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lN'm,ODVCT!ON 

The solid binary mixtures between alkali metal~ and pqlycyclic aro-, 

matic hydrocarbo~s f or~d via gas phase co-condensation (1) are con-

sidered, qua~i(;atively, to be :eith~r ch;mor..,.acaeptor type charge transfer 

(fT) complexes Qr solid solu~ions fotmed b~ tqe solvation of alkali 

metal .atoms into the inte~stices of the po1ycyclic aromatic hydrocarbon 

crystals. The optica1 and elee~rical properties o~ these mixtures in the 

form: of thin solid film.s h•ve no~.been i;eported. It was, tQ.erefore, of 

interest to investigate these thin solid f il~s experiment~lly and theo-

:r:etically. 

Charaoterizat~Qn pf these bina~y mixtures is ne~essary to an under-

standing of thei~ ijtl:'Ue1tures etlil well as the eemic:ondµct:lve properties. 

Pal'tic.ularly, these materiali:i ol,>t~:t:n,ed fro~ gas phas!a co ... cc:m.densation are 

expected tQ ·display some u~uaual electrical and optical effects. There

fore, e~tensl.ve si:u~ctroi!rQop;t~ work wae; ~ed:Lcated to the eharaetedzation 

tion of these m:i¥t1,J'.l;'es. A deeper insight: eqncerning the nature of con.-

duction and e:p,ergy 111'-vel stru~tu;e o( these saoU,ds could be e!ltpected 

from the. optical and Qond~ctivity meas~rements. 

The f:trE1t·p~X't. l;'i #h$.s the.sis deais w;i.th theoret;t.eal consi'deration 

of the optical and electrical propert;i.es in t~i'Dls of a eharge-transf er 

procesl!il. · Chapter Ill wi;I.1 p:t'ov:lc:J.~ a descr:tpt;lon c>f the det;ailed experi ... 

1 
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mental methods fol:' sample pJ:"eparation, i,e,, co-condensat;i,on, as well as 

techniques used in obtainin,g opt;ieal a!ld electrical properties for main-

ly the potassium ... naphth~len~ system. Results and poss:(.ble inte:r;pret,a-

tions will be p:r;esented :l.n Chapter IV. Since t,his approach can be ap ... 

plied to a large number of chemical systems, proposed objectives for 

ft.lture study are a.lso ;f,nclq.ded in Chapter IV~ Particular attention, is 

devoted to the prepal;'ation of binary mixtl,lres between alkali metals and 

polyarenes. Potassium, has been selected for the electron donor, naphtha-

lene i.s chosen fQr electr.on $Ceept;:or~ The optical p:x;ope:r:ties (ir, Raman, 

luminescent and viaib;Le absorption spect:i:.'a) and electrical resistiv;:lties 

of the mt:x:tures ate the p~in~iple concerns of this investigation. 

The Appendix, which has been published (2), presents some fairly con-

elusive resl,llts regarding the potassium-anthraeene systems, For example, 

spectn:oseopic data obt~ined for a range of the metal .... organic deposition 

ratios provides evidence tor the e~isten,ce of three stoichiometric salt-

U.ke crystalline solids, i.e., 2:1; l:l and 1:2 comp;l..exes, The vibra-

tional data represent the best available empirical evidence of the effect 

of electron transfer on the bond st?ength in anth~acene~ Oirect identi~ 

ficatiQn of these speeies iri. fut\nre work· sh,:ru14 now be pos$ible. The 

Raman sampling technique used iand the aoloJ;"ed natu:i:e of the sample 
0 

favored the obseJ;"va~iQn pf a strong reson~n~e Raman effect with 514S A 

line (green) :t;or scEl.tte'Jiing p:roduc~d by the anthracene symmetric skeletal 

mode in the K2A s~lt. The electroni~ abso:i:,'ption spectra in the visible 

region, <l>bt~ined to c.c;impa1:'e with the s()lution data, supports the observa ... 

tion of .the resonance Raman effect. Resistivities which wete measured at 

about l00°K t,i,sing a f~µr.-p¢:int...,probe technique should. b~ val,uable .to com-

pare with· the data ,~ePOt'ted l;>y Ubbel!!)Jj,de (l.3, 16) • 
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Published, reports ccmcerning these systems are numerous (3-21),: l:>ut .. . . . . ~ 

most prev:l.ous sample prepal:ations were either in solution, solid com~ 

plexes isolated a~t:er ;eaction ;Ln inert solvents, or layered complexes 

prepared by evaporation ()f one compcn:ient onto a thin film of the second 

component. Only eleet;rcmic fluot>ei;eent spectra for solid samples of un-

known composition obta;t.ned from gas pJ::ui"e CP-co?iden.sation, of alkali 

metals with anthracen.e have been·reported by Slobedya.nik and Faidysk 

(11) .• 

It is worth notin.g that th~se ~omple:xes are e:ii;treniely reactive to.,. 

ward traces of mqisture and i;>xrgen;· they have thus peen prepared. in an 

ine;i;;t atmosphere, and have only been available. in limited. a.mounts~ 

Furthermore, solutions pf the anions of various arenes prepared in inert 

solvents (e.g., t~tra.hydrofwraP. or d.imethoxyethane) have not; been suffi-

c:l.ently t?'ansparent to g:ive any signal.by ;f.r observs.tion. Conseque'Q.tly, 

the complete. lack of previous spectrosc~pic iiwestigation in ehe infra-

red region can be attribu,ted to the,diffi~ul.ties of the sampling tech-

niques.aµ.d the reaQtivity of th,e sam.p:l.es. It was not convenient to 

undertake a.1;1 i:t:' spectrosc9pic measurement without the techn.ique whereby 

the.comple~ is cQl'l.de:naed tq fo~!ll a thin film on, an i'6frared transparent 

substl:'ate in a high vacn.iui:n. Jllven the1;1, no chemical interaction between 

substrate and sample can be all~wed. 

The present work was de~igned to (a) develop a solid sample prepar

ation technique vi.a co ... e.lllndensati~n to ·fol;'m a thin f:l,l,m on some suitable 

substrate it1 e>rder that; (b) ~· (c) ai;i.d (d) (see below) can be carried out; 

(b) investigate the opt;;l.cal, properties using inf'l:'ared anc;l Raman methods 

to st'l,ldy th~ effeet,of electrC!>n tran,sfer on molecular vibration for these 

partiaula~ dono~~acoepto~ ayst~ms; (c) observe the electronic transitions 
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after 'format:t,Qn of th~ CQrQ.ple:111u~1, i. e, ,. absorpt::l:.~n spectra in the visi

ble region a!il ve:J,.l as 1-.ser excit:ed ernis~ion apectl'a; (d) measure the 

resistivity of the. comp1e:icee; (e) pr'op!:)se a deacr:ipt~on of the chal;'ge.-. 

transfer effect and the .mech-nisms of .conduct:lQ~ and (f) suggest possible 

interpretatiqns ba.l!!led on the est~b1i1;11hed cha:ge ... ttan1;1fer theory and fl;'om 

the spectroscopic results; 

Past Expet'imental Studi~s. and Interp:i:etations 

Diffe'l:'ent samp+e prep~rat;i.Pn tei:hn:Lques can be ell!.'.pect:ed t;o give 

different phyli!lica+ states Of. the CQmple;ite~, WM.eh will lead .. to . diffe;'erl,t 

optical, and ele.etrieal ptope.J:'ties and · th.qs; diUerent intel:'pretations. , 

One c~ii·su!.'IUU.r:f.a,:e the techn;Lqu.eEJ used for prepa'X'ation of sampl,.es 

accordit;ig to the physi~al st;a.tes of the cqmplexes. obtai_ned from th,e 

various.methods. 

Co,ni:tle;es, Fom!d , ~n "~'!}fi7P~ . S!l;'-'e'l\\t,s ~ · The, addit:J.on 9f . a~ka~i metals 

tc:> · tlw pQlycyolie a.roNt;ic hydro~~'X'bOUliJ was first etudied intensively by 

Schlenk ·ati,d B~J;gman (3). ln 1936, fic:;ott, Walkei; and Hansley (,4) ·repoi;t-

. eC!, that reac.tic,')ti. 9f a.<1>9.iUJI\ wit1' napht;:hal.ene and· other polycycli.e aro-. 

matic hydroearbona in dimet~pxyethane leade to a~ inte.nsely colored so~t 

I ution 'With relatively. h;l,.gh electrical ·condut;:tanee •. · The existence 0f i 

thes~ elec:t:~c:m t'X'ans,fe:i: products w~re further eviclc;lnced by Weissman 

(~ ,6, 7) , Hoij 1;ink (a, 9._f 10) and ~heir eowopke.rs, who wel.'e able to pX1epai;e 

a large numbe~ of sµch.sQl~~io~s in t~trahydroturan. 
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Ubbelohde ·-reported preparation of solvent-f~ee sol;\d state comple:x;es of·. 

lithiulll, sod;l.Ulll or· po~aasi1,llll and anthraceme. as well as other solic;l in

tert1.1olecula:r; cha];'ge-trarulfe:i; cotnple~es (1;4 ,1~ ,14 ;15 ,16). The p1;'epara

tion tec.hniq1i1e we.s d:Uficult aAd length.y, They were 1,assemti~ll,,y p'J;'e ... 

pared in ine~t; solve-nt;a in an. ;l,nett·atmospbere, the7;1. isglated.· 

Com2le~es Fot'llled. Between Lax~rs·af .Donon·and Acceptors, In 1935, 
., · ¢. 14.Fi4A41,q.p,. ·.Aj .. \. 4t . . · 

Suhrman (11) prepal'ed the complex by evapcn:ation of the hyd:i;oca:i:bons 

onto a previously. deposited fi:l.lll of 1;1.l.kii.li metal.· Tb:ia te.chnique ,was 

furthel' applied by Inokuohi (l,8)~ Kea\t'ni:t (19,20) and yaubel (21). 

Spectrosc(!)pic alil well as eleetri~al prope:t;:"ties a,nd t'lle photo-elec

tric eUect wete the.eatl:l.er WC)tke~s' prima;ry interests. 

s2ect't'os~OJaif\ .. C~,a~!\~~er~eti1os, Electronic and electron spin reso

· nance spectra Of monQ.and di ... !;legat:l,.ve ions of.va;rious arenes Were re-

ported by Hoijt::l.n~ (8,9~10) and Weissman (5,6,7) in solutions. The ab .. 

sorption spectra ,i~ the vis~ble and UV regions.of solid layer complexes 

for sodiwn-anthr~ce.ne and sodium•perylene were reported by Kea\C'ns (19, 

20). There.has b~en no success:f;u.1 ;f.l'l.f\C'~:t;ed spect;i;-oscop:l.c study either 

in solt,ation or the sciU.d state: £or the19e systemE;1. . The first investiga .... 

t:l.on of·infrlllired band sh:lft:s wit;h. odd elect:on density in the aromatic 

anion radicals \ta~ reJ,>orted by Ea't'gle and C0,x (22)' in solution.. Only 

benzophenone, . fluo;i:enone an,d b:t.phenyl J:"ad;Lcal, . anions. were reported in. 

some .. de.tail 'using d:l.methoxyethiil,ne ·as so;l.vent~ Furth~r" no Ra~an epect;

r:oscoptc ;nveS1ti9at:ions c:>n metal..,naphthalene system.have.ever been.pub-

l:lshed• 
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Theoretical values from one~electron LCAOMO treatment of hydrocar-

bon negative ions ~ere calculated by Hoijtink and co-workers (9) in 

order to detel;'tlline the positions of the high free valency number for 

8 ' 

various arene anions, e.g., for naphthalene:~~ , the predicted 

s " 
positions of the highest chai"ge density are eq~ivalent at 1, 4, 5 and 8 

for mono and di-negative ions. 

Electrical Proeerties pf S~lid Cqm~lexes. These were investigated 
, - - . , - I 4 . I 1-; -k- - . -I ;e ; 

by Ubbelohde' s group (12 ,13 ,14 ,15 ,16) in England. It was pointed out that 

the remarkable inc~ease of conductivity which was found for aromatic hy-

drocarbons as ~leetro~ acceptors with alkali metals as electron donors 

can be interpreted in terms of chal:'ge-transf er complexation which per-

mits generatiop. of cart"iers in the complexes mote e~sily than for the 

parent aromatic hydroearbo~ c~ystals. The proposed model for bonding 

betwee~ alkali metal atoms and the aromatic groups was quasi-metallic. 

The sodi~m rich complexe~ Na(x)A with x ~ 2 showed particularly marked 

enhancement of the pseudo~me~allic pr9perties. Th,ey were believed to 

consist of alkali metal atom.s diE;1persed in solid solution in the crystal 

of the aromatic hydrocarbon with.substantial, but not complete transfer 

of el~ctron between a;l..k~li tl\eta1 atom.s and ant;hracene. A ppsitive tel'!l-

perature coefficient of cond'l,l.ctivity :i,ndieated that the electrons have 

to be activat.ed to pass into a conduatit:tg energy band. 

Pho1;o-Electr:i.c Emission of Electrons From Alkali Metals Into Anth-

racene Crystals. Thi!;! was first repo'l;'ted by Suhrman (17) in 1935 and 

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

quanttnn yield of photqelectre>ns. Vaubel (21) reported a similar investi-
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gation but with more e;xtensive r~sl,llts usiµg alkali and alkdine-earth 

metals as electron donors ;ln ordet' to observe the second conduction band 

in the anthrac~ne crystals, The tra~sfer of electrons from Cs, Na, Ca 

and Mg to anthracene crystals ~an be released optically, This gives 

rise to a spectral response which ;Le nearly identical with the optical 

absorpt;f..on of the ant.h,racene mono ... negat;ive ion was reported by Hoij t:i,nk et. 

al (2~) in the visible re.gipn. The spectral response curve for injection 

of phot,o-excited metal electrons into the anthracene crystals is inter

preteq as a sum of two cont~ibut;ions. (i) Injection into the narrow 

first cond,uction band and (ii) i-qjection into a broad second band located 

0.5~ - 0,05 eV above ~he first one, 

Ot;h_~r- .Physical P_rop_~_rtiei:1. _Such a_f!._ D_en~gy, Ma.gne_tic. P_rope_rties, D_i

electri_c Loss, _Etc, , We1:1e Also .Invest:igated. The results obtained were 

used to confi't'm the dative natu~e of the salt-like crystalline solids of 

the alkali metal-anthrac~ne systems, but Ubbelohde et. al. concluded 

tha~ the electl:'on tr111.nsfer ;is llOt quite qomplete in the solid complexes. 

