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CHAPTER I
INTRODUCTION
The Problem

The solid binary mixtures between alkali metals and polycyclic aro-
matic hydrocarbons formed via gas phase co-condensation (1) are con-
sidered, qualitatively, to be either domor-acceptor type charge transfe?
(FT) complexes or solid solutions formed by the solvation of alkali
metal atoms into the interstices of the polycyclic aromatic hydrocarbon
crystals. The optical and electrica£ properties of these mixtures in the
form: of thin solfid films have not been reported. It was, therefore, of
interest to investigate these thin solid films experimentally and theo-
retically.

Charagterization of these binary mixtures 1s necessary to an under-
standing of their structuves as weli as the semiconductlve properties,.
Particularly, these materials obtained from gas phase co-condensation are
expected to display some unusual electrical and optical effects. There-
fore, extensive spectrosgopic work was dedicated to the characterization
tion of these mixtures. A deeper insight concerning the nature of con-
duction andvenergy level structure of these solids could be expected
from the optical and geonductivity méasurements.

The first part of this thesis deals with theoretical consideration
of the optical and electrical properfies in terms of a charge—tfansfer

process. Chapter III will provide a description of the detailed experi-



mental methods for sample preparation, i.e,, co-condensation, as well as
techniques used in obtaining optical and electrical properties for main-
ly the potassium-naphthalene system. Results and possible interpreta-
tions will be presented in Chapter IV. Since this approach can be ap-
plied to a large number of chemical systems, proposed objectives for
future study are also included in Chapter IV, Particular attention is
devoted to the preparation of binary mixtures between alkali metals and
polyarenes. Potassium has been selected for the electron donor, naphtha-
lene 1s chosen for eleg¢tron acceptor, The optical properties (ir, Raman,
luminescent and visible absorption spectra) and electrical resistivities
of the mixtures are the principle concerns of this investigation.

The Appendix, whigch has been published (2), presents some fairly con~
clusive results regarding the potassium-anthracene systems, For example,
spectroscopic data obtained for a range of the metal-organic deposition
ratios provides evidence for the existence of three stoichiometric salt-
like crystalline solids, i.,e., 2:1; 1:1 and 1:2 complexes, The vibra-
tional data represent the best available empirical evidence of the effect
of electron transfer én the bond strength in anthracene, Direct identi~-
ficatien of these species in future work should now be possible. The
Raman sampling technique used and the colored nature of the sample
favored the observation of a strong resonance Raman effect with 5145 2
line (green) for scattering produced by the anthracene symmetfic skeletal

mode in the K,A salt, The electronic absorption spectra in the visible

2
regilon, obtained to compare with the solution data, supports the observa-
tion of the resonangce Raman effect, Resistivities which were measured at
about 100°K using a four-point-probe technique should.be valuable to com-

pare Witﬁ#the.datay?ePOﬁted by Ubbelohde (13, 16).



Published reports concerning these systems are numerous (3—21).;23t
most previous sample preparations were either in solution, solid com:
plexes isolated after reaction in inert solvents, or layered complexes
prepared by evaporation of one component onto a thin film of. the second
component. Only electronic fluorescent spectra for solid samples of un-
known composition obtained from gas phase co-condensation of alkall
metals with anthracene have been reporﬁed by Slobedyanik and Faidysk
(11).

It is worth neting that these complexes are extremely reactive to-
ward traces of moisture and oxygen; they have»thus been prepared in an
inert atmosphere, and have only been available in limited amounts,
Furthermore, solutions of the ahions of various arenes prepared in inert
solvents (e,g,, tetrahydrofuran or dimethoxyethane) have not been suffi-
ciently transparent to give any-signal‘by‘ir‘obsérvation. Consequently,
the complete lack of previous spectroscepic investigation in the infra-
red region can be attributed te the difficulties of the sampling tech-
niques and the reagtivity of the samples, It was not convenient to
" undertake an . ir spectroscopic measurement without the technique whereby
the complex is condensed to form a thin film on.an infrared transparent
substrate ‘in a high vacyum. Even then, no chemical interaction between
substrate and sgmple can be allowed.

The present work was designed to (a) develoﬁ a solid sample prepar-
ation technique via co~condensatien to form a thin film on some suitable
substrate in order that (b), (e¢) and (d) (see below) can be carried out;
(b) investigate the optical properties using iﬁfrared and Raman methods
to-study the'effect_of'electron transfer on molecular vibration for these

particular donor-acceptor systems; (c) observe the electronic transitions



after formation of the complexes, i.e., absorption gpectra in the visi-
ble region as well as laser excited emission spectra; (d) measure the
reslstivity of the.complexes; (e) propose a description of the charge-.
transfer effect and the mechanisms of conduction and (f) suggest possible
interpretations based on the estgblished charge-transfer theory and from

the spectroscopic reeulﬁs;
Past Experimental Studies and Interpretations

Different sample preparation techniques can be expected to give
different physical states of .the complexes, which will lead to different

optical and electrieal properties and thus, different interpretatioms..

Samp;e Preparat;on Techniques

One can summarize the techniques used for preparation of samples
according to the physical states of the complexes obtained from the

various methods,

Complexes Formed in }peﬁt Selvents, The addition of alkali metals

to the polycyclie aromatié h&dro¢arbons was first studied intensively by
Schlenk and Bergman (3).  In 1936, Scott, Walker and Hansley (4) report-
ed that reaction of sodium with naphthalene and other polycyclic are-
matic hydrocarbons in dimethoxyethane leads to an intensely colored'solT
ution with relatively high éiectrical’conductance.' The existence of ;
these electrén transfeﬁ products were further evidenced by Welssman

(5,6,7), Hoijtink (8,9)10) and their coworkers, who were able to prepare

a large number of such solutions in tetrahydrofuran.

Isolated Solvent-Free Solid State Complexes. Holmes-Walker and
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Ubbelohde reported preparation of solvent-free sélid state complexes of"
‘1ithium, sodium or potassium and anthracene as well as other solid in-
termolecular charge-transfer complexes (12,13,14,15,16). The prepara-
tion technique was difficult and lengthy, They were essentiglly pre-

pared in inert solvents in an inert atmosphere, then isolated.

Complexes'Farmed Betwgen.Laxerg_oﬁ DonQrs’and Acceptors, In 1935,

Suhrman (17) prepared the complex by evaporation of the hydrocarbons
onto a previously deposited film of alkali metal. This technique was

further applied by Inokuchi (18), Kearns (19,20) and Vaubel (21).

Chargcterization of Samples

Spectroscoplc as well as alectrical properties and the photo~elec-

tric effect were the earlier wotrkers' primary interests,

Spectxoscopic Characteristics, Electronic and electron spin reso-

-nance spectra of mono. and di—negative ions of various arenes were re-
ported by Hoijtink (8,9,10) and Weissman (5,6,7) in solutions; The ab-
sorption spectra in the visible and UV regions of solid layer complexes
for sodium~anthracene and sodiumwperylene were reported by Kearns (19,
20) . There has been no sucéessful infrared spectroscopic study either
in solution or the solid state for these systems.. The first investiga-
tion of infrared band shifts with odd electron density in the aromatic
anion radicals was reported by Eargle and Cox (22) in solution. Only
benzophenone, fluorenene and biphenyl radical anions were reported in.
some detall ‘using dimethoxyethane ‘as solvent. Fufther, no Raman spect-
roscoplc investigations on metal-naphthalene system have ever been pub-

lished;k



Theoretical values from one-electron LCAOMO treatment of hydrocar-
bon negative lons were caleculated by Hoijtink and co-workers (9) in

order to determine the positions of the high free valency number for

o 7
various arene anions, e.g., for naphthaleneﬁ , the predicted

positions of the highest charge density are equivalent at 1, 4, 5 and 8

for mono and di-negative ions,

Electrical Properties pfvSolideomplexes. These were investigated

by Ubbelohde's group (12,13,14,15,16) in England. It was pointedout that
the remarkable increase of conductivity which was found for.aromatic hy-
drocarbons as electron acceptors with alkali metals as electron donorsv
can be interpreted in terms of charge-transfer complexation which per-
mits generation of carrlexrs in the complexes more egsily than for the
parent.aromatiq hydrocarbon cyystals. The proposed model for bonding
between alkali metal atoms and the aromatic groups was quasi-metallic.,
The sodium rich complexes Né(x)A with x » 2 showed particularly marked
enhancement. of the pseudo-metallic properties. They were belleved to
consist of alkall metal atoms digpersed in solid solution in the crystal
of the aromatic hydroecarbon with substantial, but not complete transfer
of electron between alkali metal atoms and anthracene., A positive tem-
perature coefficient of conductivity indicated that the electrons have

to be activated to pass into a conducting energy band.

Photo-Electric Emission of Electrons From Alkali Metals Into Anth-

racene Crystals, This was first reported by Suhrman (17) in 1935 and

1937, Kearns (19,20) gave a comparison between absorption spectra and

quantum yield of photoelectrens. Vaubel (21) reported a similar investi-



gation but with more extensive results using alkali and alkaline-earth
metals as electron donors in order to observe the second conduction band
in the anthracepe crystals, The transfer of electrons from Cs, Na, Ca
and Mg to anthracene erystals can be released optically, This gives

rise to a spectral response which 1s nearly identical with the optical
absorption of the anthracene mono-negative ion was reported by Hoijtink et.
al (23) in the visible region. The spectral resﬁonse eurve for injection
of photo-excited metal electrons into the anthracene crystals is inter-
preted as a sum of twe contributions. (1) Injection into the narrow
first conduction band and (i{i) injection into a broad second band located

0,55 - 0,05 eV above the first one,

.....

electric Losgs, Etc,, Were Also Investigated. The results obtained were
used to confirm the dative nature of the salt-like c¢crystalline solids of
the alkali metal—-anthracene systems, but Ubbelohde et, al. concluded

that the electron transfer is not quite complete in the solid complexes.
Charge~Transfer Complexes

A simple charge~transfer reaction is defined as one for which no
bonds are broken or farmed during an electron transfer step. Such reac-
tion might result in complex formation, or might be preceded or followed
by bond~breaking or bond-forming steps in a several step reaction mecha-
nism. For this study the interest is in the formation of complexes dur-
ing the charge-transfer process. The charge~transfer complexes are
characterized by either a partial or nearly complete transfer of electron
from donor to the acgeptor, the amount of transfer being proportional to

the strength of the 1ntermolecularVinteraction. This interaction accom-



panies the overlapping of the lowest ﬁnoccupied molecular orbital in the
acceptor and the highest §ne in the donor. It has also been shown that
the symmetry of the two molecular orbitals is an important factor in
allowing charge~transfer interaction to take place (24). A quantum me-
chanical description of complex formation between various electron donors
and acceptors was reperted by Mulliken (25),

The interaction between alkali metals, odd-electron donors of low
ionization potential, and m-electron acceptors of the relatively high
electron affinity, regults in essentially a completeelectrontraﬁéfefppjﬂ
form an odd~even ion~palr if the interaction is of 1:1 type. Na+-TCNE_ is a
typical odd-even ion~-pair. For other types of m:l interaction where
n > 1, the situation might be quite different. For example, the electron
transfer might be less nearly complete; nonstoichiometric compounds may
exist as solid solutions of alkali-metal-polycyclic aromatie hydrocarbon
mixtures. In general, complex formation of nD:A (n donors of odd elec-
tron type to one acceptof of 7 structure type) where n may be 1,2,3,
etc,, is known to take place in the solid state (26,27,28,29) as well as

in the gas phase (30).

Spectroscopie Charagterization of Charge-Trans-

fer Complexes

One of the most direct and successful methods for investigating
charge-~transfer complexes has been the use of various spectroscopic tech-
.niques. Absorption of UV and visible light is probably the most widely
used. A portion of the absorption spectra of molecular complexes in
‘these regions, eg., HMB=TCNE (he#amethylbenzene—tetracyanoethylene) sys-—
tem, may be considered as resulting in electron transfer from the donor,

HMB, to the acceptor, TCNE molecule (26). Very intense broad bands are



observed (31), which correspond to the so-called charge-transfer bands,
They are characteristic of the molecular complexes with band positions

dependent on both the acceptor (electron affinity) and the donor (ioni-
zation potential).

Infrared and Raman speqtioscopic ¢bservationg have also provided
valuable information in the investigation of -charge-transfer phenomena.
In the present case the donor is the atomic metal which by itself is not
associated with any molecular vibrations. Charge-transfer induced fre-
quency shifts for the acceptor are determined by what type of orbital
the transferred electrons enter, the most common case being transfer in~
to an anti-bonding moleeular orbital, which transfer tenas to reduce the
vibrational frequenciés of the acceptor, The activation of certain vi-
brational modes in.charge~transfer complexes, 1s another important phe-
nomenon which can Be‘observed expeximentally and explained in principle.

