzene trimethoxybenzene- :
106 w 197 m 128 m
149 w 361l m 192 m
.206 m e 389 sh 214 sh
224 m. 496 w 246 m
274 w 555 w ‘ _ 318 w
367 m 618 m ! 368 m
406 w 710 m T 443
490 vw 764 s 482 w
526 m 920 m , 536 wvw
608 w 1024 m- 592 m
697 s 1152 vw 614 m
739 w ~1185 w 912 wvw
£ 802 m , - 1260 vw 990, s
1002 m - - 1315 sh 1035 m
- 1034 w 1340 m 1065 . w
1058 vw 1454 m 1192 w
1096 m 1511 vw 1209 w
1192 m 1607 m 1315 w
1232 w 2837 m 1337 m
1297 s 2943 m 1429 sh
1442 w 3004 m 1449 m
1459 m 3080 m 1465 sh
1499 vw 1587 m
1584 s, 2845 m
" 2849 m ’ 2942 s
2949 m 2960 sh
) 2999 s 3004 s
3084 s '

aAbbreviations are the same as in Table XXVII.
b .

4

Band positions in Cm—l.

)



- APPENDI | , -
CALCULATION OF ABSORPTION SPECTRA, PLUORESCENCE SPECTRA
: ‘ * o =
RESONANCE RAMAN EXCITATION PROFILES

\

The observed red shifts of the RR excitation profiles of the
. .
CT transitions with respect to the absorption bands of the

3

complexes, described for the TCNE vc —C and vc =N Raman bands in

Sec 5 2»3 “was - interpreted in-terms of’a*mddEI “of the EDA

complexes wherein the CcT absorption\bands conSist of a super—

p051tion of LorentZian Vibronic tranSitions With frequency

7

dependent damping In thlS appendix, absorption spectra, -.//

,/’

fluorescence spectra and RR exc1tation profiles are calculated by
% / v
applying some of the features of this model to a hypotheticai

case. The results are compared to those of the eXisting RR
theories, as summarised 1n Chapter 2. |
The electronic Spectra-andithe RR excitation profiles

calculated here are for a single>vibrationalhcoordinate,and two
electronicbstates; The results for this assumed sYstem are .
frelevant in that the electronic states are assigned properties
s‘imilar to those of the groeﬁd!:n;d the first excited electronic
states of the TCNE EDA complexes, in particular a'deeper potential

¥ - .
jenergy curve and a shorter internuclear distance in the excited

- state than in the ground statel’z. Since the potential energy

those considered here, an interpretation of the spectra of the
complexes in terms of the results of thé present calculations is
not attempted. Instead, the calculations are intended to

illustrate the importance of a specific arrangement.of'the
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poteﬁﬁial energy surfaces for the RR effect as well as.for_the

absorption and the fluorescence spectra.

In Fig. 27, a typical arrangement of the‘poteptial enerqgy

: A ' L . .
* curves used in the calculations is shown. The Raman active

© ®

vibration is assumed harmonic in both states, and ﬁhe'vibrationalv'
frequency'vm is lower in-the»qround state k than iﬁ the excited "
state r. The vibrational levels which eﬁter‘iﬁtoﬁtﬁé Raman%ﬁ;i
scattering and absorption proCesseS'arejshown with the vibrational
wave functions epperimpoeed on the enefgy levels. -Only the first ”

fourvvibrational levels in states k and r are considered; the

-

third and fourth vibrational levels of the ground state, which

¢

appear in the expression for the fluorescence intensity, are not -

shown.

: _ : o ) ) -
The transitions between the two electronic states are assumed

w

to obey the Franck-COndonvprihciple, i.e. they are assumed )

s
)

vertical3. This implieé that the.absorption and Ramen‘scatteringIA
processes occur at;some'internucle&i distance which is
characteristic of the ground electronic state vibrational.
wavefunction for which v = 0; the most probable internuclear
separation at.which these transitiéns-occur is thereferé-Qk;<
Assuming that the nuclei afe ableﬁ;o achieve the equilibrium %
excited state configurationvbeﬁore;fluorescence, then this
transition takes place at a reduced inteenuelee; e£;£$$¢éf
corresponding tq tﬁe excited electronic sfate Qibfaéionali R
wavefunctioe for v" = Q; o - , N