Charge-Transfer CompleKes 

A simple ~harge~transfer reaction is defined as one for which no 

bonds are broken or fot'll1ed duriµg aµ electron transfer step. Such reac

tion might result in (lQ'll'.plex fo"rmat;l,on, or might be preceded or foll,owed 

by bond-breaking or bond-forming s~eps in a several step reaction mecha

nism. For this study the interest is in the formation of complexes dur

ing the charge-transfer proceas. The charge-transfer complexes are 

charaGterized by either a partial or ne~rly complete transfer of electron 

from donor to the ac~eptor, the amount of transfer being proportional to 

the strength of the intel:'llloleeular interaction. This interaction accom-
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panies the ove?lapping of the lowest unoccupied molecular orbital in the 

ac,ceptor and the highei;t orie in the donor. It hasalso been shown that 

the symmetry of the two mo:Lecula,r orbitals is an important factor in 

allowing charge-transfer interaction to take place (24). A quantum me

ohanical description of comple~ fqrm.ation between varioua electron donors 

and acceptors was reported by Mulli~en (25). 

The interaetiop between al~ali me~als, odd-electron donors of low 

ionizati~n potential, and TI~electron acceptors of the relatively high 

electlion affinity, ttel!lv.lts in essentially a complete electron transfer t,.~· 

+ -fo:i;m an odd .... even ion.,.;pdr if the interaction is· of 1:1 type. Na ·TCNE is a 

typical odd-even ion-pair. For other types of n;l interaction where 

n > 1, the situation might be quite diffetent. For example, the electron 

transfer might be less near1y complete; nonstoichiometric compounds may 

exist as soliq solutions of a1kali":"metal-polycyolic aromatic hyd,rocarbon 

mixtures. In ~eneral, comp;J..e:x; fo'l;"Il\ation of nD:A (n donors of odd elec

tron type to oP.e ac:cepto~ of rr structure t:ype) where n may be 1,2,3, 

etc., is known to ta.ke pl;;tc~ in the solid sti!lte (26,27,2$,29) as well as 

in the gas phas~ (30). 

S2ect,roseopi7 Ch,a;r,apter~~ati9n ,of Cha,t"se,-Tr~n,s

fer Com2le~ee * -' 4 .;, 

One of the moat direc~ and successful methods for investigating 

charge-transfer comple~ei;; has been the use of various spectroscopic tech-

niques. Absorption of UV and vis:l,ble ligl:it is probably the most widely 

used. A portion of the absorption spectra of molecular complexes in 

these 1;.'egion;:i, eg. , HMlh·TCNE (hexamethylQenzepe-tetracyanoethylene) sys-

tem, may be considet"ed as ~el;Julting in e1ectron transfer from the donor, 

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



observed (31), Whieh correspond t;.o the so .... called charge ... transfer bands. 

They a;e cha?:acte:i;istic. of the tnC11lec1,1la'X' complexes with band positions 

dependent on both the acqeptqr (~lectron affinity) and the donor (ioni

zation potential). 

9 

Infrar~d and Raman spe~ttoscopic observ~tiona have also provided 

valuahl~ ;l.nformiition iri. t.he inve~tigatie>n qf ·ehal:'ge ... trans,f~J;' phenomena. 

In the.presel:\t case the dC>tlOr is the atotnic·metal which by itself .is not 

assoc:l;a1;'.ed with any molecular vibrations~ Charge-transfer induced.fre

quency shif~s for the ac~eptp~ are det~rmined by what type of orbital 

the tl;'ansfet"red elect.t'ons enter, the most· co111tnon case\! ,being tr~nsfe:i; in

to an anti.,.,bonding _molecular QX'bital, whieh transfer tends tC? reduce the 

vibrational frequencies o~ the acceptor, The activation of certain vi-. 

brational modes i:n.Qha~ge ... trans:fer complexes, is another importap.t phe

nomenon which can be.observed exp~r,:l,m,entally and explained in principle. 

An exam.ple of this :t.a the l!etivation of the Cl2 stretching mode upon 

complex formation with benzene (32,33~34) •. Resonance Ra,man ~cattering 

may a.1510 be ol:>set"Ved if the exei.taUo.n li'Q.e falls in. the electronic ab

sorption band of the sample (see Chapt~r II), 

E:lec:t~qnic tr~nsj,tions·for ohar.ge ... tt'ansfer complexes can be summa

rized int~ two ca~egor;Les acqording to the natµre of .the obsetvable 

transit;.;Lcms. 

(a) Thermal activatipn of elect;on~ from the highes~ filled band 

to the lowest; unaccup:t.ecl, conduction band of solid cha:rge-transf.er com

plexes cau~es a typioal·int~i~sio sem.iconductive behavior. The conduc

tion mechanism can be e~plained in t•rms of .a band structure in.the case 
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that a linear relationship e~ists between log conductivity and the re

ciprocal of temperature. Therefore, the generation of charge carriers 

is a necessa~y process for the cond~ction to occur. Most.organic semi~ 

conductors are fouqd to belong to this case. On the other .hand, highly 

conduct;ive ianion-radical ... types of organic.semiconductors have been found 

for which little or µo thermal activation is r~q~ired for conduction to 

occur, although a l:t.?lear relationship still holds (35). It ·has been 

proposed to interpret this observation in terms of either a hopping 

model or t~nneling (36). 

(b) Internal optiea~ transfer from donor to a~ceptor of an elec

tron in a charge~t~ansfer ~omple~ during e~cit~ti0n from the ground 

state to the excited singlet state or vice-versa with a resulting ab

sorption or embsion, The spectra observed in the visible region of 

colored c.omple~es CAn U,siJally be att:t:'ibuted to this optical activatipn. 



CHAPTER II 

TH~ORE+lCAL Ca.Al\A.CTERlZATlON OF ~OLECUtAR 

CHARGE~TRANSFER CO~PLEXES 

The theQ+Y of donor-a~eeptPr comple~ea and their spectra, as orig

inated by ~ulliken (2,), is a vapor state theory with om~ssion of London

dispersion terms, ~he application of this theory to weak complexes in 

solutions, after small corrections for salvation energies has been proven 

to be essentially valiQ in inert solvents. E~perimental results for 

many soli.d comple~es can be undei:os~e>od in tel:'lll.s of the simplified theory 

as well. 

CQmplexes fottned betwe~n donor-ae~eptor pairs resulting from charge

transfer without either the dissociation or fo~tion of bonds, which 

are classified as dativ~ or weak, can be distinguished by spectroscopic 

studies• par~ieulf~ly, if th~ sampling tec~nique is favorable for infra

red ~nvest~gation. Complexee are classified as dative if the infrared 

spectx-ul!l is considet'al:>ly difterep,t from that of either constituent llloleGule 

(29) and, in part~cular, if it resembles that of the anion (cation), as 

in the ~as~ of the alkali salts of .semiquinones (29). On the other hand, 

if the infrared speetra of the compiexes s~ow a close ~esemblance to the 

uncomplexed entities, the CQmple~es are considere4 to be non-ionie or 

weak; for instance, th~ b~n~en~~iodine compl~x (37). 

The st~~ctural char~cterization of complexes via a spectroscopic 

approach as well as q~ndµctivity studies is emphasized in this chapter. 

11 
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The former includes visible? infrared, Raman a~d resonance Raman and 

emission spectra; the latt~r <ZOJ\Oentra.t. on the enhanced semiconduc ..... 

tion. 

Elec.tronic absorption spectra for ~olec~l~r complexes can be s\llll.-

marized under three types, i.~,, eharge-transfe; sp~ctra observed mostly 

from non-ioni~ complexe~; spectra inherent to the anions and/or the ca-

tions from dativ~ comple~es disao~i~ted in polar solvents; the associ~ 

ated salt spectra at low tem~era~ure either in solqtions or i~ crystal-

line solids. 

The major part of donor~acceptor interaction theory has be~n pre-

sented in tet.ins ot a !Single pAir of electrons or just one electron in 

th.e cas~ of odd•even complexes. .A. characteristic :i,ndic;:ation of the for-

mation of charge-~ran•fe~ cQmplexe~ is th~ appearance of new broad opti-. . . 

cal abeiorpt:Lon bap.Q.s whic,h can.not be attributed to donors and acceptors 

sepal:'ately. The excitat:ion oi; sli!CQ complexes tllB.Y be associated with. the . 

partial or complete transfer of an electt"on from dono;r molecule to the 

frequency of the maximUlll in the absorption of the charge•transf er com-

plexes to the characte~istiqs of th~ .donor and/or ae~eptor •. 

It is of intereft to cPnsidew th• complexes that are.form•d between 

alkali metal (M) and p~lycyQlic ar~mati~ hydroea.rbons (Ar)~ The essen

Ua;L f eatu:i:-es of this 1;;ype pf cc:11:~ple~ ean be Q.esaribed by ui:iing one .. 

electron approximatio.n. The wavefunction of this eo~plex in the g~ound 

sta~e, is given in ge~e~al by 
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'i'N ;; aljJ (Ar ... , Mir) + bljli (Ar, M) 
0 

O't ''l' 
.., + 

(AX'' M), "" l:;J/a = ljio (Ar , M ) + A\jil " N 

( - +) where lji 0 Ar • M r~presents tqe dative structure in which •n unpaired 

electron occ~pies the lowest a~ti-bonding 111.ole~ular orbit~l of the aro

matic hydrocarbon molecule, and th~ alkali metal is po~itively charged; 

ljll (Ar, M) l;'epresents th,e charge ... t;:i:ansfer strueture; (with no bond) arid 

X 'tb,e tn,ixing pa1:'amete1'. According to the second-order perturbation 

theory,~ is muc:h l~ss than.1"ahc:l is given by (JS,39) 

where I0 and EA denote.the ioni~ation potenFial of the donor and the 

2 -electron affinity of the aqceptor m.Ql,ecu,le respect;:ively, and e /r the 

average electrostatic ene~gy between the radical anion and the cation, 

and w10 is defined ae <ip1 1Hlw0 >. · On~ can clauify thi!il complex as an 

anti~bQn4ing dono; and vacant acceptor type, Th~ simplified fesonance 

structure for the llharge,..tran~fer excrJ.ted st;;ate is given by 

* - + * ' 'l'V .. · a tjl 0 . (Ar , M ) + b lji;I. (Ar, M) 

where A.* is .f.ll 1.0. 

Applyi~g ba~ic qµq;nt1.1m iUeehf.nieal aJ:gumetJ,t;s the charge-tran~:f!eX' 

e~cita.tiQn en•rgy (h\ICT)' :la ~iven as 
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Where WV .is the energy of ~1:\e exc.ited state;_ and WN is the energy of the 

gro\lnd state, 

Using second ~rc;ler pe'J!tUl'bat:i<;m theory~ hvCT is then (:l.pproximated as 

a z + a 2 
0 1 

.. A 

2 2 where 130 /A,(X0 ) and a1 /A,(X1) are the re~onance energy of the ground 

state and the ex<;:ited ~tate at equilil?rium separation, respectlively, 

One may now estimate A with the help 9f experi~ent"a:lly available data, 

since in Figure l 

E 

DA 
...................... G WV(g) 

' '-,: 1 w. . ··-···· ·'·· I \ l / f °"'>;" · 

J;D ... EA , __ ·-r--· . '\.T ..... x1 . '·--., wv<s> 

~A p • A · hv 

R(DA) (lQ 

x w 
o N(g) WN(S) 

R(DA) 
eq 

R 

Figure 1, . ~nergy tevel Riag~~m of Charge-Trans
f er l"roO.l!SS 
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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 e~periment, the hydr~carbon negative ions are formed by adding 

one or two el~~tron~ to the rr-eleat:ron;Lc.E!ystems of ~he corresponding 

polyacenes from chemical pr electrochemical reduction, Spectroscopic 

infotmation about the e~i,stence o'£ these anioris e;t.ther as f ?"ee negative 

ions or as anions which are asso~iated with alkali metal cations has 

been obtained by various workers. (5-21,23,40). · It is therefore, naces

sa~y to consider the natute of the electronic ·transitions in the visible 

and ultra-violet regions. In most oases, the observed electronic transi

tions have b~en assigned tq internal tran~~tions• i.e., the absorption 

spectra were attributed to electronic states of the anions either sol-

vated or ion-paired with a cation, 

of the chemical bonding theories, 

These anion spectra furnished a test 

Thus Hoij~ink et. al. have calculated 

the bond order change of the vario~~ aromatic hydrocarbon anions (9) as 

well as ~he theoretical tt~nsition energies (23) for comparison With the 

observed spectra in liquid a~d ri~id solutions. 

One could imagine that there exist spectral shifts from neutral 

polycyclic al:'omat:lc hydroc:aibon~ te> the mon9- or di ... negative ions of the 

corresponding polyacenes as a result of one or two electron-transfer. 

Theoretical investigations have found that a red shi~t from u.v. to .vis ... 

ible is expected for all the l:f.ne~rly condensed ring sys~ems. Other in

terestingqyestiol;ls a+e coµ.cerned with where the odd ele(?trcm is located a.nd . 

where the cation is to be fou11.d in the Ci;ise of association. Itoijtink et al. 

have argued. that: the trallsferreQ. i:idd electron is dele>c:alized with cer

tain posit:Lons having highet;' cl\at'~e densities, and that ~he cation in 

the ion-pair is not c;:entered OP. the molecular plane, but offset along 
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the longer axis (in order to inte:i:pret the spec.tral intensity change 

(23)). 

Luminescent SpeQtra 
' : Q ; ' f 

After absorption of light, the exeited complex may be expe~ted to 

dissipate its excess configurational energy and to move toward the 

equilibrium configuration of all the vibrational coordinates. For ex-

ample, luminescent spectra have been OQserved using thin films of co-

deposited potassium-antht'acene complexes (11). This corresponds to the 

inverse transition which involves c~arge-transfer from the no-bond ex-

cited state to the aative g~ound state, and, normal~y, a spectrum, that 

is a m:i,rrot'·'X'eflection of the cha:rge-transfer absorption (41). 

Consider the process of e~citatiQn for which, the electron transfer 

+ ... -h"CT 
A ···~· D • A,D 

causes a considerable change of the interaction energy of the components. 