An example of this is the agtivation of the Cl, stretching mode upon

2
complex formation with benzene (32,33,34). Resonance Raman scattering
may also be observed if the excitation line falls in the electronic ab-

sorption band of the sample (see Chapter II).

Electronic Transitions

Electronic transitions for charge?transfer complexes can be summa-
rized into two categeories according to the nature of the obsetrvable
transitions,

(a) Thermal activatipon of electrons from the highest filled band
to the lowest unoccupied conduction band of solid charge-transfer com-
plexes causes a typilcal intrinsic semiconductive behavior. The conduc-

tion mechanism can.be explained in terms of a band structure in the case
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that a linear relationship exists between log cbnductivity and the re-
ciprocal of temperature., Therefore, the generation of charge carriers
is a necessary process for the conduction to occur. Most organic semi-~
conductors are found to belong to this case. On the other hand, highly
conductive_anioﬁ—radical~types of organic . semiconductors have been found
for which little or no thermal activation is required for conduection to
occur, although a linear relatienship still holds (35). . It has heen
proposed to interpret this observation in terms of either a hopping
model or tunneling (36).

(b) 1Internal optical transfer from donor to acceptor of an elec-
tron in a charge~transfer complex during excitation from the ground
state to the excited singlet state or vice-versa with a resulting ab-~
sorption or emission. The spectra observed in the visible region of

colored complexes can usually be attributed to this optical activation,



CHAPTER I1

THEORETICAL CHARACTERIZATION OF MOLECULAR

CHARGE~-TRANSFER COMPLEXES

The theory of donor-acceptor complexes and their spectra, as oxig-
inated by Mulliken (25), is a vapor state theory with omissjon of London-
dispersion terms, The application of this theory to weak complexes in
solutions, after small corrections for solvation energies has been proven
to be essentially valid in inert solvents. Experimental results for
many solid complexes can be understood in terms of the simplified theory
as well,

Complexes formed between donor-acceptor pairs resulting from charge-
transfer without either the dissociation or formation of bonds, which
are classified as dative or weak, can be distinguished by spectroscopic
studies, particularly, if the sampling technique is favorable for infra-
red investigation., Complexes are classified as dative if the infrared
spectrum is consideyably different from that of either constituentmolecule
(29) and, in éarticular, if it resembles that of the anion (cation), as
in the case of the alkali salts of semiquinones (29). On the other hand,
if the infrared spectra of the complexes show a close resemblance to the
uncomplexed entities, the complexes are considered to be non-ionic or
weak; for instance, the benzene-iodine complex (37).

The structural characterization of complexes via a spectroscopic

approach as well as conductivity studies is emphasized in this chapter.

11
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The former includes visible, infrared, Raman and resonance Raman and
emission spectra; the latter congentrat on the enhanced semiconduc—

tion.
Electronic Transitions

Electronic Absorption Spectra

Electronic absorption spectra for moleculdar complexes can be. sum-
marized under three cypes,>i.e,, charge-transfer spectra observed mostly
from non-ionic complexes; spectra inherent to the anions and/or the ca-
tions from dative complexes dissogiated in polar solvents; the associ-
ated salt spectra at low temperature either in solutions or in crystal-
line solids;

The major part of donor-acceptor interaction theory has been pre-~
sented in terms of a Single palr of electrons or just one electron in
bthe case of odd-even complexes., A chéracteristic indication of the for-.
mation of charge-transfer complexes is the appearance of new broad opti-
cal absorption bands which can:dot be attributed to donors and acceptors
separately, The excitation of such complexes may be associated with the
partial or complete transfer of am electron from donor molecule to the
acceptor. A numﬁer of equations have been proposed for relating the
frequency of the maximum in the absorption‘of the charge~transfer com—
plexes to the characteristics of the donor and/or acceptor.

It is of interest to consider the complexes that are formed between
alkali metal (M) and polycyelic arematic hydrocarbons (Ar). The essen-
tial features of this type of complex can be described by using one-
electron approximation.) The wavefunction of this complex in the ground

state, is given in general by
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- 4+
Yy = a¢° (Ar , M) + bwl (Ar, M)

; A
ox ¥y = ¥, (Ar, M) 4y, (Ar, M), X =b/a

where v, (Ar , Mf) represents the dative structure in which an unpaired
electron occupies the lowest anti-bonding molecular orbital of the aro-
matic hydrocarbon molecule, and the alkali metal is positively charged;

wl (Ar, M) represents the charge-transfer structure; (with no bond) and

A the mixing parameter. According to the second-order perturbation
theory, A is much less than“l”dﬁd is given by (38,39)

. 2 -
A o= - Wlo/(lD -E, te /)

where ID and E, denote. the ionization potenFial of the donor and the

electron affinity of the acceptor molecule respectively, and ez/; the
average electrostatic energy between the radical anion and the cationm,
and WlO is défined as <w11H|wo>.‘ One can classify this complex as an
anti-bonding donor and vacant acceptor type, The simplified resonance

structure for the charge-transfer excited state is given by

Lok - .t *
?V = g woA(Ar , M) +b wl(Ar, M)

o - + *
vy = wo.ch y M) + 4 wl (Ar, M)

where A\* 1s'= 1.0,

Applying basic quantum mechanical arguments the charge-transfer

excitation enargy (thT)‘ia given as

Y et AT
hugy = Wy = 2/(a/2) +Boﬁx/1 5,1 %)
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where Wy 1s the energy of the excited state, and W 1s the energy of the

ground state,

b= W-W, and W = <w1*lHle>. W o= <wo*lﬂlw°>?

, % - —ua
Wol ¥ <¢° IH|w1>’ Bo‘ Wol woSol

*
By = Wol T Wlsol’ Sol = <V, ¥y

Using second order perturbation theory, thT is then approximated as

302"' 81'2.
hvgp = A+ B

= A+Xo+x_:L

where BOZ/A,(XO) and 612/A,(X1) are the resonance energy of the ground
state and the excited state at equilibrium separation, respectively,
One may now estimate A with the help ¢f-experimentally available data,

since invFigure X

DA

oo € Xl : \,\ . \WV' (s)
D A e e -

\ CT(g)
A
G .\
0o\ W
\ 40
LPF"'—'N\%;;\
W " -
R(DA),, R(DA) .o

Figure 1. Energy Level Diagram of Charge-Trans~
fer Pracess
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the G's are the coulomb energy, X's are the resonance energy; g, repre-
sents gas phase; s, represents the solid state,

From experiment, the hydrocarbon negative ions are formed by adding
one or two electrons to the n-electronic.systems of the corresponding
polyacenes from chemical or electrochemical reduction., Spectroscepic
information about the existence of these anions eithef as free negative
ions or as anions which are assog¢iated with alkali metal cations has
been obtained by various workers. (5-21,23,40). It is therefore, neces-
sary to consider the nature of the eléctronic -transitions in the visible
and ultra-violet regions. In most cases, the observed electronic transi-

tions have been assigned to internal transitiong, i.e., the absorption
spectra were attributed to eléctronic states of the anlons either sol-
vated or ion-paired with a cation, These anion spectra furnished a test
of the chemical bonding theories, Thus Hoijtink et. al, have calculated
the bond order change of the various aromatic hydrocarbon anions (9) as
well as the theoretical tyansition energies (23) for comparison with the
observed spectra in liquid and rigid solutions.

One could imagine that there exist spectral shifts from neutral
polyecyclic aromatic hydrocarbons to the mono- or di-negative ions of the
corresponding polyacenes as a result of one or two elegtron-transfer.
Theoretical investigations have found that a red shift from U.V. to vis-
ible is expected for all the linearly condensed ring systems. Other in-
teresting questions are concerned with where the odd electron 1s located and .
where the cation 1s to be found in the case of association. Holjtink et al.
have argued that the transferred odd electron is delocalized with cer-
tain positions having higher charge densities, and that the cation in

the ion-pair is not centered on the molecular plane, but offset along
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the longer axis (in order to interpret the spectral intensity change

(23)).

Luminesceng'Speqtga

After absorption of light, the excited complex may be expected to
dissipaté its excess configurational energy and to move toward the
equilibrium configuration of all the vibrationmal coordinates. For ex-
ample, luminescent spectra have been observed using thin films of co~
deposited potassium—anthracene complexes (11). This corresponds. to the
inverse transition which involves charge-transfer from the no~bond ex-
cited state to the dative ground state, and, normally, a spectrum, that
is a mirror reflection of the charge-transfer absorption (41),

Consider the progess of excitatiqn fqr which, the electron transfer

~hv
A*‘ LI D.' "*CT

A,D
causes a . considerable change of the interaction energy of the components,
In the grouﬁd state a strong attractive force caused by electrostatic
interaction is.involved, while in the excited state, the attractive
energy of the upcharged pair is quite weak.

Figure 2 represents the potential curves to 1llystrate the

Frank-Condon (FC) principle, All q's are adjusted through internal conver-

sion so as to minimize the energy EN(R, qg) and EV(R, qv), and causing

em
thT

a
to be <thT,
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11 EV(R’qv)

E+

y o+ -
(DA )eq

Rn,a) ~

Figure 2. Schematic Potential Curves
Illustrating Frank-Condon
Principle

There 18 some difference between the equilibrium distance Req of
the ground state and Rv of the excited state, here, in Figure 2,
R 1s the distance between the complex c&mponents. Curve I represents
the potential energy of (ﬁ+ A7) in its ground state, EN(R, qg)’ where qg
are the qonfigurational-coardinafes. According to the FC principle, the
maximum of the observed charge~transfer absorption band corresponds. to
approximately vertical transition. But in the excited state, E, R, qY).
the complex minimizesntha excess vibrational energy of the FC configura-
tion, Fluorescence is then expgcted to occur from the equilibrium con-

figuration of the excited electronic state to the ground electronic.
em '
cT T
internally excited aniens will follow the same principle and the details

state, and hy... will be lower than th Fluorescence spectra of the
will be discussed in Chapter IV, A possible fluorescent mechanism for
metal-doped aromatic hydrocarbons, such as anthracene and naphthalene,

is as follows: The aromatic hydrocarbon molecule, Ar, is reduced to the
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anion radical by accepting an electron
Ar + e + Ar
If Ar is excited by absorbing some radiation (hv)

- **
Ar + hv + (Ar )

X
+ e - + hy »
_ﬁ:’ 4 ' Ay
Ar Ar~ (Ar7)

and there are excess neutral aromatic hydrocarbon molecules, then energy
transfer is posagible
-k - * , *
Ar + (Ar ) > (Ar ) + l(Ar) and/or 3(Ar)

and one might have assisted fluorescence and/or phoaphorescence, Fur-
ther, the presence of the pure anionic form of the arenes, would elim~-

inate this possibility.

Vibrational Spectroscopic Aspects of the Charge-Transfer

Complexes--Infrared and Raman. Spectroscopic Observation

Infrared Spectra of Cha;ge—Transfer Complexes

Infrared spectra may undergo the following possible changes when a
charge~-transfer complex is formed with transfer of an electron from the
‘donor to an anti-bonding erbital of the acceptor:

(a) f£frequency shifts;

(b) 4intensity change and broadening of the bands;
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(c) activation of certain inactive modes in the infrared spectra;

(d) new low frequency bandSvof,DA palrs or crystals;

(e) elimination of the correlation field coupling in the solid

state through separation of neighboring like-molecules;

(f) vibronic wash-out.

In the gase of (Ar— M+) system, it has been found experimentally
that the system in THF selution exists entirely as ion pairs (23), The
vibrational spectra of these complexes which will be expected to be con~
siderably different from that of the neutral parent molecules are partic-
ularly useful in further understanding the nature of the complexes and
particularly the bonding changes in the Ar~. Electron spin.resonance
studies and semiconduyctive data suggest that the transferred electrons
are not entirely on the areme molecules (39).

