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INTROL)UCTION 

·In the context of biochemistry, the topic of charg~ transfer has 

been most closely associated "~Ari~h the donor-acceptor complexes. The 

research activity on the chemical and physical aspects of donor-acceptor 

complexes bas been impressively on the increase~ and. quite like a dose-

response curve. interest in the biological implications of.the new results 

has closely followed. We have attempted to present the topic of transfer of charge 

from a sorrte'l:lhat wider frame of reference than complex formation •. ·Yet; 

clearly this topic& which can span the entire range of possibilities from 

weak interactions to full-fledged redox reactions in organic; inorganic 

or mixed systems,: is so large that it could not be completely covered in 

less than a monograph. As a t:'esult~ the decision as to what aspects ~uld 

bl;l emphasized largely reflects current interests, mostly our own.· ln. 

Part I we have presented solution properties ofthe donor-acceptor com .. 

plexes•. T\>·o .books and a review dealing ,l-d.th the general area of donor~ · 

acceptor complexes have recently appeared 11 covering the topic from the ;: 

point ()f view of the physical chemist1 ' 2 and from the point ,of vie\-t of 

·the organic. chemist. 3 Another review 11
4 dealing mainly with reactions, 

is imminent~ Despite the availability of these, it nevel'theless seemed 

l!rell for us to cover enough of the fundamental aspects of the topic to 

make ·this chapter· more or less self-contained. However• particular emphasis 

has been placed on the more recent literature and those areas which seemed 
I 

. most germ~ne ~o our purpose--a consideration of the biological aspects 

of the topic. Szent-Gyorgyi'srecent bookS is also largely devoted to 

the possible role of donor-acceptor co~plexes in biology. Special aspects 

of charge-transfer interactions such as hydrogen bonding must here be 

totally neglected. Charge transfer in metal ion complexes, a large topic 
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in its owri right• is treated only superficiallY• 

.The second part of the chapter will .attempt to survey transfer of 

charge. fromthe point of view of semicondution and. in particular, photo­

conduction. At present, the surge of interest in these fields stems more . 

from the activities of the solid state c.hemists and physicists than from 

those of the biochemist. The situation insofar as biochemistry is con­

cerned is not really -well defined. Yet, as the important role of organized 

structures in living systems continues to .emerge, it seems l'teli that bio­

chemists in general shou~d have an awareness of the recent·advances in 

·these areas. 

·1 

• 
r 
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PART I •. DONOR-ACCEPTO_R_ COHPLEXES ·;IN SOL~TION 

E-qergetic$ 

As. confusion on occasion ·has arisen, we should first define our terms. 

For ·complexes of· .the so~t. tO be C()nsi.dered here, resonance contributions 

of the type drawn in Fig. l will play a role in defining the energetics. 
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In aceord with the d~_stinction -_made by Hulliken ·and ·_Person. 6 the term 

".charge transfer cC)mplex" wil:l he applied to those _complexes where. the 

.re~o_nance inte:r:action, RN• makes the predominant _contribution to the 

ove~all ·stability r;f the complex i~ tha ground state (s~e Fig.- 2h The 
... · 

term "donor.:acceptor complex-" will be appli-ed to those complexes 'l>there 

the- re~onance contribution to its overall stability is less than that 
··· .. 

due to other factors such as dispersion forces, dipole-dipole inter• 

aet~ons, etc:: .. · In order that .the c~ncept of a donor.-acceptor and charge 

tran:sfer :.~omplex remain expe~iri;en.t·ru.l;v. distinct from other possible types 
' . ~ . . . . . . . 

. of comp~ex * the- donor-acceptor ~nd charge transfer complexes should 
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exhibit a charge transfer absorption band. The origin and some 

charaeterist.ics of this absorption will be discussed below. This is 

;a more restrictive definition that that adopted in a rmmber of bio-

chemical papers.. .In our view, the value of the donor-acceptor concept 

is in its being subject to an unambiguous experimental test. That test., . 

in this case. is the appearance of' a new absorption band and. is •. in.·' 

fact, the only proper one.· To those complexes experimentally demonstrable 

by any physical method, but· not conforming to the.above,definitions by 

displaying a charge transfer band, we apply the general term "molecular 

.complex". 

In Mullikents valence bond approach7 the donor-acceptor complex, 

DA, is considered to b~ described by a Have function which may be written 

\f':· .:: aw(DA) .• + b!JI{D+A:) 

As in Fig, ... l,_ we are stating in this relation that· tho ground state of ·,; 
ji. 

: ;~~ 

the complex is described by ·taking some CO!llbination of the wave functio~· 
. ,. ·. . ~ 

t/J(DA) describing D •• : .. A (formula I, Fig.l) and IP(D""A·)~ des=ribing D""A;.. · 

(formula II• Fig. l). !n the term lji(DA), the "no bond'' wave function, 
~ 

we include all the dipe>le-dipole, van der Waals-London· and dipole..;induced 

dipole forces. tji(D+A-) is tet'Tlled the ''dative· bond" wave function~ . The 

value of the coef,fic.ient' a may be greater or less than b• but generally 
' • t • ~ •• :) .. -.;~~·i.t·~.l··· ' ' ~ . ' ...... : ' · .. ' . . ~ ·. ' ..... .. . . . 

.·a>> b. :.For. the case: b >>.a, to which we shall return later,the complex . 

···is ionic:,.in·ythe ground state, since n+A-·predominates. In the case of 
f. 

a complex Qetween ~ ;.;eak Lewis acid and a w~ak Lewis base 1 a . third term 

tji(D ... A"") is added. to the to:tal ground state. wave function. In such cases 

· n+A· · .. (. :)i· D ..... A. ~ n•A+ is· a closer resonance desc"ription. · The 

total wave f'unct:ion can then· be taken as- ·, 

·= 

"' 
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The energetics of charga transfer complex formation are depicted in 

Fig~ 2• but with neglect of possible· solvation eff~cts. The zero point 

of energy is tak~n as the energy of the separated donor and acceptor 

molecules. Bringing these molecules together to.the normal equilibrium 

dis;ance for the.complex (about 3.5 R) without permitting resonance inter-

action forces. to operate ,results, ln .the case depicted, .in a lowering of 

the energy by an amount, r:o. ·In. practice this term could c.onceiva]:)ly be 

a repulSive .term. The resonance interaction with the .charge transfer 

structure o+A- furthe~ lowers the energy.of the·pair by an amount RN. 

The total intermolecular binding energy, ~H = Ho + RN• Typical experi• 

mental MI values range from a few hundred calories to about 7 or 8 Kcal 

mole-1 • A· breakdo~· of the contributions of. Wo and Rw to the total ~H 

is given in Table I for a fewcases~ These experimental values a'I'e 
, 

obtained by an indi'I'ect method,, It involves an experimental. determina• 

tion of the dipole moment of the excited· state of the complex and working 
' . \ 

I 

through a len~thy,series of .equations which have been derived by nriegleb 

(see .footnote a or. Table I for reference),. - . . 

By addition of a proper sized quantum of light (the clu~rge transfer 

energy hvcT) • a nea!'ly complete transfer of an electron from donor to 

acceptor may be induc.ed with formation of an excited state of greater 

polarity. Art expreosion for the energy of the excited state is readily 
. . 

derived from Fig. 2; as follo,1s: The ionization potential; I., of the 

donor corresponds to D ~ o+ + e, and the electron' affinity, Ea, to. 

e +A~ A-. The·coulombenergy term, Ec, and the resonance inter• 

action, RE~ contt:ibute as indicated in the figure• and the energy of the 

excited state.becomes, by adding the individual contributions 
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The reader may question -v~hy the· resonance interaction raises the energy 

of the excited state but lowers that of the ground state (of. Fig. 3 ). A 

purely mechanical explanation lief> in the fact that the selection rule for 
., - .' . 

the charge transfer transition requires the wave function of the excited 

state to be an odd function (interchanging terms changes.the sign of the· 

function). The ~ve function mustt therefore~ be taken as 

'¥ : a1P(D+A-) "':. bl/s(DA) 

where the negative· sign assures oddness,. · In the standard variational cal-

culation of the energy by the Ritz method, 8 the negatiV'e sign .. in .this wave 

function causes the second order perturbation term (resonance energy term) 
.·.' 

in the expression for the energy to be of opposite sign from the resonance 
. . . 

energy term of. the g:roound state. However• real understanding comes by 

considering electron repul!l)ion effects. For.the ground state, the per­

turbation is a delocalization of a donor electron into an empty acceptor 
I ' 

orbital. The .decrease in electron :repulsion lO\>.'ers the C3nergy. For the 

.ionic excited state• the perturbation is the introduction of a little 

ground state localization. The electron repulsion increases~ and the 

energy is raised. 

The energy of the charge transfer transition is then 

~-~=~~=~-~-~·~-~-~~~-~·' 
where several factors have been absorbed in the term '• which is approxi• 

mately constant for many complexes having a common donor or acceptor. 

In the moleculs.r orbital approach to the description of donor--acceptor 

·complexes;favored by Dewar.9 the orbitals e1re considered to E?Xtendover 
. . 

. .· 

the entire complex. for weak complexes. the donor-acceptor interaction 

between the highest filled bonding orbitals of donor and the lowest empty 

orbitals of ,acceptor is considered as a p.erturbation-. The new orbitals 
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for. the weak complexes will. be w~ry similar to the orbitals of donor 

and acceptor separately • but with the energy levels of donor: slightly 

low~red and those of ac~eptor slightly .. rais~d. (Fig· •.. 4 ) •. I~ molecuiaX' 
.. ·, 

7 

orbital theory the ionization potential· of the donor: is.· approximately 

equal to minus the·. energy of the highest occupied m.o·. and t'he elect~on 

affinity of acceptor to the . ~nergy of the lot-.est unoccupied m."o·. The 

energy of._ the first··charge transfer tr<insition (solid .arrow· .in Fig. 4) 

is given as before by· 

where -6 .is a ter.m result~ng from the _perturbation. .The dashed arrows 

in Fig. ~ ·re~r~serlt the spectr~scopic transition's eh~tractE!rlstic of the 
·. '' . ; 

donor d.nd · th~ ·acceptor. .. It· is 'important .to r.ealize the following points. 

'Perturba~ions resul.ting from neighbor interactions· can occur in cotnp).exes 
I 

in the ·abse.nce. of a: re~onan'ce ·intera.ctl.on such as in Fig. l and can ca4~e 
.r',· 
;~-~ 

small shifts in the~: absorptio.n maxima of the componentt!l• Hypochromic , ... , 
. ; ~·~ 

. ~! 

. effects and band braodening ·can be· explained without invol.';lng an inter-; .. . . . .., . 

· molecular do~or~ceeptor in~eraction.lO 

In the m~o .• · de~eription th·~· charge transfer interaction will be· 

inversely prop~'rtlonal to. the· dlfferenoc in e~ergy between interacting 

orbitals. E~t~nsive tabulations of the resui ts of Ruckel caleulations 

for· many mo.+ecules .of ~nterest. in ~iochemistry have" been .published in 

the Pullniart~' recent ~ok,li and. may serve·.as a guide for· the experi-
. . t . . . . 

mentalist.; But\,.· if need be; on~ · ehould not hesitate to resort to chemical 
!· . 

considerations in' predict kg donor~ac:ceptor compounds. ·. Clearly 1 species ·· 
• • •, I ' ' 

i . . .. . ·. ·, ' ' 
capable of undergoing a facile oxidation (a nieas~re of ease of electron 

loss) sueh as iodide fone hyd~oquinones' ·amines and ph~nols should be . . . ., 
donors.· The donor strength of 'lt-:-systems should be increased by electron 

' I 

/ 
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donating groups such as alkyl• -NR2 & .-oH. and ~O-CH3.• Species capable 

of undergoing a ready chemical reduction (electron 1ain) such as iodine• 

oxygen, quinones· and riboflavin should be acceptors. Acceptor strength 

should be increased by electron withdra\ving substituents .such as. -CF 3 t . . ~d .. 
-CN, -s63H and ..;.C 9' ~ 

'-oR· 
· . Usirig a given ac:::ep~or.,. the linear c<,n•relations anticipated above 

.betvreen the .energy of the charge transfer transition and the ionization 
. .. :J· 

potential or.calculated energy of the highest occupied molecular orbital 

of donor have been observed.l2 ;~3 Ex!>erimental values for e.lectron 

affinities·are accessible with difficulty. However; the expected rela-
. . 

tionships between the energy- of the charge transition and first half. 

tiave't'eduot.ion potcntialllt (Fig• 5) and/or the calculated energies of 

the lowest unoccupied molecular orbital. of the acceptorl6 ha•te been 

observed. 

An important concern in dealing with comple){es is the matter of 

stability or tt'ends i.n stabilities. The free energy of complex forma-:- ., 
... 

tion is not intima~ely i'elat·cd to such pat'amet~rs ~s ioni?..ation potential, 
' '< ' ,· ·,• : I ' ,; ' 

· electron affinity, or o~ar,'ge transfer transition e~er.gy~ . The. reasons are . ,, 

seve:r-al.. First, a considerable contribution to the enthalpy part. of the 

free energy term is from van der ?Jaala'<?r·other forces (c:f. I'ig. 2 and 

Table !). It is not eKpected that these forces will be related in any 
. ' . 

simple way to the above parameters. The .en.tropy contribution to the 

free ~nergy probal:>ly strongly reflects solvation differences and again . . . . . 

no simple correlations are _anticipated.. The. scatter of points in Figs. 
•. 

6, 7 and .s i.tndoubtedly. reflects such effects as we. ha:ve described. Never-

theless, ;the row:,.h correlat.ions evident from the fisur~s between ioniza ... 

tion potential• electron affinity. or charge transfer. energy~ and complex 
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stability may be useful for predictive purposes. 