In the ground ~ta~e a s~rong att~active force caused by electrostatic 

interaction is involved, while in the excited state, the attractive 

energy of the unchar~ed pair is quite weak. 
' 

Figure 2 repiesents the pot~ntial curves to illustrate the 

Frank-Condon (FC) p~ineiple, All q's are adjusted through internalconver

aion so as to mini~iz~ the ~ne~gy EN. (R, q) and E__(R, q ), and causing 
. g v v 



Et 

II E (R,q ) v v 

Fi~u~e 2. .Schematic Potential Cu~ves 
Illustrating Frank-Condon 
Principle 

There :i,19 some dif teren,ce betwe!en the equilibrium distance R of eq 

the ground st~te and R of the e~cited state, here, in Figure 2. 
v 
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R is the distance be~ween the eomplex components. Curve I represents 

·+ -the potential energy of (D A) in its ground state, EN(R, q8), where qg 

arethe configurational·coordinate~. According to the FC principle, the 

maximum of the observed charge~tran~fer absorption band corresponds to 

approximately vertical transition. But in the excited state, Ev(R, qy), 

the c.omple:l(; minimizes -the l;lX:Cess vibrational energy of the FC configura-

tion. Fluorescence is then expoc,tied to occur from J:he equflibi-ium con-

figuration of the excited electronic state to the ground electronic 

state, and h\I~; w:l.l.1 be lower than hv~T' Fluorescence spectra of the 

internally excited anions will follow the same principie and the details 

will be die;qussed ;l.n Chapte?.' IV, A possible fl.uorescent mechan.ism for 

metal-doped fl.l!'Omatic hydrocarbons, such as anth'.l;:'acene and naphthalene, 

is as follows: The ~romatic hydro~arbon molecule, Ar, is reduced to the 
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anion radical by accepting an.eleot.rou 

Ar ·-t. E! ~Ar-

or 

+ e -+ + hv + 
H· --Ar 

and there are e~cess neutra~ aromati~ hydrocarbon molecules, then energy 

transfer is poss~ble 

- ~ ~ 1 * 3 * Ar + (Ar ) + (Ar ) + (Ar) and/or '(Ar) 

and one mis.ht have a~sist;ed fluorescencfil and/or phosphoreseence. Fur-

ther, the presence of the pure anionic form of the arenes, would elim-

inate this possibility. 

Vibration~l Specttoseopic Asp~ots of the Charge~Transfer 

Complexes--Infrared and Raman. Spectroscopic Observation 

Infrared Speotra of Charge ... Ti:ianefer Complexes 
• 4 • <. ; t ; .,: >; z.µ ·· i!# ,p 

Infrared spectra may ~ndergo the following possible changes when a 

donor to an, a~ti-bonding Qrb;J.tal of the accl!l.ptor: 

(a) ftequency ehifts; 

(b) intensity change a11d broadening of the bands; 
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(c) activation of certain inactive modes in the infrared spectra; 

(d) new low frequen~y bands of PA pain or crystale; 

(e) eliminat:l.on Qf the c.or;relat.ion field coupling in the solid 

stat~.throu~h ijeparation 0£ neighb()r;f..i:ig like·moleeules; 

(f) vibroniq. was\l~out. 

- + ln the case of (Ar M ) system, it has been found e'!;perimentally 

that the syst~m in l'HF aol,ution e:dats entirely as ion pairs (23). The 

vibrational spectra of tqe,se complexes which will be expected to be con~ 

sider ably dif fer~nt h·om that Qf the n~utral parent molecules ate partic

ularly u.seful in further undentanding the nat\.lre of the complexes and 

partic1Jlarly the bon4in~ <;:hj:mges in the Ar.... Electron spin. resonance 

studies and semicondu~tive data suggest that the transferred electrons 

are not entirely on the &r$ne molecules (39), 

A, theoretica.l e:x:planation of ,the beh~vior listed under (a), (b), 

(c) and (d), particularly for weak complexes, has been reviewed by 

Mulliken (42), and application of the theory has proven to be satisfac-

tory. fot' weak complexes. l:Pi general, the change of bond order or, in 

other wordia, the cha1we in the magnitude of the force constants is . the 

basis for the interp:r~t~ti9n of ~~e ob~erved 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 constap.t size, 

Theoretical pred:i.ction .of the bond oi;iders for neutral a:renes and anions 

of arene$ have been ms.de with the a:l,d of HUckel's t:reatment by Hoijtin,k 

(8 ,9). S~herer (43.) hlil.S been able to show that tl:\e application of a 

modified Urey-Bl:'adley f o:i;-ce f iel.d for condensed aroi:natic rings leads to 

some remarkable conclusions regarding the vibrational spectra, 
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y 

s.a 

tJ 
I 

v 
~ 

S.o 

IJ,t.j 
.5 .6 .'7 

1T - bond orde. t" 

:Figu,;-e 3, rlot of Force Con1:1tants Vers4f:! ir-Bond Orde:p 

Sche~er (43) specified the potential function arising from the in~ 

teraction of the 71' .... electrons With bond stretching coQrdinat:e R, so that, 

in matri~ notation 

irR irR where F : 'Ill pf · , an,d p is a acalar variable. It is plaµsible to pro-

pose, that the ad4itional pot;ential function arising from the i~teraction 

of the transferred electron wit~ th~ bond stretching coordinate R of the 

anion iS 
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the;efo'.t'e~ 

where• signif;l.es th~ od4 electir<'.n,,· .As~Uilii:n~ tha,t; the KekU1e r~sonan~e 

structures ai:oe o~ equal. :1111.pot'tin~·H~ ~ . and. al.&10 that the anion has the same , 

synnnetry as the neuttal m!llect,1le With the negl;Lgible variation of the. 

bond length .anc;l ben(i angle, :l.t ~s the'1 POSEJ:i.ble to calcu:J,af:e the fot"ce 

con1t:ant;s us;lng the qbserved vibrllt;ietlal f requell.~ies from both Raman and 

it\frared. $pe~ttai 

7 OJ co . 

. 

(~) (h} cc) 

If Qne oonaide:s (>Jl.1)1' the c .. c E!tt:etch;lng force constants ~f bonds 

l, 2, 10 and. 11, a plot of the aal.c\llated va.lues of 'If-bond orders _versus 

c-c stretc}\;i.ng force cons~a:nt!il, ~-G, c::an be. obtained. An a.pproxima~e 

17,ne.a:r .. relat:ionli\hip is . thu,e ap\)111.J:en~ from. ·tl:\e graph· in Figure 3 ~ 

This lineai- relation haia l>een a~aW11ed ~Y (;9rdy (44), i.e., 

k Ill f(N,.. XA'_' X;s• .d)··wheJ:e k is.1;1\e' a~retcli:lng :forcf con1u:eat;·N is the 

'IT ... bond o?de1'f xA' xB are ele~ti-on$gativ:l.ty <:>f element A and elemeni; B, 

and dis the bond lel;'l.gt:b. The·•mpii:;l;~al rel,4tion ia 

~eth c.•leul.aU9ns 'flave been. based on Jt(J.lkel Jnol~culatt prbital 1:he"X'Y al-



22 

though hy diffe:i:-et}.~ ~utho'?s, Onti cap. fuf1:her ai,:is~~ that, if thi~ re1a.

tion also holds for the mono-negative ion of n~phthalene~ then, qualita

tive zero Ql:'det fore~ con~t~n~~ of the aP.i~n Cf!.J\ be obtained using the 

graph and Hoijtink's anion bond prders as a guide. Improved force con

stants Ciiln the~ be ~alcu,l4ted by fitt;i.ng tile ob!ilel:'ved flreq'l,lency s1;lifts 

of the vibJ;at:J.pnal ~odes. 

The act;i.vat:J,pn Qf infrar~d ~nact~ve niqqe!J as well as in,ten!llity 

changes when donor an4 acqeptor molecules come together can be explained 

in terms of ~he "el~ct~91il vl(.'bi;ttiqn" (~o4elH26,~1;28,,32,33,34> which 

conside+s the highly pola;rizab;J.e ele<1tion c1ou~ 01;1. ~h~ radic•l anion, 

The electron eloud is t(istqrte~ by the presenc;e o~ the point cation anc;l 

the varia,tio'Jil, .of the anipn ch~t1gia c;Lo~d po!arit?;abil,ity w:f.th tota:J..ly 

symmet',t'ie vibrations produ~e~ ~q e~~ect such t1;lat the magnitude of the 

4irected d;J.pole between anion and c::atic:>n oscillates. Thus, th~ mode is 

activated. By contrast: tqe ~~feet Pi vibronic wash-pqt ia the extensive 

cancellation of the notmal vibfatiQnal tJ4naition mo~ents as a 'esu~t of 

the resp~mse of th~ eie~ nPf\ to thQse ~om~nta. :For example, the ra4i~al 

electron qf a ';l'CNE (tetraeyanaethylene) ~nion, when viewed as a particle 

in a box, appears capapl~ of wipiJ.'\~ out the no~al. infrared activity of 

the anion (27~28). 

It has l;>een pointed 04t by .)'ones (45~46) that the intensity contri

bution from the delocaliz~tion of the 7T~e].ectron tn the vibrational 

spectrum of the even-~ite~nant hydrocarbons is small. In other words, 

the delocalidng 7T-elect+l;'?P.s in the e'Ve'1'\--alte.rqant hYdl'QCarboni;i 4o p,ot 

d~nificantly affect the <:\ipole deioivat:ives f~JP the C·C skeletal motions. 

Expe1'imental l,nfrarecl ~pecttal. t!~stJlt~ pf l>enzene and p.aphthalene sup .... 

port the theoretic~! preqi~~ion fairly satisfactorily. 
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In the case of an an:ton rad~cal. or a ~harge ... transfj!r complex, the 

in~ensity change a~ wel,l as tb.e £requencY shUts of certain vibrational. 

modes depend on a nv.i:nbe!ll' of faqto:rs, :l,..e •• the ;redistribution of the 

electron cloud due to t4e presenc' of the transferred electron on the 

an.ion; the ;1.ntet't;ictions between.an:ton and <;ation and the change of. 

symmetry of the molecule, Th~~~~ore, the tran~~ti~n moment of certain 

vibrational modes :tn tl\e neut,:'al mc:>l~eu,le 1:11ight; be greatly en,hance4, 

canceled or changed very little after fQrmati<rm of. the complex as a re,.. 

sult of the resppnse o~ t:he tt~nsfel:'red, electron a.nd the vil:>ration. 

·Ferguson and Matsen (75,76) and Friedrich and Person (77) have shown , 

that the vibratio~ of atoms car~ying :fixed charges cannot by itself ac-

count fo:i;- the in:frared int:ensiUes;i observed in.ch$rge-transfer complexes. 

'l'he enhe.11ced intens:t.ty is at~ributed t" a "delocaU.zati.c:>n mome'l,lt," aris,.. 

New low fl.'equency mot:toµ.13 in t;he .comp~e:icefil are expected :i,n which ]) 

vi bra t;es aga:i,nst A. I"O. t;ihe M, . .l\;i systems f e>l;' :J.; 1 and Z; l ~ompl,exes, 

these n~w vibratiPJ;).~ are e~rH~~tcaQ to fall. in the far infral;ed 'I,'egion. 

Very spa.l;'se ;Lnfc>rme.t:tem ;t.n. thh a~ea. has b~en obt;aip.e9 due to lack of 

preper instrumentatien (73,7,4), 

A complete µnderstan4:;1.ng.of v;l.bi"ation~l aspeet:s.of ch~rge .. tr~ns#er 

complexes m4$t inelu~e ~he Raman sp~ct;ru,m which p~ovides useful data not 

only complimentary to wh~t is ob~a;l.ned fri;>m il;lh'i;t.!l:'ed sPectroscopy, 1'ut 
; 

al,so gives new ;Lnfc;>rnatian c;zc;>i:'l<;~~il\g yibronic;. ;interactiens and the .rea ... 
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Plac.1;ek (47) points out that• Qw:;l.,:i.g tQ the~1aUvely large ~aH and 

slow response qf ~he atomic nµclei, ~~a~ sca~ter~ng is ponnally due 

practically e~t~~~ly ~o the elect~ons, lt. .is, there~Qre, e~pected that 

the change at the el~~~~oq ~~n·~~~ ~p~n tranaf~~rtng an.electrqn frpm 

the donQ.1." t(;) t:P,e ae~feptoii: wU,l prP~\JC.e R~n sc;at;te:r;Lng wJ"iich b not;Lce"' 

ably d:f.ffere~t fr1:>111 that of the P.e\?otl'll'l 4'µ~ata~ce •. 

Classie~lly, the eleQtrtcal. mc;une~t is !nqueed in the s~attering 

molecµl~ by the ~Ji«act;r;L~ U~l4 Ji: of the j,,ra,c:f.dent light, J;f ~ is the 

mole~ular pola;izab!ltty, P~e ~Y wiiit~ 

(~-1) 

+ here Pis a veetor o~ the :tnd\\c,eci mQ'meP.t, and a·~s time d~pendent, be-

cause of 111c:>lee\1l..iar vibratie>n. 

In a quantu~ me~hanteal app~oaoh, it is neeess~ry tQ consider the 

· matri3 ele~ent tmn for th@ ~ransttio~.~-ttn in qqesttQn instead of the 

ctassical !nd~ced moa9~t~ 

(2 .. 2) 

. ~ 

as a fun~tiqn pt o~ly nu~l~f~ QP9f6inat,s, the~ P,Q111. is a vibratio~~l 

tt,'ansit::l.cm 111.011\ent, Yor a. parti~uJ.a.x- vibrat;lonal ll\Qde, Placzek expaQ.deQ. 

~ as a T4yl,or seri~s iJi t;;he d.ispJ.•q"~nt eQPrdin ... te, Dropping off high

er order tel'll.ls a~d applylng the vibr•tional wavefqnetioq f o~ s::l.~ple 

harmon::l.~ ~q~::l.Qn gives 



25 

upon integration. 

a ""' n,n+l <i-4) 

where µ is tAe reduced mass and• v the fundi;llllental frequency, The in-

tensity of scatteting of the mode at right angles relative to the inci

dent light is given by 

(2-5) 

molecule to undergo a, quantlltll trari.sit:l.oll t,o a highe:i;' et).ergy lf.avel, with 

the result that the photon loses ener$y and is scattered with lower 

frequency. ~f the molecule is already in an energy level above its 

lowest, the collisiqn m~Y ~a4se it to undergo a transition to ·a lower. 

energy, in this case the photon ~s ~catteJed with inc~eased frequency 

(vo :!: "nu;>l)' 

It has been known for yeafs that Raman spectf al feature~ observed 

of the elect~onic transit!on of the molecules, may be of unusually high 

intensity as the result of the ~eep~ance Raman effect. The intensity 

theory of equation <2~5) is no longer valid, A semielassical pheory de

veloped by Shorygin (48) is br~efly introduced, When the incident light 

frequency v is nea~ ;o ~n electron~c absorptipn band, the polarizability 

derivative is given by 

2 +: \l v' z ""e e e 
la'!~ i2· ···2 2' 2 2 

• 2~ cm [(v ·~~ ) - v Y ] · e e 
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and scat1;:ered inten$ity will depend on ~he square of J~' I· Here z is 

the charge of the e~ectron; m, the mas~ of electron, f , the electronic e 

transition oscillator strength calculated ~rom the absorption band area, 
... 1 

ve' the frequenQy o~ the elec~;on:f,q ~qso~Ption ma~~~~m in cm , ye, the 

attenuation coeffi~ient; c, ~he velo~ity of light; v, the exciting fre

quency. The seocmd derivaUve of a cprre1;1p<mds to the intensity of the 

overtone band. 