A theoretical explanation of -the behavior listed under (a), (bs,
(c) and (d), particﬁl#rly for weak complexes; has been reviewed by
Mulliken (42), and applicaﬁion of the theory has proven to be satisfac-
tory. fot weak complexes. In general, the change of bond order or, in
other words, the change in the magnitude of the force constants is.the
basis for the interpretation of the observed spectra. Bond order may be
regarded as a relative measure of the shared electrons effectiveness in.
holding two atoms together, It must be related to force congtant size,
Theoretical prediction of the bond orders for neutral arenes and anions
of arenes have been made with the aid of Hlckel's treatment by Hoijtink
(8,9). Scherer (43) has been able to show that the application of ‘a
modifiéd Urey~Bradley force field for condensed aromatic rings leads to

some remarkable conclusions regarding the vibrational spectra,
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Figure 3. Plot of Force Constants Versug m—Bond Order

Schexer (43) specified the potential function arising from the in-

teraction of the w-electrons with bond stretching coqrdinate R, so that,

in matrix notation

Y
t

' \ R
ZVR = R (FUBFF +F )R

where F} - pf"R, and p is a scalar variable. It is plausible to pro-
pose, that the additional potential function arising from the interaction

of the transferred electron with the bond stretching coordinate R of the

anion 1s
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therefore,

2V1'l v

where * signifies the odd electron. Assuming that the Kekiile resonance
structures are of equal importance, and also that the anion has the same
symmetry as the neutral molecule with the negligible variation of the
bond length and bend angle, it 18 then possible to calculate the force

constaﬁts using the observed vibrational frequengies from both Raman and

infrared spectra,

(&) (b) )

If one considaxs‘only the C~C stretching force constants of bonds
1, 2, 10 and 11, a plot éf the calculated values of m-bond orders versus
C~-C stretching force constants, KC
linear$relationship:is-thus apparent from the graph in Figure 3.

—¢® ¢an be obtained. An approximate

This linear rélation has been assumed by Gordy (44), i.e.,
k = f(N"XA"XB’ d) where k is the stretching force constant,; N is the
T-bond order,‘xA, Xg are electronegativity of element A and element B,
and d is the bond length, The empirical relation is

Xy %p 374

k = aN Qwhmiwa +b .
4"

Both calculations have heen basé@ on Hijekel molecular prbital theory al-
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though by different guthors, One can further agsﬁme that, if this rela-
tion also holds for the monao-negative ion of naphthalene, then, qualita-
tive zero order force constants of the anion canp be obtained using the
graph and Hoijtink's anion bond erders as a guide. Improved force con-
stants can then be calculated by fitting the observed frequency shifts
of the vibrational modes. |

The activation of infrared inactive modes as well as intensity
changes when donor and acgeptor molecules come together can be explained
in terms of the "electron vibration" (model) (26,27,28,32,33,34) which
considers the yighly polarizable electron cloud on the radicsl anionm,
The electron cloud is distorted by the presence of the point cation and
the variatioﬁ_of the anipn charge cleud polarizability with totally
symmetrie vibrations produces an effect such that the magnitude of the
direqted dipole between anion and cation ose¢illates, Thus, the mode is
activated. By contrast the effect of vibronic wash-oyt is the extensive
cancellation of the normal vibrational transition moments as a result of
the response of the eleg¢trop to thpose moments. For example, the radical
electron of a TCNE (tetracyancethylene) anion, when viewed as a particle
in a box, appears capable of wiping out the normal infrared activity of
the anion (27,28).

I£ has been pointed out by Jones (45,46) that the intensity contri-
bution from the delocalization of the m-electron in the vibrational
spectruﬁ of the even-alternant hydrocarbons is small. In other words,
‘the delocalizing m-electrens in the even~alternant hydracarbons do not
significantly affect the dipole derivatives for the C-C skeletal motions.
Experimental infrared spectral resylts of benzene and paphthalene sup-

port the theoretical predictibn fairly satisfactorily,
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In the case of an anion radical or a charge~transfer complex, the
intensity change as well as the frequency shifts of certain vibrational
modes depend on a nuymber of factors, 1.e,, the redistribution of the
electron cloud due to the pregence of the transferred electron on the
anion; the interactions benweenuanion‘and‘qation and the change of .
symmetry of the molecule, Therefore, the transgitien moment of certain
vibrational modes in the neutral molecule might be greatly enhanced,
canceled or chanéed very little after formation of the complex as a re~ |
sult.of the response of the transferred electron and the vibration,

" Ferguson and Matasen (75,76) and Friedrich 5nd Person (77) have shown e
that the vibration of -atoms carrying fixed charges cannot by itself ac-
count for the infrared intensities observed in.charge-transfer complexes.

The enhanced intensity is attributed to a "delocalization moment," aris-
ing from vibronic interactions.,. Such delocalization moments may have.
more pronounced effects in the charge~transfer complexes than in. the
neutralieven-alternant hydrecarbons,

New low frequency metions in the complexes are expected in which D
vibrates against A. In the M, Ay systems for 1;1 and 2;] complexes,
these new vibrations are expected to fall in the far infrared regiom.

Very sparse informatien in. this area has been obtdined due to lack of

proper instrumentation (73,74),

Raman_Spectroscopic Study of Charge-Transfer Complexes

A complete undefstanding‘qf vibrational aspects of charge-transfer
complexes must include the Raman spectrum which provides useful data not
only complimentary to what is obtained from infrared spectroscepy, but

, .
also gives?néw information concerning vibronic interactions and the res-
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onance Raman effect.

Placzek (47) points out that, owing to fherelatively large mags and
slow response qof the atomic nuclei, Raman scattering is normally due
practically entirely to the electroms, It is, therefore, expected that
the change of the electron density upen transferring an. electron from
the donor to the acceptor will produce Raman scattering which is notice~
ably different from that of the neutral substance.

Classically, the electrical moment is induced in the secattering
molecule by the electrie field E of the incident light. If a is the

molecular polarizability, one may write
P = oF (2-1)

here P is a vector of the induced moment, and o is time dependent, be-
cause of molecular vibration.

In a quantum mechanical approach, it is neceasary tq consider the
' matrix element ﬁﬁm for the transition n+m in question instead of the

classical induced moment,

= (f'wg awn dt) E = anm.ﬁ . (2-2)

3
nm

If one considers only vibrational wavefunctions and o is regarded
as a function of only nuclear coordinates, then ?nm is a vibrational
transition moment, For a particular vibratienal mode, Placzek expanded
o as a Taylor series in the displacement coordinate, Dropping off high-
er order terms and applying the vibrational wavefunction for simple

harmonic motion gives

_ * 4 08, * n_
un,.‘p;.n*_l = f 1bn+l ao xpn de + (39')0 S lbn+1 8 wn ds (2-3)
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upon integrationm,

A% \’ @) h

2% (2-4)

o
n,n+l 81%uv

where u 1s the reduced mass and, v the fundamental frequency. The in-
tensity of scattering of the mode at right angles relative to the inci-

dent light is given by

2

: LAl _ 4 2 _
I = N ;"25 (vc - Av) (P)m‘l1 (2-5)

Thus, inelastic collision between molecules and photons may cause a
molecule to undergo a quantum transition to a higher energy level, with
the result that the phptan loses energy and is scattered with lower.
frequency. If the molecule is already in an energy level above its
lowest, the eollision may cause it to undergo a transition to a lower.
energy, in this case the photoﬁ 1s scattered with increased frequency

(\) pd )e

0 mol
It has been known for yéars,that Raman spectral features observed
when the frequency of the exeiting light approaches or enters the region
of the electronic tramsition of the molecules, may be of unusually high
intensity as the result of the resomance Raman effect. The intenmsity
theory of equation (2-5) is no 1onger.valid, A semiclassical theory de-
veloped by Shofygin (48) 1s briefly introduced, When the incident light
frequency v is near to an electronic absorption band, the pelarizability
derivative is given by |
z2 £, VeV

la'l w e : \
v 2nte’m E(véz—vz) - szez]

'
e
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and scattered intensity will depend on the square of Ia'l. Here z is
the charge of the electron; m, the mass of electron, fe, the electronie
transition oseillator strength calculated from the absorption band area,
Ve? the frequency of the electronic absorption maximum in cm'l, Yoo the
attenuation coefficient; c, the velocity of light; v, the exeiting fre-
quency. The second derivative of a corresponds to the intensity of the
overtone band. |

In the rigorous resopance Raman effect the intensity of Raman lines
(including overtones and cembination tones) depends on the position of
the exciting line relative to the single vibratiopal mgxima of the elec-
tronic absorption band. An extended overtone struygture in the resonance
Raman spectrum may be obser&ed only when the exciting frequeney falls
into the interior of tﬁe distinctly observable vibrational structure of

the absorption band (48).
Resistivity of Charge-Transfer Complexes

The decrease in resistivity of charge~transfer complexes in M, Ar
systems as compared with neutral arenes can be related to the change of

the activation energy €,.,

gact/ZkT

p = p, e

where Po is a constant and & is the activation energy for the conduc~

act
tion to oceur, if the material has a semiconductive property.

Thg“Bandeqdel

In a weak complex, the intermolecular charge-transfer interaction

is relatively weak in the ground state and the relation between log Py and
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%-holds very well, The conduction mechanism for most of these complexes
is explained using a band model, 1If the Eharge~transfer band maximum
and the energy of agtivation are available, the relation between hch and

~ can be expressed as
ant an be eXpres !

€act " thT (solid) = A

where A 1s nearly constant in a group of molecular complexes with fixed
acceptor 1f the donors are of the same type (49).

The conduction band may be asgumed as one formed from the overlap-
ping between the highest filled MO's of the donqramqlecqles and the low-
est empty MO's of the acceptor. Therefore; it results from the charge-

transfer.

The Hopping Model or Iunqel{Moda}

The related me¢héﬁisms for semiconduction in molecular crystals
were proposed by Eley, Paxfitt, Perry and Taysum (50) in 1953 and by
Eley and others in 1955 (52). The propesed model for tunneling is
sketched in Figure 4.

An electron can only move into ﬁn enexgy level which already con-
tains less than two electrons. In (a) an electron demoted by X received
energy Ae to excite it to an upper level from which it can pass (broken
arrow) to the next molec#le. The empty space set free ip the lower
level is taken up by an electron from the next molecule, In (b), the
interaction between the excited states in the neighboring molecules
5roadens the upper level into a band, hence lowering the energy gap Ag.
In (¢), a solid free radical, the eleectron can pass directly (broken

line) into the corresponding level of the next molecule.
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Figure 4. Schematic Bepresentation of Tunneling Model
for Electrical Condugtion in Molecular
Solids
In solid salt-like-charge-transfer complexes containing radical

anions associated with a cation, there is already an unpaired electron
on each of the adjacent molecular sites which can tunnel without prior
excitation, Eley and Parfitt (52) deduced that, if the simple tunnel
model were essentially correct, crystals of organje free radicals should

have a-zero energy gap. The relatively low value of the energy gap in

o =0, exp (—aact/ZkT) which they obtained for ¢rystals of o,a,-~diphenyl-

para-picryl hydrazyl (D.P.P,H.) a free radical
:‘.“\} NO2

was evidence in support of the tunnel theory, Most free-radical types
of molecular crystals have a relatively low energy of activation. The

fact that it was not actually zerp was attributed to the intercrystallite
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defects (52).
It 1s assumed that for conduetien to take place in a molecular
crystal, it is necessary to ionize a molecule removing the electron un-
til its coulombic enetgy is negligibly small (compared to kT, the ther-

mal energy).

Eley, Inokuchi and Willis (53) applied the tunnel model to the com-
plexes made by combining D with A (N,N-dimethylaniline, a~chloroanil).
The solids contain D and A molecules arranged alternatively within
stacks (54). The increase in conduetivity is usually thought to be
and e

caused by changes in both quantities, ¢ » appearing in

0 act

c = cé(T) exp (vaact/k?)

since a charge carrier "sees'" an jon-dipole as well as the ion-induced

digole forces.



CHAPTER III

EXPERIMENTAL APPROACH TO THE PREPARATION
AND CHARACTERIZATION OF POTASSIUM-

. NAPHTHALENE COMPLEXES

The experimental techniques employed in this investigation ean be
divided into two main parts, i.e., sample preparation via co-condensa-
tion techniques and sample charagterization via spectroscopic and elec~

trical methods,
Sample Preparation and Apparatus

Co-condensation of two molecular'(or one atomic and the other molec~
ular) beams onto a suitable substrate in a high vacyum has been exten-
sively applied throughout this experimental work. Co~condensation re-
quires a high vacuum system and a cell in which two crossed molecular
beams can be generated by using internal heaters. In addition,
the cell has a constructien such that multifold characterization
of the sample can be carried out in one run, Samples of potaséium—
naphthalene complexes are extremely reactive toward traces of moisture
and oxygen, so all characterigation was done under high vacuum in situ
so as to eliminate contamination.

The apparatus constructed for this study is essentially an exten-
sion of the work by previous investigators (27,28). Since the original

design was for infrared spectroscopic investigations, a simple

30
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cold finger was satisfactory. The present experimental work, which in-
cludes the observation of electrical as well as various optical proper-
ties of each sample, required special attachments to the cpld finger,
They are:

(a) A CsBr prism for visible (transmission) and infrared (trans-
mission and atr) spectroscople studies (Figure 3 a),

(b) An Al wedge for laser-Raman scattering and laser fluorescence
excitation by the single reflection technique (Figure 5 b).