Other Characterlstics.pf the Chargr Tra~sfe~ AbsorB;tiop 'Band 

The charge transfer band is always broad~ frequently asymmetric, 

and devoid of vibrational fine structure, even at lo"r temperatures~ 

The.broadness and lack of· fine structure are undoubtedly due to small 

9 

variations in the equilibrium distance betwee.n partners. Because of the 
,• 

broad and asymmetric character of the charge transfer absorption• it may 

often. be difficult to determine the position of the absorption,.maXimum 

precisely .. However 11 fine stru.eture has on at leastone occasion been 

observed in the charge transfei' band. This is in the donor-acceptor 

complexeG of menadione with 3 ,s ... diiodotyrosine or 3 ,5-dibromotyrosine.lS 

(Fig .• 9). This was ahJ:"ibuted; in this atypical case 11 to a superposition 

of. the singlet ... tripl.et transition of the quipone which becomes increasingly 

· allot.,ed due to the fact that the halogen atoms cause a breakdown of the 

' spin selection rules by· spin-orbit coupling .• The evi.:lence in fav.or of\ 
' . .. 

assigning a very weak absorption at 535 m).l in p-beo2:oquinone to a singlet-
\ ' 

· triplet·transition has re~entlybeen reviewed.l9 

Briegleb has noted20 that a fairly good empirical correlation exists 

bet~een v ma~imum. (cm-1 ) and the position of half maximum height of the 

i'\, . 
charge transfer absorption band, "max ~ "l/2 rv .lOtt 'Vmax• For the few · 

cases of co~plexes of biological molecules where s~fficiont data has been 

reported t9 enable comparison within a series, we find that the band 

shapes deviate from Driegleb's correlation. Hhether this is attt'ibutable 

to the fact that the charge tran.sfer bands• frequently reported as dif-

ference ~pectra, are not authentic or due to other r-ea~ons is not clear. 

Brieglebi also reports20 ·that within a series• .the half· width' at half 



, .. _ .. 

! . 
·.-:·-

10 

height. varies inversely with the heat of formation of the complex. Thus, 

weak complexes will ·Shmf the broadest chal''ge transfer absorption bands. 

Some donor-acceptor complexes show. two dis.tinct 'maxima in the .charge 
-. 

transfer band.. Examples are the complexes of certain substituted ben;. 

zenes and tetracyanoethylene (TCNE).21 The most likely explanation of 

the multiple maxima is as .follows: In molecules of high symmetry such 

as benzene the highest occupied molecular orbitals are degenerate (Fig. 10) .• 

On substitution of the benzene ring, the degeneracy is removed~·and the 
. - . . ' . 

tt'I'O orbitals not.r split to an e:xtent depending on the number of. substi-

tuents, their nature and relative position on the. ring. The restilting 

two electronic levels have t1110 different ionization energies• and the· 

transitions form e~ch are no longer equienergetic. 

In .crystals, where the orientation of the molecUles of' the· donor-

acceptor complex ~elative to the crystal axis is fixed. it is possible 
. . . :· 

to dete~mine the direction of polarization of the transition moment of 

the charge transfer absorption by using polarized light. The light 

absorption by the_ crystal is greatest when ,the electric vect.o::- of the 

incident polarized light is parallel to the direction of polarization 

of the transition moment of the absorption, band (Fig. 11). Historically~ 

such a study o~ the quinhydrone. (p-benzoquinone~quinol) complex22 pro-

vided important support. l:or Mulliken 1 s theory l-:thich predicted that the 

direction of charge transfer should. be from donor to· acceptor ring. 

Recently areinvestigation of this complex using a technique for 

obtaining'polarized reflection spectra23 rather than polarized absorption 

spectra has shown the old data to be somewhat in error. In the quin-. 

hydrone crystal it is kno'm from X-ray studies that the molecules are 
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oriented with their ·planes par.allel, and tilted 34° from the direction 

of tha needle axis of the crystal (Fig. 12). The reflection spectra 

obtained from the prf.>minent face of. the crystal imd the diN!Ction of 

the polarization of the light are reproduced in Fig~ l3o From the es• 

sentially plane curve observed. for 'light polarized along the b axis it 

was concluded that the charge transfer moment was exclusively along the 

needle (a) axis and theref'Ore dil"ected between. the centers of the six­

membered ring (Fig .. 14). Hakamoto 's study22 had indicated a small absorp-

tion component along the b axis and a direction of polarization of the 

transition moment perpendicular to the plane of the rings. 

A result completely analogous to that of Anex and Parkhurst ·has been 

obtained for a complex of coronene and ehloranil by Ilten and Sauer in 

this laboratory.23a · · 

· . Paramagnetic Complel(~s and Electron Transfel:' Reactions 

Complete transfer of an electron from donor to acceptor can oocur 

thermally • .. tith formation of an ionic species. This corresponds to the 
·t 

b. » a case referred to on page 4. A potentiai energy diagram illus-

trating this situation .is given in' rig. 15.. ~n solution. the the'rlllally 

induced electron transfer may go through a 'itight" ·ion pail:" o~ the way 

to solvent separated ions. 

The radicai ions formed should shot-? an ESR (electron spin resonance) 

signal., but frequently a signal characteristic of only one species is· 

observed.i This is presumably due to disproportionation of one radical. 

A further point of interest regarding these electron transfer ~eactions 

is that the activation energy for the thermal reaction may be lower than 
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the photochemical energy needed for electron transfer (as in Fig. 15). 

The photochemical path-vray can lead to the ions· in higher vibrational 

levels • 

One of the most studied examples of complete electron transfer in· 

a cO!!lplex where both donor and acceptor are organic species is the tetra ... 

methyl-p-phenylenediamine-chloranil case. In polar solvents (see also the 

section on solvent effects·) the absorption spectrum is a superposition of 

what one observes separ-ately for the Wurster's blue cation (III) and 

chloranil radical anion (IV). A recent report contains .a survey of the 

older literature concet"ning electron spin resonance ~tudies of this com­

plex. 24 Often the free radical species initially produced in such reactions 

0 

Cl polar 

+ 
solvent > 

Cl. 

o· 

0•·. 

Cl Cl 

+ 
•. ' 

Cl. Cl .. . ~ .. 

•' . N• . 

. ; H3! +."'cH3 

0 

(III) (!V) 

.'undergo :further slow chemical changes 9 not infrequently to intractable 

products. Reaction between N 11N-dimethylaniline and chloranil in polar 

solvents yields ~ violet material with an absorption spectrum corresponding 

to that of the crystal violet eation.~5 'l'he diamagnetic complex (D ..... A) 
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. ' .. 
and semiquinone ·radical we:re identified as intermediates •.. The overall· 

course of the reaction is apparently 

... .: ' 

. . + 
(CH3)2N'O ... 

0
-?··, ~N(CH3)2 .. ,~. 

I . . . . . 
. ;:..... \ ~: . . •' . 

' .. , :.Q •. . . . ' . ' .. ' 

, .. ·,· .. ·.·A.,: .. ···.· · ...... v 
·. ',• !':··, i ' ... : 

,; .... · . . . ·~ .. 

(. 

. .'; . 

i: 

... 
• I ' •· ' ~ • ' ' 

' ... 
;.· ' .. ' 

. disprcipor.tiona-
.. [other intermed-iates~ · .. · .tion1 etc. 

. : ,;· 

. '• l . ' 
.· :'·;· .. · 

'. 
' .·; · .. · ....... 
. ~ . ~ . '' .;.· ·. . . 

. : The internediate steps must involve an intermolecular methyl migration .• 

· It· ,is of interest that unsbust ituted o-phcnylenediamine·. and chloranii 
_;-· ··· .. · 

· .r~·ri':t.is:·under nitrogen. ~lth displacement of halogen to yield a dimeric:: 

. quinone. amine of. suggested structure. (V) (~out- moles of amino," two of 

quinone).'. Therefore, in. dealing with chloranil as .an acceptor, one must 

also be cognizant of possible displacement l:'eactions. particularly with 

amine donors.. The displacement·. may occur subsequent to compl:-ex formation. 

.. ·· Reeen~ly a· remarkable complex of riboflavin hydroiodide and HI has 

been reported by Fleishman ~nd Tollin.27, .This inate;ial, obtained by 
. 

evaporating·~ solution of riboflavin in.47% hydroiodic acid-ethanol mix• 

~res o~curs as pi~k 'platelets. The analytical data suggest the· stoiohio•. 

; me~ie eomp~sition 5 riboflavin hydroiodide:HI (l:l). The visible absorp-
' . 

I' I' 

t.ion spectrum of the solution and solid corresponds to that .. of protonated. 

··· .... 

·, .. 
~ 

. ! 
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(V) 

riboflavin·semiquinone. The material shows an ESR sigrial eharaeteristie 

of the semiquinone and of such intensity that the material must he 100% 

radical. It seems quite likely that this material is derived from the 

·hydrogen diiodide salt of riboflav5.n (VI) by an electron transfer from· 

i 

the ani.on. This complex is then similar to the complex of p-phenyJ.:ene-1 

Hydrogen dibromide and dichloride , 
R · ··r 

'\ . {: 
.• 

lv!) . ·· ·: .. 
•'''•, 

. . I .. ' 
I',' 

·:1··· ... ··,;: .. 

.. . .·' •). · . 

.· ,· ·_··. 

'' : •• -!i 
; ' ., ~ ' 

·.·.' 
•' ... 

-. ~ : .. •· 
; . : ~-': ·.· 'q~ 

,,-_-: 

. > 
. i 

;· 
.- • , 'I • 

.·· . 
. (. 

~-- • t· '': . . . . .. 

< 

' 

tr-
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.i 
salts of ammonium ions are know'!l28 andr·a tetra alkylammonium hydrogen 

/.;'. 

diiodide (VII) has r.ecently been pr·epared.29 Hydrogen dibrom"ide salts. 

of carbonium ion~ (VIII) were also reportcd29 and show a charge transfer 

absorption band. 

{VII) . (VIII) 

Some other oxidation reactions may follow the gene_ral course of complex 

.·OH · '·· 

OH. 

duroquinol 

+ 2 

0 .. 

. ' i ···. ' - · ... 

· NC . CN 

6 
.· H 

." :· NC/~N 
·. TCNQ 

.J 
I_ 

. ... 2 

'I' • 

... 
...... 

···. 

fo~mGtion: followed by electron transfer• The oxidation·of duroquinoi. by 

7 • ?,a·,a-tetracyanoquinondimethide· (TCNQ), an excellent· ~leo.tron acceptor., 

in the pt>~senc~.· of a .prot~n ac~eptor has be~n ~epo~~ed~ 3o 
. . . 

. As ~ith chloranilj. one ,~hould be a~are of the. pos~ibility of a dis•. · 

placemen;t reaction with TCNQ or TCNE (tetracyanoethyle~e). Indole has 
I 

in solution at ordinary temperatures~. . . ·, . 
been observed to react with TCNE31 

·' 
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.. ~· A rcact:i.on ".rith N-alkylanilines is a.lso observed.32 Displacement by. amines of a 

DA compleK 

l ~· 
) 

sigma complex 

.. 
< 

cyano group, from Tcm::33 and TCNQ34- hil;s b~en observed~. Formation of these 

+ 
NC, ,.eN 

::: 
NC/ "CN 

latter produc~s is accompanied·by a pronounced bathochromic shift in the 

a~sorption speet;um ~hich should not be inter-Preted as due to complex 

formation. 

) 
. ' . 

·F. N cr~ 
2 \ / 

Q 
I ., 

NC CN 

+ HCN 

+ HCN 

.· f1ercaptide is oxidized anaerobically to disulfide in t.he presence 
. . ~ -

··of nitrobenzene35 or ·other good electron ncceptor. 36 ·.The nitrobenzene 

.... 
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anion radical may· be detected by ESR. 

N02 N02 ..... .., .. 

0 • 
R-s- + >· RS• + 

' 

l 
.. 
.. 

.. 
R-s-s-'R 

Russell and his co,-rorkers37 have noted a redox reaction betwe.en the· 

monoanion of· 1,4-quinol and nitrobe~ene._- Both product _species .,.rere 

·detected by ESR.- They were also able. to· detect the nitroberiz'ene a~ion 

radical when carbanions were used as donors. 

OH 

0 
OH· 

0 +" :. 0· 
o- 0• 

• 

.. 
. . 

., 

Charge transfer has also been us~d to initiate-polymerizations:··. 

N~vinylcarbazole (IX) 

(IX) .. HC=CH2 

. •\' 

. . 0 .. 

. ~Clr(}fl:.·· 
Cl'?Cl . 

... 

i 
J '· 
I 

• I 
HC=CH2 

in the\. 

. ,·. 

:· ,' 
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presence of p-chloranil, tetracyanoethylene and tetracyanoquinodimethane, 

among othe~s.38 There is some evidence that complex formation precedes 

electron transfer as suggested above for the reaction leading to crystal 

violet., A ·mechanism such as that outlin.ed is favot~ed by the a~thors. It 

appears, ho~tever, that electron· delocalization may be adequate to. induce 

polymerization. Trinitrostyrene (X) copolymerizes el~othermically with. · 

vinylpyridines (XI) on mixing solutions of the two. 39 Free radical for-

mation as an initiating step appears les5 likely here. • 

02N. N02 

. CH:::CH2 

(X) (XI) 

·. We cannot undertake here a systemati-c treatment of the many cases 

of ~l~ctron transfer from zero valent metals to hydrocarbon acceptors 

~apable of yielding anion radicals. although these processes involve 
' 

transfer of charge in ~broad sense.40 Also beyond the somewhat arb!~ 

trary scope of this chapter is a detailed consideration of the mechanisms 

of electron t~ansfer between inorganic metal ions via inorganic or organic 

. . 41 bridging groups .• 

For·discussion of magnetic resona?ce methods tor determining the 

rates of eiectron exchange between radicals of the type we have considered . . . 

in this s1ction, one may consulte among others, the .recent ~ok of Caldinl.f.2 

or the chapter of Fraenkel. 1i3 · 
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Equilibrium Con.stnnts 

It is not our purpose to ~eview in det~il here the numerous procedures 

available for determining equilibrium constants, as they have been amply 

treated elsewhere. 44,45 As a number of authors have recently emphasized• 

the' determination of an equilibrium constant and a molar extinction ~oef-

· fid.erit should be. part of the characterization of any donor-acceptor com-. 

pl~x.. 'I'his is not an entirely trivial matter; hot<lever, and we wi.l:t.discuss 

a few recent papers in -which some of the pit.falls have been exposed. 

