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CHAPTER I
INTRODUCTION
Anion Radicals

It has long been khown that certain aromatic hydro@arc
bons Would react with alkali metals to give hiéhly colored
adducts. These adducts were thought to be com?ounds with
sigma bonds between carbon atoms and the metals, Suchvcom=
pounds as sodium napthalenide wers represented as C;ﬁMlo '
In 1953 it was found that this compound had & strong EPR
signal and that the ™g® value for the electron was very
close to that of a free electron indicating the compound
was actually an anion radical, Na*gfj? (1},

It has also been found that aromatic or unsaturatedf
hydrocarbons with strongly electron withdrawing subé;ituo
ents such as =0=0, -NO,, or -C=N would easily form anion
radicals. Tetracyanoethylene (ethenetetracarbonitrile or

TCNE) with four electron withdrawing groups substituted on-
‘to an ethene molecule falls into this categoryo"lt is a

planar molecule belonging to the symmetry group D The

2h°
infrared and Haman spectra. of TCNE are awvailable and funda-=
mentals have been assigned from 100 to AOOOcmgl (2o As ex-
pected, TCNE has a high electron affinity (3) and can easily

be reduced to the'anioﬂ radical.



The anion radical of TCNE was first reported by’Wng
Phillips HJ C. RoWell and 5.I. Weissman (h) It was found
that TCNE reacted in the vapor phase with potaselum to glve
a deep purple SOlldojAn EPR study of solutlons of these ade
ducts shewed them to be paramagnetic (g~2 0026) 1ndlcat1ng
that the complex formed was K ,TCNE®, Two. later papers cone
flrmed this finding and reperted in detall the preparation,
propertles» and reactlons of TCNE“ {5,6), It was found that
TCNE anion radicals could be prepared with metals such as
megne31um alumlnums zinc5 sodium, and even copper. These'
eompoundskwere jdentified by their 1nfrared spectra which
had aESOrptieﬁ maxime‘at 1360, 2180 and 2210cm lo .

The reported infrared spectra of TGNE° are strlklngly
differenbp(B).from those of the parent compound TGNEo_iﬁeva
erél"fundeﬁen%als of}TONE,are absent in the anion spe6§?e,]_

} appears in>thej_

and an intense new band at 1370 to 1390cm”
spectra of the aniona- Apparently howevers TCNE° is qulte )
similar to. TCNE in molecular strncture, EPR studles of
electron exchange between TCNEo and TCNE" (4) and fluorescence
studies of TCNES (7)~shew that TCNEf-ls-fqrmed w1ph9utv§evere
structural medifleeﬁien,exeept perhaps fOrHemall cﬁengee}iﬁ
bcﬁ&"leﬁgth,’iA study. to~invéstigate the*ﬁnuSual'iﬁfrared
spectra of. the anlon radicals was. undertaken by Jack Stanley
(8)° Samples of Na© ,TCNE® end K* ,TCNE® were prepared under
vacuum and studles made of their infrared spectrao These

speetra were 51m11ar to those reported in the 11teraturee

Hewever it was found that the position of the absorptlon



bands were slightly different in the spectra of Na*,TGNE?
ande+,TCNE?. This indicated that the nature of the cation
must play a role in the complex and that there is a back
transfer of éharge from TCNE® to the cations. This allowed
chafge transfer theory to be applied to the énion radical
and ﬁhe Ferguson-Matsen theorem (8) to be used in explaining

the spectra of TCNE®.



CHAPTER II
THEORY
Mulliken's Charge Transfer Theory

Charge transfer complexes have been a subject of inten-
sive study‘in"chemistryﬁ Usuaily“these complexes, such as
ioding in benzene, are highly colored and emphasis was
placed upoh the electronic spectra‘of the complexes and the
nature of‘the forces holding the complexes together., A
quantum‘mechanical treatment is given by Mulliken (9;.10).-
for electron donors, D, and electron acceptors, A, in weak
1:1 complexes. In simplified form this attributes to the
normal state of the complex a wave function,}é/Ns which may
be written as

5¥/N*a}pb(D,A)+b'¢&(D+,Aé)o The symbols
y&b and)ﬂi are respectively the wave function for the un-
bonded state and for the bonded, or dative state, with a=l
and b<<a. Mulliken's theory proved satisfactory for inter-
preting the electronic spegtra 9f?charge transfer complexes.
The theory predicts that the“énergy of intermolecular elec-
trof excitation will be given by ©

hJ/=IDmAA+«:; ; | |

where I is the ionization potential of the donor, A, is the

electron affinity of the acceptor, and C is a constant



containing coulombic interactions and other energy terms.
Linear relationships are obtained by plotting h¥ against ID
for a series of charge transfer complexes using the same
acceptor and assuming C constant (16, for example).