(c) A quartz plate with four styips of deposited gold for electri-
cal measurements using a four~point-probe (Figure 5 ¢).

One can thus ebtain spectra which cover both the visible and the
infrared regions, Further one may expect to observe fluorescence and
resonant Raman scattering as well as the ordinary Raman spectra if a
proper choice of sample thickness and excitation frequencies are made.

The use of the cell requires a combingtion of high vacuum and good

practice, Cell design was concelved with the intention that one might be able

to treat a large number of chemical systems, either organic, inorganic or
both, regardiess of the physical state prior to deposition, (i.e., gas,
liquid or solid) and obtain quantitative as well as qualitative informa-

tion‘without further extensive reconstruction of the cell. The radiation

from the heaters as well as the unwanted sample beams before and after
deposition, must be limited and terminated effectively. Therefore, the
two heaters were shielded by aluminum foil and the substrate of the
cryotip was partially protected by a cylindrical copper shield (Figure
5 d). Furthermere, the grossed molecular beams could bé stopped by
another shield which was attached on a separate cold finger between the

beam sources and the substxate (Figure 5 e), The apgle of the
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crossed beams as well as the distance between the Knudsen cells (Figure
7) and the substrate could be adjusted providing greater versatility in
sample preparation.

Several precautions require attention as one starts to prepare the
experiment, First, the CsBr prism as well as the outer windows should
be polished flat and be éleayly transparent; second, the cleaned Raman.
wedge must be kept free>from contamina;ion'by grease that causes a se-
vere fluorescent background; third, the many electrical contacts should
be tight. In the constructien of the four~-point-probe, it is especial-
ly necessary that -all four probes are pressed firmly against the four
gold strips with probe distances approximately equal. Since all meas-
urements are carried out‘in high vacuum by passing either electrical
current through the sample on the quartz plate or impinging photons on
the samples to observe various spectra, cleaning of the cold finger as
well as the rest of ﬁhe cell is abselutely necessary before the system
is -completely assembled.

The second cold finger was used as a cold trap and sample barrier,
A curved copper shield, whigh wés attached on the second cold finger in
such a way that it cuuld be rotated to either side of the molecular
‘beams during deppsition, was placed in front of the two heaters in order
that unwanted beams could be prevented from depositing on the sample
substrate. This shield did not guarantee that sample wpuld not pass
around the shield, if pressure was greater than 10_4 torr, Further-
more, the distance between the sourcgs‘of the sample beams and the cold
finger, as weli as tﬁe»anéle between the crossed molecular beams, was

critical in obtaining uniform depositions. For detailed consideratioms
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one is referred to Anderson (1).

The control of vapor pressure by adjusting the heater temperatures
or the pin hole sizestof the Knudsen cells could only be very roughly
applied as an indication of an organic-rich or a metal-rich sample char-
acter. However, the failure to confirm the true beam density did not
prevent'the preparation of fairly pure solid complexes, an identifica-
tion justified by the presence of a consistency in the characteristic
vibrational spectra which could be varied during the repeated runs under
similarlj controlled conditions by the variation of the two experimental
parameters. | |

Figure 5 a and b demonstrates how the cénter CsBr prism was mounted
on the cold finger. The four-point-probe was also clamped to the brass
support. The quartz conductivity plate, with four strips of deposited
solvent-free liquid—brighthold, was slipped into the trough on the
Eryotip, where four electrodes pressed against the four strips. An iron-
constantan thermocouﬁle wire was inserted for measuring the temperatures
of the deposits. The eylindrical shield was mounted in such a way aé to
allow the Al wedge to be installed and was aligned to a posgition such
that both transmission and atr (attenuated total reflection) spectra
could be investigated.

The clean glass plate was clamped to the bottom of the main cell
body (Figure 6 a) for laser'beém entrance, The Knudsen cells, one con-
taining the organic, the other containing alkali metal in n~heptane were
put into the ohmic ovens. With an iron constantan thermocouple wire in
each of the ovens, the ovens were connected to the copper outer cell
plate II (Figure 8). All electrical connections were completed with no

distortion on the four-point-probe before the whole apparatus was closed
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Figure 7. Copper Quter Plate I
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and transferred to the vacuum line.
Sample Preparation

Since there was n-heptane in the alkal{ metal Knudsen cell, it was
immediately pumped out and trapped. A pressure of —«10“5 torr was needed
to insure good deposits, The role of the beam stopper was an essential
one at the beginning and after deposition had been completed. Most of
the unwanted beam could be intercepted and condensed on the cold copper
shield. The heater temperatures were chosen in such a way as to give the
desired orgénic-metal concentration ratig.

Prior to sample deposition, it was necessary to heat the cryotip
(~lOO°C) in order to eliminate all of the surface moisture condensed on
it. Since the sample is deposited at 25°C on the substrate, such mpis-
ture is highly reactive towards the complex,

Consider a potassium-naphthalene deposition as an example, (prepar-
ation of the green complex). Potassium was heated to 215°C while
naphthalene was held at about 80°C until a green color on the
shield was pbserved and the temperatures of both ovens were quite stable,
allowing smooth deposition, The shield was then turned away from the
molecular béams. If the substrate is at room temperature, a uniform
transparent green-~colored film covered the surface of the cryotip within
90 minutes., After both heaters were turned off,>the cold shield was ro-
tated back to protect the deposit. This procedure was completed before
the deposit is kinetically stabilized at reduced temperature to avoid a
detectable deterioration which was observedin afew hours at room temperature,
even in a lO'-5 torr vacuum. Since the naphthalene molecules are volatile

at 25°C, the preparation at that temperature guarded against the deposi-



40

tion of pure organic in organic-rich deposits, while potassium was suf-
ficiently mobile and reactive at 25°C tp insure the absence of metal
aggregates in the metal-rich depesits. In the original experiments, the
sample was co~condenged onto a substrate at ~100°K but the ccclusion of
unreacted metal or organiec aggregates, though a source of some unusual
spectroscopic effects, produced some confusion in the interpretation of
optical as well as electrical measurements.

The optimum sample film thicknesses required for the infrared spectra
were, in general, too great for the observation of details in the elec-
tronic absorption spectra, though qualitative data have been obtailned.
Raman spectra were also easily obtained although broad fluorescent
spectra with sharp spikes of Raman features, as a result of laser exci-
tation, have been observed in various cases. Resistivities were deduced
indirectly through the current-voltage relations. Measurements were
mostly carried out at liquid nitrogen temperature to reduce the possible
decomposition at elevated temperature even at 10—'5 torr pressure. Several
infrared spectra were run at room temperature immediately after deposi-

tion.
Instruments and Techniques

(1) Infréred spectra of samples, observed using a Beckman IR-7
with sodium chloride prism beéween 600 cmql and 4000 cm-l, were the most
informative data enabling one to distinguish the different samples after
many repeated investigations as the concentration ratio was adjusted
primarily by the variation of Knudsen cell temperatures of either com-
ponent. Transmission spectra, as well as atr, were easlly observed with

proper sample thicknesses and transparencies, Especially, when the
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sample was prepared in the optical path of the instrument, atr bands
served as a monitor of how well the complex was being formed on the
center prism. Figure 5 a illustrates how this 1s possible.

(2) Raman spectroscopic investigations, with argon-ion-laser 4880
X (blue line) and 5145 X (green line) excitation, can be used not only
to observe the ordinary Raman scattering of the complex but also to ob-
tain the resonance Raman effect for certain modes since the wavelength
of the exciting lines and the color of the sample favor this type of
phenomenon as predicted by theory. However, impurities in the organic
chemical were sometimes highly fluorescent, which obscured the observa-
tion of the Raman gpegctra. Comparisons with infrared spectra for a
given sample were helpful in intewpreting why the fluorescence was ob-
served, e.g., excess neutral organic crystals in the sample, or sample
being thin, Presumably, certain excited states of excess neutral organic
molecules were populated by the transfer of the anion-absorbed photon
energy in the presence of the complex, with very thin samples favoring
observation of the subsequent fluorescence.

Single reflection of the laser beam with observation of the 90°
angle scattered photons from an Al wedge was the only technique employed
in obtaining both Raman spectra and fluorescent spectra. Raman spectra
of the complexes with considerable stability, e.g., 2:1 or 1:1, were ob-
served with no difficulty although slight bleaching with the laser beam
was occasionally observed with the 1:1 complex when the excess organic
chemical contained in the Knudsen cell vaporized causing a pressure in-
crease inside the whole apparatus. No useful Raman spectrum has been
observed with a sample concentration ratio of approximately 1:2 (organic

rich)., Heavy bleaching of such samples by the laser beam during the
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course of observations prevented one from obtaining strong Raman signals,
and the fluorescence of the bleached complex gave no further valuable
information.,

A Jarrel-Ash 25-100 dual monochromator fitted with a ITT-FW 130 PM
tube and photon counting gear was the instrumentation for both Raman |
scattering and the fluorescent spectroscopy (Figure 9),

The assignment of a sharp band to a Raman effect rather than sample
fluorescence was based on the various observed band positions; i.e., if
the observed frequencies were essentially unchanged relative to the ex-
citing lines regardless of whether the green or the blue excitation line
was used, such bands were attributed to Raman shifts, but if the observed
absolute band frequencies were little or no different, emission wag in-
dicated.

(3) Qualitative electronic absorption spectra in the visible
region 12 kK - 21 kK were obtained by transmission employing a single
beam mode and a W-lamp for source energy. The same spectrometer was em-
ployed as in the investigation of the Raman spectra.

(4) Electrical resistivities of the various samples were measured
by using a four-point-probe (55) #4rith a probe spacing of 1/2 e¢m. The
four probes were made of copper in contact with four strips of deposited
bright gold and, thus, the sample film. A Keithley 417 picoammeter and
Philbrick/Nexus milivoltmeter served for obtaining current and voltage
readings respectively, and the resistivity was calculated as p = 27d 23
(55) with d, the probe distance; V, the observed voltage drop; I, the
current in amperes and assuming a uniform sample with a film thickness

small compared with the surface area.
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CHAPTER 1V
RESULTS AND DISCUSSIONS

In contrast to the idea of the solid solutions conceived by Ubbel-
ohde (12,13,14,15,16) three distinct crystalline stoichiometric salts of
naphthalene are apparently prepared by the variation of potassium-
naphthalene beam density ré&ios through the control of pin hole sizes of
the Knudsen cells and deposition temperatures. The .existence of the
salt crystals is evidenced by their unique vibrational spectra that dif-
fér significantly from each other as well as»from that of pure naphtha-
lene, Also, strong cqarge—transfer interaction is suggested, since the
infrared spectra indicate that considerable dative character 1is involved
in metal—organic_association in each case. It is proposed that the
crystalline salts of potassium-naphthalene can be described as (a) two
potassium atoms per naphthalene molecule (K2Npt), (b) one potassium atom
per naphthalene molecule (KNpt), (c) one potassium atom per two naphtha-
lene molecules (KNptz) based on the approximate metal-organic ratios, the
consistency in observing three sets of unique and sharp vibrational .
spectral features, and the variation in relative intensities with depo~
sition of one component predominantly over the other. This technique
does give a reasonably consistent result that confirms the existence of
three salts with a cation form of potassium in each case, i.e., green-
bfjue (K2Npt), green (KNpt), yvellow green (K Nptz). However, it has not

been proven that the actual ratio of the components are 2:1, 1l:1 or 1:2
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during deposition of the three salts.

Electronic Excitations in Aromatic Hydrocarbon ITons

Electronic Absorption Spectra .

Qualitatively useful visible absorption spectra for potassium salts
of naphthalene are presented in Figure lb for the frequency range 12
kK fo 21 kK, the regfon where new bands are known to appear in the solu-
tion spectra of the mono/di-negative ions of naphthaleme and mono/di-

negative ions of anthracene, but no solution data for K A, or K Npt, has

2 2

been reported.