· Person46 has discussed the use of the Scott equation (1) in· some 

. detail• 

(1) [D][Alll. .: 
/J O.D.k 

· 1 r J · + --t..D . 
e: 

M.o.k is the absorption due to complel< at 11ravelength kt K is tha equili­

brium constant, s the molar extinction of'·complex• 1 the optical pathlength 

and the remaining terms represent donor and acceptor concentrations. The 

absorption due onl~. to complex (M.D.); which is the absorption of the 

·mixture at ~ravelength k minus the sum of the absorption du& to components, 

is determined for a series of donor conc:entrations. The left side. of 

equation (l) is thenplotted versus donor concentrations and extrapolated 

to the intercept to determine K. For weak complexes- since the concentra~ 

tion of complex is smallt the points plotted as. the left side of. equation (l) 

may not be very. different from the intercept. Difficulty is t11e~ experienced 
. ' ' 

in obtaini~g a reliable non-zero initial slope in the plot of the data • 

This slop~ is 'obviously important since th~ determination of K involves 

an extrapolation. Person~6 has set the optimal concentration range for use 

-of equation (l)~o~ the case of excess donor) at 

~1 (.1:,_) < [D) < 9 ( lK ) 
K . 

where K is the equilibriwn constant. , These limits may be a iittle flexible• 
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/but one should proceed by first obtaining a rough value for 1< 1 then 
I . 

,/ 
! planning optimum concentl'ation ranges fox- final runs• 

., 

A different approach to a systematic stl,ldy of the effects of experi-

mental errors has also appeai;'ed. 47 . A· computer program was developed 

which _enabled ready calculation of the equilibrium oonstant from. input 

experimental d~ta. Beginning with synthetic data. (no errors) small errors 

were delib.era.tely introduced into the input data--for 'example, amounting 

to a weighing errorof 0.3. mg in 20-500 mg, or an instrumental error of 

!: .003 absoi'bance units. Recalculation of the constant revealed that for 
.r··,.,·.,· 

certain concentration situations the determined equilibrium constant could 

be extremely sensitive to small experimental errors. The same conclusion 

was reached when K was determined by a graphical method with the same 

data.. This again emphasiz~s the. need for careful planning of experi-

mental conditions. 

In a second study.4B again employing synthetic data. multiple 

equilibria we!'e considered.• The results indicate that the presence of· 

·some 1:2 complex may not be detected as a deviation of the data from a 

linear plot of the usual sort. Johnson and. Bowen specifically considered. 

the data plots obtained litith :equation (2) (the Benesi-Hildebrand equation >t 
but the conclusions w.Ul presumably apply to all similar equations • 

' (2) . / [AJ,..;... = ._L l 
A O.D. € 

(The l3enes1-HUdebrand equation where the te:tms are as described 

previously) 

Experimentally~ the p~esence of higher order eomplex·es may be manifest· 

as variations of the dete~ined equilibrium constant with wavelength, 

or as a ;,ariation of the inte~rated intensity of the charge transfel:' 

I 
i 
I 

I 
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band with temperature~ Praetically speaking, the effects are often 

small and one could probably conclude that the major absorbing species 

is a -1=1 com~lex if the data fit a linear plot of the'Benesi-Hildebrand 

type. Methods are available for an indepenhnt'experimental determina­

tion of the stoichiometry of a complex (cf. referenC;es 44,45). 

Contact Charge .Transfer. 

Mulliken•s theory of charge 'transfer spectra predicts that for weak 

complexes the molar extinction coefficient of the charge transfer band 

should be low. .There have been many difficulties in 4emonstrating· this 

·expectation experimentally. .ro:r:o l':eak complexes, .attempts to determine 

both the equilibrium constant and extinction coefficient experimentally . 
, • I , , , , 

• (for example, using e<luation (l) or (2)] often gave the point of- inter~ 

cept in the extrapolation .as zero. This indicated either that as_K + o •. 

e + Cll) • or vice versa .• which was contrary to that anticipated from the 

theory. In an attempt to explain this difficulty Org~l and Mulliken4 9 
• . • ' . ~ I • • ' 

put forward the concept of contact charge transfer. In es.sence this ., 

theory stated that a cbarg~ ~ransfer transition could. occur .. between t~J.: 

molecules (D,A], which just happen to be together through chance colli• 
'' 

sions without forming a ·real complex. · The observed extinction eoe.f.fl-

cient would.then be the ·Sum of the actual extinction and some contribu­

tion f~m chance cont~cts. It has. now been shotm50 that a satisfactory th 
' . ' 

theory fo'r .weak complexes ean l?e based on the idea of co~petition between 

solvation and oomplexing .bY writing the equilibrium expression as 

where S represents the solvent. By taking proper account of soivent. it 

': ·~. 

' ' ' . ~ 
was shown that the relationship between· E: and K anticipated from l1ulliken' ~ 

early theory could be observed~ The upshot .is that it now seems unnecessary 

't'"• 
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to retain the concept Clr con~act charge transfer. 
·,'. 

·Solvent :t:ff~cts 

The effects of solvent on charge transfer maxima have been reviewed 

by Murre11Sl and Rei~hardt,S2, the latter i:n connection 'ttith empiy>ical 

measures of solvent. p:olarity. The rules of. thumb are as follows:. For 

complexes of the non-ionic type, the charge transfer m;:iximum should be 

red sh~.fted in polar solvents. blue shifted in non .. polar solvents. For 

ionic co~plexes• the opposite behavior is anticipated. However, a recent 

attempt53 to correlate absorption maxima of compl'exes with solvent polarity 

·has failed, and it appears there may be except.ions to the general rules. 

Complex stability. is also affected by solv~nt . .".· tonic complexes 
I ' • ' 

·show a lower degree. of association in pola:r solvents a.s KosowerS~ has 

observe<;} for a se!'ies of pyridinium iodldes~ •. For complexes where little 

charge is tra~sf.erred in the ground state, it .is difficult to make a 

general statement concerning trends in stability. The situation 'varies· 

from case to case, depending on the relative ·changes .in solvatie~ energies 

of components and complex. In cases where hydrogen bonding canplay a role, 

the situation is further complicated. 

In certain cases--for example, ·the tett>camethyl-:-p•phenylenediamine 

complex with chloranil~-on.e may obtain an iol::dc,;. or non-ionic complex by 

varying solvent polarity.25 
. ,· . ' ' . ' \ .. '"' ': 

Othe.r .Usef~i Physical Hethod.s ,f.or t:1e ~tudy, ()f Complex. Format,ion 

Many. physical methods are useful for study-ing complexes.· We empha ... 

. size, however, that not·. all these methods arc! adeq\i~te in chax-acterizing 

a complex·: as. of the don~r-accept()r type. .' 

!nfraf.'ed. Spectrosco,EJ·:• Shifts in bond stretching ·frequencies as a 

result of changes in bond strength. can be. anticipated in strong don.or-

' ., 

... 
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acceptor complexes. Intensities are generally decreased• and in certain 

cases· vibrations which ar-e ·ordina~ily symmetry forbidden may appear~· 

For l-teak complexes, t.he. spectra ha:i:'dly differ frotn a superposition.· of: 

the. spectra of the components, adifficulty comrnon.to all thespectro~ 

scopic tools. Many specific cases have been reviewed in references l· 

and 3.· We will note only the recently'described55 complex of phenothi.&• 

zine :nd chloranil (XII) as it is illustrative of a common r'esult. In a 

Nujol mull or KBr pellet the quinone carbonyl peak appears at 6.4 lJ• 

shifted up. from its usual 6:.. 0 iJ position.. This immediately identifies 

the complex as of the ionic type .• · 

0"" · .. C1¥yCl 
ClyCl 

: ' 0 •: . 

(XII) 

For complexes of donot"s with low·tonization_potential or acceptors 

of high elect't'on affinfty_ (or -both) tf..e charge transfer ban;J· may pe found 

in the .near infrared. For example, the p-:-phenylenediamine.;.chloranil com-
' ... 

plex25 shows. a ne~ absorpt . .ton at 942 mu in acetonitrile. In polar solvents 

the complex of 6-c~I"otene and iodine sho,.rs a new absorption at 1000 mlJ·~ 

This comple:lt is a 1:2 complex, characterized as ((c40H50 )I+]Ia· .'' The. 
•\ ' . . ' 

ebarge tra~sfer absorption is attri:)uted to the moiety (c40H~ 6.- l~ in 
/ ,. 

which the t+ is acting as. a very powerful el~ctron acceptor.56 A band at 

900 mlJ has been assigned to a donor acceptor, complex of riboflavin and 

dihydroi".ibofl.avin. 571i5S 

Nuclear Magnetic Resonance Spec.troscopy~ Thus far only proton resonhnce 

appeaprs to have been employed for the study of donor-acceptor complexes •. 
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Attempt's to determine equilibrium constants with NMR have met with . 

varying degrees of success.: A derivation similar to that'cf the ~enesi-

Hildebrand e·quation (2) r'eadil}· leads to an equation suitable for use 

with NHR. Equation (3) is. the form for donor in ex~esst the rec1proc~il 

of changes in observed .chemical shifts of acceptor being plotted versus 
...... 

(3) 
1 = 1 

l<tl [D] , 
DA 

1 
+ 

the rec'iprocal of donor concentration.. The tet'!ll 6~A .is the chemical shift 

of.pure complex and corresponds to the molar extinction coefficient in the 

usual form of this equation.; Hanna and Ashbaugh59 have studied a number 

or eomp~exes of aromatic donors with TCNQ. They find equilibrium con- · 
. ! .. ; i . . . ' . .· 

stants in' agreement with those obtainedc by, other methods '~hen donor con-

.. centrations are expressed in terms o~ molality• 

: ... . "· ·., ... , . ...... ·:· ..... . ..:... ..... ·:-· . . ·. . •' The 

reported failure of the method when concentrations are expressed as mole 

A successful attempt to obtain an equilibrium constant hy NMR is 

reported for a co."'Iplex of iodine and phenylrnethylsulfide. Sl In addition, . · 

the changes,· in chemic~l shift wi7h temperatu:r:'e wette suf~iciently large in 

this case to enable determination of the thermodynamic parameters for 

complex .formation.· By using the relaxation times of. the signals, Larsen 

and Allred deduce a lifetime of about 104 seconds .for the complex, sur-
; . 

prisingly long for a complex in solution. 

Hagnetic resonance should pro\"e a useful. tool in facilitating 

identific~tion of coordination sites in complexes• ·For example,62 in 
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the aniline-iodine complex, a large selective downfield shift is 

. observed for the N-E protons on complex formation. Such a large 

deshielding of these protons can only indicate that ch?ree.is indeed 

transferred from nitrogen and that this is the site of coordination 

with.· ~6dine. 

Polarography. It has long been appreciated that compiex formation 

can affect the observed reduction potential of molecules. 63 However,. 
. . 

little .systematic study seems to have been reported on these effects 

· for donor-acceptor complexes in general. · Recently a polarographic. st\.tdy 
. . 

of several complexes, known tci be. ·of the dono;-acceptor typei has b~~n 

carried out .. in non~aqueous solvents• An attempt was made .to employ-
. . . 

shifts in-half-wave potentials for the determination of equilibrium 

constants. 64 The method is analogous to that commonly used for metal 

ion complex:es,65 

• .V. 

For a 1:1 complex, the situation in the polarographic experl.ment •· · 

is described by the equation (4) 
. ':.? 

(4) DA 
. Kf 

• I .·., .· ..... e .. 

<:_, K 
b 

A 
. s. . 

·~·I • 

P!'ovided A-, the.product of the polarographic reduction• has a negligible 
. . . . . . . . . 

ability to function as an acceptor with D, a study of the .shift in- half-
. ' 

wave. reduction potential of the A + e -+ 1,- system 1r-•ith. donor concentra~ 
. . . ' ' .. 
. . ·! . . . .· . . . . . . .. . . 

tion may'be,relat~d t~ the free energy of formation of DA. The conditions'·· 

which must be satisfied for successful use of the method ai'e (i) chemical 

•.. equillbriu.m :for. the formation of DA ~us1; .be r,apidly achi~ve(.~ (ii) ,the 

rate of ~lect;on transfer to A O%' (DA) ·at the electrode must be high; and 

.(iii) the solvation energy of A'*': must be unchanged by addition. of the 

·donor •. The fulfillment of these conditions may be tested experimentally.65;66 
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When these conditions are fulfilled an expression of the form (5) may be 

· der'ived. 

(5) 

.. ·, 

Here we have t-~L'itten activity coefficients 

F0 = antiiog10 .t;31nr 
RT 

l·+ K1[D] + K2[Di t •.••. ·•·• • · 

equal to cme for · 
. I<"],.: ,, -
-~· ·-

Ic: . ·.·· 

simplicity. F is the. Faraday, Is and I 0 are .the limiting currents for 

uncomplexed and complexed species,,. respeat ively, and K1 1 K2 ," etc • are 

the equilS~brium constants for l :1 comple~ formation, 1:2 complex formation• etc. 

All terms on the left are obtained from polarographic data.and a plot of 

(F0 .... 1)/D versus [D) yields a value for K1 f:r-om the intercept (Fig. 16) • 
I , 

A Ze'ro slope (K2 = 0) is indicative of a 1:1 complex;. the non-zero slope 
. . . . 

indicates 2:1 interactions. The constant K2 may be obtained from this 

slope. Good agreement was observed behteen the constants .obtained, by· 

. this method and those obtained by th~ usual spe~troscopio. method for lH 

· ·.complexes:. · It should be noted that the polarographic data indicated sottl'!) 

2tl complex in certain instances where l:l complexes had been assumed irt 
\\ ...: 

optical studies. This is especially interesting in vie~ of the results 

obtained by Johnson and Bowen.48 

The polarographic technique giv~$ no information on the nature of 

forces leading to complex ·formation .• 

Fluorescenc;~ and Phosphorescence •. Fluorescence techniques in par·d.­

cular are admirably suited for exnloitation in biochemical research.67,68169. 
\ .a. • : ·, 

Detailed kinetic information as \-.rell as equilibrium constants may be obtained •. 

It seems worth emphasizing• ho'l'rever • that while demonstration of fluores<:ende 

quenching does indicate an interac~ion, this does not of itself demonstrate 

an interaction of the donor~acceptor type. 