The infrared spectra of charge transfer complexes how=
ever, were not so easily understood. Often, as well as the
absorptien bands of the doner and acceptor appearing in the
spectra, sometimes with altered intensities, new bands ap-"
peared such as the 992em~! band of benzene in the iodine&
benzene complex. This 992cm“1 band corresponded to the -
Raman frequency of the totally symmetric ring breathing vi-
bration in benzene. However, infrared activity of this fun-
damental is forbidden by symmetry considerations in free ben-
iengo Therefore it was postulated that upon complexing,'thé
symmetry of the complex allowed activation of the Raman mddé.
However; E.E. Ferguson énd F.A, Matsen correctly explained
the activation of this vibrational mode as resulting from an
oscillation of the icnization potential of benzene during pﬁe

symmettic vibration (11, 12, 13).

Ferguson-Matsen Theorem

According to the Ferguson-Matsen theorem, there is a
,m~wm£hange in the vertical ionization potential of’behzehe dur-
1ng the symmetrlc ring breathing vibration. Figure 1 shows
that durlng the vibration the vertical 1onlzatlon potentlal
of the benzene molecules oscillates thereby cau51ng an os-

ciilatlon of charge from benzene to the iodine. lp;s charge



Figure 1. Change in Dlpole Moment of the Iodine-Benzene
' Complex During the Totally Symmetric Ring
Stretching Vibration

oscillaticn”causes a,change in the_dipole moment Qf theéccma
plex perpehdicular to:the benzene'ring as represented bylthe
arrow and'hence infrared activatiqhvof the totally syﬁmetric
ring breathing vibratiohal modefih benzene. This modeifhas
preﬁehhquiteﬁsuccessful in explaihing the'infrared:spectra;‘
of{charge transfer ccmplexes° | | | |

| The FergusonnMatsen theorem has been successfullyvapa
plied to charge transfer complexes of TCNE and seems. also to.
apply to the anion radicals of TCNEv(S) ‘It has Been found
(17) that the hexamethylbenzeneaTCNE charge transfer complex
exists in the solld state as needlellke crystals formed by
alternate,stacking of the planarhhexamethylbenzene_and?TGNE
molecules. As shown for the'lﬁégcmal band in the comple;:
assigned tcythe_totally symmetric carbon double bond_vghraf
tion of TCNE in Figure 2 (a; these crystals show dichrgismo
Infrared studies carried out with peolarized radiatibn showed
that spectra made when the crystals were perpendicular to
the radiation vector (Figure 2 (a) were different from those

made with the crystals parallel to the radiation vector



(Figure 2 (b))° The enhanced activity of the mode perpen-
diculer_te the planes of the melecule was snccessfuliy»exe
plained by the Ferguson»Matsen'theorem although the theorem
would predlct no act1v1ty for the id-plane mode shewn in
Figure 2 (a)s More recent studies by the same research

-1

group have sﬁownvthat the lﬁéZcm in-plane activity-is

absent in spectre of ‘better driented erystals;

I erystal axis

{ Polarization ———tie
( of. L —
| Badiation s |
St  ":; . ; | e - S _ — ¥
o f\gd,/‘“"* S —— | erystal axis: =

Figure 2,  Inten31ty of the l562cm 1 Band in Hexamethylw_
: o benzeneaTCNE Complex When Observed with the’
- Radiation Polarized (a) Perpendicular to.and
b) Parallel to the ‘Axes of the Crystals
Eerguson and Matseh also establlshed a semi- quant1ta=
tive relatlonshlp between ‘the change in vertlcal ienlzatlon
potential of benzene and the change in the polarlzablllty
ellipsoid durlng totally symmetrlc v1brat10ns (ll 12, 13)0
Mulliken”s deserlptlon of the wave functlen for a chargei'
transfer complex is |

yN+a')//. (D A)+b;ﬂl (D*,A7),

Eer a nen polar donor and acceptor ‘the dlpole m@ment of




forY

the complex would be given by,um?b%ul» where‘ﬂl is the di-
pole moment of the dative state. Since.ul is invariant, a
change in,u‘E with a change in a normal coﬁrdinate’"Qiﬁ in a

complex of benzene would require a change in’ "b¥, or

oMy 32Uy _ 2bi /o
(a Qo> < EEh = 28y >
Q=0 Qs =0 " 'Qigﬁ

Mulliken (10) has shown a relationship between the donor®s
vertical ioniza;ion potential "I" and the dative coefficient
LATLN FergusonfandfMa;sen (ll»Aléb have shown that a rela-
tionship existg‘betwe@n‘"Iﬁfand the scaiar‘ﬁﬁlarizabilityﬁ