The transitions involved are considered to be from the ground elec-
tronic state of the anion to an internal excited state of the same anion.
The electronic spectrum of KNpt salt is very similar to the solvated
mono-anion of sodium salt with band positions around 12.3 kK, 13,15 kK
and 16.2 kK. A large change of curvature near 19.5 kK also indicates
that there exists another absorption band as would be expected from the
solution spectrum,

According to Rowland and Hush (40), the anion energy states, as
predicted by simple perturbation theory, are as Tables I, II,

Hush (40) reported the electronié spectrum of the potassium salt of
.monoanthraéene in tetrahydrofuran showing considerable vibrational struc-
ture with energy spacing varying from 1,400 cm_l to 1,800 cm—l. In the
present investigation, it has been observed that there are three distinect.
absorption bands at 15.7 kK, 17.1 kK and 20.7 kK in KA. Apparently, the
difference between the first two bands 1s 1400 cm-l} This corresponds
to the Raman active vibfational mode in the KA salt excited. state,

In the case of the potassium salt of naphthalene (KNpt), the ob-
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TABLE I

CALCULATED Nptﬂ ENERGY STATES, CONFIGURATIONAL INTERACTION EXCLUDED,
LEVEL 1 - 5 ARE DOUBLY OCCUPIED IN NEUTRAL Npt

No. | | _ Hﬁckel Energy (B)*
e 2! - 1.618
] g 3! - 1,303
% | 4! - 1,000
b
S 5 - 0,618
Lo
]‘La(Tl_.___,__ 5 0.618
d]______ 4 1.000
]
e - 3 1.303

————— 2 1.618

*
B = - 20.5 kK.
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TABLE II

CALCULATED A~ ENERGY -STATES., CONFIGURATIONAL
INTERACTION EXCLUDED. LEVELS 1 - 7 ARE
DOUBLY QCCUPIED IN NEUTRAL ANTHRACENE

No. Hiickel Energy (8)*

e 3! - 1.414
PP SN, .4' - 1-414
— h 5! - 1,000
? 6' | - 1,000

. bla
. 7! - 0.414

» .

3 I 7 0,414
&L ,,,,,,,,,,,,, - 6 1,000
e em 5 1,000

4 1.414

3 ' 1.414

%
B = - 20-5 th
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served vibrational spacing is about 1350 cm™l which also corresponds to
the Raman feature of the symmetric stretching méde in the 1:1 case (see
Figure 13 and Table IX). °

Since the donor is potassium only, a comparison of the electronic
spectra between A" and Npt~ can be valuable in drawing some conclusions,

(a) Considering the relative size of the m~electron cloud in each
case, the interaction between the transférred electron and the m-electron
cloud on the naphthalene molecule mjight have a more pronounced effect
than on the anthracene molecule, The red shift of the first strong ab-
sorption band from anthracene mono-negative ion to the naphthalene mono-
negative ion associated with the same cation agrees qualitatively well
with solution data (8,9).

(b) The green color of eitheyr anion indicates that these species
will have similar owverall absorétion bands, the gomplementary hue of the
green color,

In the case of the di-negative ions of naphthalene (and anthracene),
the orbital 5' (and 7') is occuéied by two electrons. This implies that
the excitation 5 - 5' (and 4 ~ 5') cannot take place. Hence, the cor-
responding transitions are 5 - 4' (and 5' -~ 4), The observed spectra in
the solid state are different from the solution spectra. No obvious

band maximum in K, Npt is obtained, but strong absorption, which appears

2
from 13 kK to 20 kK, coingcides with a known abgorption band of the naph~
thalene di-negative ion associated with Li+ as observed in THF solution
at room temperature (8). KZA has a structured absorption band ngar 18 kK
as does the dianion in association with potassium cation in solution

(23). The spectral shifts for solution data have a systematic red shift

for the di-negative ions from paphthalene to pentacene. This is also
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TABLE ITI

COMPARISON QF ELECTRONIC ABSORPTION SPECTRA
IN SOLUTION AND SOLID STATE WITH THE

CALCULATED VALUES OF K Npt

Energy kK (Solution)

Energy kK (Solid)

Band Observed Caleulated this experiment
a 12,3% 12,3
12, 4%% 13.995 13.65
13,6% 16,2
19,5
b ———— 20,114
P — 20,432
31,.55% 30.273

84,25% 35.003

%
Data from Hush and Rowland.

*%
‘Data from Hoijtink.
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TABLE IV

COMPARTSON OF ELECTRONIC ABSORPTION SPECTRA
IN SOLUTION AND SOLID STATE WITH
THE CALCULATED VALUES OF KA

s
-y

Observed (Solution) Calculated Thilexp1'(Solid)
Band Energy in kK Energy kK Energy in kK
" a 13.83%  14.0%% 8.58 |
p 10.81 15,385
12.35
15,00 15.75
16.78 17.10
b 18,25 27,1 24.9 20.7
&l 27.32. 30,6 27,1
az 27.32 38.8 33.0
41.7

N _
Data from Hush and Rowland.,

**Data from Holjtink.
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observed in solid state spectra for naphthalené and anthracene,

Comparison of KA, and KNpt, indicates some irregularity, There is

2 2

an absorption band about 13.2 kK in KNpt,, but no obvious band maxima in

2,

KA There is ne solution data available for eomparison.

5
All visible region electronic transitions of the anions observed
experimentally and prediected theoretigcally, are considered as internal
transitions. No charge~transfer absorption band has been reported., A
reasonable interpretation is that this transition falls in the UV region
for the dative type of complexes. An energy diagram is thus presented
far wh{ch hVCT falls in the UV region (see Figure il). Therefore, it

is suggested that one should extend the spectral regions in order to ob-

tain some data concerning the value of hVCT'

Emission Spectra

Flurcescence spectra obseyved in this investigation using argon ion
laser 4880 K and 5145 X lines as excitation sources have not been attri-
buted to pure anions, particularly, for mone or di-negative ions of
anthracene, and pogsibly for mono or di-negative ions of naphthalene,
since there was no fluorescence for the complexes formed between potassi-
um and the arenes in a relatively pure state. It is, however, suspected
that the fluprescence spectra of anﬂhmacené samples in the visible re-
gion is acgually from the fluorescence of naphthacene impurity. Katul
and Zahlan (58) reported the flueoresgence spectra of naphthacene.
Gorshkove (59) studied the impurity fluorescence spectra of anthracene.
Very pronounced emission bands were attributed to the presence of ﬁaph—
thacene at 10-’4 gram ratio, the observed fluorescence spectra of anthra-

cene salts with excess of anthracene when excited by 4880 R 1ine re-



EMISSION BANDS FOR K

TABLE V

Npt, K Npt AND K N pt, (FOR RELATIVE INTENSITIES, SEE FIGURE 12-2 AND b)

2
-1 . -1 T
Kszt (em ) K Npt {cm ) K Npt2 (ecm )
0 o t ° 0 ., .o )
5145 A 4880 A ! 5145 A 4880 A 5145 A 4880 A
Excitation Excitation il . Excitation Excitation Excitation Excitation
— .
188389 {(m) 18922 (s) 18992 {(s)
i 18563 185563
(v.v.s. sharp) (v.v.s. sharp)
43 E
17992 (s) ‘ 17992 (s)
17722 . {s) 17963 (m) 17992 {(s)
17468 (s) 17338 (s) 17390 (v.s.)
16742 (m) 16838 {(m) 16992 . {s.)
16588 {m)
16208. (sh.) 16212 (sh.)
J 15838 (m) 15942 (m)

s, strong; m, medium, v.s., very strong; sh. shoulder.

A%
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sembled the emissjon spectra of naphthacene monomer, and the fluprescence
spectra of the same salt excited by 5145 X line resembled the emission
spectrum of the crystalline solid of naphthacene (58).

In most cases, neither pure naphthalene, nor the naphthalene salts
fluoresce while excited by either green or blue laser light. The ob-
‘sérved luminescent spectra as presented in Table V and Figure 12-a, b
cannot be designated as pure KéNpt or KNpt fluorescence., They might be
interpreted as the result of emiésion from the neutral naphthalene mole-
cule assisted by the presence of the KNpt anions, Life-time study of
the anions excited states particularly valuable in further understanding
the emission sp;ctra. One very interesting phenomenon has been observed:
Whenever one ﬁas small amount, of potassium which is co-deposited with a
large excess of naphthalene, then a very intense sharply structured

1 and 18,.390"(::11-'l is observed either

emission band located at 18,460 cm
by green line or by blue line excitation. It is suggested that this is
the neutral naphthalene T1 - 8§, transition studied by Meyer (60). The

assisted emission mechanism 1s proposed something like

T - - internal
e T exsttingy | OPF)T P frmefer
Npt Npt - Npt Npt of energy
e ' -
K+"(Npt~) (Npt);rl . & Npt (Npt)SO
> S—_—L LN Npt Npt

Npt  Npt

Emission spectra are normally observed by using very intense and
high energy photons as an excitation source, such as produced by pulsed

lasers, flash photolysis, etc. Considerable instrumentation is required
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for these observations, but here one may have unexpectedly discovered a
new technique for observing the triplet state, 1If so, a systematic ap~
proach for investigatiem of the triplet state for various arenes can be
carried out by a matyix iseolation technique using alkali metals as

donors to induce'the optical absorption.
Vibrational Spectra of K-Npt-Systems

The infrared spectra for the three salts and the Raman spectra for
K2Npt and KNpt along with the spectra for pure naphthalene (bar form)
are presented in Figures 13 and lé4-a,b and 15, The Raman spectra are di-
rect feproductiqns of original spectra, while the infrared spectrum for a
particular salt, which was determined by the constant relative band in-
tensities over.a range of deposition ratipos, is a composite of séveral
runs. |

Both vibrational and eleectronic spectrauof:therco-deposits clearly
suggest that the naphthalene moleéule can accept electrons from potassium
atoms to form three distinctly different stoichiometric salts. Each
salt has a unique vibrational spectrum that differs significantly from
that of the pure naphthalene suggesting that conasiderable ionie (dative)
character is involved in the metal-organic interaction in each case (29).
It should be emphasized that the preparation procedures, although con-
trolled by temperature and orifice size of the Knudsen cell, do not
quarantee that one form of the salt la completely pure without the pres-
ence of theother form, because the relative demsities of the molecular
beams from the potassium and organic Knudgen cells have not been estab-

lished with sufficient acguracy. The cholce of K

NPt and' KNpt for the

'stable salts 1s fairly coenelusive,
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The normal modeg pf vibration for pure naphthalene as analyzed by

Lippincott (61) are summarized in Tables VI - VIII,

TABLE VI
NORMAL VIBRATIONS OF NAPHTHALENE

Npt (D2h)
~ Species

No. of , In~plane Or
Vib, Mode Activity Qut~of~Plane

oQ

=N
£ 0

NN
[=3

== o= B -~ B -~ S - - B -~ B
&-; =

w
e

R
Inactive
R
IR
R
IR
R
IR

@ & 00 W H 0 P WO |

| == b —_}-=

T -

TABLE VIT
~ SPECTRAL REGION FOR NAPHTHALENE

Type of Vib,

—r

Spectral Regibn in cm_l

TETET Eymery— s

CH sﬁr.
CC str.,
Ring breathing
CH bending (||)
CH bending (])

cc str. (|])

CC_benaing (l)

e e L e s T

2900 to 3100
1300 to 1650
900 to 1000
1000 to 1500
700 to 1200

< 1000

< 700
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TABLE VIIT

TNFRARED BANDS OF POTASSIUM-NAPHTHALENE
SYSTEMS WITH ENERGY IN CM -

785

792 695 737 750
796 |
847 - —— 887
962 960 995 973
1122
1126 1061 1090 -
1142 1150 1135 -~
1242 — 1250 ——
1268 1185 1185 ' 1287
1385 1405 | 1360
1505 1500 1480 1450
1590 1585 1545 e

3069 3010 O ——
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It would be helpful to propose some geometric forms for the three
salts in order to explain the observed spectral results. One might as-
sume that the anions are still planar and preserve D2h symmetry in the

salt crystals. The transferred odd electron is concentrated on the

e \—
| 71 ﬁ and in the 2:1 complex
\é " 1 f
R (3 4 /

the two transferred electrons would prefer to occupy the same positions,

atoms 1, 4, 5 and 8 for 1l:1 case,

There has been no published report concerning the crystal structure of
these systems, although Hoijtink et, al (23) proposed for the solution
that the cation should be offset ﬁrom~the centep along the longer axis
instead of directly on top of the monp-negative ions,vin order to fit
the electronic absorption band intensity data as well as spectral shifts
associated with various alkall metal cations, For the present case,
speculative models in the solid state are proposed according to the idea .

of ion association for 1:1, 2:1 and 1:2 cemplexes.

o)y ¢ (0O
O] « (017 &+ (@]

[OOT + [OOT

Figure 16. Possible Geometric Arrangements of 1:1
(4 Coordinated) Complex of Naphtha-
‘lene Anion Assogiated With Potassium
Cation [OO] Represents the Naphtha-
lene Anion, All Lying in the Same
Plane, and Represents the Potassium
Cation, Above or Below the Anion
Plane but Off set From the Center
According to Hoijtink (22)
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Figure 18, Represents the Anlon and Cation Arrangéments in KNpt2

Infrared Spectra of Solid Complexes of Potas-

siquNaphthalengg

According to the proposed models, the infrared spectra of the alka-

li-metal arene gemplexes may be anticipated to be very different from

the neutral arenes,

Because of the dative type of the complexes, there

will result a spectrum corresponding to an anion or a di-anion (62). The

obgserved spectra clearly suggest that potassium-naphthalene complexes
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fall in this category. Consequently, a close examination of the vibra-
tional spectra may provide a reliahle method of characterizing the nature
of the anion bonding.