The energy absorbed in the charge transfer transition mar be emitted 

' . 

' . : .. . , 

.· ,. 
·. ', 
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•. 
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es :a .flu,orescence. The spectrum of the fluorescence is quite generally 

a mirror image of the charge transfer .absorption spectrum.· · In energy . 

. transfer .studies the charee transfer e.-nission may be of considerable 

'-- . 

interest, but for diagnostic purposes the absorption spectrum is infinitely 

. superior~ 

· Phosphorcccence from donor-acceptor comple~es et lo"'! temperatt~re 
. . . . 

is kno~m, but the emission is invariably characterlsd.c of the donor~ 

Christodouleos and lkGlynn 70 have reported a partiC\~larly interesting 

study •. ·. They obset>ved a murked. increase in the r.;?.tio of phosphorescence .· ·. 

to fluorescence quantum ·yields t4ith ·increasing concentration of acceptOI' 

in several complexes. The effects are par'tioularly marked for poly­

halogenated acceptors.. This again demonstrates an enhanced intersystem 

crossing from singlet to triplet levels in donor.:.acceptor complexes of 

· halogenated materials due to spin-orbit coupling •. 
,,)" 

iii•. 
TellP,~ratur~ Juml? Relaxation and Flach Techniques~. · The rate const~hts 

K12 and K21 in an equilibrium 

D + .A 
K12. ).. 

(· .. K21 ........ 

.D •..•.•. A 

' . . 71. 
can often 'be determined by the temperature jump relaxation method. The 

method involifes altering suddenly: the temperilture ·of a system in equilibrium 

(2. to .10 9-eg'ree jumps in .to-6 eacond:s are common) and followi~g the course 
· .. ·',. 

of recoveryi to a new·equilibrium by some rapid detection method. It is 

a general method for the study or complexes.' The serotonin creatinine 

sulf.ate·r~hof1avin complex (entry n~ Table !I) has been stt1died by this 

method.n The cc;1stant K12 is grea:ter. thnn 8 x 107 M-1 sE:c .. l; K21 is 

gi'eater than 2 X l o5 sec -1. Accordingly il the lifetime of the complex 

in • s6l.utipn must be las!l than 5 x 10 ... 6' seconds. 
·,;. 

Y . 
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Flash spectroscopy has tUl"ned up the eKistence of donor':"'acrieptor 

comple:ltes of iodine atoms· (produced by: the flash) and benzenoid hydro-

cat'bons (XIII) .73 The existence of some sigma complex in these systems 

.. · ~"-.. ,I·-±Jl· · .. ·.·• 

H 

• I 

sigma complex 

? 

. ".) 

(XI!I) 

,.·.· 

can probably not be ruled out with absolute confidence •. For some-of the 

hydrocarbons !I complex formation v7CiS completely reV'ersibleli ·.fOr oth~s 
. . . . . ' . 

·iodination occurred.8 implicatl.rig;. a s_igma complex. In view of C:hem:tca.\ 

similarities between the iodine ate~· a~d the mercaptyl radic~l RS• '(e.g.; 
·. • '., ·• : ' •' . • :.·.: ·. 1.1' 

both dimerize to a stable molecule~ can be redueed to a. stable_ anion, can 
1," · / r 

be oxidized in the p!'esence of water to an acid, are. highly po.'l.ari:~:able) 

one might antieipote si.'Tlilal:' comple.Xes of the mercaptyl :radical .and 

biolo~ically more interesting ir ~ystems .• None has been ident if.ied thu~:; 
~~-~ 

t ·~-~ ·' ,. 

Effect of C,omplex: Forma~.ion pn Reaction Ra:tcs,. 

From the· previous disc.ussions it might welJ. be anticipated that the 

chemical properties of a donor or acceptor.· may be affected by the donor ... 

acceptor .interaction. Indeed;. a number of cases are known where specific 

catalysis due· to -compl~xing with a donor or acceptor is observed. In the 

following w~ give some recent examples. 
I 

' 
Comple)t formation may be expected to produce a rate enhancement in 

a reaction in which the free energy of the transition state. is lowered 

more than ithat of the ground state. by the interaction. The solvolysis of 

dimethyl benzylsul:fonium chloride (XIV) has be·en obser\red to proceed three 

times faster with phenoxide than 'ftith hydroxide 8 although the lattel" is a 

much stronger base.74 

::. 

'·' 

···~ 

-' '' 

·; 

'.l 
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This rate enhancement appears to be due to r. complexing in the transition 

state·, such as· in· Fig. 17. In. the solvo,lysis of trimethylsulfonl~m 

. c'P.loz-idet. whe~e 'lT compleY.ing is impossible, the rate. is h{gher ·with 

hydroxide~ as, expected~,· This f~ct lends suppbt"t to the complexing inter-· 

preta:tion. 
:·.·:.-': 

A detailed study of the acetolys.iS of 2 &4·•7-t!'initro-:-9-fluorenyl-p~ ·. 

toluene sulfonate (XV) has been carried out in the presence of phenanthrene. 75 t 76 · 

·:CH3co2H :. ~·· 
.. 1 --

phenanthrene 

. (XV) 

•' ·, ~. ~- .. : ' . 

+·. C7Hi0so3 H 

'02 

The'·2~4$ 7•tri~it~f.J~uorenyl ring system is a good acceptor and was chosen 

. in an attempt to maximize possible catalyt~c· effects •. ·The kinetic .data 

is successfully.: interpreted in terms of the· sii'nplest mechanisms involving· 
. ", ~ 

1:1 complex.: formation (below)\, The ratio of the rate constants• K ciomplexed/ 

K un~omplexed, was found. to b~ '21~ indicating a very effective 
KT ' I •• 

I 
HOAc l 

Donor • ) ROS02C7H10 • .t ... D 
<fo(---

K 
uncomplexed 

HOAc 

catalysis .• 

The equilibrium constant KT de:t'ived ,frotn the kinetic data ls in good · 



. ·· .. 

. i-"." 

.... · .. ·; 

'··.,-

··.·:. 

, .. 

. ;· 
. \ . . .; ~ . 

. .: 

,,..~"·" 

30 

agreement with the result of an. independent spect!."oseopic deterni'ination. · 
. ·, 

Detailed analysis of the thermodynamics of the solvolysis suggests the 

catalytic effect can be attributeJ to an inc~ease in the entropy of 
' ..... ' . . . . 

activation (less negative 6$"~") by complex formation.· 

Catalysis of the racemization of opticall.)' 
. ' . . . . \ 

by organic acceptors has also. been. observe~. 77 

active binaphthyl..donors 

The. donors we·re (+ ) ... 9,10•. 

dihydro ... 3;'.t.;5~t6 .. dibenzophenantbrene (XVI) and (+)-1,1-binaphthyl·(xVII). · 

... ' 

(XVII) 

!, Catalytic. effects parallel to acceptor strength are observed for the . ; 

acceptors l 53~5 .... tt'initrobenzene~ picryl chloride and 2.4,7-ti'initrofluorene. 
. ~-

(XVIII) . 

The intermediacy of .a comple~ has been proposed to account fott the 

high $pecifiicity of 2-hydro¥y-5-n~trobenzyl bromide (XVIII) for tryptophan 

·in a react1on with proteins.78 There is no spectroscopic evidence for this 

aompi.ex a,t present. '. 

Coruglt;xe$ of Bio;tog,i.oa~ H~t 1e,rial.~· 

In ·Table II· at"e collected all the literature· data on molecular com-

plexes of small biological molecules which we have been Qb1e· to locate • 

. f 
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· It would .b~ superfluous to discuss in detail every case. since the table 

has been made fairly detailed. In partiCular, the .t.,.avelength at: which 
. . . 

the association constant vlas determined, or the maxir.mm of ne·w absorp- · 

tion is given. and compared with the absorption maximum of uncomplexed 

material. In a very lar-ge number of 'the case-s listed in Table II' a charge 
. ~ . . 

·transfer band is not observed and a donor-acceptor interaction· ,is the~fore 

questionable. 
. • ·-'1. 

riavins. A great number of complexes of the flavin cofactors have 
.. \ .. · 

been studied. The desire to implicata a donor ... accep_tor interaction in 

enzyme-cofactor binding is behind-roost of thiz work. This also holds 
' . 

. true· for the complexes of the NAD type mol~cules t·o _be considered •:in the 

next section. The topic of cofactor binding has been reviewed in. detall 

by Shifrin and Kaplan.79 

Insof~r as the flavin complexes are conc~rned, the work in this 

field rnay be summarized as follows. About ten years ago, Theorell and 

Nygaard SO proP<> sed a scheme for the binding of Fl1N to the ol_d yellow 

enzyme which envisioned hydrogen bonding at. the isoalloxazine nucleus, 

as in Fig. lS. Tyrosine ·was implicated at the bind~ng site _by iodina- . ' 
·! .. · '·. 

tion studies. 
.. 

Harbury and co-wo~kersSl~82 attempted to test this suggest~on by 
• • ; t • ~ • • • 

examining in detail a number of phenol complexes of riboflavin ·and. .3-methyl~ .. :·.::':. 
• • 0 • • j • • • ' • • • • ·~ •• "'\ ~·.: • •• :: ~ • • 

·riboflavin, where hydrogen ~nding at posit.ion 3,· as in Fig.- 18• woUld be . ' 

impossible~ Finding that_ complexes formed ,equally wel~ _wi~h· both ·.metht-=-· 
. ··.· 

lated a~d unmethylated flavin they. were inclined to.·believe . .t~at:_.eharge · 

transfer forces\\ not hydrogen binding• might be more prcsdominant in these 

· interactions. 

·, .. 
'· 

• . 

\ . 

... 
~··-

-~ 
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It perhaps adds perspective to recall what the situation regarding. 

such.interactions l'/as at that time~ The "hydrophobic11 bond concept,.03 

which gave to t<1ater an important role in· such interactions~ was not t.rell 

established. Mulliken, in em early classic paper on charge transfer* 
... . . . 

had· suggested· (in one sentence) that charge transfer 11might affor<,i. new 

possibilities for understanding intermole~uiarinteractions in biological 
. . . . . 

systems .• " Koscnve~84 ,85 had already observed the charge transfer ·absorp-

tion of several pyridinium salts in the nicotinamide series and had sug-
. . . 

gested that a donot-... acceptor complex could account for the 360 mj.l abso:rp-, 
. I 

tion in NAD tr.iosephosphate dehyd~genas~~ .. In this ccmtext Harbury' s sug.;. . 
' . 

gestion and (see below) that of Isenberg and Szent-Gyorgyi was completely 

reasonable. · 

There .is no doubt that many of the complexes studi~d by Harbu~y and 

co•wOrkers exist,. but there, is serious question as to. whether they are of 
.,. '. ' 

the donor-acceptor type. The .speetrtim of one of the· COinple1{es, typical 

of them all'* is ,:~:~eproduced in Fig .• 1$ •.. Naphthoate was one of the· . 

stl">Ongest. coiuplexes of the series. . The effect of phenol is less. pro­

nounced• :as l.s that of tyrosine. . It seems certain that the hypochromicity 

and small red shift are not due to charge transfer absorption. Compare 

the spectrum in Fig~ 19 ""ith the situation encountered by Benesi and 

Hildebrandes and which prompted Mulliken to undertake a theoretical study 

(Fig. 20)~. ·The eharge tra'!'lsfer band in Fig. 20 is definite .and unmi~takahle. 

At about the same time.as Harbury's work appeared 1 .Isenberg and Szent-
i . 

: 1,. •• 

GyorgJi 87.· reported a study of the red complexes of FNN with tryptophan and 
. ' 

serotonin (Table II • entries 7·t 21). The. difference spectrum of complexed 

versus uncomplexed r1-m showed a maximum at 503 ml.J., comparable to the maxi ... · 

mum at 500 mll known for r.iboflavin semiquinone in acid solution. · On this 

· speett-al 'evidence.,. it \las pt-opQsed that art electron transfer had occurred 

'•' 



.. 

·.·J 

l-, • .. :;, 

·', ~ . 
-_;·· 

. . ·. 

33 

t6 give riboflavin semiquinone. That semiquinone formation had occurred . 

was questioned ~lmost immediately,82 but theoretical calculationsB9.indi­

cated that riboflavin could indeed be a good acceptor. Later96 a.,· £SR 

signal characteristic of flavin semiquinone was.observed in an acidic 

solution of the complexes of nm with serotonin and tryptophan. ·',['his 

indicated that electron transfer could occur under appropriate condi• 

tions, but no signal l.ras observed in neutral .solutions. The weak signal 

·observed in acid solution with tryptophan as donor now appears to have 

been due to the influence of light' however. as . 

Here the matter has rested.; but recently Kosotver90 has raised a. 

cogent point •. He notes that the charge transfer transition from indole. 

· . to riboflavin should appear at about 330 .milt' not at 500 mp in the visible 

region of the spectrum. The basis of this suggestion lies in an estimate 

· of the relative electron· affinity of riboflavin. in the ser.ies in Table III. 
. ' . . . 

The detail.s of Professor Kosower' s 'analysis are not. a'Vailable to us at 

present. One can, howe'll'er, us(;} the. molecular 'orbital energies. calculated. 

by the Pullma~s to make a·rough estimate of Ip ... ta whichl :as we h~'Ve 
: • , , . , . . . , I , 

a:L~eady ·~oted .• .differs· from 'the .charge transfer energy ~niy by a per~ 

turbation term which may be reasonably constant~ These. estima~es, made 

using the orbital energies given in the Pullmans' booktll are given in 

Table IV with the ,experimentally knolm charge transfer en.erg.i.es~ .. The 
., 

ealeulated !p - Ea in units of !3, the ~.sonanee integral 'of ·m.o. ·theory • 

(a negative energy quantity) reproduce the tr~nds in experimental energy 
. . 

values. quite well.· A plot of 6 Ec.T~· ver~~s !p - Ia shows some scattering 

of points but does support an estimate of 80;.,90 Ka~l for the charge trans­

fer energy from indole to FMN. This is' also quite evident from examina­

tion of the !p - Ea .entries in Table !V fot' the indole .. NAD~ arid indole-FMN 
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complexes. While the estimate .is rough 9 it seems unlikely. t9 be in .. 

error by the 25 or .sQ Kcal.needed to save the former 500 ml1 assi~ment 

for the charge transfer b-:;md of the tryptophari-FHN c~mplex-.; ·As no: ESR 

. signal ~s observed in a neutrai solution of .ribofl~vin· ~nd tryptophan.a8,96 
. '· 

it .now appears that the long wavelength absorption· is due to bro<9:dening · 

or splitting of the riboflav~n absorption band ~ocated at 447 mv• 
• . ' • i 

Hassey ~nd co-r:orkers have recently assig~ed C(Wtain absorption 

maxima in a number of flavoprotein.s (entries 78-88, Table Il) ~.o charge 

tt'an.sfer transitions .• 91. Condi'tions. favoring reduced enzyme f;ivor the 

appearance of the 720 mJJ absorption i~ lipoyl dehydrogenase (entry :78)-. . 