"PY . hence Uy GCBV”I“:P and

QUNY /3 oI P
<3Qi)qimo<(97§)a C(g@“) T)Q =0

where Yo% implies a iunctloqal relationship., The above re-
lationship 1mplies thau a change 1n the ‘scalar polarigzability
occurring only in tatally symmetrlc Raman modes gives rise

to a change in bhe dipole moment ‘of the complex and infrared
activation of the modeoﬁ Thls resultb in-electron charge
being "pumped® from the donor to the,acceptor with the fre-

quency of the vibrational mode.
Brown's Vibronic Interaction Theorem

It has been foundvthatvihe changes in intensities of
abserption bands of donérs énd acceptors mponVCOmplexing
could be explaineﬁ‘ip/terms"of;?vibroﬁic interactioné“ in
the 7 electron syst@m_as_pfopbséd byfThedefe'BrQWn (ias
15). Brown fouﬂdbﬁﬁét_during'ihaplaneamodés of vibration

in ph¢nylacetylenss and in benzene there was a migration of



w electronic chargé. This is illustrated in benzene in Fig-

ure 3,

(a) (b)

Figure 3. Vibronic Interactions Durlng an Innplane Vlbrae
tion in Benzene

The small signs inf(b) indicate polarizatié% ef the ¢
bond system during the vibration relative to thaf ih the
equilibrium éqnfiguya§ien (a);ﬁjTHéllerge’arrow‘indicééeé‘a
dipole representing a migration of Tr electronic charge dur-
ing the vibration which in parﬁﬁgéﬁcels the dipole formed
during the vibration and decreaees the intesisity of th??,
mode. In complexes where benzeﬁe functions aseelectron
donor, part of the ar electronic eharge would be drawn off,
reducing the vibronic interactions and thereby changing the
intensities of modes of vibration occurring in the plane ef
the molecule,

A study of the 1nten81t1es of spectral bands in TCN]ZL:-=
hexamethylbenzene has been made (18). Upon complexing, a

marked increase in theflntgpsity of the 1380cm”l band in
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hexamethylbenzene was found and successfully explained by
vibronic interaction theory. Upon forming the complex,

some of the w electronic cloud wasﬁpransferred from hexa-
methylbenzene to TCNE causihg a reduction in the vibronic
interacgion in the hexamethylpenzene and'incfeasing the in-
tensity~of the vibrational modeo ‘The increase in % elec-
tron charge on the TCNE molecule could’ have the opposite
effect, i.e., the vibronic interaction should decréase the
intensities of the in-plane vibrations. A decrease in in- 1
tensity was found in a study of the 1150cm™1 by, G-C stretch

in TCNE upon complexing with hexamethylbenzene.
Application of Theory to Complexes of TCNE

The Ferguson-Matsen theorem and Brown's vibronie inter-
action theorem have been applied to explain the unusual spec-
trum of the anion radical of TCNE (8). Figure L shows the
spectrum Qf'TCNE (a) and of'K+»TCNET (b). The main featurés
of the spectra of K+,TCNE7 are the intense new band at 1370«
cm’l, the intense new bands at 2200&:111”l (The twoibaqu at i
2180 and 220lcm™~ are believed to result from a Singlggmode
split by crystal effects and will be referred to as the
QQOOcmBl bands.) and the aimosthgqmplete disappearance of
the bands'ppét occur at 80Q, 970, 1170, 2220, and 226@;m'1
~ in TCNE. 'USing the Ferguson-Mafsen‘theoreM'the»ihtgnée"

1

new bands in the compléx at 2200 and 1370em”™ weré'aSSigned

with the help of a molecular orbital calculation to symmet-

ric Haman modes in TCNE occurrihg at 2247 and,15690m“1;” “
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Figure 4. Infrared Spectra of TCNE and TCNE" Derivatives
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The absencevOf the TCNE infrared fundamentals in the
anion spectra was accounted for by vibronic interaction of
the electron transferred to TCNE with the dipole moment of
the ifi-plane vibrations. The electron transferred to the 1
orbital of TCNE is free to move over the plane of the anion
and correlates its motion with the dipole formed during
planar vibrations. This causes a drastic reductioﬁ in the
intensity of the normal fundamentals of TCNE,

The electron transferred to TCNE from the alkali metal

should enter the lowést energy vacant 47 orbital of TCNEo

Io-——-w---ba9

ot 9 byu,

8 Ay

/A bzg

5 “"""""bzy

() . (b)

Figure 5. Energy Level Diagram and Shape of Lowest Vacant
7 Orbital of TCNE ‘

Fiéure 5 (a) shows &n eneréy level diggramﬁfOr TCNE 6btaiged
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by H. Kuroda, etoalilfrom a self consistent field molecular
orbital calculation (19). The vacant 7 orbital of lowest
energy is the LDy orbital sketched in (b). The orbital is
antibonding with respect to the cyanide and olefin bonds»and
bonding with respect to the carbon single bonds. An clec-
tron entering this orbital should reduce the bond order of
the =C=N and\b=0/bonds and cause their stretching frequenn
cies to shlft to lower energles while the C-C bonds should
increase in bond order and shlft to higher energies. Tne”

assignments made for the 2200 and 1370cm l

bands in K' |
TCNE? then agree at least qualltatlvely with the molecular
orbital calculatlono~’ ' 1