Our experimental observations indicate changes in frequeney and in
intensity, In order to relate these changes to bend$ng in the acceptor
molecule, it is necessary to consider the redistribution of charge on
the acceptor molecule upon complex formation, 1.e,, the Kszt and K Npt.
Vibrations with no résulting dipale moment change in naphthalene may
suddenly appear with rather large dipole moment changes in the naphtha-
lene anions., This might give rise to the very large changes in the ap-
pearance of the spectrum. The changes in the vibratienal band frequen-
cies after complexation may be nelated to the changes of bond orders as
; a result of one or two electron-transfer, Although the transferréd:
electrens occupy an anti-bonding mcleqﬁlar orbital in naphthalene, a
systematic frequeney decrease of the anion vibrations relative to the
neutral molecule is not expected according to the theoretical bond order
calculation using one eleg¢tron LCAOMO approximation by Hoijtink (8,9).
In fact, one does observe blue shifts in certain vibrational modes in
the infrared as wéll as in the Raman spectra (see Tables VIII and IX),
These -experimental spectral data would be useful for reliable anion iden-
tifications in the future and pfpvide,an emplirical basis for the force
constant caleculation of certain polyeyelic arematic aniens,

The vibrational spectra of the potassium salts of naphthalene, as
'Presénted in Figure 13 are quite different from that of neutral naph-
thalene. Instead of the normal Blu C~H out~of=plane bending motion of
naphthalene near 785 cm—l, strong absorption bands are observed with red

1

frequency shifts of ahout 90 cm*l; 48 em ~ and 35 qm_l for 2:1, 1:1 and
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1:2 complexes respegtively, This seems to be the only systematic fre-~
" quency change in the infrared region and gives some experimental evidence
to support the anti-bonding eharacter of the transferred electrons.-

The smaller frequency shifts in 2:1 complex as compared with 1:1

complex for B2u C-C in-plane stretching mode near 1590 cm—'l

and for B3u
C-C in-plane stretching mode near 1505 cmql can be explained by using
speculative models (Figures 16~18). In the 2:1 complex the cations are
assumed to be located on each side of the molegular plane (Figure 17),
If the transferred electrons are to be most densely distributed at the
positions predicted by the theory, the overall effect might be large
enough to cause a greater shift, However, because of the presence of
the associated cations, the density of the transferred electron in cer-
tain bonds might be partially reduced thus decreasing the frequency.
shift. In the case of the 1:1 complex (Figure 16), there is no counter-
part of the coulombic force en the other side of the anion plane, and
the charge cloud en the anion cannot be regarded as a point charge.
Therefore, the distribution of the charge ¢lqud of the transferred elec-
tron which changes the vibratienal frequency of certain modes might have
more pronounced net effect in 1:1 case than in 2:1 case. A similar
argument may apply tq'the shift observed for the 1385 cm—l band.

The possibility of the activation of certain totally symmetric modes
in the infrared spectrum of the.lzl'complex should be considered. The
proposgd model provides seme qualitative explanation for the activation
of ‘these infrared inactive medes, Consider the observed strong infrared
absorption band.ac 1360 cm'll(Figure 13 and Table VIII) of the 1:1 com~.
C~C in-plane stretch-

2u
ing mode (1380 cm-l) or to the Ag C-C (61) in-plane stretching mode

plex. This band can be assigned either to the B

(1385 cm-l) of the uncomplexed naphthalene molequle,
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If the Ag (1385 cm'l) C~C stretching mode 1s to be activated in the
infrared region for 1:1 ceomplex, there must be scme oscillating dipole
moment assoclated with the vibration produced by the vibrationaly modu-
lated polarization of the m-electron cloud by the ecation (i.e,, by the
electron vibration mechanism) if the D2h symmetry of the neutral naphtha-
1en; is preserved in the naphthalene monoanion., This mechanism as well
as the cation effect on frequencies have been shown to support the acti-
vation of TCNE infrared inactive modes in the K TCNE system (27,28).

The most direct approach to test this possibility weuld involve a Raman
measurement of the Ag C-C in-plane stretching mode for the mono-negative
ion. The band of the complexed salt is observed in the Raman spectrum
for the 1:1 case at 1359 <:m"l (Figure 15 and Table IX). This is an ex~-
perimental indication that the enhancement of the infrared inactive mode
near 1385 cm"l is a possibility.. Further experimental evidence (such.as
the cation effect) must be sought to confirm this possibility.

In the 2:1 complex, the net induced dipole transition moment, as-
sociated with the perturbation by the two oppositely located cations,
might be symmetry cancelled (Figure 17). Perhaps for this reason no in-
frared band could be observed in the 1200 cm“l to 1400 <:m“-'1 region for
the 2:1 complex (sée Figure 13).

Turning to the 1:2 complex, there might be some vibromic washout of
ir intensity in certain regions duye to the proposed structure which sat-
isfies the condition of ‘a caged electron as proposed earlier (28). A
considerably simplified spectrum has been.obtained that provides some
evidence of such an oécurrence in the 1:2 'complex. The basic difference.
of the proposed models between 1:2 and 1:1 complexes is that the radical

electron cloud in the 1:2 complex is essentially distributed over two
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naphthalene molecules (a and a', see Figure 18), forming, with the other

g

two neighboring Npt* (b and b') molecules, a cage for the electron.

But in the 1:1 complex.the electron is assumed to localize mainly on one
anion. Although a cage could be assumed, the effect might not be to
cancel the transition dipole moment in KNpt system in certain vibration-
al modes as contrasted with the KNpt-.2 system. More experimental as well
as theoretical work is required to ¢larify the results interpreted in the
previous paragraphs. The influence of cation electron affinity on cer-

tain vibrational frequencies of the various anions of naphthalene should

be a valuable experimental approach to provide more confirmative results.

The Raman Spectraiof the‘Solid Cqmplexes of

PotassiumfNaphthalgne

The Ag in-plane skeletal distortion mode near 510 cm*l is observed
with red shifts of about 10 cm—l, 24 cm—l, and 85 cm—l corresponding to
2:1, 1:1 and 1:2 complexes respecﬁively. The bond order change cannot
be directly correlated with the observed frequency shifts for this vi-
brational mode. Similar behavior of several other bands {s also ob-
served. They are tabulated in Table IX. The 1385 gm_l band will be in~
terpreted in the next section. Figures l4-a, b and 15 contains the un-
touched Raman spectra of 1:1 and 2:1 complexes. No Raman spectrum for
the 1:2 case.is shown although a few band frequencies are listed in
Table IX., This reflects the instability of the 1:2 salt, particularly
when it is exposed to the laser beam, It is always bleached by the in-

tense lager light even at considerably reduced power,



RAMAN BANDS OF PQTASSIUM-NAPHTHALENE SYSTEMS (FOR RELATIVE
BAND INTENSITIES, SEE FIGURE 15) IN CM

TABLE IX

1
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Npt R, Npt K Np K Np?2
285 287 |
510 500 486 425
565 525 516
600
764 785 734
838
1026 1028 976
1145 1182 1132 1235
1384 1309 1359 1284 -
1465 1413 1447
1579 1587 1530 1475
2343 2717
2370

2622
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Resonance Raman Spectra of K2

Npt .and KNpt Systems

As has been indicated in Chapter II, when the exciting light enters
the electronic . absorption region of the sample, the resonance.Raman

spectra can be observed. The colored quality of potassium salts of naph-
thaléne and . the nature of the Raman sampling procedures, with the choice
of a suitable excitiﬁg frequency? favored the observation of the reson-
ance Raman effeét.i A proper sampie:thickness is required in order to
avoid (1) feaﬁsorption of the resénantly»scattered light, typical in the
case of bulky samples and (2)‘fluorescence in the case . of very thin
samples, especially for the mixtures rich in organic but doped with
little potassium. Moreover, photolysis may occur in the course of in-
vestigation which not only destroys the sample.but also produces unknown:
subétances.which strongly affect the spectral features. These difficul=-
ties may be overcome by careful sample preparation to reduce the impuri-
ties if the emission is caused by‘impurities,_or choosing lower .excita-
tion frequencies, if emission of photons is.a property of the sample, or
using considerably reduced power.of the execiting line, fit has been found
that both Kszt and KNpt show the résanance Raman. phenomenon, particular-
ly with green line (5143 Z) excitation. .

In the uncomplexed naphthalene molecule, the totally symmetrie C-C
stretching mode is Raman active at 1385 cmﬁl. This band position is
shifted to 1359 cm-l in KNpt énd to 1309 cmfl;in_Kszt, which qualita—
tively agrees with the predicted bond order change. The anti-bonding
character of the. transferred eiegtnons can be understood in terms of the
Raman frequency change of the C~C stretching mode.  Although this mode

0
in K2Nptealso shows a resonance effect with blue line (4880 A) excita-
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tion, a reduction of intensity is observed using the blue line. The
qualitatively useful electronic spectra in the visible region of Kszt
and KNpt which have been presénted in Figure 10 indicate that vibra-
tional energy spacing of about 1350 cm_l in the 1:1 complex and possibly
about 1300 c,m_1 in the 2:1 complex are involved 1in :the electronic transi-
tion responsible for the resonance Raman effect.

| The spectral features of the resonance Raman effect of the solid
are a»?igh scattering intensity which may be greater by several orders
of magnitude than observed under the ordinary Raman effect. 7The totally
symmetric st?etching vibration of mono/di-negative ions of naphthalene
alsobproduces an observable overtone intensity when excited by a linear
line which lies inside the electronic absorption band of the anioms.,
Examples in observing the higher orders of overtones for I; ions in
various organic solvents have been.reported by Bernstein (63) and Kaya
et al. (64) using ultraviolet laser excitation. They concluded that for
rigorous resonance Raman effect the appearance of higher orders of over-
tones is .limited only to totally symmetric vibrations as predicted by
Nafie et al. (65). In the spectra observed for the 1:1 and 2:1 caomplexes
the resonance effect is clearly demonstrated by the presence.of a strong
bandAat 1359 cm—1 in 1:1 case and at 1309 cm-1 in 2:1 case which corre-
spond to'1385 cm"1 in the uncomplexed naphthalene molecule. This mode
displayéﬂ a factor of 5 greater intensity in 1:1 case and a factor of 10
greater intensity in 2:1 case than any other KNpt and K2Npt features re-
spectively when 5145 Z was used. In general, the Raman band intensities
in the resonance region are strongly dependent on the position of the
exciting frequency relative to the electronic absorption band maxima of

the molecule.
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One can further understand that in K Npt salt, the intensity dif-

2
ference with excitation frequency is caused by the fact that one of the
1309 cm_l vibronic bands is near resonance with blue line excitation and
in rigorous resonance with the green line excitatiorr. The resonant
character of the scattering was further evidenced by a significant over-
tone intensity in 2:1 complexes regardless of which excitation line was
used, but in KNpt complex, the resonance effect is observed only with
green line excitation as shown by the overtone band near 2717 cm~l about

1

twice the frequency of the 1359 cm ~ band.

Electrical Resistivities

The measﬁred resistivities at ~100 OK listed in Table X were the
average of several runs for each system under study. A laboratory D.C,
source of about 15 - 30 volts was used. The circuit is sketched in
Figure 5 c¢. At the beginning of co-condensation, no current could
be detected. When sufficient amount of sample uniformly coveréd the
whole area of the quartz plate as well as the Raman wedge and the center
prism, there developed a deteétable current of about 5.8 x 10-"lO amperes,
and a voltage drop of about 4.8 x 10-'4 volt for 1:1 KA system, . Specific
resistivities of all samples examined in this study, were found to be in
the range of lO—3 ohm cm for the thick potassium rich samples to 108 ohm cm
for organic rich samples. Although temperature dependence of resistivity
has been established for various alkali metal-arene systems by Ubbelohde
(12), the electrical conduction might not be intrinsic due to the imper-
fection of the crystal and non—stoichiometry; The marked activation
energies and much higher resistivities aé~repprted by Ubbelohde (12),

might be due to the intergranular resistance and electrode-sample con-
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tact resistance in his experiments. Moreover, their measurements were

carried out under nitrogen atmosphere, so the numerous voids among the
pressed polycrystalline sample would be occupied by the nitrogen gas,
With nitrogen molecules adsorbed on the bulk samples, ‘this might be the
cause of the observed large value of the resistivity. However, the thin
film resistivities obtained in this study were measured with a four-
point-probe in high vacuum. The values reported in Table X were cali-
brated with Valdes (56) curve.