. The.appearance of, this. peak.is attributed·tc, formation of a complex· 

. . . . . 

involving FADH2 and NAD. In this connection complexes of reduced ribo-. 

··flavin; N-methyl-:3-nicotinamide and N-methyl:..4-nicotinamide have: been 

··,". 

· studied (entries 76 .t 77, T.able II). 92 · The difference ·spectrum of on~ of . 

thes~ complexes is given in Fie;. 21: • 

the charge transfer band~ 

' 'l'he green -color of these complexes of reduced riboflavin;. attributable 
. { .. 

to the longabsor-ption ta~l. is reminiscent of the,complex'reported by 

Mahler and.Brand.93 rhls latter complex is prepared by grinding together 

solid riboflavin andNADH2• An ESR signal is observed in.the complex and 

· its green color .is likely attributable 1 in this instance, to riboflavin 

·· ·semiqu~none. A relationship between the two series of FMN.,.NAD complexes 

such as that shown in Fig. 2.2 seems possible.~,· A ·charg~ transfer tran.si~ . . . . . . 

tion .NADH2 ~ FMN is energetically reasonable,· but chemical ·reaction 
. . ~ . . 

between the materials would make it difficult to study and it has not been 

observed:thus far. 

Concarnin; lipoyl dehydrogena~a. Kosower4 has recently cugsestod 
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·that the r.ed intermediate obs·erved during the reduction of this enzyme 

is a complex. of thiol anion and fAD (XIX).. Searls and Sanadi 94 claimed 

to have detected a similar co:mplex in a reaction between dihy~rothioatate 

(XX) and FMN. An intensification of the orange tinge of the sol.ution was 

. . ~ -S --../'"Vv~;--.1! . 

.FAD .~ . ~ Enzyme 

. - ' HS · ~ .. 

('!- (ca2 >~-co2- .· 

SH SH 

. ·.·.(XIX) (XX) 
. ~ . . 

observed immediately after mixing the reagents. The difference spectrum 

of this solution versus nm showed a maximum at 535 m}.l 'i-lhich was asslgned 

· to a charge transfer complex between thi.ol and FMN. With time the solution 

turned olive green and an ESR signal appeared. Hassey and Atherton95 were 

unable to reproduce this result under a~aerobic conditions, although a 

reduction of F!1N apparently did occur., They concluded that the 535 mlJ 

absorption appeared only in the presence of light and some hydrogen . 

peroxide which had been generated by air oxidation of reduced. flavin .. 
. . 

In the following we consider some of the more recent reJ?orts of com-

plexes involving riboflavin. Fleishman and TollinSS,97 have. attempted to 

determine whether.the acceptor strength of.riboflavin can be ·increa~ed·hy 

protonation of the isoalloxazinenucleus• They report compiex formation 

between a,number of phenols and riboflavin• and a few with lumiflavin 

·and lumichrome, in 6-12 N acid (entries 27-42, Table !:0~ In some cases - . 

highly colored complexes '-1ere isolated fr9m solution.. Disct-ete new 
. ·. ·' 
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absorption maxima.~ assigned to charge transfer transitions,. appear with. 

naphthalenediols an,d trimethylquinol as donor (Fig. 23 ). riith other-

phenols color chan~es are observed, since the riboflavin absorption 

broadens considerably out towards th~ green, but no discrete new maxima 

appear. 'Phenols substituted with electron-l'rithdrawing groups (i.e., 

tetrachloroquinol) sb.ow no color reaction.. Interestingly t no color 

change is observed with 2~6-ditertiarybutylphenol. ln answer totheir 

. original question, they find the stabilities of the complex~s are actually 

lower in strong acid:t but they are unable to correlatE! stabilities .with·· 

any donor p·ara:"!leters. Surprisingly, an ESR cignul 1 char<Icteristic of 

riboflavin semiquinone and increasing in intt::nsity with increasing acid 

concent:Nltion, is '?bserved. 97 No signal attributable to phenol radical 
: ~ . 

is detected, presumably because of its disproportionation ... ·From the 

results it seems that although complex stability dec:r.eases in acid .solu-

tion·s, electron transfet- reactions occur only :),n acid !?J01ut5.on ~ presumably. 
' ~ ' 

due· to the added .stability of the flavin radicals under these condition'~• 

Fleishman and Tollin also report27 that their riboflavin hydr.Oiodide 

· eomplex forms stt=.\ble h .. tghly colored comple}tes 1rd.th, 'phenols. 
. . . 

It is also. in~eresting to recall, . in connection with flavin com-

plexes in acid solution. another result of Ise~erg and Szent-Gy~rgyi~l09 

If.! J/'17 aqueous HCl, solutions of serotonin and indole with FMH show a new 

absorption .at 570 m1.1 and a shoulder at 62.0 mlJ when the .spectra are observed 

at low temperatures. · This absorption is at considerably longer wavelength 

than they. observed· in neutral solutions. 

A comple~ of 1,1 .. 3-tricyano-3-aminopropene (XXI)andriboflavin 

(entry y4, Table II) has been suggested to be of the charge transfer 

. .. 

... 
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type.98 Such a complex would be of interest in that (XXI). ha~ been 

repot•ted. to block oxidative phosphorylation~ 99 A hypochromic effect · · ·· 

is <:>bserved for the i"iboflavin maxima, but no new peak ?PPears. ·The· 

same note refers to charge transfer complexes of tryptophan (a '~eak don~) 

and picric acid (a stro~g acceptor) with riboflavin. As one would anti-

.cipate a healthy contribution from dipolar structure (XXII) in the tri-

cyanoaminopropene it is not clear whether this compound should be a donor 

or acceptor ( ov alkylating agent). A donov-acceptor interpr~tat ion for 

the complex of (XX!) and riboflavin 

Fe, )>~H2 . 
· . C=C 
NC/ 'cH

2
CN 

(XXI) . 

seems questionable. 

+ 
NC. · Q-H-!? 

'c-.. c, 
NC/ CH2CN 

(XXII) 

A proposal has been put forwardlCO that "electi"'static" forces can 

play a role in complexes Of a number Of purines and pyrimidines (entries ·. . 

50-69;t Table !I). with riboflavin. The intel."'action is suggested to be · 
'.'t 

favorea by the complementarity of charge (?btained as charge densities 
·• ~ . 

in Huokel calculations) in the regions. c6 to Ng ,in .the purines and nl to· 

~10 of the_ flavin ~Fig. 24). These fractional ~harge.s are manifestations 

. :of the slight polax-ity of the individual bbnd~ and. c3.rise from slight 

polarization of the bond due. to ,the different electrone~ativitles of the 

cornponent atoms .• The interaction is to ~ good approximation equivalent 
. ' ' . ' ,'' 

to -interaction beb:een oriented dipoles •. Partial transfer of an electron . . . 

fpom donor ·to acceptor is. viewed tis. enhancing the. interaction by increasing 
. . . 

the charge on oppositely paired atoms. . This proposal is along the lines 

previously suggested by l<arrema.nlOl for the tryptophan-riboflavin complex • 

No charge transfer band is observed in any of the above complexest only 

the usual hypochr>omic effect in the riboflavin absoX"ption. ·In dimethyl• 

'',"1 

. •' 

"• 
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formamide, tne complexes are barely demonstrable even by fluorescence 

techniques, which l~ads one to suspect a contribution from water in 

stabilizil1g the complexes. Straightfor,·rard calculation of charge densi ... 

ties in this t•ay probably overestimates the effects, if there are any, in 

that contributions from ~igma electrons are neglected. Polariza.tion of 

sigma electrons ·would be opposite' t,o the 1i' electron polat>ization • 

. . Finally,, we call attention .to the .remarkable stability of the com­

plexes .ofnitrophenolsl06 and FAD (~ntries 48-51, Table IIh This.· 

stability may be. due to protonation of the adenine moiety of FAO by the 

phenols. Briegleb and Delle1C6a have detected salt formation in com-

plexes. of aromatic amines anQ. picric acid (pKa 1.8 x 10-l ). They use4 

infrared spectroscopy and detected a typical salt band at 3.4 }.!. 

P ~ .:1 • ~.... 1 ..... . .· yr_v.J.~lein•C eo .... lc.es. The overall course of deVelopment of work in 

this area parallels that of the flavin series~. 

Following the' lead <?f Kosowcr who had e$tablished the identity of 

the eharge transfer bands in the pyrid.!niurn iodides, Cilento and Guist!.102 

sought complexes of a number of incbles ~dth NAD+ and its analogues as 

possible models for enzyme binding .. · .Similar studies have been reported 

·by Alivasitos, et. a1.125 
. .......,_,_. 

. ' . . .. . 
The broad ne"'t absorpt~on appear~ng in the . 

spectrum of the tryptophan-HAD-!- mixture. is shov-m in Fig. 25 •. It should 
' • : l.'; ~ 

be noted that the. small association constants z-eported in this series 

(entries 89-'3?; Table I!) are in the range of uncertain reliability o.t 

the. Benesi-Hildebrand method. 

Shifrin1°3 has tried a ~oval approach to the problem,. . He has synthe­

sized t'~O series of molecules in \-thicb the potential donor arid acceptor 

sites are in the same molecule (see XXII! and XXIV). Both .absorption 
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. ,:· 

. and emission spectra were studied for the series (XXIII) 'in an attempt 

to reproduce the spectrqL be:?havior of bound NAD+.. The enhanced fluores-

cence of ~nzyme-bound NAD+. "ras not N.:produced in these models. The_ 

a~sorption spectra: of all the above compounds show absorption tails on 

. the long "ravelength side of ~he maxima (cf. Fig. 26). These absorption 

tails are assigned to a charge tl"ansfe!" transition, but a case such as 

that in trace C of the figure may be questionable• For t~~- se~ies (XX!V) 
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the maxima, taken from difference spectra, can be correlated v:ith Hammett 

• r-sl.gmas _,·or 

Other Comple:<es. ""'~ nov: turn to a consideration of complexes of 

·other biological mateirals 111hich have on occasion been linked v1ith the 

topic of charge transfer.. 1:-le defe1~ a critical discussion of the possible 

physiological significance of the various complexes to specialists, and 

consider only the physical aspects of complex formation. 

Complexes of various carcinogenic hydrocarbons with purines have long 

been of Interest in the study of chemical carcinop;enesis. · From time to 

time theor-i:~s have been proposed whir::h invokE~ charge transfer or electron 

transfer. These variou.s theories have recently been discussed by Nrrie. 

Pullman.l27 That purines can increase the solubility of polycyclic aromatic 

hydrocarbons has been appreciated for many yearn128 and quantitative studies 

have been reported.l29 ,130 An X-ray crystallographic studyl31 of a l:l 

. . 
crystalline complex between tetramethyluric acid· and pyrene shows a face 

to face alternate stacking of the purine and hydvocarbon moiecules. The 

interactions in solution similarly appear to involve a stacking type asso-

ciation between partner~$ .but for DNA-hydrocarbon association the inter­

calat,ion vet' sus adsorption question is still not settled.l31a .· Some ·time 

ago89 it was noted that the relative solubilizing power of the purines 
", :···;_~;,·::: 

could. be correlated with the energy of the highest.occupied molecular 
. IY·· 

orbital. ··.·,;this type correlation has often suggested a charge transfer 

contribution to the intermolecular binding _forces. How_ever~ no charge 

:transfer pand is observed in these complexes and there has always remained 

a question as:to the relative contribution of the charge t:t:'anafer energy 

to tqe 6Verall ])inding. We note with interest a recent theoretical study 
··.·' .. · 

of .the intermolecular forces. bet~•een purines and 3 ~4-benzJ?yrene.l32 By 
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considering only classie;al dipole-induced dipole and London forces it was 

shown· that the relative solubilizing povte!' of the purines toward this 

hydrocarbon could be accounted for.. An ,appr·oximate expression for esti- · 

mating London forces is obtained from a second order·perturbation treat-

mentl33 ·. and . l.S: 

: ·wn :: -3 . -C:l 0.2 Ili2 
2 -R6 Il + I2 

where a1;a2 are the respective molecular polarizabilities, l 1 ,I2 are the 

ionization potentials of the partners, and R is the intermolecular dis_. 

tance. The. calculations are preliminary and have in~orporated a number 

of approximations but show that a very large contribution from London 

force's' is to be anticipe.ted. The relative contribution from charge trans-

fer. forces remains to be assessed, but one wonders if any contribution is 

to be found, particularly in the absence of charge transfer band. 

A problem somewhat related to the above involves the binding of the 

mutagenic acridine dyes to nucleic acids. Considerable exper-imental 

effort· has been devoted to distinguishing bett-<een an ionic. association 

at the ph9sphate groups of the polymeric cM.inl3,4 and an intercalation· 

of dye betHeen base pairs of the chain.;.l35 Lermanl36 has recently 

reported a study of the chemical reactivity (diazotization) of.the amino 

gro~p in bound and unbound ? ... aminoacridine. He finds the rate of reaction 

significantly decreased when the·dye·is bound to DNA and interprets.this 

as due to,an increased shfelding of the amino group on intercalation of 

the dye bet't-reen. base pairs.;.· An attempt to settle. the matter by absorp­

tion spectroscopy has also been reported.121 . The reasqriiri~ v1as that if 

the dye were intercalated betv.~een bases there vrould be a considerable 

interaction with the n systems of the bases since the interannular ,· 

. r-:. 
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-distance would be about 3-.5 ~. Under such ci!"cut:istances one might find 

a cl'large transfer absorption .. _ For acriflavin bound to DNA, ancl pro-

flavin to_guanylic acid and tbymidylic acid~ a new shoulder appears in 

the dye nbsorption b-:md which is assigned to a charge transfer transi .... 