In the rigqrous resonance Rama~ effect th~ intensity qf Raman lines 

(incll\cJing overt;ones and eombin,,,t;Lcm to"Q.es) depe:n<:ls on the position of 

the exciting line velative to the single vibra~i~nal m$~ima of the elec-

tronic absorption band~ An extended overton~ strij~ture in the resonance 

Raman specttum may be observec;J. only when the exciti'Q.g frE1.quency falls 

into the interior of: the d:lst;inctl.y ol;H1ervable vibttational ~tructure of 

the absorption band (~a). 

Resis~ivity o~ Ch~rge-!r~nefer Complexes 
' ' 

systems as compared with neutral ~r~nes can be related to the change of 

e: . t/2k.T 
'aC, 

Po ~ ,, 

where p0 is a constant and ~ac~ is the activation energy for the ~onduc~ 

tian to occur, if the matel:'ia;I. h~s a sem;J..(ioncluctive propei-ty. 

The Baud MC!del 

In a weak comple~, the intermo+ecular charge-tra~sfer interaction 

is relati,vely weal{. il'l. the grounQ. st;at~ and the ;elation between log p0 ~ntl 
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t holds very well. The conduction m~chanismfor most pf these complexes 

is explained using a band Jl10de1~ If the cha~ge-transfer band maximum 

and the ene~gy of activ~tion ate av,itable, the relation between hvcT and 

eact can be expre~sed as 

where A is nearly constant in a group of molecular complexes with fixed 

The conduction band i:nay be assumed a,s one ~q;i:;med fro!ll the overlap-

ping between the h,:1,ghest; fil.led MO's of th,' dono't m<?lec4les and the low

est empty MO's o~ the accepto:i;. Therefore• i~ resul,ts from the charge-

transfer. 

The related mech.anil!!ms for: &1~m~~onducU.on in molecular a~ysti;1.ls 

were propo~ed by P:1ey, Pa',li'fitt~ J;lel'J:'Y and TiS.YIBUJll. (SO) in 1953 and by 

Eley and others in 19~~ (52). The Prop~aed model for tunneling is 

sketched in Figure 4. 

An electron ~an on+y move into an ene~~Y ievel which already con

tains less than two ele~t:i:ons. In (a) an electron denoted by X received 

energy Ae to excite it to an up~e~ level from which it can pass (broken 

arrow) to the next molec9le. The empty space set free in the lower 

l.evel ts taken up by an eleatron ftQII\ 1;he next mol.ecul,e. In (b), the 

interactiQn betw~en, 1:h,e excited 1~ates ip. the neighboll'ing mol~<::ules 

broadens the upper level in~o a bind, he~ce lowering the energy g~p 4~. 

In (c), a solid tree ~adic~l, tq~ electron ean pass direc~ly (broken 

line) ip.to th,e corre~p~nding level of the next molecule. 
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on each c;>f the adja.eent; mo;t.eeul4lX' aitee which can tunnel without prior 

excitatiQn, Eley and Parfitt (5Z) 1;1.educed that, if the eimpletunnel 

model were essentially co~rect, c~y~tals of o~ganio free radicals should 

have a· ·zei-o ene:i:gy ·gap. The :irel.at:l,v~ly low value of the energy gap in 

para~-picryl hydrazyl (D.:e.P.H.) a ft'ee ~adioal, 

~~' ~'-. I /N -~ N 

© 
was. evidence :ln ~u:ppor~ of the tun.n\al theory, Most free""r~dical type$ 

of niolecular crysts.ls hav@ a relaUvel,y l~w ene:i;-gy of ac:t:tvat:ion, The 

fact that it was not actually ~ero was attributed to the intercrystallite 
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defects (52). 

It is asswned that for ~~ndu~t~on to take place in a moleqular 

crystal, it is necas~uniy tQ iop,i~~ a tnQl,eeule ~em~v;ing th~ electro?). un

til its eou.lombia eue~gy 1$ ~egligibly small (camp•~ed to k~, the ther

m.al energy). 

Eley, ~nokuohi a~d Willie (53) ~ppli~d the tunnel ~~del to the com~ 

plexes made by co~bining P with A (N,N~dimethyla.niline, a~chlo+oanil). 

The solids contli\.:l.ll D af!;d A f!lo1ecules arrang!ild altet'natively within 

stacks (54). The incie-se ;f..n cond.q.ct;l.v:l.,ty ;Ls us\lally tho\lght to be 

caused by changes in.both quantities, a0 an~ ~~ct' appearing in 

since a cha~~e c~t'l:'ia'l' "sees" an :i,o.n"'d,ipole ~e well as the ion ... induced 

digole foree•• 



C'AAPTJ:1R III 

EXPERIMENTAL APPRO~CH TO lHE PR&PARATION 

AND CIUl.RACTERl;ZATION OF POTASSUJM: .. 

NAPHTllAL~NE COMPL!jXES 

The e~perimental techniques employed in this investigation can be 

divided into two main pal;'t;s, i.e., aample p:i;eparation via co-condensa

tion techniques and ~ample characteriza~ion via spectroscopic and elec

trical methods. 

Co-condensation of two moleGular (o~ one atomic and the other molec

ular) beams onto a su:l,table substrate in a high vacut,im has been exten

sively applied t,hroughout l::his e:ic:perimental wor'k.. co .... c:.ondensation re

quires a high vacuum system and a cell in which two cross~d moiecular 

beams can be generated by using intarµal heate'!:."s. Ip. addition, 

the cell has a constru.ction !;!Uch, that multifold cha-rac.teri:z;ation 

of the sample can be carried out in on~ run, Samples of potassium

naphthalene complexes are extremely reactive tow.;irc;l '!=races of moisture 

and oxygen, so all charactti;rization was done under high vacuum in situ 

so as to eliminate contamination. 

The appa'!:."atus con~truoted for this study is essentia1ly an exten

sion of the WO',l('k. by previous inve~Ugators (27,28). Since the original 

design was for infrared speetrosooptc inves~igatiPns, a $imple 

30 
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cold finger was sa~isfactory. The pre$ent e~~erimental work, which in-

eludes the observation of electrical as we11 as various optieal proper~ 

ties of each sample, r~qui~ed special attachments ~o the cpld f!nger, 

They are: 

(a) A C$~~ prism fo~ visible (~r~nsmission) and infra~ed (trans

mission and atr) spectroscopiq studies (Figure 5 a). 

(b) An Ai wedge for laser-~aman ~cattering and laser fluorescence 

excitation by the single reflection technique (Figure 5 b). 

(c) A qua;tz plate with four strips of deposited gold for electri-

cal measurements using a four~ppin~-probe (Figure 5 c). 

One can thus obtain spectra which cover both the visible and the 

infrared regions, Further one may e~pect to observe fluorescence and 

resonant Raman scatte+ing as well as tije ordinary Raman spectra if a 

proper choice of sampl,e thickne.ss and excitation frequencies are made. 

The use of the cell requires a combination of high vaeu~m and good 

practice, Cell design wa.s cpnceived w;ith the intention that one might be able 

to treat a large number of chemical sy$tems, either organic, inorganic or 

both, regardless of the phy~ical state prior to d iti (i epos on, .e., gas, 

liquid or solid).and obtain quantit~tive as well as qualitative informa-

tion without further extensive reconstruction o:I,' 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 w~re ~hielded by aluminum foil and the substrate of the 

cryotip was partially protected by a cylindrical copper shield (Figure 

5 d). Furthermore, ~h~ c;rosaed mol.eC'l,llar beams could be .stopped by 

another shield which was attached on a separate cold finger between the 

beam sourcias anc\ th!! e;u'Qst?;"ate (F;lgure 5 e), Tp~ aµgle of the 
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crossed beams as we11 as the distance between ~he Knudsen cells (f~gure 

7) and the substfate OQ\lld be adjµsted providing greatet: versatil:l,.ty in 

sample preparation,. 

Several p~ecautions reqµ~re attentioTI: as one sta.rts to prepar~. tne 

e~perim.ent. First, the CsBr pi:iam as well as the outel.' wittdows sho1,1.ld 

be polished flat ari,d be elea:i;-ly tt'ansparet:J.t; second, the.cl.eaned Raman. 

wedge 111\lst be l.<.ept free from col\ta111i11a1;;io'A );>y grei;'1$e. that ca1.lses a se

ve'l;'e fluorescent bac~ground.; thi:rd, the l!UlnY e.lectrical c;ontact:s should 

'Pe tight~ In the oonst:ru,cticn:i. qi; ·the fc;>1.Jl:' ... PPiP.t-probe, it is especial

ly :neceesalf'Y that ·all four probes ~re·p:r~!lll!!ed firmly again$t the four 

gold str;lps with probe dieta:1;i~es approx:(.mately equal. Since all meas~ 

urements are.carried Qu~ in high v~~uqm by passing either electric~! 

current.through tlie sample on.tJie qq.3:tt;~ plate or im.piaging photo-ns qn 

the samples to obsexva varioµ~ spec:.tra, clea~in~: of th," cold finger as 

well as the rest. · ot th,e c~11 i~ abselutely neee,a·aatY before the system 

The secQn,d OQld fiuger was t,lsed aa a cC?ld tx-ap and sam,ple bat"rier,. 

/ 

such a w~y that. it c~~ld be rotated to either side of the mol,eeular 

beam.s d\,lr:{.ng dapositiont was placed, in front; of; tl:le two heaters in.order 

that; Ul;'l.wanted beatns eoq.ld be preventec;l. from depQ~iting OJ'l the sarnple 

substrate. Thb shield did not gu;al'antee that saI!\ple wi:n.ild not pass 
-4 aroµtld tile shield, i:f; pr~ssq.l'e ~as gl!'ea~~r 1rhap. 10 · torr, Further-

mQr~, the dis~ailc.~ betw~en the sou+ces'of th,e s4\lll'lple beams a~d tb,e.cold 

finger, as well as the ·ang1t11 be~~en t:bei c.t'oss~d molecular beams; was 

critical· in o\lta:l:ning uTI.ifol:'tl\. depo~it:lc:1ii.s. Fql." det:ai:Led eonsidere.t;;f..ons 
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one is referred to Anderson (1). 

The control of vapor pressure by adjusting the heater temperatures 

or the pin hole sizes of 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 f~irly 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 

similarly controlled conditions by the variation of the two experimental 

parameters. 

Figure 5 a and b demonstrates how the center 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-Qright-gold, was slipped into the trough on the 

cryotip, where four electrodes pressed against the four strips. An iron

constantan thermocouple wire was inserted for measuring the temperatures 

of the deposits. The cylindrical shield was mounted in such a way as to 

allow the Al wedge to be installed and was aligned to a position 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 beam 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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and transferred to the vacuum line. 

Sample Preparation 

Since there was n-hepta~e in the alkali metal Kt\µdsen ceil, it was 

immediately pumped out and trapp~d. 
... 5 

A pressure of ~10 torr was needed 

to ,insure good deposits. The role of the beam stopper was an essential 

one at the b~ginning and after deposition had been completed. Most of 

the unwanted beam could be inte~cepted and condensed on the cold copper 

shield. The heater temperatures were chosen in such a way as to give the 

desired organic-metal concentration ratiq, 

Prior to sample deposition, it was necessary to heat the eryotip 

0 (-100 C) in order to eliminate all of the surface moisture condensed on 

it. 0 Since the sample is deposited at 25 C on the substrate, such mois-

ture is highly reactive towards the complex, 

Consider a potassium-naphthalene deposition as an e~ample, (prepar

ation of the green co~plex). Potassium was .. heated to 215°C while 

0 naphthalene was h~ld at about 80 C until a green color on the 

shield was observed and the temperatu'l:'es of both ovens were quite stable, 

allowing smooth deposition, The shield was then turned away from the 

molecular beams. If the substra~e is at r~om temperature, a uniform 

transparent green-colored film covered the surf ace of the cryotip within 

90 minutes. After both heaters were turned off, the cold shield was ro-

tated baak to protecit the deposit. This procedu'l:'e was ~ompleted before 

the deposit is kinetically stabilized at reduced temperature to avoid a 

detectable deterioratiQn which was observed in a few ho4rs at room temperature, 

even in a 10-S torr vacuum. Since the naphthalene molecules are volatile 

0 at 25 C, the prepaiation at that;: temperature gu~rded against the depoS!i-
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tion of pure qrganic in organic~rich deposits, while potassium was suf~ 

f iciently mobile and reactive at 25°C to insure the absence of metal 

aggregates in the metal-rich deposits. In_the o~iginal experiments, the 

sample was co~condensed onto a substrate at ~l00°K but the occlusion of 

unreaGted metal .or organic aggregates, though a source of some unusual 

spectroscopic effects, produced some coqfusion in the i~terpr~tation of 

optical as well as eleetrical measurements. 

The optimum sample film th;i,cknesses required for the infra:i:;ed spectra 

were, in general, too great for the observa~ion of details in the elec-

tronic absorption spectt'a., though qualit,a,tive dat;a have been obt~lint!!d. 

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 we~e deduced 

indirectly through the current-voltage r~lations. Measureme~ts were 

mostly carried out at liquid nitrogen temperature to reduce the possib~e 

-s decomposition at elevated temperature even at 10 torr pressure. Several 

infra.red spectra were run at room tem.per~ture immediately after deposi-

tion. 

Instruments and Techniques 

(1) Infrared spectra of samples, obeerved using a Beckman IR-7 
i ~1 -1 

with. sodium chlotide pri.sm between 600 cm and 4000 cm , wet;'e the most 

infot'lllative data enabling oP.e to distinguish f;:he different Sa\Up;J..es after 

m,any repeated investigaUcms as the Qoncentration ratio was adjusted 

primarily by the var:tatioJ,'l of Knud.SJeu ce;Ll temp~rat:Y.'t'\!S af either c:om-

pcment. Tran$miss;f,.on spectra, as well as atr, were eaaily observed with 

proper.sample thickn~sse~ 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 is possible. 