The markedly enhanced conductivity in potassium-anthracene charge-
transfer complexes (resistivity lO7 ohm cm) as compared with the pure
anthracene crystals (resistivity lO15 ohm e¢m) along with the spectro-
scopic observations suggest that these complexes are formed by strong
interaction between the donor and the acceptor with nearly complete

transfer of an electron from potassium atom to the anthracene molecule.

That is, the ground state is dative in nature,
Structurally, the alkali metal-arene complexes might be viewed as
layered type of compounds (A), i.e., systems in which donor atoms and

acceptor molecules are each contained in parallel planes which are then
alternately stacked together. This arrangement is realized in the pro-
posed speculative model, for example, the 1:1 complex in Figure 16.

In Figure 4c, a solid radical salt, the electron can pass directly
(broken line) into the corresponding level of the next molecule. One
may modify the diagram in thé presence of an electric field as well as

in the presence of the associated cation

+ + oo
% A e DR

_ +
XX XX B

Le Blanc (B) points out that cation polarizability is the likely
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TABLE X

RESISTIVITIES OF VARIOUS ALKALI-METAL ARENE SYSTEMS

Donor Acceptor D/A(a> Color po(aye.) ohm em p=pé/G7* ohm cm

S == —_—
Na Naphthalene violet 5.0 x 105 5.0 x lO4 (b)
K Naphthalene 2:1®) blue 10’ 106 @
Na Naphthalene l:l(e> red 4.5 % lO8 4.5 x 107 (b)
K Naphthalene l:l(e> green 109 108 (d)
K Naphthalene 1:2(c> yellow green 1010 lO9 (d)
k) anthracene  2:1¢® blue . 1.88 x 10’ 1.88 x 100
(e) ’ 8 7 (d)

K Anthracene 1:1 green 1.2 x 10 1.2 x 10

%
The correction factor from reference. (55)

(a)Estimated from vapor pressure of D and A or via spectroscopic ob-
servation.

(b)

Sample condensed at about IOOOK.

(c)

Spectroscopic determined ratio.

(@)

Sample condensed at‘roombtempefature.

(e)

Estimated from vapor pressure equation

log P = - (5-5239—3-) + 12,368

for anthracene.

(f>Resistivity dropped sharply 10_4 to 10—3‘ohm—cm when sample be-
came thick if condensed at low temperature.
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cause of the high conductivity of the TCNQ salts. By analogy, it may be
the cation (in this g¢ase, potassium K+) polarizability which causes the
fairly high conductivity of the anion salts, (e.g., anthracene salts of
potassium). Let one electron be moved from an anthracene anion to
another one, thus carrying curfent. This resuylts in a neutral anthra-
cene molecule plus a doubly charged anthracene anion. The coulombic re-
pulsion between the two electrons on this ion may be overcome, hawever,
by the polarization energy of the cation. Since the anion radical is
highly polarized by the point cation, only a very small amount of energy
of activation may be required to cause the electron .to tunnel through
the intermolecular energy barrier.

Basically, the following objectives of this experimental investiga-
tion have been substantiated via an extensive spectroscopic observation.
First, there are three distinctly different stoichiometric salt-like
charge-transfer complexes (alkali-metal-arenes); i.e., 2:1, 1:1 and 1:2
which can be prepared from gas phase co-condensation by the variation of
the metal-organic ratios; second, the existence of these complexes have
been evidenced by the vibrational spectroscopic .observation since both
infrared and Raman spectra provide the unique spectral features which
are considerably different from the pure arene molecules; third, duali—
tatively useful electronic absorﬁtion spectra in the visible region have
also been obtained for the comparison with solution data and, to support
the vibronic effect involved in the observation of the resonance Raman:
effect of the charge-transfer comﬁlexes; fourth, electrical resistivities
at low temperature are considered to be more valuable, as compared with
earlier investigators' work, because the techniques employed in sampling
as well as in measuring are more reliable than previously; fifth, the
colored nature of the samples as well as the Raman sampling techniques

favored the observation of the resonance Raman effect,
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w,___

Figure 19. Suggested Optical Arrangement to Bying the Beam
Out From a Cary 14 Spectrophotometer
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Suggestions for Future Work

There are several points concerning the optical properties that
should be emphasized in order to refine the present experimental work.,
New information, as well as greater accuracy of the results can be ob-
tained. The following steps are suggested.

(1) The visible spectra obtained for the colored samples are of
marginal value for comparative purposes, because the apparatus used for
the preparation of the various complexes was not feasible for fitting
within the sample compartment of the Cary 14 spectrophotometer. It

would be valuable if the optical arrangement of the Cary 14 source could

be modified so that the beam could be brought out to enable it to pass
through the optical windows of the cell. The speetral region is thus
extended ffom infrafed, near infrared to the ultraviolet. More spectral
features could be observable, such as hVCT (possibly in UV region), and
absorption edge (possibly in near infrared). More internal electronic.
transitions could also be observed. Then, comparison of the data be-
tween the solid state and solution would allow one to gain more insight
about the solid state electronic energy levels, Theoretical work could
then be compared in a more quantitative manner.

Figure 19 is a sketch of the possible optical arrangement designed
f are four total reflection prisms 1

1
and 12 are condensing- lenses, S is sample holder.

for this purpose. Pl’ P2, Pé, P 1
(2) Preparation technique: Contrpl of the molecular beam dengi-
ties is one of the important factors which perﬁits one to obtain pure,
uniform samples with proper thickness, Anderson (1) has given a compre-
hensive description regarding how to.control the co-condensation. An
effective way to stop both organic and alkali-metal vapor from further
deposition after the heaters are turned off is considered to be the most

important factor which governs the quantitative complexation between DA
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palrs, and the uniformity of the sample as well. The optical and elec-
trical parameters obtained in this way may be more reliable.

The observation of the cation effeets using different alkali and
alkaline earth métals are suggested for more detailed comparisons, For
example, ion association, vibronic effects, polarization and bonding,
etc.,, will be of interest.

(3) Conductivity as well aélvarious optical observations at lower
temperatures (below liquid nitrogen temperature) are proposed in order
to investigate the possible unusual electrical and optical properties
produced by varying the metal-organie ratios. Particularly for the two
extreme cases, i.e., either very high concentratigon of metal or vice
versa. One does observe several unusual spectral features in the infra-
red region, such as described in the next se¢tion, when metal concen-
tration is qonsiderably higher than the organic.

(4) 1It is interesting and valuable to investigate the far infrared
spectra of these systems, the DAD, DA or ADA interactions can be esti-
mated from far infrared aséignments so as fto note trends in charge-
transfer forces. These intermolecular vibrations have been reported by
Person et al. for pyridine-iodine complex (73) and by Larkindale et al.

for TCNE-mesitylene complex (74).
Unusual Results

There are several unusual effects which have been observed in the

spectroscopic investigations; first, the emission spectra of the naph-
thacene impurities in the anthracene cfystals, second, naphthalene

crystals when doped with potassium atoms gave strong emission bands in
the visible region, third, opacity in the infrared from alkali metal
aggregates invanthracene cerystals, The first two experimental facts have
been qualitatively discussed in some .detail in this chapter, The last

spectral feature was observed in the early stage of the experimental
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work. At that time the sample was co-condensed on irtran 6 (hot pressed
Cd-Te) as the substrate at liquid nitrogen temperature. The observed

unusual features are (a) the very intense absorption from 350 ¢:m-’l to

1000 em

with no individual infrared bands detected when the metal con-
centration with high, (b) a strong absorption band around 670 cm—l was
obtained in potassiumwanthracene co-deposition along with a characteris-
tic weak absprption band of the neutral anthracene (737 cm—l) The
spectrum became transparent from 1000 to 1800 cm-l and then opaque at
higher frequencies{ No wibrational bands of anthracene could be observ-
ed beyond 900 cm—l- The concentration of the organic molecules in this
case must be larger than in case (a), because the neutral anthracene was
detected. The observed spectra are clearly different from the spectrum
of pure potassium deposits'for which no band ¢ould be detected in the
infrared region, but only a gradual loss of transmission upon further
deposition of pure potassium,

Thin films of solid inert .gases containing low concentrations of
alkali metal.atoms*have been studied by esr (68,69) and in optical ab-
sorption (68,69,70,71) by a number of investigators. The visible absorp-
tion spectrum of sodium atoms in solid benzene has been reported by
Duley (72). No infrared data can be found.

Itlhasvbeen ;ndicated by Meyer (70) that potassium-noble gas (Xe,
Kr, Ar, and Ne) mixtures are almost always blue and the visible part of
the spectrum 1s strongly concentration dependent; for alkali concentra-
tions smaller than 0.57% ne discrete absorption feature is observed. The
color is alse temperature dependent, because the color of the film will
disappear when thé temperature of the substrate 1s increased, a sharp

transition point is reached, and the deep film color disappears before
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the matrix material vaporizes, leaving 2 colorless and transparent film.
When the temperature of the substrate is brought to room temperature,
even thick and concentrated alkali films leave oply a thin transparent
film, ‘These observations agree very well with the visual results for

the very rich potassium samples in our early experiments.
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APPENDIX

SOLID STATE SPECTRA AND CONDUCTIVITIES OF

THE POTASSIUM SALTS OF ANTHRACENE

Crossed molecular beam vapor cocondensation techniques have been
used to prepare thin films of the potassium salts of anthracene in a
form well suited to beth inﬁfarad and Raman sampling. Three distinct
stoichiometric salts, as contrasted te solid solutions of peotassium in
antrhracene, are apparently produced by variation of the metal-anthra-
cene ratio. Though the existence of distinct salt crystals is strongly
suggested by the observation of three sets of characteristic infrared
and Raman bands, an 1dengification.af the salts as KAZ’ KA and K,A re-
mains tentative. The vibrational data represent the best available
empirical evidence of the effect of electron transfer on the bond-
strengths in anthracene but,are of‘marginal value barring transformation
into force constants, Resistivities and electronic absorption spectra
have algo been meésured for selected samples, Resistivity values, which
roughly match those reported by Ubbelohde, depreased somewhat with in-
creasing metal to qmganiC‘depositioﬁ r#tios. The anthracene skeletal
symmetric stretching mede gave a strong resonance Raman effect with 5145

A (green) excitation of the K2A salt,
Introduction

The polycyelic hy@rgqaxbon anions, typified by the mono--and dineg-
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ative ions of anthracene, are of interest as possible reaction intermedi-
ates, as subjects for the testing of chemical bonding theories and be-
cause their solid state salts may be characterized by unusual electrical
properties, Thus, Hoijtink et al,, have argued that one electron
L,C.A.0.M.0. methods apply more quantitatively to the mono- and dinega-
tive ions than to the corresponding neutral arenes (78) and have compared
theoretical predictions with liquid sqlution transition energies (79).
The radical anion esr spectra have long been of interest {80) ptrimarily
as Information regarding charge densities and the association with
cations in solutions, However, solid state studies have beén almost
completely restricted to the work by Ubbelohde et al., on dielectric and
conductivity properties of bulk solids with alkali metal donors (81). The
bulk solids were not characterized by either x-ray or spectroscopic
methods but were apparently viewed as solid solutions of alkali metals
in the crystalline arenes.

Although the bond order changes that accompany electron transfer to
various arenes have been estimated theoretically (78), no direct experi-
mental measure of the differences in bonding between the arene anions
and the parent hydrocarbons have beepn reported, In particular, neither
solution nor solid state vibrational spectra are avdilable. Solid state
fluorescent spectra for alkali-metalvanthracene salts of unknown compo-
sition have been described (82) but electronic speetra for stoichiometric
solid salts are apparently missing from the literature.

A basically speetroscopic study of the potassium salts of anthra-
cene is reported here as part of a more general study to obtain solid
state vibrational and electronic spectra for stoichiometric salts of

arene anions, Such data will allow ready ldentification of these salts
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in the future and, also, permit the determination of empirical force
constants for certajln arene anions and, thus, a comparison with theoreti-
cal predictions of bond order changes relative to the neuytral arenes.
Finally, resistivities determined by the four point probe method (83) on
thin salt films will be compared with values reported by Ubbelohde for

related bulk samples (81).
Experimental

The potassium salts of anthracene haQe been prepared by cocondensa-
tion of the metal with the organic from molecular beams which cross at
the surface of a substrate having propérties appropriate for the antici-
pated measurement, The techniques are an extension of those originally
developed for infrared sampling of thin films of the alkali metal salts
of tetracyanoethylene (84), The molecular beams originated from Knudsen
cells containing the liquid metal (~ 200°C) and crystalline anthracene
(~ 120°C). The Knudsen cells were mounted within the vacuum shroud of a
low temperature cell (resembling those commonly employed in matrix iso-
lation spectroscopy) (85) and directed towards the cyrotip which support-
ed appropriate substrates for absorption, Raman scattering and conduc-
tivity measurements. Deposition was thus simultaneously onto a central
CsBr optical plate, an aluyminum wedge for Raman sampling by the single
reflection technique (86) and a gold striped fused quartz plate for con-
ductivity measurements. The ratio of metal to organic in the condensate
was controlled by wvarying the Knudsen cell temperatures.