. . tion with dye as acceptor (entries 123-125~ Table II). This is offered-

as support fo1~ Ler·man 's intercalation mechanism. He note, l~et-tever, 

that for the moderate donor thymine .. (highest <?,CCUpied m.o ... 510 13) and 

moderate acceptor pr>oflavin (lowest empty m.o •. -._408 S) a charge trans-. 

fer energy as lo.w as so-55 Kcal is quite surprising as is the fact that 

a similar. complex of guanine (highest occupied m.o •• 307 13) shows virtually 

the sarnt': maxir,mm. 

· · Calculations have recently revealed a correlation between the· 

highest occupied molecular orbital. and the hallucinogenic.activity of a 

series of drugs of the LSD .. type.l37 This has caused sotne further specu­

lation as to a possible role for charge transfer' ,in th~ mode of- actio~· . 

. of these. drugs. The. anticipated donor pr-opertie~ of LSD (a s.~hstituted 

indole) .and chJ.orpromazinel38 (XXV) have been noted previously and a pos .. 

sible role for charge transfer in their mode of action has been considered.· 

Actinomycin C3 (XX" II), a highl~ toxic antibiotic& is expected to have good 

accep~or properties.l39 · 

Polycyclic aromatic hydrocarbons inhibit various flavin containing 

enz:y-mes.l40 ,124 This has been attributed to formation of donor-acceptor . 
,c • 

I 

complexes. It is of interest that _the absorption maximum reported for 

the complex of 3;4-benzpyrene (energy hinhest occupied. m.o •• 371 13) and 

. nm124 (entry 158, Table II) corresponds roughly with that expected from 

the results of Table IV. 'The existence of complexes of polycyclic aromatic· 

hydrocarbons with rrm and quinones (cf .. entry 159, Table II) _has led to 

. ., 
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n ... allqisoleucine .· 
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C=O 

0-. ·-EC- ~H ~~~c:.:--0 
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,. co . ·' co . 

l)y·~lNH2 II . . 
" . . ~... . 

~ . ·~/~o 
CH3 &3 . · 

. (XXVI) 

(XXV). 

.,,! 

~peculation that. such complexe:11 may play a r-ole in certain aspects. of 

Compl_c.:<:es o.i". Nctal. Cat ions 

Charge tl'artsfer transitions in complex~d metal ions bnvo l::een. Hell 

documented.l42 ,143 An e>:ample is the case of thG h:?drated ferric ion, · , 

.·· whcro a new absorption corresponding· to a "metal l."'cduction trpcctrum" 

occurs at 330 mJi; Another' is the 227.5 rnv absorption in the complex 

(Co(NH3)sclr*"+ attl"ibTJ.ted to Qlcctron trans:f•~r .f:t•om chloride· to metal 

.' + 
t." ++ o·· ~-e • e:IIJ n2 

' )' .' 
---;> 

330 mu 
' ' . . 

charge transfer to a fz•ozen matrix can be made .to reverse quite slowly .. 

or I- at 77° K gives ,'Jn ::sR signal ch<lractcr:tstio .of the hydrogen atom 
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(a doublet Hith 500 gauss splitting), a.rising from electron transfer to. 

the matrix.l44 

An intense new absorption band occurs in a number of nickel-quinone 

comnlexesl45 such as (XXVII). This has been characterized as a charge 

transfer band. It might be ·n~ted that an .iron complex of Coenzyme.Q 

(XXVIII) has been proposeal46 as an intermediate in oxidative phosphory-

(XXV!!) 

·- . 

(XXVIII) 

. lation. As there is no biochemical evidence. bearing on this' pl"Oposal as 

... yet, it seems pr-emature to comment on the po~sible ~pect:t"oscopic properties 

of such a cc~plex~ 

Good evidence for charge transfer transitions invol.ving metal ions-

. . . 147 complexed to biological molecules seems to be rare;. Or~el has pobted 

. out that the larger than ordinar<.f extinction for the 575 mv. band of oxy-
. . . 

genated hcmocya~in may be dt!e to ,~ band of cut-+ modified by H charge 
',) ::' 

v .. tr>ans.fer component . .,; The r;:opper>. containing <m?.yme laccase has nn unusually 

intenEe a!)sor;>t:ion in the vicinity of 600 rou, possibly due to chapge 

transfer to oxygen or enzyme.l48 Similarly, the blue color of ascorbic 

acid oxidase in the presen,ce ·of. o.xygenl49 may be due to a charge transfer 

transition. Charge transfer contributions may also be .inYolved inthe 

lonr, t.,;a,velEmgth absonption of some metal containing porphy;ins.lSO 
I 
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The increased absorption above 500 m~ observed for riboflavin L~ the 

pr'esence of a number. of transition metaislSl has been confirmed and 

extended by Radda and CalvinllO Hho also noted a similar effect t-rith 

sodium and magnesium ions. ·This is likely the result of a perturbation 

of molecular orbital enGJrgies by the electrostatic effects of a coordi ... 

. nated metal ion & rather than a charge transfer p!1e~omenon. The shift of 

the long ~..-avelength nb3orption maximum of riboflavin fro:n 447 m1.1 to 430 m~ 

in the presence.of ferrous ion in a pyrophosphate, but not a phosphate or 

maleate buffer,l52 is unexplained. 

· The bright red complex of silver ion a.~d riboflavinl04 has bean con-

sidered to involve charge transfer from metal ion to flavin (XXIX).l53 

R 

This silver-riboflavin compleK v,;as the. fir·st of a remarkable series of 

"charge transfer chelates'' of riboflavin semiquinone tihich have been 

studied in some detail by Hcm~erich a~d his co-t.;orkers .. l54 With valence 
,,..,.., 

stable d. metal ions at physio~ogical pP., the equilibrium bet1-1een o~ddized 

and reduced flavin can be shifted toward chelate·J radical semiquinone 

(tert~ed a 11 cornpropo:t'tionation" ). h'ith coordinated metals such as ~1oV, 

re-t+ and cui (and Ag1 already referred to aboYe) in acetonitrile solution:, 

Fl0 xH +. F1B2 + 2 ~1e·H ~-----...,~~ 2 [FlHMe]t'. + i-1+ 
reduced 

one can observe a. redox reaction.and formation of the chelates (XXX) • 

Redox p~cesses of this ty~e may play a role in redox catalysis in metal 

containing flavoproteins,l55 · 
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Table !II 

· Charge Transfer Bands of ,Indole Complexesa 

1) · . FHNH
2

: FNN 

2) . hmH2 ~NAD+ 

... , 3) Iridole:chloranil 

4) Indole: Fl1N. · 

5) Indola:NAD+ 

'.:· .•. 

aData. from Kosower., r-ef •. 90 

.... : 

~ . :. 

., .. 

·goo 

700 

.ca. 500 

330 

ca·. 3CO 

Ec· ..... .• ·t .• 
. -1 

(Kcal mole ) 

31.8 

40.8 
., 

53.0' _:,, 

(estimate) 86•3. (estimate) 

95.$ 

.... 

j. . 
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.-?., .. ·.· 
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FHN. 

Fi'h'H12.·' 

NAD+ 

Indole 

Chl.o~ani;l. .· 

, Indole,· 

. nm. 

Indole 

NAD+·. 

Table IV 

Estimate of Charge.Transfer Energy :from Bolecular Orbital 

+.los e 
;_ :'~ .. 

+.105 t3 

-.534 s 

Parameters 

E a 

-.344 B. 

-.356 (3 

"'. -. 24 8 

J 

Ec T· . •· 

31.8 Kcal. 

'·--

40•8 Kcal 

I 
1 .. 53.0 Kcal 0 

aThe algebraic signs here ai'e: tricky. ·Thi~ is 6H. ·Since by de-finition 
~H = I 0 , but liH :: -E3 , algebraic addition of the terms in the table gi•.res 
the correct result. Since. (3 . . i.s negativee' the total liH is :Pos.i.tive, as 
expected~ 

bThe Pullmans quote -:•23 !3 for benzoquinone• -.18 13 for cyenoquinone •. 
As chloranil is a much better acceptor than either, an estimate of 
-.1 :!: .OS is reasonable and conservative. 

01.max 3S5 rnll quoted in Table II (entry 132) for tryptophan-chloranil is 
for donation from the amino group, not the indole nucleus. 

dusing Koso•11er's estimate of ca. 300 mu or calculating from Fig. 26;. 
using A.max C.T. 320 Tn'IJ• 
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Part I. 

FIGURE CAPTIONS 

Fig. 1. Resonance description of the donor-acceptor complex of hexamethyl­
benzene and S-trinitrobenzene. 

Fig. 2. Diagram of energy relationships in a donor -acceptor complex . 

Fig. 3. Effect of resonance interaction on the energies of the ground and excited 
states. 

Fig. 4. Sc-hematic diagram of energy relationships in a donor-acceptor pair 
- according to the molecular orbital description (perturbation effects· 
exaggerated). - · 

Fig. 5. Depende.nce of the energy (a. v c. t.) on the first half wave reduction 
potential (in acetonitrile) of acceptor for complexes with A, hexamethyl­
benzene and B, pyrene (from reference 14). 

Fig. 6. Free energy of formation, M, in relation to the ionization potential of 
donor- for donor -acceptor complexes of iodine. 0 = aromatic and aliphatic 
hudrocarbondonors; !::.= amine donors (data from reference 1). 

1.- benzene 10. naphthaline 19. 1-bromo butane 27. nC4 H 1 2.-NH2 
2. toluene 11. 1-methylnaph- 20. anisole 
3. o -xylene thaline 21. N, N -dimethyl- 28. (CH3 )2NH 
4. m-xylene _ 12. styrene aniline 
5. p-xylene 13. stilbene 22. pyridine 29. (C

2
H

5
)
2

NH 
6. mesitylene 14. biphenyl 23. a.-picoline 
7. durol 15. chloro benzene 24. NH

3 
31. (C2H5)3N 

8. pentamethy1-. 16. bromo benzene 
benzene 17. cyclohexene 25. CH

3
NH

2 32. (nC
3

H
7

)
3

N 
9. hexamethyl- 18. 2, 3 -dimethyl-

benzene -butane 26. C
2

H
5

NH
2 

Fig. 7. Free energy of formation, M, iri relation to first half wave potential of 
acceptor in donor-acceptor complexes with hexamethylbenzene as .donor. 
Thermodynamic data from reference 15; polarographic data, reference 17. 

Fig. _ 8. 

Fig. 9. 

Free energy of formation, M, in relation to charge transfer energy, 
- hvct' of a series of complexes with trinitrobenzene (data from reference 1). 

-Charge transfer band of complexes of 3, 5~diiodotyrosine and 3, 5-dibromo-
tyrosine with menadione. Use of phenolate and menadione alone gave no 
absorption in_ this region. Dotted line indicates anticipated fe.atureles s 

-band (from reference 18). 

Fig. 10. Schematic representation of the energy levels of a substituted benzene 
and unsubstituted benzene. ' 

Fig. 11. Schematic diagram of incident light with electric vector polarized parallel 
to charge' transfer transition moment. 

: '; 
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Part I. 

Fig. 12. Morphology and molecular· orientation in a quinhydrone crystal. 
- ·-, benzoquinone; -.-, hydroquinone. 

80 

Fig. 13. Reflection spectra obtained on the prominent (001) face of the quinhydrone 
crystal. a) light poiarized parallel to axis a; b) light polarized parallel 
to b .. (From reference 23). .. 

Fig. 14. Direction of polarization of the charge transfer transition in quinhydrone •. 
New assignment is arrow number one. 

'. 

Fig~ 15. Potential energy diagram illustrating possible thermal and photo-induced 
electro.n transfer from donor to acceptor. 

Fig. 16. Polarographic data for complex formation as a function of donor concen­
tration (in CH2Cl

2 
at 25°). Hexamethylbenzene complexes of: A, tetra-. 

cyanoethylene; B, tetracyanobenzene. Pyrene complexes of: C, chlt>ran1l; 
D, tetracyanobenzene; E, tetracyanoquinodimethane (data from Reference 
64). . 

Fig. 17. Possible pi complexing in the transition state during the solvolysis of 
benzyldimethylsulfonium ion by phenoxide. 

Fig. 18. Scheme for binding FMN to Old Yellow Enzyme proposed by Theorell 
and Nygaard. 

Fig. 19. Absorption spectra of 3-methylri.boflavin plus -----,.21 molar benzoate; 
--~ ·, . 02 M naphthoate. 

Fig. 20. Charge transfer band of donor- acceptor complexes of 1odine with various 
solvent· molecules. 

Fig. 21. Difference spectrum of FMNH2 and NAD+ relative to FMNH2, (from 
Reference 9 5 ). 

Fig. 22. Possible equilibrium relationships between oxidized and reduced forms 
of flavin and pyridine nucleotide coenzymes. 

Fig. 23. 9-Methylisoalloxazine with phenols. Solvent is SO% ethanol.. Flavin is 
0.1 M, phenol 0. 2 M. · 1; 1, 4-naphthalenediol; 2, 1, 2-naphthalenediol; 
3, trimethylquinol (!rom Reference 88). ' 

Fig. 24 • .Supposed pairing of charges in overlap pf adenine and isoalloxazine. 

Fig. 25. Absorptior spectrum of L-tryptophan· in th~ presence of NAD+. 
i,7iXiOM M tryptophan+ S6.5mg. NAD /ml. (fromRe£erenee 
Dashed linel.s tryptophan absorption. · 

10Z). 