As stated above, both absorption and fluorescence spectra are .

calculated assuming that they are each comprised of the profiles
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-

LN | o188

Q Q Q —
r. .
,Fig. 27 Potential energy curves used for the calculation of

resonance Raman excitatiop profiles, absorption spectra and

fluorescence spectra.

o~
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‘for four Lorent21an vibronic transi ions. .Ehe intensity distri-

butlon I(v) of each Lorent21an prof le is that of the natural

llne w1dth of a damped osclllatonfp . 'K) . : :

P R R (€. 1)
- 27 (v—vi) \+ Ye{4

. k3

where ib is the total 1ntegrated 1nten51ty, vy is the resonant

{frequenCyL and Y i1s the halfw1dth, The contrlbutlonref eaeh—ﬂewe;e*—lé

v1bron1c tran51tlon to the overall absorptlon or emission 1ntenslty'
is aetermlned by its transition probability; accordlng to the

Franck Condon pr1nc1ple this probablllty is proportlonal to the

'3 -

.sqguare of;the overlap 1ntegral for the 1n1t1al and flnal v1bra—

»_tionei levels involvéd in the transition. ‘Labelling the lowest

‘vibrational level of the ground state v = 0 and the'eXCiﬁéd state -

. vibrationdL‘levels v" (Fig. 27), the total absorption inteﬁsity
SR L \ | R
distribution is therefore

. 3 . v
| | Lv) 2»2 _ I<vlv“>L2 . | (C.2)
. : - '21 . ) ‘ .
V".=O (\) V" k V \))l (S'r"v‘u &
- - . '. \'v
where the symbols have the same meanings as in ter 2,'énd
.lér:V"I: Yy, yn/2. The damping terms 8y yn in ggneral vary with the
hvr y"sk,y and the form of this dependénce is linked to the kind

‘of damplng (radlatlve or/nonradlatlve) which occurs. -Equation (C.2)
explicitly assumes that only the lowest vibrational level of the

\_'ground electronic state is populated at ordinary temperatures;

.\thLS‘is an excellent approximation for the ground state vibrational

fheqﬁencies considered here, 500'cm-l and 1000 cm—l.
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/ﬂ51ng reasonlng analogous to that descrlbed for the

7absorptlon spectrum the fluorescence 1nten51ty dlstrlbutlon is

.e

3 > . / |
f— o J<V"JV>J : (C3)
I = o : - I
V) }E: (v —'v)2 + 62 e T :
. V:O - ) I;,V’_ ‘e

v'ik,v

where 1t is assumed that the’ emLSSLOn.orlglnates only from the

1 e

,'v1bratlonal level v" = 0. ’ !v . S ,,,ﬁmu~;~¥=we~ﬂ*f

2

The expre551on for'the RR:eudfiation profile is derived using -
the reasonlng that only the flrst term of equation (2 l) afterv
1ntroductlon of the damplng term contrlbutes 51gn1flcantlyrto the
1nten31ty‘ Aga;n assumlng that the electronic- tranSLtlon moment

is proportlonal to the v1bratlonal overlap 1ntegral the scattering

tensor 1s wrltten

‘ ' =,l <V[v"><v"Jv >": : o (C.4)
(apo)vv' h : Xk ' :
v Y o

- + 6
v'"=0 r,v';k,v v i

0 ,V"

L : .3 M eqy It 1a* 7 - s -
h ' R

o
pa’vv' T 2 2 '
v"=0 (»r.v";k,v _yox + Gr o 9
.?L' ﬁ . ; e \;s - [
i ] <vlvn><vulvu>§ . . . oo )
- B —4 ' oy (C.5)
h ' s 2 .2 , B L.

v"=0 (‘\)r,V";k,V ’— "\)O) + 61t~,,V"
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A where v =0 and V',? 1. Equation (C.5) is very similar to the

result. derlved by Behrlnger {equatlon (2.6)} except for. the i .
appearance of the v1bratlonal overlap integrals in equatlon (C;S);