An assignment similar to that made for'K+,TCNE? can oe
made for Na+;TCNE? However the absorptlon bands. at 1370 ”
andx2200cm”; in K TCNE° are found to be shifted toward.
higher energles in Na_-,TCNE"° This is consistent with the
fact that Na+4has a higher electron affinity than Kf there-
fore there should be more backbonding from TCNE® to the cat-
ion, _Thistbackoonding removes electronic charge from the
b2g
C=C‘and_CEN?bonds,and'decreasesﬂthe_bond*order of the,@e¢

‘orbital of TCNEf*which increases the bond order of the |

bond;'lﬁorresoonding shifts are noted in the spectraa_

If the proposed model and explanations are correct,
they would predlbt that the positions of the actiVated Raman
bands wohld be a function of the electron afflnity of the
cation. ‘This investigation was undertaken to 1nvest1gate

the spectra of anion radicals of TCNE with cations of
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varying ionization potentials., Spectra of the anion radi-
cals of Li, Na, K, Cs, Zn, Cd, and Hg would allow the pro-
posed model to be tested and enough information gained per-
haps to make further assignments from the infrared spectra
of the anion. If the propdsed model is correct, it would
also allow an estimation of the percent of electron trans-
ferred to TCNE by the electron donor in complexes since
percent electron transfer would be related to the shift in

the vibrational fundamentals upon complexing.



CHAPTER III
EXPERIMENTAL
Apparatus

- The anidn radicals of'tetrae§anoethylene afé Highly re=
actfve towaranir and water° Because of - this the samples
used in this investlgation were prepared under vacuumolﬂTne
essentlals of the vacuum system are shoWn in Figure 6. Liq—
uid nitrogen was used in the trap to condense contamlnants,'
pump 011, and unused reactantso' Pressures on the: order of

6

lOfvvtorr could be achieved with- the system,lf suffic1ent

time was allowed for. degassing the system.

Ionizationve
Vacuun '
Guage
Reaction ; - e . : VacuumJ
Cell , Trap A ? 1 Pump
' 011 : | Thermo-
Diffusion{. - couple
Pump Vacuum
‘ , : : Guage

Figure 6. Schematlc Dlagram of Vacuum Systems Used in
Preparlng alts of Tetracyanoethylene

15
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The details of the reaction cell are shown in Figure 7.
This cell was devised by Jack Stanley to allow a vacuum prep-
aration of tetracyanoethylene salts by diffusing TCNE and
metal onto a CsI crystal attached to a cold finger. The met-
als were vaporized in a two champer copper oven (a) heated
electrically by ceramic feed throughs, threaded with nichrome
resistance wire. These feed throughs were inserted in holes
drilled in the copper ovens. The TCNE was vaporized from a
glass tube (b) covered with a piece of lead foil with a pin
hole in it. The TCNE could be heated with a small ceramic
resistance heater (c] to control the rate of sublimation.

The vaporized métal and TCNE reacted in the vapor phase
or condensed on the CsI crystal:(d) and then reacted. The
temperatufe of the Csl crystal could be lowered by means of
a cold finger and dewar (e) to aid in collecting the salts.,
The cell was constructed with CsI windows (f) so that the
dewar and Csl crystal could be rotated 90° after deposition
and the sample studied by passing amn infrared beam through
the windows and the sample.

The ends of the reaction vessel were sealed to copper
plates (g} with O=rings. A ceramic feed through (h) allowed
electrical connections to be made to the heaters and thermo-
couples to be placed in the cell to observe the temperature
of the ovens. .F@il reflectors were added if necessary to
reflect heat 5ack-to'the oven, Connection of the cell to
the vacuum system was made through a valve (i) and the pres-

sure of the system measured with an ionization vacuum guage (h).



() ‘ ' é

Figure 7. Reaction Cell for Vacuum Preparation and Infrared Sampling of
Salts of Tetracyanoethylene

(8
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Preparation and.Sampling of Salts

Before each reaction the cell was cleaned thoroughly by
washing with warm sudsy water to remove unreacted TCNE, meta
als, and salts which had been deposited. The cell was then
rinsed with acetone and dried. The Csl windows were rinsed
with absolute alcohol and polished with a tissue wet with
absolute alcohol on a glass plate until they were optically
clear,

A pyrex tube was loaded with TCNE which had been puri-
fied by twice subliming practical grade TCNE. The pyrex
tube was capped with lead foil and the tubé inserted into
the ceramic heater. A small hole was pierced in the lead
cap just before the cell was assembled. The oven was then
loaded with the metal to be vaporized. The reactive alkali
metals were cut into approximately 1/2 gram chunks under
kerosene to prevent an oxide crust from forming on the mete
al. Also, when an alkali metal was used the cell was assen=
bled and evacuated as quickly as possible after the oven was
loaded. After the cell was assembled, it was evacuated for
about two hours before a reaction was started to remove ker-
osene left on the metal and other contaminants and to degas
the cell,