Fig. 26. Trace A; absorption spectrum of a methanolic solution of indolyl.­
ethylnicotinamide. Comparison with Fig. 25 reveals similarities in 
the 3?0 to 420 m!J. region. Trace B, spectrum of N-{j3-p-hydr9xyphenyl­
ethyl)-3-carbamoylpyridinium chloride in water (solid curve) and that of 
an equimo1ar mixture of tyramine hydrochloride and N -methylnicotinari:lide 
perchlorate in water {dashed curve). ·Trace C, spectrum of N-(j3-41 -, 

imidazolylethyl)- 3 -carbamoylpyridinium chloride in methanoT {solid· 
curve). Dashed curve is the spectrum obtained subtracting absorption 
of N-methylnicotinamide perchlorate (fr()m Reference 103). 
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l passed since Sz~nt .. Gyorgyi proposed that th~ ~olid state might play a 

on th~ 1'0lo of t>o!niconduction in blologs which this :lUgf,.O$tion eventually 

preclp:!.tatcd has a.l:t"(.!ad.y1 been l"<,l!Viewed, in ~,;ohole or in part .. sever!lll 
,., 5 

times o ~.- Very l"ecently a cri tl.c;Jl tX>eatmant of conducth·.i ty in c:rg.~nic 

c.!'"l;stals ii protolntS and clc:.\nol:'-acceptor comple>:es $ including so-:ne of the 

biological aspects • ha~l appeared. 
8 

This char}ttH' also haE; a. good hifj­

torical perr;p~cti ve. Tbe e.~sme voluin® 7 contains a. .compreher~t;!ve r·ev5.e•~ 

Our· plan in this ~eco.tv.i part •,.Jilll>e_ (l) to summarize the current 

semiconductor field· which seem of in'te:test tt.> us; and ( 3) to consider 

the phot(')Cherdcal l:Jl"'OCG$S(3S ~hic.h cen rasult in generation of charg~ 

<:tarrier.s and transfer Of charge !i an aNa currently yieldin~ SOT110 very 

·,, 



-·. 

.. · . 
. ···' 

~ .. 

' .... . ~ . . 

2 

with temperature according ·to the rsl&tionship 

where o is the· conductivity and E is best considered-as th~ activation. 

~nergy for- conduction. CC?nducd.vity in the organics ho.s often been_ 

C()nsidered in torfi!.s of ~n e~ci:tation -~of a valqne~ al.ec::tron to a conduc­

tion band," .a p.tctu:re· tak~n over from t;tu~· .inorganics. Whether it !a. at 

all applicable to ·organic r?aterials or whether ·the activation. ene:rgy is. 

-in truth ;,elated to a hand gar) is 1:1 matter .of current debate among the· 
. . ' 

- .. 
• t"''. 

.· c: 

.. ·, 

.·.: 

· ... 
.. ~ .. 

eKl)e~ts. This i.s a: h i.ghly non ... tl"i vial_ t:opic. a."ld in tho ensuin1~; discussion 
. ?i· ,. ·- :- . . ..• : 

' r . ' . . 

· For dry proteins und nucleic acids t~1e .aet.i vat ion cn'et'W/ for con~ 

d~ction is large and tho condue~.tvity 1s accordingly v<!ry lo-..,. Hydr?ted 

ductivity ~s thought to be due to protons from the wutcr_which net as . 

char~e carriers. 
. e . 

Rosenborg, however; feala-he has shown that proteins 

Call ~ho;.~ electronic conduction .which is intrinsic. With 7~5~ t-ro.ter ad-. . 

sorbed On pr.'OtGi~o .no Glecitrolysis of the water occurs duri.nz the Cf}ndue .. ·.· . 

tivity exp~ritnt!n~s •. l'hiS ill _fal't to be incomp~tlble with a conduction. 

mechanism involving wtltf'.!x• yrotons. 

Oxygen.adsorhod on the surface ~f tho conducting material can increase. 

surface eonduction, prcmuroobly by. trapping elocj~ns · sa 

conduction by th~ rcnultnnt positive "holes", A rocent 

o2:~ taei:ttta.tine 
. 9 
study' shows that 

conduction.; in. puril1o.~: nrid r~yrit.~idineG iG !nel:\~ased .by adsorbed oxygen • 
. ~··'"~. . ·~ .. . .... :,. . ".:.'"\'· .. ~.:,-: . . .. 

·The eonduct~vitiaa 11:r~ 4t.lU low, h_owevar. 
I 

:' . '.t, •• 

. . ·Direct transmission of eleet~ons th~ough the 11-systoms of proteins / \ · 
.>1. 

Ot:' nucleic acids now saema a ~ather unlike.ly pot'l!~!bili ty in· li vi.ng sys• 
:·. 



,~ . 

·.~· . , .. 

bmf~l> ?ropat,~atiorl of electronic excitation in biopolyroers will be con ... 

sidered in another- chu.ptCJl .. of thia volume. Recalling the phenom~non of 

1rioluminescence ~~h~ch iuvolWJa ttentlrat.lon of electronic exchation from 

s·t:ored che·mical enet'&;Y, one real!.:te~l th~ physical f~·H~!Sib.tl:t ty of su~h 
. t: 

: .. ' . ·. ~ 

;~ . 

:·.. •', ., 

•:· ·., 

·and cor:'iplexes of amino$ Hi th chlr>ril.nil Ol"' reicted quincme:'il. Tho.· best 

conductors have a higb f'l·~'!e l:·~dict\1 cont~nt and are u~>ually not of sir~rple • 

' • . h . l r. 10 ( ) . ,. . ' ' stoichloroetryo T e oomp ~~ S<.~lts o . .: TCNQ . I nre the be.~t Q:t· the Known 

; .. ., . 
2 

.1 

(I) .. -- .. ,_·, 

!. ''i .·.' .: flU.!.rtO..s. n1um ... o.n,. 
. . .. ·' ll 

or. ~~-alkylated poly-2-vinylpyri(~.ine~ Nar..,n.atio susccp• 

tibili ty. siud:t~e 12 indicat0 t:hat the odd electrons, wh:tch are Pl"~)SUll'Hllbly 
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A semiconduction mechanism has, on occasion been considered as a 

possibility for electron t~ansfer through the cytochrome system. It.is 

~n~.eresting that the charge carrier mobili,ty in copper phthalocyanine 

(III), an often used model for metal porphyrins, is, in fact, among the 

2 . . 
highest (about 4QO.cm /volt/sec at 400° K.) thus far observed in organic 

materials. 13 Introduction of the copper increases the carrier mobility 

· by two orders of magnitude over that observed in phthalocyanine itself. 

· This has be.en attributed to a metal interaction which permits the mole-

· ~ulat. orbi.tals to be de localiZed over more than one molecule. There is 

support· fo~ this suggestion in an ESR study of copper phthalocyanine 
. . 14 

'where a metal-metal. interaction can be demonstrated. Other metal ion 

·. · ..... ·· 
' .. ·. 
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15 . 
Green ha13 deocr.ibed mitochondrial 

!t is \crorth r·ecalli.ng hare, in conn~lc.tion with models. involving 

· p¢'-1)h.y:dn-likll mol~culr~e, the inter~stinr,: system r..~ported saveral years . ... . ' . 

an;~· b~ t'i'ang and .0%'itl.1gtlr. 16 They prepared a pol.ym~ric material (IV) Hhieh 

;· •.· 

(IV) 

, ... 

· .. , 

'.,· , .... 

·.· 

Salt formation \d:th' .: 
.... , 

,1 , ! I 

poly-L-lysine p~rroltt*d aqueous solutions of polyroor to be p!'<gparedo .. ·The' . ' 

rat0 of oxldat ion of cytochrome c. by molec~la>." oxygen . was enhanced ten~·.·. · '· 
• . ....... ' • • • •. • I ~ • .' .: ... \ • 

~-' . . : _. . · . fold by 'the pt•es!lnc\'11 of! pol,ytner. 
:::. 

\lh~!n t:h!? unconjuga:tod dipyrid:vl ethane (y) · 

. '·. : .. ~ 
. :.-· . . ·. ·, 

N~H2CH2-Q) 
(V) 
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6 

was used as a bridging group between the iron.porphyrin rings, the poly-
' 

'mer was catalytically inert. He are not aware· that the conductivity 

·: · ··properties of this polymer .have ever been studied, but one wonders 

~hether a hieh electron mobility through such a system would be.respon­

sible · for the observe a catalysis •. 

Dewar and To~ati17 nave reported some polymers containing chelated 

iron which have reasonably.good conducting properties. They point out 

that for metal atoms which can form ~~bond~ with adjacent'ligands using 

· .. the same d-orbitals (Fig. 1), a through conjugation is possible in the . . . . . . 

polymer. This is achieved for ligands which are coplanar and occupy sites 

trans to one another in an octahedral or square plane complex. Their · 

st,udies ·have thus .fa,r>centered op polymers of the type (VI), where there· 

is a through.conjugationbetween mol~cules via the·metal. 

.:·._: . 
. . 

. •,· I ': 

.: . 

. . '',\. . , . 

The model for the active site ··of £:. pasteuriarium ferredoxin, which has . 

been pr~po~ed by Btomstrom., !.!..2.1· 18 (VII), .could, .if .correct, have a 

through conjugation between iron atoms via the sulfur orbitals of cystei.ne. · 

. .. 
.·(VII). 

.. 



.... ~ ... 

... ~ ... ; . .:. ·-··· 

7 

F!!r~doxin is a."l e:loetron transport protein which partidpa.to~·• iu photo-

s·tan<line is conee:rn.sc. thi$ is still eMenti~lly .:tl"'\.\e. Hh~m the electron 
... •·. 

·.' 

outnide the sphere of M:<:llO!;W. These workero ere eontim.ling to provide· 

both technictU¢3 and indghtr;. 
•• I 

suffleiEtnt to cause a cU.ree:t ionization" Th,ese will he tho most Ld.,gn1-

fioant. f('>'t' biological photoprocess0s. It .wlll be usefut' to first ccnsidor 

"t· .. 

' .. ~-
'·, . ; ·~ . ~· ' 

:, .: . ·~ '= ., 

' 1 ~ ·' 

·:_· 

···· .. 

· ... :. 

. .. ·.". 

: .'. 

< •• •• 

',• 
and the. van del." Waals' iirt~;r,·otctiom: between molecules non-negl.:tgiblG 11 

the nh:so:rpt1.on of li;~ht 1~ad.$ to ~ln enet•J~Y .lcV~l characteristic or the 

assembly as a vhr~lc• 't'h~ excitation io dol,ocali:a~d ov~r m.any molecule>! 

.in the crysta.).. Thi~ do localized Qxeitad state t pt"oduc~d by a sort of 

e>tci ted. state :t'~$OtHmc.e., i~ call·'ld an e~.:d ton. On~ 11 resonane<'! a tat~" in 
. (· 

'. 

. ' 
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t'tindom l>my fvom rJ<>lecule to ,m<>llO)c\l.le~ in other drcumstilnccs it must 

he c<:m.t~idat'ed as a. ~!a.V'ii! of. excitation enel."g,y prop;1gs.ting through the 

solid. 

the interaction betwe~~n the tran:d.tion dipole.!! of excited molecules 

with respsct to the excited !'itat~ of the isolated rnoleeuleo As a rosult, 

shifted relative to the .ioolated molecule. The selection rules for 

transition~ into the exciton 'levels depend o.n the relative orientation 

of the trans! tion dipole moments .in the assembly. Kasha has dlscusned 

. . 19 
-t:he selection rulet{ \tsing simplt$ vector diagrums • 

' By a sirr.ple ax.te.P$lOil of the above idee9:, it i-s e''idcn.t tha't triplet·· 

e"'citation !n orystals leads to triplet 0X\'=1tens and trlplet .. exciton bund,s •. 

An a.lt~rnative to the tightly hound molecular ~xciton pic.tut"..;d in 

Fig. 2 ia a more loosely bound ~ntoiton in which the electt'On r-asides on 

an aQ.jaar.llnt O'r tlO{ll~"bY moltic:Ulo <,F.itl• 4)• 1'hls bound elcctron .. h¢10 pait" 

is variously x-e.fe:rred to in the litei'atut>e as. a Wanniar exeitohe; a chat'l!,e · 

transfer ~xciton. o:r an ionic exeiton.. It moves throueh the crystal as. 
; 

a .unit and is not a. ehargG carryintt state• · T.he ener>gy of this e:...citon .1· . . 

.··f. 

r; ·c .. To ;t .. EA + C + eo . . 



.. 

. ' ;~ ·. 
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eule; C is the coulom)) lnter'~ction bst~ee.n el~ct:ron an.d hole 0 and P is 

the .lnt~ra.et:l.on (mainly dlpr.>le•aipole) due to polari:r.l!l:tlotiS of the 

lattice, This ;;tata is •:tulta noa:f.' -.a ecmducting statao It differs 

the electron-hole pair, sll.owing tham 1:0 move independently. It is 

the;n~fON of. :i.m.:er9S:t tO ¢0Xisid!lat' it berCe 

The ionic exciton conc,~pt., introduced first by Wi:tnnie'%' 0 
20 has been 

1:nost *lUCceesfully U$ed in the inorg<.tnic set:~:i.conductor fi~ldo 'the first 

app:U.eat:ton to organic cry~ta.ts is t;~ppar::mtly that of Lyorm, :a hut it 

ha$ also been con~idcr~d by Nerrifield. 2?. Hol'e r-~.eently the effects· of 

eon.figut:oation J.nteraction (mi>t.ing) b1~tween ionic end neut;ral excitons 

has been eon:!d.t:icred in some dlllta.l:l by. Jo1."tnor• Rica and co-wol"kevs 023s 21.!· 

25 26 . 
for.· organic cryst~ls J and by Azuml and He Glynn~ 0 for excl tad di mcrs. 

'l'ha results of the cr.yst:al work aN l.\'lainiy of ·into't'est here. 

The thcot>etic~l prediction for arom&tio hyd:r'ocarbons (tho only on<lls 
f 

now avaliable} <c1.ro a!J follt:,ws. 23 ~ 24 !.'27 Ion:te exc'iton states w.i.ll contr!~· 
. 

bute mainly to ne.utral e:-:eitons of $.mall band. width; that b. llinglet . 

excitona which corrt;:lspond to weak transition!'l ~nd triplet ~xe!tons. 

Ionie contributions m;ay hz;-oaden tho. ~xciton h.nnd wldths and may .be par .. · 

ticulax-ly .irnportan~ i~l en!'l~ncin,t the retes o;f triplet energy ~:iw:-ation • 

A spectroscopic study of anthrac¢ne?3 indicate$ th<? ic>t1ic e;.:ei ton l.ies 
..... 

energetipally. <:'.bov~;¥ thG f.irst singlet'- lcv~.,l• Ho undisputed di~ct experi ... ;. 

mental eetcction of at& iQr~ic ex.d·t:on level in· a one comvonent org.:u"1ic 
!: -·. 

ceystul has yet been tnade. 