From eguatlon (2.2),,the RR,ex01tatlon\proflle in the present case

is given by

N - . . 3 i " " N - ..
¥ ) ‘ 2 1 E <VI,V, z<v ,Iv' ?;(vr Lk, v Y )rr + _
o ==
>po’vv! 2 , ] _ 2 2
h v"=0 (vr v';k,v vO) + 6r,v“
: s
]
. . ” . -
3 ) " W ¥
! :E:  <v]v"><v Iv.>6r;v" .
2 ' 2 2 -
h ) - , 7
v"=0 (vr,v";k,v, vO) K Gr,v“ : (C.6)

 The overlap integrals which appear iﬂ’eqoatfohs ¢C.2) and

(C.4) to (Cf6) are eummarised in Taple}XXx_%i; therigtegrals for
equation (C.3) are 111 Table XXXIV. Thegé rntegrals are calculated
graphically between the llmltS deflned by the extents of the
wavefunctlons v or v" (see above) Negat;ve overlap occurs when

the.wavefunctions have opposite signs’ in a particular region, and

_in some'oases outweighs the positive overlap, resulring in the

' negative overlap integrals.

5

-

Absorption spectra, fluorescence spectra and RR-excitation -~ - -

profiles caleulated aceording to equations'(cferficTaigandfLCfﬁlf

u51ng the overlap integrals in Tables XXXIII and XXX1IV, are

presented in Figs. 28 to 31.° Flgures 28 and 29 correspond to the,

potential energy ¢urves in Fig. 27,.for which_vm = 1000 cmrl and
the excited state vibrational interval is l400}cm_l; Figu;§§f30

-
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: Tdble XXiiii;

=
[0}
[{°8)

Vibfatidﬁéi overiép iﬁgégrals for absorption-and
Raman excitation profile calculations . '

—l PN ‘ ‘ " V n a ;l‘ n b
v (em ™) O = 0. (a) v <v|v > C<vifvt>
500 .19 .0 3.1486 ~=5.9028
’ : 1 3.5370 -3.9408.
2 3.8567 -2.8117
.3 3.9641 -1.5950
1000 .16 0 2.8689 -5.0577 . .
1 0 4.3111 -4.8682
2 " 4.8824 -2.6327
3 4,8971 -0.3000
—
4a11 integrals are for v = 0. '
' < »
bAll integrals are for v' = 1. \\\
» . *
,-//\ ‘
" Table XXXIV. Vibrational overlap 1ntegrals for fluorescence BN
: proflle calculations ’
> k'a
¢ v_(cm 7) Q - Q. () v <v|v">
500 .19 0 3.1486
‘ — 1. ~ -5.9168
. 2 6.8227
3. -5.1066
1000 .16 0- 2.8689
1 ~-5.0927
2- 6.0387 -
3 -5.%5127
]
4a11 integrals are for v" = 0.
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and 31 glve the results for another set of potentlal energy curves,l
which have Qk - Qr = ,19 A and vm‘= 500 cm l. The character1st;cs’v
of these profiles are summarised in Table XXXV.

Profiles calculated using values of Qk - Qr as much as 15%

different from those in Tables XXXIII and XXXIV are nearly the

same in appearance as those ‘in Figs. 28 to 31. The most important

features of the spectra and the excitation profiles are the

following: i | |
(a) Both the RR excitation profile and the fluorescence

- spectrum are red shifted with fespect to the absorpticn spectrum

as calculated for each pair of potential energy, curves; the shift

of the fluorescence curve is dJreater than the shift of the RR

[

profile in every case.
(b) ~ The magnitude of the damping affects the sizel of-

the red Shlft of . the RR. exc1tatlon profile, while its |

frequency dependence 1nfluences the asymmetrles of the profiles.

The asymmetry of the RR excitation proflle is greater than

.

that of the absorptlon spectrum in every case. The absorption

spectra and the RR exc1tatlon,prof11es are blue shifted

when the damping is changed frcmvfrequency dependent to

y constant. v - e

(c) The halfwidths of the RR excitation proflles tend to

- e

exceed those of the correspondlng absorptlon bands, the dlfference

in halfwidths is greater when the damplng is constant. The'

fluorescence spectra are narrower thah either absorption or Raman

excitation spectra.