After a sufficient evacuation period the metél oven was

warmed from the front heater to degas the ovens before the
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metal melted, Just before the temperature was reached at
which the metal vaporized, the TCNE oven was warmed to about
60° to get a stream of TCNE vapor from the pinhole. The CsI
window was then rotated into position to receive the sample
and the TCNE salt was collected, vSince the temperatures of
the reactants are the main way of controlling the gases dif=
fusing from the oven, ani excess of TCNE was used. The ex-
cess TQNE could then be removed by operating the vacuum sys-=
tem for a period of time or by heating the sample by adding
warm water to the dewar holding the window. It was found
that if the samples were deposited at room temperature,
little TCNE was trapped in the sample.

Infrared specdtra of the samples were taken immediatély
_,upon“deﬁosition and thenim hours later. If the spectra

showed éxcess metal, additional TCNE was vaporized upon the

Wiﬁ&@w:fbr_a period of time. "
Samples of the anibn radicaiiéf TGNE-With*sodium;;Poc
tassium, cesium, anq‘cadmium were:preparéd“by the aﬁbvebfl
method. Attempts to prepare mercury tetraéyanoéthelenidg
by this method were unsuccessful.  Zinc and lithidm wer§ 
very:hard to obtain with the dbove system, Hest from the
hot ﬁétal,gven warmed the TCNE b¢£ore thé métal was V?pQr;
ized and the TCNE vapors reacted{With the molten metal igﬁ
the oven. A cold finger was attached to the TCNE oven to
kéep_it at low temperatures unﬁil the metal was dePoSitingo
A few sémples of Li*ﬁTCNET,were prepared but they were of

poor Qualityoz The metal oven oftén shorted out before thé
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necessary temperature could be reached. 'A 10 ohm ceramic
heater substituted for the copper oven was found to be

satisfactory for vaporizing zine and lithium. F

The infrared spectra of the salts were recordeé in the
200 to 4000cm™t region with a' Beckmann IR-7 Spectrometer.
"The spectrum was scanned in the NaCl region from 4LO0O to
600cmml by use of NaCl prisms and the better samples were
recorded in the CsI region from 200 to 600em™1 by means of
a CsI prism interchange. " Since the IR-7 is a double beam
instrument and the windows of the reaction cell were' €sI,

a 10cm evacuated gas cell with' €sI windows was placed in the
reference beam. 'The background was scanned before each run,
but since it was almost flat and remained relatively constant
it could be ignored if the cell windows were cleaned and
polished before each run.

A sample suitable for Haman spectroscopy was prepared
by reaction of potassium iodide with' TCNE in acetonitrile
under a nitrogen atmosphere. "The solution was placed in a
glass tube with a flat end, evacuated to remove the solvent
and iodine, and sealed by means of a stopcock at one eng of
the tube. "A Raman spectra of the sample could not be ob-
tained, probably beegcause the sample absérbs strongly in the
visible region of the spectra. "Also, visible spectra were
takén of several selected samples° "However, infrared spec-
tra taken after the visible spectra showed the samples to
have reacted with oxygen and water so the attempt to obtain

visible spectra of samples was abapdoned.



CHAPTER IV
RESULTS

TCNE anion radicals with Cs, Li, Zn, and Cd have been
prepared and infrared spectra obtained of these salts.
Although it was originally proposed also to prepare'Hg+2,
(TCNE7)2, attempts to prepare it were unsuccessful. TCNE
placed in a container with Hg for several weeks showed no
evidence of reaction. However, since TCNE vapor could re-
act with Hg whereas TCNE solid might not, several attempts
were made to prepare the compound by vaporizing TCNE and Hg
together as was done in preparing the other salts. No salt
was deposited on the window, but a black appearing deposit
was formed on the copper support for the window. This how-
ever, appeared to be finely divided Hg and it was not solu-
ble in acetone as TCNE: salts are.

The salts of Cs and Li were similar in appearance to
the red-purple salts of K and Na. ’Cs+;TCNE7 appeared to be
more red in color while'Li+;TCNE7 appeared to be more pur-
ple. The salts of the alkali metals deposited at low tem-
perature appeared to be brown, but changed to their charac-
teristic colors as they warmed. 'The salts of Zn and Cd ap-
peared to be green, with perhaps a slight purplish cast to

thick films. It has been suggested that this purple color
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might come from an electron transfer between a TCNE anion
radical and a neutral TCNE molecule (4), but this is not
likely. The color of the alkali metal compounds vary with
the cation and weak complexes of TCNE are purple so the
color is probably characteristic of the complex.