'rhe pdncipal mact•or5copie effect of exciton di~sod.ati.on is photo• .· '. 
!·· 



O.isst1Ciated to yield a cot1ductin;J: state. Om~ b t>y inter<1ction with a 

qut)ntt>.m of lattlce vih&"atioMl energy. Th~ •.r5.brational energy of the 

defect o:r:- i~p\,.d ty in the cnystal. Pro•,•id~t\ suffici~nt ener.rl becomes 

sur.fa.co .:tnt~raction has nl~><> :bes:ln opserved tc> lead to conducting states. 

chat'ge cm."r.iers in the bulk of ery:stals are the 1nost $ignificant recent 

detailo 1'he D.ig.nificanc~ lJee in the fa:ct that the interaction ·Of tHO 

exciton~, a. proces$ ~Mi:-getically oap1'lble of yielding ~n. equivalent of 

tHd.ca the e~d taticn eJHlt'i.W, c~n p':r-ovide _ ami)b energy for ):'aaching a con ... 

ducting. sJcatt~. T1Ht advent of the laser5 J.~; p.1'rticu1J'lr~ has, signaled 

ihlmy of thcf>a recent. advances •. 

All the studie:r; of exeS.. ton interaction-s ~h:ich •ie will discuss have 
.. 

be~n perfor;.n~d on anthrace:mi which is 9 in effect~ th~ E.:.,~ of t-torkel"'s_ 

in the fi~;ld. ··. Choi tmd Rice29 ~ttempted to explain the fact that the 

respons~ of photoconduct.tvity ·with wave.lGrtgth Of el<citixlg_. light genet"ally · .. · .... 
; '. 

parallels the ab:~orption s~'>ectrum by invoid .. n~~ interaction of two singlet ,_ 

ex<:i tons • Th~y demons tt'a ted theot'etieally that t!·ro singlet !SXci tons 

could lead to e p<:.d .. l,~· of charge car.riers and an uno~clted molecule t-1ith 

adequate ef:ficioncy to account for phot:ocond:uctivityo At about t:h~ same ·,., 

time 30 it was repm.~ted -chut for- weakly ab::HH!'berJ ,light (4150-4550 R> the· .. 

;;>hotoconductt vi ty of ernthr·acono varied as th~ sr.tuare of incident light 

... 
·.·-.· 

.-

•.·• 
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intenst ty, offering suppo%'t for a <>inglet bieltcl ton pt'oeess. Hasegat.ta 

and 5chneidel"31 then r-eported that photoconductivity could be S.nduced 

in anthrl:i'.eena with th~ x-ed ( G-943 ~) li~;ht from a rub~l laser. Almost 

siu1Ultaneously it ~1~u~ otHt.erveo32 that th~ ruby l~ser light (an a.pprcnti ... 

rnat~ly ~0 Kcal quantum of J.j.ght) could elicit a delayed (milliseconds) 

anthracene corrcspcmda to th$ emisoton of a 79 Kcal photon, It \1'a3 pro­

posed thcrt tne tr;ipl.et $'tate of: anthracene had been directly pc)puJ.ated 

by tb~ intense la$e%' Ugtrt. . Inte:r-action of t"'·o triplet excitons then in 

a (cmr.para.tivel.y) sl.o:..t process yielded an excited singlet from which 

fluorescence occurred. The direct population of a. triplet lev~l from 

the- t:,round stat~ is of course the roverea of a phosphot"Cscenc<h Tho in-

tense light beam p.urtia.lly .compan:sates for the intrinsically low proba­

bility of such ~ tr.'l!lS~tiono l3y studying the lntonsity of the delayed 

fluorescenc~ <'lS a. funct~on 1..'lf o~d.ting lir.;ht in the l.'egion sooo .~ to 

7000 :4. they indiri!ctly ae.terro;.l.ned tn·e spect~um -of the ground state sing~ 

let to first ex:citl!l~ triplet t.t"ansition. 33 (See Fi~t• s.) Quite recontly 

34 . ' . ' 
it has been reporte(} tl1at tote p~otore~ponse of conduction in anthr;a... .·, 

efiieiency of thll pt'OductJ.on of charge carriers rov.aalod that tho triplet, 

let exe;tton. 
,._··. :· 

. Al.thot.tgh the tilxact details <!lre not known ~t present 11 evidence is . · 
:-,., ... : 
.;··' .•.· 

available; then, thp.t tho tt~iplet leV<l:ll in 3.ddi don to tho s!nt!let level , , 
,i: 

can yield chrJ.)."'gt:!: earl~it~r>s Qfficientl~' o In u rGcent detailed theoretical 
I 

.· :~ · ... 
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. . / 27 
consid.are.tion of td.~let ~~d tons in ax•omatic molacula,;o crystals~ ..... 
Jo::-tll{:tr~ Rice l.'tnu Katz h{;).ve <.lgain pointed out ·that the most favored ~ . ,, ' 

\ ' I~ ' "•, ' 

,. '', .:: '.l 

state. fox' :tnd.trect evidence in ::;uppcrt of this contention ·they refer 

~ 1- -· •· 2 'l' '" .... ,. G G. 

. • • • . 35 
. to a flash apectro$oopic t~'tudy of L~.ndqu1st 0 s. Lindquist reports 

that· the k$.netics of deC::i$J off tr.oiplet. fluorescein in solution ennnot 

duc~.:cl. fluorescci n .. 

· We should :noto her-e .in lrassing; th<11t e detailed study of ~uby lar>ar .. 

generation· ~f c:.:ci tons in anthr.,cet'l~~. ·~t"ysts.ls 30 indicates a some_what 

more complicated piotur·~ than ;.re r>rese~tcd above~, Using a giant pulse rupy 
'·.-

taser. (capebl~ of delivering up to 10 m~gawatta of' p¢1o~er- in a single 30 

nanos~cond pul:lo) t"t;o t~hotor:. dircsct excitatS.on: to a vihrationally excited· ........ 

singlet exciton lev~l ~es demonztr&tcnd to occur 0 as well as <9. singlet to :· 
·\,. 

t\'<10 triplet process (the revarse of a trip1et:..triplet ann1hilation). 
. ' ' . 

' .. <, 

. , . 

. ,.· 

. :· ·.:: .. :· 

'· . 

ved to occur 1>1ith. ncar inf:i:nl~e.d light9 37 l'll.:H"!)< absorption oi: light in the: '· '"'· 
. . . . .: . .· ' 3!3 . '. 

near infrared by copp~l~ phthalocyanin~ ht.w prevlO'U$ly baen ·obs~rv0du . . ·· · 
. . ~ 

;;.-· 

Althout1h the rrnio of exti-nction c6ef!idcnts ·for 'lisible arid infrared 

light is lOOtl» th~ ratio of the photor";~pon~e peak heizhts ·(ria; • .7) :ts. · 

3~1. This sua:e~sts that the quant;;\11) yield ratio is about 30:1 in f.avor ._, · 

of' the :long wavaleng-tn ab~~orption peak. ·This h simllar to the 40:1 

ratio dns~rved previously. for charge carrlel' production from tl"ipl€!t and 

~· 
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• , l.. 1 i h . . gq ""h • li • h h • f d .S.l'tl.5J;-et eva s . n ant rac4fAil• 1 t e :un~ c.nt1on t at t 0 near l.O r.'{.'ll"e 

abao~ptlqn of copper- phthal<:Jcyanir~t~ .it~· a singlet to t:r.ipl,lt ttt.v..nsition 

Si.rtce the charg® 1:ram<:far tl"'a.ndti.on m.-~y ba oonlilidored as ;a first 

step in thi$ producti.on o! chal:"ge carriers~ it is natural that the !)hoto .. 

tivity of. som$ comp.taxel!~ which are rolati.V~llV good conductors i.o. the 

dark and sho-..t stront CSR .denal$ c.~n :i.nd~1ed btlll enhanced b,y light. We 

conductivity in low conductivity compl•IHteu. 1'he.1le complexes sh~ no BGR 

signal or at best only on ver.•y weak d~niJ.l. F.xampbs &~ the complexes 

of ar;.thracene and trirli tr()ben.zen$., 39 oro the pyrenc-'TCtU; cottl!'lex. 40 

Photoconductivity in thi!l cla:,;s. of l<.M condueti vi ty comple}t~S has been · 

inadequately. iov<!Stlt;ated, but i.t ~s evident from the case$ thus far re~ 

po1•tad that the photoconduot 1 vi ties of. th~ ~<>lids are low.. The study of 

Akamoto nnd Kurod<l;\
40 

offers ~ont<!l intet>esdn~ :features. Tha spectral de-

pandenee. of photoeonduction for Geveral complexes d! d not follo~, the ab­
t 

.sot"ption spectrum (Fig. 9) and excitation 5 .. n thiS chars~ tr~msf.er band. 

elicited nc> photorest)On~o. This b true fop both eonduetion in tho bulk 

of. the crystal and nJ.on~l its Q.Ur.fac& which can be 3tudi!&d set.'ll1ratoly by 

d1.fferent eleet.rode a~t~.mge~:~t~h Th0 11r~nk photocurrc'.mt. peak elieitod 
.:·· 

. ' . 

the !:oct!n respons~ · po~k ancl was cendclered t4? b~ secondary to tht! malp .. ·: 

·, 

peak. 
} ·. ,·, 

It waa propOS{!d that the !h'iiCondary photoeurl."lln·t ra$Ulted from e~ .. 
l: .... -r' ;'· 

. i 

eit~d.on, to a c!Hn',~t' trtmsf@r exciton st~te which ~1:10 clisaodatad ·at a 
,. 

·.·!. 

j 

..' : 
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A study of enaJC>t~Y 'tr-<mr~f't~X" in crystalline donor-mceepto)';' complexes 

of e;~veral aromatic hydrocarbons with tl'1nitrohenzene41 indicatas no 

tt>ansport of el'tcitati.on 4:lnertw and a t•apid ( lO .. e Me c) relaxation of the 

excited state to the ground state. This may; in fact• he I'li:sponsibl~ 

t' 
for the l/'ilck of phctorespQni.H~ in tha chat';.ice transf~r b.rtnd in r>olid donor-

ana TCNE in eolutitm shc\?S a r~,warsibl<:l photcrr;)sponse and r;sR sign~l on 

it-radiation in the ch~rge tranofer band .. 42 This is attr.ibuted to are .. 

On~ t>f us has &l:t-e<idy t'~viewed thia laboratory's interest in such 

!n working from the d1:1rk 

reactions involving th!l j)ath of carbon in phot1~synthesis back toward 

ealled quantum conv~raion st<;p. ·rt involves$ on the on-e handt~ a ch~mical 

raduetlon, 'th~ conVel'.'aion o.f pyridine nucleotide t.o r~duc€:Hl pyridins 

nucleetida~ and on the othe,;- the oxidation of water to oxygen• Th·e pro ... 

tails proved to be, 1,1 eh~r&;e sep•n··ation .step t-lould b~ necespl.l.ryo This 

was sugg:est¢d by t:h~ fact that nearly ~ll the energy of a 40 !.<cal. qu~n.:. • ' 

tum of light b :.stored .as chernicai fmo:r:·gy • Onder- these conditions, the , . 

energy barrier prov~ntb11; th(:l. pr-c.~ductt~ from go5.ng bael< tQ ll·tnrting 
. f 

mater-ial::. is so small t'l'hlt c physical sepa.ration of the oxidirdng and 
' ' .· 

• 

·-:. 
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lS 

• 4$ !ndecd h 1 . .n pt-ov~d that evaporati.ne a lety€11" or ot•tho ... chloranil 

onto a film of plithaloey~nine enhi:ntetld the c.1,1r•k conductivity pf the 

7 5 phthal(Jcye.nine by a fee tot· o£ lO end the photoc<mdt~c.ti ''i ty by lO • 

In u Gioi11!!what si.mi.lerlY C{;)~1.eei'lfed experiment$ tt7 c~Jr-1-:-ied out by 

p~intintt th~l co:npon«ltlta (aromatic aroinf..'!l:l .flnd v.ariou~ dyes) onto oppo-

to thr!G!e volt-a in t'oom lignt b claimed, Thi~ is attributed to a <lye-

induced photo-ox.idstion of the amine •:riG ~l first: step .. 

. . 

The tcchnie!ll applications of ::~cn.dti~ed photoconductivity :i.n 

photocopying methods and photogx<aphic proces~(:'HS uroe tr~tnendous o ~~~ 

';· 

t-d1l r.efer to e.nly em~ r!!!cant t•eport ns en example of: this phenomenon. 1~ 8 ··, .... 

; ,. ~ .· 

l.ution; of the dye giv~Cil tha m<..tet'.ial a f;;;Ood conductivity phot(n"esponsc 
•''•. 

with vis.:i.ble light. Chlot-Ophy 11 itself' shtMs a '</(~roy low photocurrent o 
49 .·· .. : 

(VIII) 
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Part II. 

F1GURE CAPTIONS 

Fig. 1.. Orbitals of a square planar complex formed by two conjugated 
chellating ligands. 

Fig. z:.. Excitation localized on a single molecule of an array. 

Fig. 3. Crystal energy levels. Arrows indicate orientation of electron spin 
in excited and ground states. 

Fig. 4. An ionic exciton. 

·Fig. 5. Triplet excitation spectrum of single crystal anthracene as measured 
· by observing the intensity of the. blue fluorescence as a function of the 
wavelength of exciting light (from Reference 1. 51.). 

Fig. 6. Photocurrent and the triplet absorption spectrum as a function of the 
exciting wavelength (from Reference 152). 

Fig. 7. Photoresponse of copper phthalocyanine~ Photocurrent units are 
arbitrary; left scale refers to lower curve, which is the absorption 
spectrum (from Reference 155 ). 

Fig.· B. Spectral dependence of photoconduction in pyrene- TCNE complex •. 
A, sandwich cell; B, surface cell; C, absorption spectrum (from 
Reference 158). 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission'' includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