These results imply that the red shift of the RR excitation
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".orlgln as the red Shlft of the fluorescence spectrum, namely the

»absorptlon and to em1551on, it is. loglcal tha

“RR exc1tatlon proflle with respect to thé a

'separation, rather than in the shapes of the curves.

v

- - B
e S -

i dlfference in potentlal minlma Qkfv Q'."Slnce,the Raman' :

scatterlng tensor contalns overlap 1ntegrals'correSpS§dlng to

_the_ Shlft of the

'rption spectrumw;s

. T } ) .z

l"“h w e

e oAl

A

. .- B . . Lo . L i R to . . .
. . P , R - - . oo . .
3 - - - L .
X o\ B : M N .
. RSN . e . L 4 . B . : S N o ) .
. . o . : . - . - . a - . ’ :
o - - B < i . - ’ L. . ' «
. " R . . B . R - " . . B B
. k A B . - s - 16
R \ . .. L e N - - . e . . L e g .
. .- - . . L« . - . . - N
- S e e B 4 - - ’ | - - . .
—= < - < s

fproflle w1th reSpect to the absorptlon spectrum "has the same

Ain the same dlrectlon, but not as dreat as, the Shlft of the

) s
5

fluoresecence spectrum. ‘Thus, a dlscrepancy between the max1mum o

C-

%

of the RR exc1tatlon proflle and\that of the absorptlon specthum 7'

for a partlcular system need not requlre the part1c1patlon of

hlgher 1ntermed1ate states, as has been pr0posed*by some authors:;

&
~ - [

When Qk = Qr,'accordlng to equatlon (C 6) the Raman lnten51ty

vanlshes, singe for each v" one of the overlap 1ntegrals equals O

-

¢ Tom T

vzero:_»Thls 1s;fzsent1ally tﬂé conclus1on reached w;th regard;to
o

the first term' ' the v1bron1c expan51on of the scatterrng tensor

{see equatlon (2. 7)}7 this term can contrlbute to the RR

& . A

s

~

excited electronic states are not equal.' The reSultsvpreSentedj
here show that the dlfference must be in the 1nternuclear

o P

"1ntens1ty only if the potentlal energy surfaces of the ground and,é

-0

5,6

&
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. . o ' - _APPENDIX D - A \\\
‘dissociation of the complexes into ions are described. Tonic

'electronically,excited TCNE eomplexes, so that the existence of

168

S T

. "PHOTOCONDUCTIVITY IN ELECTRON DONOR/ACCEPTOR COMPLEXES\\Zﬁx\_‘lq»/

TETRACYANOETHYLENE
4

¢

In Sec. 5.2.3, experlmental results whlch suggest the non-

radiative damp;ng of the exc1ted states of TCNE EDA complexes by

i

dlssociation of EDA complexes in'fhé;first excited CT state Ras

already been studied in detail for tetracyanobenzene (TCNB)‘ ’
complexesl—4, and has been reported in a briefer investigation of .
TCNE EDA complexes4.i_The experiments described in ehis appendix
were’perforMed to check for the presenee of ions in solutions of . »fl”
this nonradiative damping mechanism could be eSE%Blished."The;;‘

also'prOVidé-a cheok &n the previousiy published datasfor TCNE
N ‘ . - % ‘

-

,complexes. Since the:donor and the accéptOr ions which are

1 - .
generated jf ionic dissociation occurs can act as charge carriers,

photocondﬁftivity'measurements'such as those described here can be -

used to -test for,the creation of ions in -solution. _

The photoconductivity cellvused has two 1 cmf/platinum~
electrqdes, wrth a spacing of 2 mm so that a laser beam can be

.. ﬁ.(’»'

dlrected between them. The cell is fllled w1th4the solutlon to be

examined, and a ootential dlfference .(up to 200 volts) is applled .