(2) Raman spectroscopic investigations, with argon~ion-laser 4880 
0 0 
A (blue line) and 5145 A (green line) excit~tion, 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 soID:etimes highly fluol;'escent, which obscured the observa-

tion of the Raman spe~tra. Comparisons with infrared spectra for a 

given sample were helpful in interpreting why the fluorescence was ob-

served, e.g., excess neutral organic crystals i,p the sample, or s~ple 

being thin. Presumably, ce:t:"tain excited sta.tee of excess neutral orgap,ic 

molecules were populated by the transfe~ of the anion-absorbed photon 

energy in the presence of the .comple~, with very thin samples favoring 

observation of the subsequent fluorescence, 

Single reflection of the laser be(ilm 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 comple~ when the excess organic 

chemical contained in the Knudsen cell vaporized cauE?ing a pressure in-

crease inside the whole appa~atus. 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 valuiible 

information. 

A Jarrel-Ash 25-100 dual monochromator fitted with a ITT-FW 130 PM 

tube and photon counting gear was th.e 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 reiative to the ex-

citing lines regardless of whether the green or the blue excitation line 

was used, such bands were att;ributed to Raman shifts, but if the observed 

absolute band frequencies were little or no different, emission was in-

dicated. 

(3) Qualitative electronic absorption spectra in the visible 

region 12 kK - 21 kK. were obtained by transmissicm 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 "tVe'l:'e measured 

by using a four-point-probe (55) ~ith a probe spacing of 1/2 cm. The 

four probes were made of copper in contact with four strips of deposited 

bright gold and, thus, the sample film. A Keithley 417 picoamrneter and 

Philbrick/Nexus milivoltmete:r served for obtaining current and voltage 

v readings respectively, and the resistivity was calcu.lated as p = 2'Tfd I' 

(55) with d, the probe distance; V, the observed voltage drop; I, the 

current in amperes an4 assuming a uniform sample with a film thic~ness 

smal.l compared with the surface area. 
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CHAPTER IV 

RESUL~S AND DISCUSSIONS 

In contrast to the idea of the solid solutions conceived by Ubbel~ 

ohde (12,13,14,15,16) three q!stinct crystalline stoichiometric salts of 

naphthalene are apparently prepared by the variation of potassium

naphthalene beam density ratios 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

fer significantly from each other as well as from that of pure naphtha

lene. Also, strong c~arge-transfer interaction is suggested, since the 

infrared spectra indicate that considerable dative charac,ter is 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 (KNpt2) 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 consiste.nt result that confirms the existence of 

three salts with a cation form of potassium in each case, i.e~, green

b.ue (K2Npt), green (KNpt), yellow green (K Npt2). However, it has not 

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

Electronic Excitations in Aromatic Hydrocarbon Ions 

Electronic Absorption Spectra. 

Qualitatively useful visible absorption spectra for potassium sal~s 

of naphthalene are presented in Figure 10 for the frequency range 12 

k.K to 21 kK, the region where new bands are known to appear in the solu-

tion spectra of the mono/di-negative ions of naphthalene and mono/di-

negative ions of anthracene, but no so+ution data for K A2 ot K Npt 2 has 

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 e,xists 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 • . 
I 

Hush (40) reported the electronic spectrum of the potassium salt of 

monoanthracene in tetrahydrofuran showing considerable vibrational struc-

-1 -1 ture with energy spacing varyip.g from 1,400 cm to 1,800 cm • In the 

present investigation, it has been observed that there.are three distinct. 

absorption bands at 15.7 kK, 17.1.kK and 20.7 kK in KA .• Appart;!ntly, the 

. -1-
difference between the first two bands is 1400 cm · This corresponds 

to the ·Raman active vibrational mode in the KA salt excited- state~ 

In the case of the ·potassium salt .of naphtP,alen.e (KNpt), the ob-



TABLE I 

CALCULATED Npt""' ENERGY STATES, CONFIGURATIONA;L INTERACTION EXCLUDED, 
LEVEL 1 - 5 ARE DOUBLY OCCUPIED IN NEl;JTRAL Npt 
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No. H'uckel Energy (S)* 

- -~-·-·-~·-· . -·--#.- ··-
2' - 1.618 

-·----~--- -··-··- 3' - 1,303 
! ~ 
I 

· - I I 4' - 1.000 ;._u . ...._ 5 I 0,618 - -
I ' ? I 

tdl 5 0.618 

L 4 1.000 
oi. 

----------·-· 3 1.303 

2 1.618 

* s = - 20.5 kK. 



* 

TABLE II 

CALCULi\.Tlm A.,. EN~RGY .STAT~S. 1 CONFIGURATlONAL 
INTERACflON EXCLUDED. LEVELS l - 7 ARE 

DOUBLY OCCUPtED IN NEUTRAL ~NTHRACENE 

No. HUckel Energy 

3' - 1.414 

4' - 1.414 

S' - 1.000 

6' - 1.000 

7' .. 0.414 

7 o.414 

6 1.000 

'.1 <L [tk_ 
1ol~ .. -
ol, 

5 1,000 

4 1.414 

3 1.414 

13 ,.. - 20.5 kK. 
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served vibratio~al spacing is about 1350 cm~l which also corresponds to 

the Raman feature ot the symmetric s~retching m¢de in the 1:1 case (see 

Figure 13 and Table IX}, 

Since the donor is potas~ium qnly, a comparison of the electronic 

spectra between A.,.. and ~pt- can be 'Valuable in drawing some coµcl;usions. 

(a) Considering the ~elative size of the TI-electron cloud in each 

case, the interaction between the transferred elect~on and the TI-electron 

cloud on the naphthalene molecule might have a more pronounced effect 

than on the anthracene mole.c\,J,le. The t'ed shift of the first st'l;'ong ab-

sorption band from anthracene mono~neg~tive 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 either anion indicates that these species 

will have similar ove.ra.11 absox-pt::t.on bands, the complementar-y hue of the 

green color, 

In the case of the di-negative ions of naphthalene (and anthracene), 

the orbital 5' (and 7') is occupied 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), ~he observed spectra in 

the solid state are different f~om the solution spectra. No obvious 

band ma~imum in K2Npt is obtained, but stro~g absorption, which appears 

from 13 kK to. 20 kK, co:i,n(:.;i,dea with a known absorption band of the naph

..i. thalene di-negative ion ~ssociated with ~i as observed in THF solution 

at room temperature (8). K2A has a s~~uc~ured absorption band n~ar l8 kK 

as does the dianion in association with potassium cation in solution 

(23). The spectral ~hifts for solµtion data have a systematic red shift 

for the di-negative ions from naphthalene to pentacene. This is also 



Band 

a 

b 

p 

* 

** 

TAB1,.~ IU 

GOMPARI$0N O~ ELEC~RONIC ABSORPTION SPECTRA 
IN pOLUTION AND SOLID STATE Wl!H THE 

CALCU1ATEP VALUES OF K Npt 
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Observed 
Energy kK (Solid) 
this e~pe,,iment 

+2.3* 

12.4** 
13,6* 

-""'I"--

31,55* 

34.25* 

Data trom Hush and Rowiand. 

Data ~rom Hq;LjUn~. 

13.995 

20,1:1.4 

~0.432 

30.273 

35.003 

12,3 

13.65 

16,2 

19.5 



Band 

a 

p 

b 

* 

TABLE IV 

COMPARISON OF Et~CTRO~!C ABSORPTION SPECTRA 
IN SOLVTlON AND SOLIP S!ATE WITH 

THE CALCULATED VALVES OF KA 
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'' 

Observ~d (Solut:ion) Calc\,llated This EJtp~ (Solid) 
Energy in ~l< En~rgy kl<. En~:i:-gy in kl< 

13.83* 14.0** 8.58 

10.81 15.385 

12.35 

15,00 15.75 

16.78 17.10 

18.25 27,1, 24.9 20.7 

27.32 30.6 27,l 

27.32 38.8 33.0 

41.7 

Data fre>tn Hush and Rqwlan;d, 



e: Q 4ft,ifl ,,¥ ¥ •+ 

s 2 '""<"""*'"'"· ·-·-·-·-·--·. 

s 0 .......,.,._,.........,,...__,,..,,_ 

aypQth~tical level 
(n19'1t:'ral pa;ir) 

2nd expited ~it\glet 

:tnter&.;tat;;e crossin~ 

Triplet 

Figure 11. , Epergy diag~am pf a hypothetica+ CT complex 

52 

1 



observed, in solid stat;;e spectt'a ~or naphthalene and anthtacene, 

Comparison o~ l<.A.2 and KNptz ind~c~tee some it'regu1arity. There is 

an absorption band, apQ>Ut 13,2 k:R il:'l KNpt:2, l;>ut Q.o obvious baDrd maxima in 

KA2• There is Il.Q solution d1;1.t:a ~vailal?le fcrr comparison. 

A~l visible ~egion electr~nic tr~n.sttion.s of th~ anions observed 

transitions. No ~harge~transt'er ~bsorption band has been repot'ted, A 

reasonabie interpretation is that this transition falls in the UV region 

for the dative type of comple~as. An energy cU,a.gtam is t;hus p't'esented 

for wh~ch hvCT falls ill, th~ UV re~:l.on (see Figure il,). Th.erefore, it 

is suggested that 9n~ shoYld extend the spectral regions in order to ob-

tain some d,ata concern;f.ng the value of h\lcr· 

Fluroes1=-enee spectra obset'ved in this investigation using argon ion 
Q 0 

laser 4880 A. al.').d 5145 A .:U11es as ell:c::(.t:aUot1- sources have not been attri-. 

' ! 

antht'acene, and possibly !or mori.o O'.t' di-negaUve iona pf naphthalene, 

since there W!!!.Ei n.o f l\lOJ:',sC~nce f o;r · the 1;ompl.e:Kes formed between pot.assi ..... 

um and the are:nes in a l:'elativ~ly p\l;r:e state. It is, however, suspected 

gion is actually from the fluorescence 9f na,phthacene impurity. Katu,l 

and Zahlan (~a) 't'epol!'t;~d th~ fluorescence !i1Pec1;3f'a o~ naphthac::en,e. 

Gorshkove (59) s1;udied the ;Lmpu:~ity f1\1orescence spectra of anthra.cene. 

Ve+y p~ono"Un~ed emission bands lfe'l:'e attributed to tP.e presence of naph
... 4 

thacene at lO g:i:.-am rati9, the: observed fluorescen~e s:pec::tra. of anthra-

cene salts with e:x:ee$s o:t; all.th'.l;'acene when exeited ~Y 4880 X line re-



TABLE V 

EMISSION BANDS FOR K2Npt, K Npt AND KN pt:2 (FOR RELATIVE INTENSITIES, SEE-FIGURE12-a 4ND. b) 

K2Npt (cm-~ -1 
1{ Npt .(em ) 

..:1 
K Np:t2 (cm · ) 

'° 0 
5145 l 4880 1 0 0 

5145 A 4880 A . 5145 A 4880 A 
Excitation Excitatinn . Excitation Excitation Excitation Excitation 

' J.8835> (m) 1'8922 (s) 189'92 {s) 
1856.3 18363 
(v. v .s. sharp) (v. v. s.. shar.p) 

17992 {s) 17992 (~ 
11722 . {s) 17963 (m) 17~92 (s) 

17468 (s) 11338 (s) 17390 (v.s ... ) 
16742 {m) 16838 (m) 1D992 ,b.) 

16588 {m} 

~520.8~ (sh.) 16212 (sh.} 

15838 {m) 15942 (m) 

s, strong; m, medium, v.s. '· very str,~g; sh. shoulder. 

VI 
~ 
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sembled the emission ~pect~a, qt naph~h$~ene monomer, and the fluorescence 
0 

spectra of the same salt excited by 5145 A line resembled the emission 

spectrum of the cryetii!.lline solid pf naphthacen.e (58). 

In mos~ cases, neither ~ure naphthal~~e, nqr ~he naphthal~ne salts 

fluoresce whi~e e~cited by eith~r green or blue laser light. The ob-

served lµminescent speqtra as presented in T~ble V and Figure 12~a, b 

cannot be designated as pure K2Npt or KNpt fluorescence. They might be 

interpreted as the resµlt of emission from the neutral naphthalene mole-

cule assisted by the pres~nce of the KNpt anions. Life-time study of 

the anions e~cited states parti~ularly valuable in further understanding 
• 

the emission spectra. One ve?y interestins phenomenon has been observed: 

Whenever one has small amount of potassium which is co-deposited with a 

large e;iccess of naph~halene, then a very intense s1'/.aJ:'ply structured 

emission band located at 18,4&0 cm ... 1 and 18,390 cm'""1 is observed either 

by green line or by blue line e~cit~tion, It is suggested that this is 

the n~ut:r:al naphtb,a.le1le 'l'1 .. $0 traJ'lsition ~tud;i,.ed by M;eyer <60). The 

assisted emission mechanism is p»opo~ed so~ething like 

Npt ... 

[
+(Npt-) 

----:> 
Npt: Npt 

(Npt')* Npt 

[+ 
[ Npt! 

int~rnal 
transfer __ """',... ___ "'""_ 

of ene:r:gy 

Emission spectra are no'l:'mally observed J:>y using very int~nse and 

high energy photons as an e~~itatiop source, such as p:r:odqced by pulsed 
I 

lasers, flash photolysis, etc. Considerable instrumentation is required 
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for these observatio~s, b4t here one may have unexpectedly discovere~ a 

new technique fq.,:- obse~ving the t:rip:J.et state.· If so, a systematic ap

proach for invest:.iga1;;t(!)n of the triplet state for varic;:ius arenes can be 

carried out by a matr:I..~ :LsQl,.at;i,on te~hniq\,l.e-uaing alki'illi metals as 

donors to in4uce the op~ical ab•orption. 

Vil:>raUoni:!.l Spectra of J.< .. Npt ··Systems 

The infrared spectra for the three salts a.nd the Raman spectra for 

K2Npt a).'l.d I<Npt; along with the spectra for pure naphthalene (bar form) 

are presented in Figures 1;3 and 14-a,,b and 1.?, 'l'he Raman S!Pectra. are di ... 

rect reproductions of o'l!'iginaJ. spectra, while the :i,n;frared spectrum for Fi 

particular salt, which was determined by the constant relative band in

tensities over. a ra:nge of depos~Uon ratios, :lsl a composite of several 

runs. 