Spectra for the prepared salts were studied in the
spectral region for 200 to hOOOcm’l, The spectra are re=-
ported only for the region from 400 to 2L;OOcm®l° N6 infra-
red activity related to the anion appears in the 2400 to
hOOOcm=1 region and atmospheric absorption and low spectro-

photmeter energy in the 200 to hOOcm”l

region makes inter-
pretation very difficulto

Another complication in interpretation is impurities
in the spectra. The main ones are unreacted TCNE and the
dianion of TCNE. The spectra of TCNE is well known so its
bands can be eliminated from the spectra. For the dianion,

the cyanlde stretching peaks are shifted down about 100cm™ -1

=1 and

and a broad but weak band occurs from 1260 to 1300cm”
at 9850ma » Also,especially on samples kept under vacuum
for a length of time, oxidation and hydrolysis reactions
occur. The products are reported to be the pentacyano-
propenide and tricyanoethenolate of the respective metals
(6)., The infrared speectra of the pentacyanopropenide ion
is reported by C. Loopey and J. Downing (20) but that of
éficyanoethenjiléte could not be found. Studies méde.by

déliberately exposing samples to oxygen show that most of

bhe infrared activity of these impurities are in the 14002_“mm
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to léOOcm“’l region of the spectra., Fortunately this is an
area in which the anion radical does not absorb., By a care~
ful éomparison of the nelative intensities of several spec=
tra, the bands of the anion radical can be sorted out from
that of the impurities, especially since the impurities are
usually present only in very small amounts. In the Figures
g8 and ¢ used in the discussion, the peaks in the infrared
épectra believed'to be impurities have been eliminated.
However, in Table I, all questionable peaks are recorded
along with those of the anions.

Figure g Shows the spectra of Cs' ,TCNE® and Li* TCNE®,
The main features of interes€ are the intense bands at 219%,
2178, and l3580m’1 for Cs+»TCNE?; the bands at 2212, 2185,
and 1387cm_lvfor Li*,TCNE?; and the infrared activity in
the CsI region (below 700cm”l) of the spectra. These spec-
tra are very similar to the spectra of the sodium and po-
tassium salts of TCNE (Figure 4) except for.some slight
changes in the position of the major bands, as expected.
Slightly anomalous is the 1387Em=1 band in Li*gTCNE? com-
pared to the 1390cm™L band in Nat,TCNE?., This will be
discussed further in fhe following section.

The spectra of the Zn and Cd tetracyanoethylenides
are given in Figure 9. The major bands appear at 2218,
2170, 1367, and 1305cm”l in the spectrum of Cd-fz»(TCNET)Z°
Intense bands appear in the spectrum of Zn*za(TGNEi)2 at
2210 and 2120cm°l, but the rest of the spectrum is some-

what diffuse. The CsI region of the spectra of the salts



24

of 4n and Cd appear much the same as those of the alkali
metal salts. The only 2:1 complex reported with which
these spectra may be compared is barium tetracyanoethyle-
nide prepared in solution by 5.I. Weissmann (21) who re-
ported peaks in the infrared spectfum at 22263 2200, 1610,
and 13600m=1° We have assigned the peak at lélOcm”l to oxi=-
dation products but otherwise the spectra agree reasonably
well considering the different method of preparation and
the difference between cations.

Just as it was surprising that the spectra of the al;
kali metal tetracyanoethylenides appeared so different from
the spectra of TCNE, it is equally surprising that the spec-
tra of the Zn and Cd tetracyanoethylenides (Figure 9) are so
different from thé‘alkali metal tetracyanoethylenides. (Fig-
ure 4 and 8)., Some chaﬁges could be expected because of a
change in crystal structure, but several new bands appear in
the spectra of the Zn and Cd salts and the position of the
bands do not seem to be consistent with the proposed model.

A discussion of this will be given in the following section.
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TABLE 1