to the electrodes: The laser beam is modulated at a frequency of -

¥

625 Hz w1th a mechanical chopper and passed between the electrodes,
% .
if ions are produced in the solutlon, the. resultlng photocurrent

is detected with a lock-in ampllfler'by measurlng, at the modu—

* lation frequency, the potential drop across a load resistor

CTWERS
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T

(between lO and lOb ohmns) connected in series Wlth the conduc—

’"t1v1ty cell The apparatus gave an S/N ratlo of approxrmately

1 for a current of about 10 1l amp. Where photoconduct1v1ty was

observed, currents were of the order:of 10" lO amp or more for-
. A ? 2

complex concentrations of about whthy | e

The results of the photoconductivity'experimeﬁfsVare

summarised'in Table XXXVI. The CH2C12vsolutions of each TCNEv 'K

-complex- Investlgated’showed'measurable conduct1v1ty upon

-

exc1tatlon in. thelr CT absorptlon bands. ~For o-dimethoxy-
T

benzene/TCNE, thlS occurs both for excitation ;nto the flrst
’?and ﬁnto the second CT absorptlon band.' Slnce the two CT
absbrption bands of ﬁ—dimethox?benzene/TCNE both,absorb the
Argon laser light used to excite the photoconduétivity, Table XX&VI

indicates that'photoconductivity occurs for excitation in‘both'CT‘
- .
bands of thlS complex

The 1mportant role of the solvent in the dissociation process
is also illustrated in Tabld XXXVI. For cyclohexane, a solvent :
of lowadielectric‘constant (e = 2.015), the data indrcatezthata

any ionic dissociation miust be more than an order of n{agnitudeéﬁa

weah@r than the ionic dissogiation in.CH2Cl2 (e = 8.93). These )

results are cohsiStent with thosé cited earlier; the excited TCNB«

complexes were fdund to dissociate into ions in polar media and @~
to give up their excitation energy 'in other ways in nonpolar ':: “

soLgentsl~4. The data in Table XXXVI are con51stent w1th the

.results of the flash photoly51s of benzene/TCNE and HMB/TCNE 1n77
CHzci; solutions, where the TCNE™ ion was identified by means 3

of its absorption‘spectrum4. Thé photoconductivity signals . Lo

LS
bve
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observed_for'the Oedimethoxybenzene/TCNEvand m-dimethoxy -~

. differential absorption effeCtsf' .

benzene/TCNEccomplexes when the respectivevliquid electron donors

. were used were an order of magnltude weaker than when CH Cl was

YF 2

the solvent _ T 'f'.j : ‘ S

‘Thehmesitylene/TCNE;and o-dimethoxybenzene/TCNE complexes

were selected from among those listed in Table.XXXVI forlfurther

& . - « * e

investigation‘ The,CH Cl solutlons of; these complexes gave

- —

photocurrents w1th these characterlstlcs (a) w1th1n experlmental
uncertalnty, the magnltude of the photocurrent is proportlonal to

the laser power; (b) the curreﬁt is- proportlonal to the potentlal

difference across the electrodes; fc) any exc1tatlon wavelgngth,
dependernice of the photocurrent is too small HP be detected i.e.

‘the current does not vary by more than about: 15% ‘over the wave-

[

i

accessible with the Argon laser. Thls also applles

14 ~ E.

tion wavelengths near 600.nm (from the dye laser),are‘féﬁ

used. Therefore, the'frequencyuﬁépendence of the damping = .
mechanism proposed for the TCNE complexes: (Sec. 5.2.3) was not

1

confirmed by these.data. It should be stated ‘that the experimental

- . 4 . o—

conditions preclude any deductlons from thls negative result,
because at thefconcentratlons required to,obtaln'reasonable

photocurrents any, wavelength dependence would be masked by

So far no attempt has been made to quantlfy these results w1th

¥ 1 —_——— - e ——

regard to rates of ion productlon and llfetlmes of ions in solutlon,

since thlS would require extensive systematlc work beyond$2he
sc0pe of this partrcular investigation, the purpose of\whlch was

limited to the establishment of the ionic dissociation of the



. «— ' -

excited complexes.

¥ —

- depends-.-on a number ofﬁparametérs\ most of which are- elther

¥ 2 LT T #

unknown orinot subjectvto control in the rather simple experimental

arrangement used here, the experlment was restrlcted“essentlally
to- the questlon of the ocoﬁrrence of the photoconductlvrty Hence

. the 1nteractlo% between the electronlcally excited complex andﬁthe

— 3

o
. solvent molecules Wthh is suggested in Sec. 5.2.3 ‘as the source
7

T ~of the nonradiative damplng does 1ndeed léad to ionic dlssoc1atlon

in some solvents.

~
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