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INTRODUCTION

In the context af blochenistry, the topic of charge transfer has-

‘been most closely as

research activxty on

',,complexes'ha* been i

has closely followed,

from a somewhat wide

sociated w1%h the-douor~acceptor complexes. The ,
the chemlcal and phvsxcal aspects of donor-acceptor

wpress1ve1y on the increaae, and, quite llke a dOSe-

Tesponse curvey interest in the bxological,impllcatlons of»the‘new results

We have attempted to present the topic of transfer of charge

r frame of réference-than complex formation. Yety,

CIearly this'topic, wh ¢h ecan span the entlre ranyc of pOSSlbllitiCS from

weak interactlons to
or.m;xed gystems, is

less thaﬁ a monograp

' be emphaoized lar gely reflects current lntereats, mostly our own. ’Ini

Part I we have prese

full fledﬂed redox reactlons in organlc, 1norganic
s0 larga that it could not. be completely covered in

h. As a result9 hhe decision as to what aspects would ,

nted solution _properties of the donor-acceptor com-’

 plexes;- Two | books and a rev;ew dealing with the general area of donorh'

acceptor complexes have recently appearad, covering the topic from the '

point of view of the ‘physical chemistl 2 and from the p01nt cf view of

“the organic chemist.,

is imminenté Despit

7

3 Another rev1ew,“ dealing mainly with reactions,

e the availabilitv of these, it'nevertheless seemed

well for us 1o cover enough of the fundamental aspects of the topic to

= make this chaptar mo

has been plmced on t
most germane to our

of the toplc. Szent

re or less elf~contained. However, particular emphasis
he more recent literature and those areas which seemed
purpose=-a consideration of the biological_aspects

-Gvorgyi?é'recent book> is also largely;devoted:to_

the possible role of donor-acceptor conalexes in bioloyy. Special aspects_'

of charge-tran°fer i

totally neglected.

nteractions such as hydrogen bonding must here be

it

Charga transfer,in metal lon complexesi a large topic ,



in its own right, is treated only superficially.

i

- The second part of the chapter will attempt to surVey'trahsfér of

charge ‘from the point of view of semicondution and, in pavticular; photo-

“g;

conduction. At present, the surge of interest in these fields stems more .
o from the activities of the solid state chemists 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 innliving systems continues to emerge, it seems well that bio-
chemists in general should have an awareness of thé recent advances in

‘these areas.



PART I. DCNOR~ACCEPTOQ CO“PLEKFS IN SOLUTIOL :

s Energctmcs

As confu°ion on occcsion'has arisen; we should firs; define our terms,

For complexes of’ the rort to be conolde ed here, resonance contribution'

B et ebad e e e e,

.of the type drawn in Flg- 1L will play a role in deflnxng the energetics.

|
i
!
-4
t

-
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: In accord with the dlstlnction made by Mulliken and Person,6 the term
i "chargn transfer complex" will be apolicd to those complexes where the
-‘J”resonanca lnteractlon, Ry makes ‘the predomlnant contrxbution to the

' overall etability of the c0mplex in the ground state (see Figas. 2)- The

© term "donor-acceptor conplex" will be applied to those complexes whe"e

the.reSOnance contributlon,to its overall stabllity is less than that
due to other factors such as dispersion forces, dipole-dipole inter--- .
actions, etcw‘ In order that the concept of a donor-acceptor and eharge

transfer complex remain A*perlmentallv distinct from other possible types E

. of complex, the donor-acceptor and charge transfer complexes should



exhibit a ch&rge.tfansfer absofption band, .The origin and some
chéracteristics of this abscfption will.be discussed belOW¢_ Thls is
'.:a more restrictive deflnltlcn that that adopted in a number of bxo-
chemical Dapers_'.In ou“‘v1ew, the value-of the donor-acceptor concept
is in its being subject o an unamblguous experimental test. That test,
in this case, 13 the appearance of a new absorptlon band and . is, in
fact, the only proper one, -To those complexes experlmentally demonstrable ‘
by any phvs1cal method, but not conformlng to the. above deFinltions by
dlsplaying a charge transfer band We apply the peneral term "molecular
‘fcomplex“. .
In Mulliken's valence bond approach7 the donor-acceptor complex, |
DAy is considered to be descrlbed by a wave function which may be-wrltteh
o V= aﬂ‘“(DA) , DV (pta- y
As in Flg. l,_we gre. stating in thls relation that the ground state of
"';lthe cemplex 15 descrlbed by taxlng some combination of the wave functio;
Y(DA) describlng D s A (formula Iy Fige:1) and P(D*A™), des*rxbing D*A"
L_(formula 11, Flg. 1)¢ In the term w(DA), the "no bond“ wave fnnctlon,
we include all the dlpole-dlncle; van der Waals—uondon and dlpole-induced
dipole forces. w(D*A“) is termed the “dative bond" wave function., “The

value of the coefficient a may be greater or less than b, but generally

vf‘n‘.:]

?a>>rb. .For thc case b >> By to. whlch we shall return later. the complex
B ionxc in the ground state, since D*A‘ predominates, In the case'of
a cOmplex betheen a weak Lewis acld and a weak Lewis base, a. third tern

.w(n‘A*) is added to the total ground state wave function. In such cases
b‘D*A“ f&::; D ves A ﬁ:::; D"A+ is a closer resonancc deocrlption. The

total wave funcflon can then be taken as | | |

\I, - at}:(DA) + b‘P(DfA-)' 4+ d‘p(D‘Af_.)