Frequencies of Major Ba

in CM~

Td

s in the Infrared Spectra

at 22° C,

27

‘cs™, TCNES
2260 620
2195 s 594
2178 s
1510 ‘
1358 s Lok
1290
1190

975

q@fz,(TcNE?)é

zéié _ 690

S
2170 s 600
1367 s 558 s
1305 s 523 s
1212 462
1154
995
925
800
2
® L

553 s
517 s

~1305
11181 -

Li%, TCNE?
2212 s 551,
2185 s 527
1575 518
1387 s L5
1184

975

Za*?, (TCNE?),,

600
560
530
515

2210 s
2120 s

1245
1155
1028
991
810 -

strong absorption, all othérs wéak



CHAPTER V
DISCUSSION OF RESULTS

The infrared spectra of the tetracyanocethylenides of
cesium and lithium (Figure 8) are very 'similar to those of
the sodium and potasaium tetracyanoethylenides (Figura:h)
and analogous assignments may be made for the major bands
in the, spectra. According to the Fergusoanatsen Theorem,. r
totaily symmetric Raman modes of TCNE will be actlvated 1n
the spectra of the anion radlcalg These modes are those of
ag;symmetry‘liSted in Table II. | The absorption bands ap-
pearing at 1387cm~t in Lit TCNEorand at 1358cm -1 in Csf9
TCNE® aanabejassignea'to the activated G=C*stretching,ﬁode
occurring iﬁ the Raman spectra of TCNE at 1569¢em™ L, ThéSe
bands areJSEifﬁedhtoqlower energies bé@ause the ﬁnpairéd
electron of the anlon ‘radical enters an orbital that 1s
antlbondlng with respect to the C*C bond (see Flgure 5)
Since Cs ‘has'a lower eléectron affinlty than L1 . less
baakbbndlng occurs from TCNE° to. Cs, and hence the band
is red shlfted more for Cs TCNE° than . for L1 TCNE?

The. two bands that appear 1n the spectra at 2212 and
2185cm ~1 for 11, TCNES and 2195 and 2178cm™> in Cs*,
TCNE° are believed to result fromFSpliﬁtinguof a Singlé

mbde b& crYétal effects. Ehis_splittiﬁg does not Sccur

28
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in amorphous deposits of the salts made at liquid nitrogena
temperature but the splitting does occur as the sample is

allowed to warm and crystallize (S)Q Assignment then, of

bhese bands to the activated Raman C=N stretch at 2247 cm -1
in TCNE would be consistent with the molecular orbital cal-
culation since the electron should enter an orbital on TCNE
that is antibonding with respect to the C=N bond. Also, the

position of these bands are red-shifted more for the Cs salt

than for the Li salt, as expected.

TABLE II

SYMMETRIC RAMAN AND OUT OF PLANE (O.P.)
INFRARED MODES IN TCNE (2)

o s e r——— e

py ‘Species Activity Description oML
a, © B C=N Streteh 27t

¢=C Stretch 1569

¢-C.Stretch _ ~ ;579

| | C-C=N Bend 541
bya IR C-C=N 0.P. Bend 554 7
e o (EN)-C- (CN) 0.P. Wag LL2 7

Reverse ass1gnment from reference (2) as in refereace'(l?)

sz = 2 =

fﬁé éyanide stretching region for the Zn and Cd salts
(Flgure 9) appear similar to that for the alkali metal salts
and smmilar 3551gnments can be madeo However the proposed
model would predlct that 51nce Cd has a hlgher electron

afflhity than’ Ll , the positlan of the C=C. stretchlng mode
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would appear at a higher energy than that of Li$o The spec=

+2

tra of Cd"“,(TCNE"}, does not bear this out. The only peak

close to the expected value is at 1367cm°l with a slightly;Q
less intense peak at 1305cm°1o If the Broposed model is
correct, it is necessary to explain the position of the C=C

streteching band and the origin of the peak at 1305cmal°

1

First, it is possible that the 1305cm™~ band is not a

new mode, but could be assigned to the C=C stretching mode
along with the band at 1367cm”l° If in the crystal lattice
two anions are strongly associated with one cation, it is
possible that their vibrations could couple. This coupling
could result in a splitting in energies for the in=phase
and out éf phase vibrations of the two coupled anions.

This splitting also occurs in the C-C stretching vibrations
occurring at 1212 and 1155cm™! and at 995 and 925cm™! in
the spectrum of cadmium tetracyancethylenide.

It was at first thought that the backbonding from the
TCNE® to the cation was from the antibonding orbital the
electron entered; and, this is probably true in the case of
Cs, K, and Na, However, the backbonding need not neces=
sarily be from the orbital the electron entered. In com-
pounds where metals in low oxidation states are bonded to
7w aromatic systems, the compounds. are stabilized by two
interactions, {1} a transfer of charge from the metal atom
into the lowest antibonding orbital on the w system and
(2) a transfer of charge back to orbitals on the metal

from a bonding orbital in the » system (22). Hence, there
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are two factors causing the C=C stretching mode in TCNE® to
be shifted to lower energies in Cd*Q»(TCNE?)Q» {1} an elec-
tron entering an antibonding orbital and {(2) a loss of
charge density from a bonding orbital. It is interesting to
note that the highest energy bonding orbital in TCNE is the
blu orbital which is bonding with respect to the C=C and

GE& bonds (19]. However, since the.crystal structure of the
complex and the orbitals on Cd participating in backbonding
are not known, nothing conclusive can be stated about which
TCNE® orbitals participate in backbonding.