Both vibration,a.l and elect tonic spec;i.tra 1 lQf; ·t~e('CO"'"depo$it1;1 clearly 

suggest that the naphthalene ~olecule can accept electrons from potassium 

atoms to form thtee di~tin<;tly diffet'enf:t s1:ioic:hiometria salts. Each 

salt has a unique v;lb:raUoniill speetrutll t!hat d;i.f;fers significantly from 

that of the pµre naphthalene aug~~ating that conside:raQle tonic (dative) 

oha:ract;er iE1 ;involved :l,n the metal-orga,~ic inte'!:;'a~tion in each case (29). 

It sho\ll.d be emph111-si.zed that; the prepa:rat~Pn pre>(.!)edures, althoµgh cqn

trolled by tempet:'ature and orifice si~e of the Knudsen cell, do not 

quarantee that one form of the s~lt i~ completely pu~e without the pres· 

ence of tl:).eot:her fr;n:m, beeaus~ the t"elative d,el').sit!!ies of t;he molecula~ 

beams from the pe>tasaium a,nd orgai;>.ic.Knudl;en cel,b have not been est:ab ... 

lished with suffieienf;: aQcul:'aey. The cho;l.ee of I<2Npt; an4\KNpt for the 

· $table sal,t$ is fairly cc:mclusive, 
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Figure l4h. Resc!rqa,1;1.ce Rarp.an Spectra of :r<2Npt 
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Npt (D2h) 

Spe<;::ie" 

A g 
A u 
B2g 

Blu 

B2g 

B2u 
B 
3g 

83u 

Type of Vib. 

CH str. 

cc $tr. 

R:(.ng breathing 

CH bendit\8 ( 11 ) 

CH bending <l> 

CC str. ( 11) 

cc . ben~ing \L) 
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NO~ VlBRA,~tONS OF NAPH'l'H,ALEN~ 

No. qf In-plane Or 
Vib. ~qde Ac t:t. vi. ty Out-of .. Plane 

9 R 11 
4 J:na.ctive l 
8 R 11 
4 IR l 
3 R l 
8 IR 11 
4 R l 
8 tR II 

TA»t.E v;u: 
SPEC~ ~EG~ON FOR NA~UTRALEN~ 

' ... .. . _;1 
S~eGtral Region in cm 

i900 to 3100 

J,300 to '.J.650 

900 to iooo 

1000 to lSOO 

700 t~ 1200 

< 1000 

< 700 
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1'A~Ll!! VU! 

:J,:NFR.ME:O aANPS OF POTASSIU~-NAPHillAtE~E 

SYS'J,'~S W:t'l'H ~NERGY IN CM-l 

* K~Npt. Pu'J;e Npt; K Npt K Npt2 

785 
792 695 737 750 
796 

847 ~- ... .,.. ~~~- 887 

962 960 995 973 

1122 
1126 1061 1090 

1142 llSO ll,35 

1242 ... ~'I""!'""' USO ~--"""" 

1268 •· 11ss J,;185 1287 

1385 1405 1360 

1505 1500 1460 1450 

1590 i.sas 1545 

,306Q 3010 ~.,~"""' -~ .... -
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It would be helpful to prc:>pose some geometr1,c forms for the three 

salts in order to explain th,e obsel;"ved spectral results. One mllght as.-

sume that the anions alie still planar and preserve D2h symmetry in the 

salt crystals. The tr~nsfe~~ed odd electron is cQncentrated 9n the . 

atoms 1, 4, 5 and a 
. ( ' I r 

fol;' 1 ~ l case, '. 7 ~.:;-C: ~}i and in the 2: 1 .. cQmplex 
\~~~I 
' S' " \ 

the two transferred electrons would p~efer to occupy the same positions, 

There has been \'l.O publ::l.shed repot't q,on~e,;ning the c:ryst;al stt'uc:ture of 

these systems, altho\1gh lic:>ij tit"l.k et~ al (~3) p:r;oposed for '!!:he sol'l,l.tion 

that the cation shovld be offset from ~he center along the longer axis 

instead of directly on top 9£ the mono~negAtive ions, in order to fit 

associated with various alk.Alii metal cations, For the present case, 

speculative ~odels in the solid s~ate are proposed according to the idea 

of ion assooiation fo:i; 1:1, 2:~ ~nd 1:2 aQmple~es. 

fCOJ .. f fCO J' 
roor -·t fOJJ" ~ [CO]-

((,OJ'" f" r o:J j .. 

Figure l6. Poss:t.bl.~ GeC>m~t,:ria A.l!'raJ'l,gemente of 1:1 
(4 Goord;l.11a1;ed) Comple~ of Naphtha-
1ene A~ion A$so~iated W~th Potassium 
C~tie>n [OOrR.epresents '!;he NCl.phtha
lene A~ion, All ~ying in the Same 
Plane. and '.Repre.se~ts the Pe>tassium 
Ca~ion~ Above or Below the Anion 
~lane but Off set From the Center 
Ae~ording to Hoijtink (22) 
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Accorc;ling to the prQposed 1.nod~ls, the infrared spectra of t;he .al.ka"". 

l:l-meta1 arene c;!omplexes may be ant:ieipated, to be very different from 
' 

the neutral a,;i;enes, · '.BEH.H~.use of the dative type of the complexes, there. 

will :result a s~ect:rum corres~on~in~ ~o an anion or a di-anion (62). The 

observec1 spectta Glea:rly sus~est that p9t:~ssium""fl.aphtnalene ·complexes 
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fall in this category. Consequently, a clo$e examination of the vibra-

tional spe~tra ~ay ppovide a reli~ble meth~d qf characterizing the nature 

of the anion bonding. 

intensity, In order to relate these changes to bondi~g in t;h,e ace.eptor 

molecule, it is p.ecessary to c1:>nsider t;b,e :redhtrib\.i.tion of charge on 

the acceptor molecule upon ~omplex fo:t.'tllation, i.e., the K~~pt and K Npt. 

Vibrations with no resulting d:Lpple moment change in nap~t;halene may 

suddenly appear wit;h rathe~ large dipo~e moment changes in ~he naphtha-

lene anions. This might g:Lve rise to (lhe very la'l;'ge changes in the ap-

pea.ranee of the apeetrum. The c;iha,ngee irt the vibrat:I,9n:a1 band frequen~ 

cies after complexation may be ~elated to the ch$nges of bond orders as 

a result of one or two ~leet~Qn-transfer. Although the transferred 

electrons occupy an anti-'QoncU,ng 1.tu;>leculia+ orbital in naphthalene, a 

systematic frequeney decrease of ~he anion vibrations relative to the 

neutral mole<;\ule ia not e~pee1;ed aceot'ding to t;he theoretical bond ot;'der 

calculation using one eleet;on LCAOMO appro~i~ation by Hoijtink (8,9). 

In fact, one does observe blue sh;l.fta in ce~tain vibrational ~odes in 

the infrared as well as in the Raman ~peetra (see Tables VIII and IX), 

These 0 e;Krpei;;tmental spec.tral data wou1d be usu~f'11 for X'eliable anion :i,den-

tificat:i,Qns in the future and p,:'ov;l,.de an empirical. basii; fox; ~he force 

constant calculation of certai~ poly~yciic aromatic anions. 

The vibrational speo~ra of tbe potassium salts of naphthalene, as 

presented in ~igure 13 are qu!t~ different f~om that of neutral. naph-

thaletle. Instead of the nqmal :a1u c .... H ou.t-9f ... plane beQ.d;tng motic>n of 

-1 . 
naphthalene near 785 cm , st;tl'ong absp~ption bands are observed w:i,th rep 

frequency shifts of about 90 cm-l, 48 ~m-l an4 35 cm-1 fp~ 2:1, l;l and 
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1:2 comple:x:ei:;l r~ape<;.Uve1y, This seems to be the only syst;ew.atic fre:"" 

quency.change -in the ;Lnft'a.red region a.n4 giveei sopie experimental evidence 

to support the anti~bonding character of the tra~sfer;ed electrons.· 

The smaller f.t'eq~ency l!!lh;i.ft:s in 2:1 c:.qmplex aE1 cc,impared with '.1,:1 

complex for :a2u c--c i!!'l""Plane st;etching mode neat.' 1590 cm-l flnd for B3u 

c-c in-plane stretch;l.ng 11l!.'>de·ue.ar l.50~ cm"'"1 can be e~plained l>y using 

speculative models (Figu~ts 16 ... ;1,8). In th.e 2 :l c9mple;H; !;:he cations are 

assumed to be locat;;ed. on ea.Qh eiide ot? the UlOlec:i.ular plane (Figut'e 17). 

If the tt'ansferted e+ect:i:"P'AS a'J:'e t;;o be most d,ensely.distributed at the 

positions predicted by th~ thec:il;'y, t;h~ ovei;'all e;t;:fect mig;ht be ;Lai:ge 

the .assoc:.:lated cat:lons, the Q.ensity of ·the transfet'red.electron in aer-

tain bonds might be partiatlY J;'educed thus dec:.rea13ing the frequency 

shift. In.the ca,~e Qf the ;L:l ~9_mpl.~~ (F;tg1,1,re 16), the~e is no counter

part of the coulombic force qn th' other side ~f the anion plane, and 

the charge cloud. on the al'l.;ton cannot be ;ega:J;"ded as a pgint charg~. 

Therefore, the di~tributiQ~ ~f th~ ch.arg~ clqud of the transfepred elec-

tron wh;l.~h cha;nge,s thf! vibra.Uonal. hfll~uenQy q;f; ce~~a;l.n modes .might have 

more pronpuneed ne~ · eUeet :l.n l: l e~E!Ea th~l.1.l in 2: 1 c,ase. A similar 

a,:rgum.en~ may a,pply tc.> the ehift obli!liil'rv~cl foi:: the 1385 em-l band. 

Tb,e posa:l.bility of tb,e activation of certain totally symmetric modes 

,in the infra+ed spect;~ Qf the 1:1 cam.ple~ shquld·be co~sideted• The 

proposed model provi,des som(il. qualitative expl.anatiop. for ehe activation 

of ·these infra;ed ~naet;ve medes, Consider the observe4 strong infrared 

absorption band a,~ l,360 cm""1 ' (F;t~ure 13 a!,'1,d Table VlII) of the 1:1 com ... 

plex. This band can be ai:sdgn~d eithe:t' to the a2u c ... c in-pliE!,ne a1:?:'eteh-
-.1 , 

ing mQde <1389 Qm ) ~r tQ the .A.8 9,,..c (6l)il-'l""Pl~ne att'et:c+hil'l8 '°'ode 
-1 . ' . 

(1385 cm ) of ~he uncomple~ed ~aphthalene mole9ule~ 
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If the A. (1385 cm-1) C-C s'(:retahing mode is to be activated in the 
g 

infrared region for 1:1 comple~, there m4st be some oscillating dipole 

moment associated wit;h the vibration produced by the vibrationaly modu-

lated polarization of thew-electron cloud by the cation (i.e,, by the 

electron vibration mechanism) if the n2h symmetry of the neutral naphtha

lene is preserved irt the l}aphthal.ene monoa'rl.ion, This mechanism as well 

as the cation effect on frequencies have been shown to support ~he acti-

vation of TCNE infrared inactive modes in the K TCNE system (27,28), 

The most direct approach to test this possibility would involve a Raman 

measurement of the A c-c in-plan~ stretching mode for the mono-negative 
g 

ion. The band of the compleKed salt is observed in the Raman spectrum 
' -1 

for the l:l case at 1359 cm (Figure 15 and Table IX). This is an ex-

perimental indication that the enhancement of the infrared inactive mode 

.... 1 
near 1385 cm is a possibilit;y •. Further experimental evidence (such as 

the cation effect) must be sought to .confirm this possibility, 

In the 2:1 complex, the net induced dipoJe transition moment, as-

sociated wUh the perturbation by the two qpposite;l.y located cations, 

might be symmetry cancelled (¥igµre 17). Perhaps for this reason no in~ 

-1 ... 1 
frared band could be observed in the 1200 cm to 1400 cm reg;ton for 

the 2:l complex (~be Figur~ 13). 

Turning to the 1:2 complex, there might be so~e vibronic washout of 

ir intensity in certain regions 4~e to the proposed structure which sat~ 

isfies the condition of ·a caged electron a$ proposed earlier (28). A 

considerably simplified spectrum has been obtained that provides some 

evidence of such aq occu~rence in the 1:2 'complex. The basic 4iffe~ence 

of the proposed models betweE:}n 1:2 and 1:1 complexes is that the radical 

electron· cloud in the 1:2 complex is esseni;ially di$tributed.over two 
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naphthalene molecules (a and a', see Fig"re 18), forming, with the other 

two neighboring Npt~"" (b and b') molecµles, a cage for t;he electron. 

But iP the l:l compl,e~.t.he elect;'.l;'on is assumed to loca1ize mainly on one 

anion. Although a cage could be assumed, the effect mign,t not be t;o 

cancel the trandt;ion dipole moment in I<Npt i;iystE;!m in certain vibration-

al modes as -contrasted with the KNpt2 eystem. More ~xpedmental as well 

as theoretical work is :required to·cla:rify 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 val,uiible e:x:perimenta1 approach to p'rovide mor.e c;.onfi:rmat:ive results. 

The Raman SP,ect:ira of the Solid Comple::ices pf 

Potassium-Nap~thalene 

-1 The A8 in-plane skeletal, distqrtion mode near 510 cm is observed 

-1 -1 -1 with red shifts of about 10 cm , 24 cm , and 85 cm corresponding to 

2:1, 1:1 and 1:2 complexes respectively. The bond order change cannot 

be directly correlated with .the observed freq1,1ency shifts for this vi-

brational 1;11ode, Similar behavior of $everal other bands :j,,s also ob

served. They are tabulated in Table :r:x;. The 1385 cm ... :t, band will be in-

terpreted in the next section, Figu:res 14-!i, b and 15 contains the un-

touched Raman spectra of 1:1 and 2:1 cQmplexes. No ~man $pectrum for 

the 1:2 case is shown although a.few band frequencies are listed .in 

Table IX. l'his reflects the ins~ab:tlity of the l :2 i;;alt, parti,cularly 

when it is exposed to the lasel:' beam. It is always bleached by the in~ 

tense laeer light.even at considerably J:>educed power. 
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TABJ;..E !:X 

R.Af1AN BANDS OF POTASSIUM-NAP~THALENE SYSTEMS (FOR RELATIVE 

BA.ND INTENS~TIES, SEE FIGURE 15) IN CM-l 

Npt K2Npt K Npt K Npt2 

285 287 

510 500 486 425 

565 525 516 

600 

764 785 7'34 

838 

1026 1028 976 

1145 1182 1132 ;J.235 

1384 1309 1359 1284 

1465 1413 1447 

1579 1587 1530 1475 

234J 2717 

2370 

2622 
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Resonance Raman Spectra of K2Npt and KNpt Systems 

As has been indicated in Chapter Il, wht:!n. the e~citing light enters 

the electronic abs9rption region Qf the s~mple, the resonance Raman 

spectra .cari be observed. The colored q~al,ity .o;J: potassium salts of naph-

th.alene and.the natu:i;e of the Raman S;i!.mpl:;t.ng procedu!l:.'es, with the choii:e 

of a suitable e!Xciting frequency, favored the observat.;i.on of the reson-. 

ance Raman effect •.. A proper sample thicknes.s is required in order to 

avc;iid (1) reabsorp.tion, of the +esonantly scattered light; typical in the 

case of bul~y samples and (2) fluorescence in the case of very thin 

samples, especially for the mixtures rich in organic but doped with 

little potassium. Moreover, photo;l.ysis may occur ip. the course of in-

vestigation which not only destroys the samp;l.e.but al~o produces unknown 

substances.which strongly affect the spectral features. These difficul-

ties may be overcome by careful sample preparation .to reduce the impuri-

ties if t;he emission is ca-used by impurities, or chooliling: lower exc;i.ta-

tion frequencies, if emission of photons is a property of the sample, or 

using considerably reduced power,o:f; the exc.iting line~ !tt has been found 

that both K2Npt and KNpt show the resol,'lance Raman phenomenon, particular
o 

ly with ,green line (5145 A) excitat;i,on •. 