Originally depositions were made at - 100°K (substrate temperature)
but the occlusion of unreacted potassium or anthracene aggregates,

though a source of some unusual spectroscopic .effects, tended to confuse
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both the spectroscoplc and conductivity results, Consequently, the tech-
nique has evolved wherein the thin films are prepared at 25° ¢ but sub-~
sequently cooled to liquid N2 temperatures for most measurements. The
reduced temperatures kinetically stabilized the deposits which detectably
deteriorate in a few hours at 25° C, even in a Cl‘.O_5 torr vacuum. Since
the anthracene is velatile at 25° C, the warmer temperatures guarded
against deposition of pure anthracene in anthracene rich deposits while
the potassium was sufficiently mobile at 25o C to insure the absence of
metal aggregates in a 2:1 (metal rich) deposit. The warmer substrate
temperatures did necegsitate that more extreme precautions be taken to
eliminate surface moisture, since, at 25° C, such moisture is highly re~
active towards the anthracene salts,

The deposits were transparent, brightly colored (yellow-green
through blue) films a few microns thick as required for measurement of
the infrared spectra. Raman spectra were also easily obtained, although
sample fluorescence (probably from tetracene impurity in most cases)
often dictated a choice of the laser excitation wavelength of 5145 X
rather than 4880 X. The sample f£ilm thicknesses, optimized for measure-
ment of vibrational spectra, were, in.general, too great for observation
of details in the electronic absorption spectra though qualitative data
- have béen obtained,

Infrared data were recorded from 600 to 4,000 cm_1 on a Beckman IR-7
spectrometer, while the Raman and visible absorption measurements were
with a Jarrell-Ash 25-100 dual monochromator fitted with an ITT FW-130
PM tube and photon counting gear. Raman spectra were excited with a Co-
herent Radiation Model 52 argon ion laser using both the 4880 X (blue)

o _
and 5145 A (green) lines. The electronic spectra were determined in a
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. gingle beam mode with a tungsten lamp source and using the Jarrell-Ash
system, rathef than a conventional uv-visible instrument, as dictated by
the size and geometry of our sampling system, Resistivities were de-
duced from voltage and current measurements from the thin films on a
fused quartz substrate using a four-ppint probe (83). Current measure-
ments were with a Keithley Model 417 picoammeter while voltages were

followed using a Philbrick/Nexus millivoltmeter.,
Results and Discussion

Vibrational Spectra

Both the vibrational and eléqtronic spectra of the codeposits
clearly suggest that the anthracene moplecule can assume three distinctly
different forms in the potassium - anthracene solid films. Each form
has a unique vibrational spectrum that differs significantly from that
of puré anthracene and, thus, suggests that considerable jonic character
is involved in the metal-organi¢ interaction in each case (87). Based
on the approximate K:A ratios that produce the films in which the
various unique spectra are dominant, it is suggested that the different
anthracene forms correspond to a) two anthracene molecules with one
associated potassium atom (KAZ), b) one anthracene molecule per associ-
ated potassium atom (KA), c¢) one anthracene molegule per two associated
potassium atoms*(KZA).

Although it has been possible to obtain KA and KZA in nearly pure
form, this alone does not completely confiyrm that stoichiometric salt
crystals of regular structure are the dominant solid forms, It is still
conceivable that the solids are basically solutions of continuously

variable composition with irregular structures in which KAZ’ KA and KoA
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Figure 20. Infrared Spectra for Anthracene (Bar Graph) and Potassium
Slats ‘of Anthracene: a) KA2. b) KA and c) K A
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Figﬁre, 2)l. Raman Spectra for Anthracene (Bar Graph) and Potassium

Salts of Anthracenme: a) K A and b) KA
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units occur with a frequency dictated by the metal-organic ratio de-~
posited. However, it is our judgement that the uniqueness and sharp
quality of the three sets of vibrational spectral features are indica-
tive of the formation of three regular stoichiometric salts, KA2, KA and
K2A, with the potassium assuming a cationic form in each case, Tenta-
tively, and as a basis for discussing the various experimental results,
we have assumed that three salts are formed: yellow-green KA2, green KA
and green-blue K2A.

The infrared spectra for the three salts and the Raman spectra for
K, A and KA, along with the spectra for pure anthracene, are presented in

2
Figures 20 and 21. The Raman spectra are untouched while the infrared

curves are composites of measurements from several different deposits.
No Raman speétrum for KA2 is shown although a few band frequencies are
1isted‘in Table I, This reflects the instability of this salt, particu-
larly in the laser beam, which prevented its preparation in a form ap-
proaching the pure state,

The untouched Raman curves of Figure 20 are evidenée of the near
purity of certain of the KZA and KA films. It should be emphasized,
however, that the preparation procedures only guarantee that the "K2A"
deposits are richer in K than the "KA" deposits byt do not require that
the actual metal to organic ratios be 2:1 and 1:1, respectively., In
other words, despite the control of such parameters as temperature and
orifice size, the relative densities of the molecular beams from the
potassium and anthracene Knudsen cells have not been established with
sufficient accuracy. What is known 1s that the bands in Figure 20a (or
20b) go with a single compound judging from their constant relative in-

tensities over the range of deposition ratios in which they are detect-
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able., The stability of the mono- and dinegative anthracene anions in

solution (79) favor the KA and K,A choice for the stable salts.

2
The vibrational data for the three salts are tabulated in Tables XI
and XII with an attempt made to follow the frequency variation of gome

modes through the series A +~ K A, It is expected that a force constant

2
analysis will establish more cléarly the trends in bond order changes

for this series and eventually permit reliable assignments of the vibra-
tional data to molecular normal modes. Until such empirical force con-
stants have been determined (from a study now in progress) the precise
significance of the individual frequency shifts will remain obscure.

It can be noted, however, that theory predicts that certain bonds will

be strengthened while others are weakened as a result of one and two
electron transfer to anthracene (78)., Thus, although the transferred
electron(s) has a net antibonding quality, an orderly decrease in the
fundamental frequencies is not expected, In fact, irregularities are
apparent iﬁ the behavior of certain modal frequenciesin Tables XI and XIT
(e.g., the anthracene mode at 1009 cm_l increases to 1022 cm—l in KA but
then decreases to 1017 in K2A). The lack of a completely regular pattern
makes a force constant analysis an imperative step in any quantitative

consideration of bonding effects.

Electronic Absorption Spectra

Qualitatively useful visible absorption spectra for the anthracene
salts are presented in Figure 3 for the frequency range 12 to 21 kK; the
region where new bands are known to appear in the solution spectra of
these aniong. The electronic spectra are of particular interest for

comparison with solutipn spectra reported for the mono- and dianions
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Electronic 'Absorption for »KZA_; KA and_KA2

Figure 22,
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TABLE XI

FREQUENCIES (CM;l) FOR INFRARED BANDS OF ANTHRACENE, KAZ’ KA AND K2Ab

Anthracene? KA, - KA KA
3049 ———— 3030 3010
3022 — 2990 2960

’ 1600
1620 1564 1567 1533
1530
1533 1515 1475 1519
1448 : 1448 1445 1431
1398 1383 1395 1387
1316 ' 1320 1288 1312
1269 — — ——
1169} 1173 1175 {1194
1150 1155
1090
999 1023 1025 1016
956 = —— ———
886 ——— 882 888
743 798 : 782 793
737} 710 715 740
727

o in ‘ - ey

8From reference 90; only the stronger anthracene features are
listed here.

bFor relative intensities, see Figure 20,
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TABLE XII
FREQUENCIES (cm'l) OF RAMAN BANDS OF ANTHRACENE, KA,, KA AND KzAc
Anthracenea KA2 KA K2A
1632 1598 1542
1555 _ 1538 1470
1481 1471 1442 1390
1403 1395 1357
1293 1315
1261 1260 1260
1188 1180 1160
1165 1155 1152 .
1009 1025 1022 1017
956b 950
904b ~900 880
835
754 738 735 722
655 642 650(?)
602 605 595
525 480
395 370 390

-290b | 305 210(?)

aFrom reference 91,
b
From reference 92,

chr relative intensities, see Figure 2]1.
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associated with various cations (79). The visible spectra were also of
interest in this study because resonance Raman effects have been detect-
ed (see next section) that suggest absorption patterns requiring sub-
stantiation, |

The salt spectra resemblé those of the corresponding solvated anion,
Thus, K2A has a structured absorption band centered near 18 kK as does
the dianion in association with the potassium cation in solution (79).
The comparison for the KA salt with the mononegative anion spectrum

shows a greater difference, but the red shift relative to K,A is in the

2

direction of the ~14 kK band peak reported for the mononegative anion

2

solid, like most of the data for this extremely unstable compound, may

associated with Na+ in solution (79). The absorption curve for the KA

be less reliable. The KA2 spectrum, however, is markedly different than
for the other salts with no obvious Band maxima in the 12 to 21 kK range,
a fact consistent with the yellow~green color.

The K2A ahsorption band system near 18 kK has components spaced by
~1300 cm—1 with maxima at 16,1, 17.4, and 18.7 kK, The spacing of maxi-
ma is reminiscent of that of ~1400 cm-l in the familiar absorption and
fluorescence spectra of pure anthracene (88) and suggests that the saﬁe

vibrational mode, a symmetric ring stretching mode, is involved in the

dianion absorption process.

, K2A Resonance Raman Effect

The colored quality of the salts and the nature of the Raman sampl-
ing procedure favored observation of the resonance Raman phenomenon (89).
In particular, the visible absorption spectrum for the K2A salt (Figure

22) indicates that the 18.7 kK component 1s absorbing at the 19.4 kK fre-



101

quency of the argon laser green line., Further, the thin film character
of the samples minimized the probability of reabsorption of resonantly
scattered light. Thus, not surprisingly, the K2A Raman active mode at
1357 cm—l gave a strong Resonance Raman effect with green line (51452)
excitation., This mode displayed a normal intensity with blue (48802)
excitation, but appeared with a factor of five greater intensity than

0
any other K _A Raman feature when the 5145A line was used. It is possi-

2
ble that other modes displayed less pronounced resonance scattering,

but only the intensity of the K, A feature at 1357 c:m—1 varied in a strik-

2
ing manner with change of excitation frequency, -The responant character
of the scattering was further evidenced by a significant overtone in-
tensity (2715 cmql).

As was noted above, the K2A electronic absorption (~18 kK) was
characterized by components -spaced by ~1300 cm—l. This observation is
undoubtedly relevant to the resonant scattering noted for the 1357 cm_‘l
mode since it is known that the resonance effect is most pronounced when
the excitation frequency is matched to a vibronic absorption feature in-
volving the vibrational mode in question (89). 1In other words, the
resonant scattering at 1357 cm-l is consistent with the assignment of
the structure on the electronic absorption band as the result of vibron-
ic transitions involving the anthracene ring symmetrié stretching mode.
Of course, the ~1300 cm—l value would be characteristic of the mode for

the electronic excited state.

Conductivity Results

Ubbelohde, et al, have des¢ribed rather extensive studies of the

electrical characteristics of the alkali metal -~ anthracene crystals
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prepared from solution. They conclude that the conductivity increases
significantly as the metal to anthracene ratio is increased, but that

0 ohm-cm range at 20°C.

resistivities remain quite high-~in the 108—10l
Though our thin film spectroscopic results seem to contradict their view
of the solids as solutions of metal atoms in anthracene with a continu-
ously variable composition, the new data support their contention that
electron transfer occurs from the metal atoms to anthracene. Further,
our resistivity data, obtained by the four-point probe method, are
reasonably compatible with the published wvalues from the bulk samples.
Thus, the resistivity was observed to decrease roughly two decades as
the metal to anthracene ratio was varied from 1:2 to 2:1. However, the
'measured thin film resistivities were significantly lower than those re-
ported for bulk samples of comparable composition, the range extending

from 106 to 108 ohm-cm at. ~100°K. Our data do not warrant a more quanti-

tative presentation at this time.
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