The possibility of TCNE% backbonding to the cation from
a bonding orbital is consistent also with the infrared spec-
tra of the Zn and Li salts. The spectra of the Zn salt, ex-
cept for the C=N stretch at 2120 and 2210@m§l, has very
broad and diffuse spectral bands making interpretation dif-
ficult., However, a doublet appears at 1305 and thchml
which can be assigned to the C=C stretching mode. Some
backbonding from a bonding orbital pfobably also takes
place in LingCNE§ causing‘the position of its C=C stretch-
ing band to be anomalous to that of the other alkali metal
tetracyanoethylenides,

The weak bands in the NaCl region of the spectra and
the bands in the UslI region of the spectra also merit some
discussion. Weak absorption bands occur in the thicker
samples near 2250, 1190, and 98Ocm='1° It was thought that
these might be TCNE trapped in the sample upon deposition

(8). Since the bands near 980 and 11900m“l appear as
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doublets in the Zn and Cd salts, it appears that these two
bands, and also perhaps the band near 225Ocm“19 are in-plane
modes of TCNE. These modes should be greatly reduced in
intensity by vibronic interactions upon formation of the
anion since the electron entering the w? orbital would be
free to move over the plane of the molecule and correlate
its motion with the dipole formed during the in-=plane
vibrations.

The major peaks in the CsI region are very much the
same for all the salts of TCNE studied. The Ferguson-
Matsen Theorem predicts that two symmetric Raman modes of
TCNE should be activated in this region on forming the anion
radical. These are the symmetric C§C stretch at 679cmal
and the C-C=N bend at 5,1cm™l (Table IT). .Although vibronic
interactions may greatly reduce the intensity of the in=
plane modes of #ibration, it should have little effect on
the out of plane modes of vibration. These out of plane
modes of TCNE are the C=C=N out of plane bend occurring at
55hcm=l and the (CN)-C=(CN} out of plane wag at hLZcmml
(Téble IT}. Thus, there are four major peaks in the spec=
tra and four modes that should be active. It does not ne-
cessarily follow that each band may be assigned to one of
these active modes. The €-C symmetric stretch is not very
intense in the Raman spectra and it is possible that it is
not sufficiently activated to appear in the infrared spec-
tra of the anion radical. It is akso possible that combi-

nation bands could occur in the spectra -in this region, but
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this could not be investigated since the spectrum below
L;OOcmml is not known. However, the spectra in the Csl re-
gion are somewhat consistent with the proposed model for

the anion radical.
“Summary and Conclusions

The purpose of this investigation was to determine
the role of the cation in charge transfer complexes of the
metal tetracyanoethylenides. iif,TCNE?, CS+Q$QNE?,'Cd?2,
(TCNE%), and Zn+2,(TCNE7)2 were prepared undef vacuﬁm by
crossing beams of the vaporized reactants and the infrared
spectra of the salts were obtained. The Ferguson-Matsen
Theorem was used to explain the activatioh of the symmetric
Raman modes in the anion and Brown's vibronic interaction
theory adequately explained the wash out of intensity of
the in-plane modes of the anion. Predictions made by these
theories regarding activity in the CsI region were consist-
ent qualitatively with the spectra. To fit Cd+2,(TCM%?)2
and Zn*zﬁ(TGNE?)z into the model proposed for the alkali
metal tetfac&ahoethylenides, it was necessary to postulate
that backbonding from TCNE® to the metal was from a bonding
orbital. This successfully explained the unusually large
red-shift of the C=C stretching mode in Cd+2,(TCNE?)2 and
Zn'?,(TCNE?), from that in TCNE,

This study indicates that the red-shift in the C=C
stretching frequency is not a reliable measure of the per-

cent of electron transfer from donor to TCNE unless it ean



3l

be assumed that no backbonding occurs from a bonding'orbitn
al on TCNE® to the donor. This assumption would probably
be valid for the Cs, K, and Na salts., However, it appears
that the electron donated from the alkali metals enters the
lowest energy vacant orbital available on TCNE, while in '
weak complexes the charge is donated to the TCNE orbital
’of proper symmetry to overlap with the highest energy
occupied orbital of the donor (19). Hence a comparison
of frequency shifts would give no information about the
percent of electron transfer in weak complexes unless the
charge from the donor enters only the b2g orbital on TCNE,
Although arguments have been made for the interpreta-
tions of the spectra and conclusions given here, these
cannot be regarded as definite without further confirmation.
A Raman spectra of the anion radical would definitely tell
if the assignments made are correct. However, because the
anion radicals are highly colored, it may not be possible
to obtain a Raman spectra. A study of single crystals or
oriented crystals of the anion radical with polarized radi-
ation would provide information about the orientation of
the dipole vector formed during symmetric vibrations.,
X-ray diffraction data would provide information about the
position of the cation in the crystal lattice and provide
information about the bond distances and, hence, the bond
orders in the anion radical. From the bond orders, a force
constant calculation could be made which would greatly help
in the interpretation of the spectra and allow more definite

a ssignments of the absorption bands in the CsI region.
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