In the uncomplexed naphthalene molecµle, the tot:a,lly ?ymtnetric c-c 

stretching mode is Raman active ~t 138.5 cm-1 • This band position is 

sh,ifted to 1359 cm-l in KNPt and to 1309 cm"'.'1 .in K2~p1;:, which qual,ita

tively agrees with th,e predic;.ted bond Qrde~ change• The anti~bonding 

ch,aracter of the t'l:'ansfe:i:red electrons ca~ be understood in t:erms of .the 

Raman frequenc;.y change of the c .... c stretching m<:>de. · Although this mode 
0 

in K2Npt• also shows a resonance effect with blue line (4880 A) excita-
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tion, a reduction of intensity is ob.served u,sing the blue line. The 

qualitatively useful electronic spectra in the visible region of K2Npt 

and KNpt which have been presented in Figure 10 ipdicate that vibra

-1 tional energy.spacing of apout 1350 cm in the l:l comple:x and possibly 

-1 
about 1300 cm in the 2:1 complex are involved in the electronic transi-

tion responsible for the resonance . Raman ef feet .• 

The spectral features of the resonance Raman effect of the solid 

are a high scattering intensity whiGh may be g:i:-eater by seve:r;-.;tl orders 
I 

of magnitude than observed under the ordinary Raman effect, ',vhe totally 

symmetric stretching vibration of mono/di-negative ions of naphthalene 

also produces an observable overtone intensity when excited by a linear 

line which lies inside the electronic absorption band of the anions. 

Examples in observing the higher orders of overtones for r3 ions in 

various organic solvents have been reported by ~ernstein (63) and Kaya 

et al, (64) using ultraviolet laser e;xcitation. 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 obsei;-ved for the 1:1 and 2:1 c:omplexes 

the resonance effect is clearly demonstrated by the presence of a strong 

band at 1359 cm-l in 1:1 case and at 1309 cm-l in 2:1 case which corre

-1 spond to 1385 cm in the uncomplexed naphthalene molecule. This mode 
I 

displayed a fi:tctor of 5 greater intensity in 1:1 case and a factor of 10 

greater intensity in 2:1 c:ase than any other KNpt and K2Npt features re
o 

spectively when. 5145 A 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 K2Npt salt, the intensity dif

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 excitatio~. 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 measured resistivities at -100 °K listed in Table X were the 

average of several runs for each system l,\nder 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 ~niform1y covered the 

whole area of the quartz plate as wel:L flS t;he Raman wedge and the center 

-10 prism, there developed a detectable current of about 5.8 x 10 amperes, 

... 4 
and a voltage drop of about 4.8 x 10 volt for 1:1 KA system, Specific 

resistivities of all samples examined in this study, were found to be in 

the range of 10-3 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 e+ectrical conduction might not be intr~nsic due to the imper-

fection of the crystal and non-stoichiometry. The marked activation 

energies and much higher resistivit;:i,.es as rep?rted by Ubbelohde (12), 

might be due to the intergranula'I:' resistance and electrode-sample con-



tact resistance in his experiments. Moreover, their measurements were 

carried out under nitrogen atmosphere, so the numerous void$ among the 

pressed polycrystalline sample would be occupied by the nitrogen gas, 

75 

With nitrogen molecules adsorbed on the bulk sampl,es, '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 107 ohm cm) as compared with the pure 

anthracene crystals (resistivity lOlS ohm cm) 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 the presence of an e;Lectric field as well as 

in the presence of the associ~ted cation 

+ 

Le Blanc (B) points out that cation pola')'."izability is the likely 
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TABLE X 

RESISTIVITIES OF VARIOUS ALKALI-METAL ARENE SYSTEMS 

Donor Acceptor Color p 0 (ave.) o~m cm p;=p 6 /G7 * ohm cm 

Na Naphthalene violet 5.0 x 10 5 5.0 x 10 
4 {l;>) 

K Naphthalene 2:1(e) blue 107 106 (d) 

Na Naphthalene 1:1 (e) red 4.5 x 10 8 4.5 x 107 (b) 

K Naphthalene 1:1 (e) green 109 108 (d) 

K Naphthalene 1:2(c) yellow green 1010 109 (d) 

K(f) Anthracene 2 :1 (e) blue 1.88 x 10 7 1.88 x 106(d) 

K Anthracene 1:1 (e) 8 1.2 x 107 (d) green 1. 2 x 10 

* The correction factor from referenee. (55) 

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

(b)Sample condensed at aboµt 100°K. 

(c)Spectroscopic determined ratio. 

(d)Sample condensed at room temperature. 

(e)Estimated from vapor pressure equation 

log P = - (5 ~63 ) + 12.368 

for anthracene. 

(f)Resistivity dropped sharply 10-4 to 10""3 ohm-cm when sample be
came thick if condensed at low ~emperature~ 
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cause of the high conductivity of the TCNQ salts. By analogy, it; may be 

the cation (in this case, potassium K+) polarizability which causes the 

fairly high conductivity of the anion.i;alts, (e.g., anthracene i;alts of 

potassium). Let one electron be moved from an anthracene anion to 

another one, thus car:r:ying cutrent. This restJ.lts in a neutral anthr(!.

cene molecule plus a doubly charged anth?acene anion. The coulombic re-

pulsion between the two electrons.on this ion may be overcome, however, 

by the polarization energy of the c~tion. Since the anion radical is 

highly polarized by the paint cation, only a very small amount of. energy 

of activation may be required to cal,lse the electrot;1. 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 dist:f,nctly different staichiometr:i,c salt..,.like 

charge-transfer complexes (a1kaii-meta1-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 ev:i,denced by the vibrational spectroscopic.observation since both 

infrared and Raman spectra provide the unique ~pectral features which 

are considerably different from the pure arene.molecules; third, qua:U

tatively useful electronic absorption 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 th.e charge-transfer complexes; fourth, electrical resistivities 

at low temperature are considered to be more valuable, as compared with 

earlier investigators' work, because the techniques employed :i,n sampling 

as well as in measuring are more reliable than previously; fifth, the 

colored nature of the samples as well as .the R.aman sampling t;echniques 

favored the .observation of the resonance Raman effect, 
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F:i,gure l,9~ Stigg~sted Optical Arrangement to Bring the Beam 

Out From a Cary 14 Spectrophotometer 
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Sugges~ions 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 we:!.l as greater accuracy of the results can be ol>

tained. The following steps are suggested. 
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(1) The visible spectra ob~ained 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 spectl'."ophotometer. It 

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

be modified so that the beam could be brought out ta enable it to pass 

through the optical windows of the cell. The spectral region is thus 

extended from infrared, near infrared ta the ultraviolet. More spectral 

features could be observable, such as hvCT (possibly in UV region), and 

absorption edge (possibly in neai; infrared). More internal electronic 

transitions could a;I.so be observed. Then, comparison of the data be

tween the solid stat:e 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 :1,s a sketch of the possible optical arrangement designed 

for this pt.u:,·pose. P 1 , P 2, l? Z, Pi are four total reflection prisms 11 

and 12 are condensing·lenses, ~is aample holder. 

(2} Preparation technique: Control of the mql,ecul,ar beam densi

ties is one of the important fa<:1tors which perm.its one to obtain pµre, 

uniform samples with prciper tb,:1,c::knes!'l •. Anderson (1) has given a compre

hensive description regarding how ta-Gontt'ol the CO"'."condensat;ion. An 

effective way f;:o stop bof;:h organic and alkal:i-I!leta.1 vapor from further 

deposit::Lon after the heateri:-s are turned oH is eonsidered to be the most 

important factor whiGh governs the quantitative complexation between DA 
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pairs, and t;ne 4niformit;y of ~he sample as well. The optical and elec

trical parameters obtained in this way may be more reliable. 

The observation of the cation effects using different alkali and 

alkaUne earth metals Fl.lie s1,1ggeeted for more detail.ed comparisons, For 

example, ion association~ vibroni~ effec~s, polarization and bonding, 

etc,, will be of interest. 

(3) Conductivity as well ~s various optical obsezyations at lowet; 

temperfl,tures (below l:iquid nitrogen temperatul;'e) are proposed in order 

to investigate the possi~le unusual electrical.and optical properties 

produced by varying the metal-oioganiQ. ratios. Particul.arly for the two 

extreme cases, i.e.~ either very high concentration of metal or vice 

versa. One does observe several unusual spectral features in the infra.,. 

red region, such as described in the next section, when II1etal concen

tration is conaiderably higher than the o"t"ganic. 

(4) It is interesting ~nd valuable to investigate the far infrared 

spectra of these systems, the DAP, DA or ADA interactions can be i:1.sti

mated from far infrared assi~nments so as tQ note trends in charge

transf er forces. These intermolecular vibrations have been reported by 

Person et.al. for pyridine~iodine complex (73) and by Larkindale et al. 

for TCNE-mesitylene ce>mplex (74), 

Unusual Res\llts 

There are sever~i unusual ef f ea~s which have been observed in the 

spectroseopic investigations; first, the emission spectra of the naph

thacene impurities in the anthracene arystals, second, naphthalene 

crystals·when doped with potasE?:Lum atoms gave strong emission bands in 

the visible region~ third, opacity in the infrafed from a;l.kali metal 

aggregates in anthracen~ ~~ystals. The f~rst 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 sampl~ was co~condensed on irtran 6 (hot pressed 

Cd-Te) as the substrate at liqµid nitrogen temperature. The observed 

unusual features ~re (~) the very int~nse absorption from 350 cm-l to 

1000 cm-l with no ind,ividual inf~ared bands detected when the metal con

centration with high, (b) a strong absorption band around 670 cm-l was 

obtained in potassium~anth~acene co~deposition along with a characteris

tic weak absorpt;ton band of the n~ut'l;'al anthrac:ene (737 cm-1) The 

spectrum became transparent from 1000 to 1800 cm-land then opaque at 

higher frequenci!?is. No 'V'ibrational bands of anth'.l!'acene could be obs~rv

ed beyond 900 cm-1. The concent'l;'ation of tne organic molecules in this 

case must be 1arger than in case (a), because the neutral anthracene was 

detected. The observed spectra are clearly different from the spectrum 

I 
of pure potassiµm deposits for which no band could be detected in the 

infrared region, but only a gradµa1 loss of transmission upon further 

deposition of pure potassium, 

Thin films of solid inert gases cont:a!ning low concentrations of 

alkali metal atoms'have beet:1. studied by esr (68,69) and in optieal ab-

sorption (68,69,70,71) ~Ya number of investigators. The visible absorp-

tion spectrum of soi:lium atoms.;ln solid benzene has been reported by 

Duley (72). No infrared data can be found. 

J;t has been indicat;ed by :Meyer (70) that; potassium-noble gas (Xe, 

Kr, Ar, and Ne) mb:tute~ a'.l!'e almost always blue and the visible part of 

the spectrum is strongly coneent;ration dependent; for alkali concentra-

tions smaller than 0 •. 5% n~ dise"tete absorption feature is observed. The 

color is also tempet;'atul!!'e dependent, becaµse the color of the film will 

disappear when the tempera~ure of the substrate is increased, a sharp 

transition point is reached, and the deep film color disappears before 
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the matri~ m~terial vaporiz~s, leaving a colorless amd transparent film. 

When the temperat~~e ?f the s~bstrate is brougqt to room temperature, 

even thick and eonc~ntrate4 alka,~i f i1m~ leave only a thin transparent 

film. These observatio~s ~~ree very well wi~h the visual results for 

the very rich potassi~m si:µn,ples in o~r early experiments. 
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SOLID STA~$ SPECTRA AND CONDUC~+VlTies OF 

TH:6 PO'.t'.t\SSWM SAiTS OF ANTRRACENE 

Crossed ~oleQul~~ beam vapor cacondensation techniques have been 

used to prep/il~e thin filmlil ~f the potassium ~alttil of antbr.;i.c:ene in a 

fo'X'1!l well s~;l.!;ed to bqtb iP.ft'ar@d anq Ra.mari. $ampl:i.n~. Three distinGt 

stoi1=.hiomet~;lc sait;!'l, as cont;iast;ed tQ solid solut;tons of pota.ssium ;i.n 

antrhracene, are apparently prodµ~ed by variation of the metal-anthra

cene ratio. 'Xho~gh the e~;l,$ten«i;e of distinct saH cry9tah is strongly 

suggested by the obs~t'v~t;ion of t:htee aets of c:.haracter:tsUc infrared 

and Raman ba~ds, an tqentific:.ation of the ~aits as KA.2, l<A. and K2A re

maina tentat;:f.ve. The vibrational data represen~ t;Q.e best available 

empfric~l evidenc:e of the e~'~ect 0£ el,ec.tx>c:m tl:'ansfer on the 'bond · 

stt'e:q.gthi;; in alilthl:'acene but JilJ.'e ~f marg:lnal value ba'l:'rl..ng transformation 

into fotce (ionst8'n1;:s, R,esieit;i.viU~s And ~iectJ:>0nic 4l;>soirption spectra 

have abo been 11\easu-red f~r s~lected samJ?les. ReE;iistivity values, which 

roughly mat~h thl?a.e .,eported by Ub~elobde, de~;eeased somewha1;: with in

creasing me~al to ql'ganie deposit;:;l.on ratios. l'he anthracene skeletal 

sylll,ll1etric i:;1t:;;r,;etc;!bil;lg mQqe gave a s1;rong resot\a:Qae Raman effect with 5145 

A (green) e~citation of th~ ~2A s~lt~ 

The polyc::yclie hydro(\a,;ibon anions, typified by the mono ... and d:f,,neg ... 
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a.tive ions of anthr~c.et1.e, a:re of interest as possible reaction intermedi

ates, as subjects for the testing of chemical bondin~ theories and be

cause their solid sti!)l.te sal1;.s may be chat"acter;i.zed by unusual electrica;l, 

properties, Thus, Hoijtink et al,, have argµed that one electron 

L.C.A.o.M.o. methQdi;i apply m<!>'e qqa.Q.t;itat;;lvely tc;> t;hli! mt?no- and dinega ... 

tive ions than to the correspqnding neutral arenes (7S)and have com.pared 

theoret;i.oal predictions with liquid i;u;ilution transition energiea {79). 

The radical anion esr spect'1.'a have long been of interest {80) primarily 

as info:timation regarding charge densities and the association with 

c:.a.tions in i;iolut;ions, However, solid state studies have beian almost 

completely restrict~d to the work by Ubbelohde et al., on dielectric and 

conductivity properties of buik so~ids with alkali metal donors (81). The 

bulk sol,:i,ds wel:'e not; cha.1:1actei;izecl by e;l.the~ x.,.~ay or spectt'oscopic 

methods but wel!e appa\t'Eilot\t:ly viewed as sol.id so:'.l,utions of dkali metals 

in the crystalline a.renes. 

Although the bond orde'l;' ahaq,gee1 that accompany electron transfe:i::- to 

various arenes have been e!!!t::f.mated thei;n:et:.ically (78), no di:rect e~pe:ri

mental measure of the dif fe'r~nc.es in bonding between the arene anions 

and the parent hydroaa~bons pave been reported, In particular, neithe:r 

solution nor solid state vibr~ttonal spectra are avtilable. Solid state 

fluorescent spectJ'a f Pr e.+kali metal .. a.nthra.c:ene sal,ts of unknown cpmpo ... 

sition have been dell!C'J;'ibed (82.) bµt eleet'l;'onic spectra for i;;toichiometric 

solid salts are apparently mi$s;i.pg f:i:.-om the litetature. 

A basica:t.ly spectr~scopic stul=\y of the potasaium salts of anthra

cene is reported here as part o~ a more general study to obtain solid 

state vibrational atid el,eattonic liiPe.ctra for stoichiometdc salts of 

arene anic>ns ~· Such data will al,.l.ow teady ;Lden1;ifiea1;:ion of these salts 
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in the future and, also, permit the determination of empirical force 

constants for certa;l.n a:t;"ene aµions and, thus, a comparison with theoreti-

cal predictions Qf bond order changes r~lative to the neutral arenes. 

Finally, reaisitiviUes dete~min~d by the four po;l.nt prpbe method ~83) on 

thin s~lt f:i,lms will be compared with values reported by Ubbelohde for 

related bulk samples (81). 

i;i:~pe:i:-imental 

The potassium salts of anthracene have been. prepared by cocondensa-

tion of the metal with the organic·frQ'IQ molecular beams which cross at 

the surf ace of a substrate having pro~ertiEls apprpp;riate for the ant;ici-

pated measuremen~. The techniques are an extension of thosEl originally 

developed for infrared ~ampling of thin films of the alkali metal salts 

of tetracyanoethy1ene (84), The molecµ1ar beams originated from Knudsen 

0 
cells containing the liquid metal (~ 200 C) and crystalline anthracene 

(- 12o0c). The Knudsen cel~a were mounted within the vacuum shroud of a 

low temperature cell. (resembling th<;>se commonly employed in matrix iso-

lation spectroscopy) (8,5) and direczt:ed towat'ds the cyroUp which support-

ed appropriate substrates for absorp~ion, Raman scattering and conduc-
, 

tivity measurements. Deppsition was thu~ simultaneously onto a central 

CsBr optical p;Late, an dl.lminum wedge fpr ~man sampling by .t:he single 

reflection technique (86) ~nd a sold strip1;1d fusEld quartz plate for con-

ductivity measu:r;ements. The rat~Q of met:al to organic::.in the condenl;!ate 

was controlled by varying the Knudsen cell tempe~atures. 

Origina+ly depositions were made at .,. l00°K (substrate temperature) 

but the occlusion of unreacted potassium or anthracene a~g~egates, 

though a source of some unusual spectroscopic.effects, tended to confuse 
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bo~h the spectroscopic and conductivity results, Consequently, the tech

nique has evolved wherein the thin f i~ms are prepared at 25° C but suh-

sequently cooled to liquid N2 temperatures for most measurements. The 

reduced temperatures kinetically stabilized the deposits which detectably 

0 -5 deteriorate in a few hours at 25 C, even in a ~O torr vacuum. Since 

the anthracene is volati~e at z5P C, the warmer temperatures guarded 

against deposition of pure anthracene in anthracene rich deposits while 

0 the potassium was sufficiently mobile at ~5 C to insure the absence of 

metal aggregates in a 2:1 (metal rich) deposit. The warmer substrate 

temperatures did necessitate that more extreme precautions be taken to 

0 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) 
0 

often dictated a choice of the laser excitation wavelength of 5145 A 
0 

rather than 4880 A. The sample film thicknesses, optimized for measure-

ment of ~ibrational speetra, were, in general, too great for observation 

of details in the electroni~ absorption spectra though qualitative data 

have been obtained. 

Infrared data wete recorded from 600 to 4,000 cm-l on a Beckman IR-7 

spectrometer, while the Raman and visib~e absorption measurements were 

with a Jarr.ell-Ash 25-100 dual ~onoch~omator fitted with an ITT FW-130 

PM tube and photon coµnting gear. Raman spectra were excited with a Co
o 

herent Radiation Model 52 argon ion laser usin$ both the 4880 A (blue) 
0 

and 5145 A (green) lines. The eiectron.ic spectra w~re determined in a 
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single beam mode with a tungsten lamp so\l~ce and using the Jarr.ell-Ash 

system, rather than a conventional uv~visible instrument, as dictated by 

the size and geometry of ou~ sampling system. Resistivities were de

duced from voltage c:Ll;ld cutrent measutements from the thin films on a 

fused quartz substrate using a four-pPin~ probe (83). Current measure

ments were with a Keithley Model 417 picoamrn.eter while voltages were 

followed using a Philbrick/Ne~us millivoltmeter. 

Result$ and Discu~i;iion 

Both the vibrational and electronic spectra of the codeposits 

clearly suggest that the anthracene molecul,e can a.ssume three distinctly 

different forms in the potassium - anthracene solid films. Each form 

has a unique vibrational, spect:rum that differs significantly from that 

of pure anthl;'acene and,, th'Qs, suggests thE1,t considerable ionic character 

is involved in the metal-organi~ interaction in each case (87). Based 

on the approximate K;:A rlittos that prpduce the films in which the 

various unique spect:i;;a are dominaa,t, it 119 suggeste4 that the different 

anthracene forms cortespond to a) two anthracene molecules with one 

associated potassium atom (l<.A.2), b) one anthraeene molecule per associ

ated potassium atom (KA), c) one ant;hi;acene molecule per two associated 

pot(lssium 1:1-toms· (K2A) • 

Although it has been possible to obtain KA and K2A in ne(lrly pure 

form, this alone does not.completely confirm that stoichiometric salt 

crystals of regular structure are the dominant solid fot'Ills, It is still 

conceivable that the solids are basically solutions of continuously 

variable composition with !~regular structures in which I<A2, KA and K2A 
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units occut: with a ftequency dictated by the metal-organic ratio de

posited. However, it is our judgement that the uniqueness and sharp 

quality of the three sets of vihrational spect~a~ features are indica

tive of the fox-mat!f.on of three regular stoichiomet'Jiic salts, KA2, KA and 

K2A, with the potassium assUl'lling a cationic .. form in each case, Tenta

tively, and as a basis fa~ discu~$ip.g the var~ous experimental results, 

we have ll\Ssumed that th'!;'ee salts are fo:rm,~d: yellow-.green KA2, green KA· 

and green-blue K2A. 

The infrared spec~~a for the three salts and the Raman spectra for 

K2A and KA, along with the spectra for pure anthracene, are presented in 

Figures 20 and 21. The Raman sp~ctra are untouched while the infrared 

curves are composites of measurements from several different deposits. 

No ~man spectrum ~or KA2 is shown althPugh a few band frequencies are 

listed in Table !, This reflects the !f.nstli!.bi1ity of this salt, part;ic;:u

larly in the laser beam, which prevente~ its preparation in a form ap

proaching the pure stE!.te. 

The untouched Raman curves of Figure 20 are evidence of the near 

purity 01; certain of the K2A and t<;A films. lt should be emphasized, 

however, that th~ prepax-ation proc.edur~s on'.l.y gut1lrantee that the 11K2A11 

deposits al;'e richer in ~ 1;:ha~ ·the "KA'' del!osits b.ut do not require that 

the actual metali to organ;i.c r~~iPs be 2:1 and 1:1, respectively. ln 

other words, despite the ~ont~o~ of such parameters as temperature and 

orifice size, the relative densities of the molecular beams from the 

potassium al;ld anthrac.el,"l.e l<.nt.!.dsen cells have not bee1;1 established with 

sufficieµt accuracy, What is known is th-t the bands in Figure 20a '(or 

20b) go with a single compound ju4ging frqw their ~onstant relative in

tensities over the range of depol!!ition ratios in which, . they a:re detect.-
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able. The stability of the mono- and dinegative anthracene anions in 

solution CnD favor the KA and K2A cho;l..ce for the stable sa.lts. 

The vibrational data. for t;he three salts at'e tabulated in Tables XI 

and XII with an attempt made to follow the frequency variation of some 

modes through the series A + K2A, It is expected that a force constant 

analysis will establish more cl~arly 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 shift$ will remain obscure. 

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

be strengthened wh;i..le others ate weakened as a :i::esult of one and t"toto 

electron transfer to anthracenie (78). Thus, although the transferred 

electron:(s) has a net antibonding quality, an o:t;"derly decrease in the 

fundamental frequencies is not expected, In fact, irregularities are 

apparent in the behavior of certain modal frequencies in Tables XI and XIl 

(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 cpn,stant analysis an imperative step in ap.y quantitative 

consideration of bonding effects, 

Electronic Absor12tion Spectra 
I 

Qualitatively useful v:f,.sible absorpt:i,on spectt:a for the anth:racene 

salts are presented in Figu!l;!'e 3 fc:>:r:' the freql!.ency range 12 to 21 kK; the 

region where new bands are known to appear in the solution spectra of 

these anions. The electr9nie spectra are of particular interest for 

comparison with soiution spectta report~d for the mono- and dianians 
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TAB1'E XI 

FREQUENCIES (CM..1.1) FOR INFRARED BANDS OF ANTHRACENE, I<A2, KA AND K2Ab 

Anthrac;.enea KA2 KA K2A 

3049 3030 3010 
3022 2990 2960 

1600 
1620 1564 1567 1533 

1530 
1533 151~ 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 

a From reference 90 ;· only the strQ~get 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, KA2, KA AW) K2Ac 

a Anthracene 

1632 
1555 
1481 
1403 

1261 
1188 
1165 
1009 

956b 
904b 

754 
655 
602 
525 
395 

. 29ob 

a From reference 91. 

b From reference 92. 

1471 

1260 

1155 
1025 

~900 

738 

cFqr relative intensities, se~ Figure 21. 

1598 
1538 
1442 
1395 
1293 
1260 
1180 
l,152 
1022 

950 
880 
835 
735 
642 
605 

370 
305 

2715 
1542 
1470 
1390 
1357 
1315 

1160 

10].7 

722 
650(?) 
595 
480 
390 
210(?) 
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associated with various cations (79). The visible 5peetra were also of 

interest in this study because resonance ~aman effe~t~ have been detect-

ed (see next section) that suggest absorptiQn patterns requiring sub-

stantiation. 

The salt spectra resemble those of the corresponding solvated anion. 

Thus, K2A has a structured absorption ban4 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, b~t the red shift relative to K2A is in the 

direction of the ..,14 1<,K band peak reported fpr the mononegative anion 

associated with Na+ in solution (79). The absorptiPn curve for the KA2 

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

be less reliable. The KA2 spectrum, however, is markedly different than 

for the other salts with no obvious band m.a~ima in the 12 to 21 kK range, 

a fact consistent with the yellow~green color. 

The K2A absorption band system near 18 kK has components spaced by 

-1300 cm-l 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 same 

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

dianion abso~ption process, 

, . K2A Resonance Raman Effect 

The colored quality of the salts and the nature of the Raman sampl-

ing procedure favQred observation of the reson1;1.:1:1.1;:e Ra.man phenomenon (89). 

In particular, the visible absorption 9pectrum for the K2A salt (Figure 

2.2) indicates that the 18.7 kK component is absorbing at the 19.4 kK fre-
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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 

-1 0 
1357 cm gave a strong Resonance Ra~an effect with gre~n line (5145A) 

0 
excitation. This mode displayed a normal intensity with blue (4880A) 

excitation, but appeared with a factor of five greater intensity than 
0 

any other K2A Raman feature when the 5145A line was used, It is possi-

ble that other modes displayed less pronounced resonance scattering, 

-1 but only the intensity of the K2A feature at 1357 cm varied in a strik-

ing manner with change of excitation freq4ency, The resonant character 

of the scattering was further evidenced by a significant overtone in

-1 tensity (2715 cm ). 

As was noted above, the K2A electronic absorption (-18 kK) was 

. ~1 
characterized by components spaced by -1300 cm This observation is 

-1 undoubtedly relevant to the resonant scattering noted for the 1357 cm 

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). In other words, the 

-1 
resonant scattering at 1357 cm is consistent with the assign~ent of 

the structure on the electronic absorption band as the result of vibron-

ic transitions involving the anthracene ring symmetric 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 described rathe~ 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 

resistivities remain quite high-~in the 108-1010 ohm-cm range at 20°c, 

Though our thin film spectroscopic results seem to contradict their view 

of the solids as solutions of metal atom~ 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 values from the bulk samples. 

Thus, the resistivity was observed to decre~se 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 

6 8 0 from 10 to 10 ohm-cm at -100 K. Our data do not warrant a more quanti-

tative presentation at this time. 
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