.The.eﬂergetics of chérge tranéfer complex formétion are depicted in
| Fig. 2. but with neg lect of possible sqlvafion effects. The zero point
of,energy is takgn as the energy of the separated donor and acceptor .
molecules.. Bringing these moiecules together to. the ncrﬁal equilibrium
dlstanec for the _complex (about 3.5 2. thhout permitting resonance inter-
actiOn forces, to operate rcsults, in the case depicted, in a lowering of
lf the energy by an amount, Vb. “In practice thls term could coneeivably be

f.a repulsive term. The resonance 1nteractxon with the charge transfer
structure D*A'vfurther lowers the energy of ‘the. pair by an amount RN‘
- The. total intermolecular binding energy, AH = Yo + RN. Typical exper1~
ﬁéntal AH values ranée from a few hundréd calories to about 7 or 8 Keal
mole’?; A breakdown' of thé contributions of’W§ and Ry to the total AH
is givén in Table I for a few.ééses; ‘These experimental va}ués afé
obiained-by‘én}indiﬁect_mefhon_ If.involves an éxperimeﬁtal_deﬁerﬁina~
éion of thé dipole moment of the excifed state of the complex and work%ng
through a lengthy(series of.eqpafions which have been defived Svariegieb
(see footnote a of Table I for reference)‘ _ |

| By addition of a proper sized qpantum of light (the charge transfer
energy thT), a nearly complete transfer of an electron from donor to
aceeptor may be induced with formation of an excited state of greater
, polarity.- An expression forvthe energy of the excited state is_readily;
dérivedifrévaiy. 24 as foliéﬁs:_ Thé'iéﬂizétion potential, I, 6f‘the
donor corresponds to D w— DF o+ e, and the eleatron affinlty Ea, to
e+ A --qp AT, The>coulomb-energy term, Bc,‘and_the-resonance inter-
action; RE,.contgibute,as indicated iplthe figuvéglénd the_energy of.the
excited state becomes, by addiﬁg the individual contributions |

Wg = Jp - Eq = B¢ * Rg



_ _?he“reader may question Vhy_thélresonance interaction raiéés the energy
}Jf‘ . of ihe excifed state but lowe“; that ;f the ground state (cf. ?ig. 3) A
'purely mechanlcal explanatlon lies in the fact that the ='e].er.'tion rule for
lthe charg transfer tranﬁltlcn requlres the ane function of the cxcited
state to be an odd functlon (1nterchanging terms changes the sign of the
, functlon). The wave function must, tberefope, be taken as | |
| Y - a“’(D”A-J bV(DA) o
where the negatlve s;gn assures oddness, In the standard varlational cal-f'
‘cula tion of the energy by the Ritz methodg8 the negat1Ve 51Gn 1n thls wave
function causes the smcond order perturbatlon term (resoﬁance energy term)
1n the expP68610n for the energy to be’of Opposite sign from the resonance

energy term of the ground state.. Howaver, real understanding comes by

considering electron repulsicn effe»ts._ For the ground state. the per=
turbatlon is a delocalxzatlon of a donor electron into an empty acceptor
orbital. Thc decrease in clectron repulsion lowers the energy.' Por the
ionie excited state, the perturbation is the introduction of a little
"ground state localization. The e‘ectron repulszon lncreascs, and the
;energy is raised. | | o |
The energy of the charge tran fer tranoltlan is.then
.‘_wE - Wy = hvgy = ID WK, =g+ RL - Vo - Rﬁ =1y -Eg+ A
where several factorg havé been absorbed in the term 4, whlch is approxi-
'mately constan* for many complexe* hav;ng a common donor or acceptor.
In the molecular orbital approach to the descrlption of donor~acceptor

'complexea favorad by Dewar, the orbl als are considered to extend over

4
7o

‘+he entire complex. For weak complnxes, the donor-acceptor 1nteraction
between the hig\est filled bonding orbitals of donor and the lowest empty -

orbitals of acceptor is considered as a perturbation. The new orbitals



.‘for the weak oomplcxes will be very simllar to the orbltala of donor o
.and acceptor seoarately, but with the energy levels of donov slzghtly

'lowered and those of acceptor sllghtly ralsed (Flg. u) , In molecular

orbltal thoory the ionlvatlon potentlal of the doﬂor 13 approximately

: equal to minus the energ} of the hlghest occupled m.o. and the electron ‘
.affinity of acceptor to the’ energy o‘ the lowest unoccupicd m.o. The

Venergy of the first charge transler transztion (eOlld arrov in Fig. 4)

is glven as befora by

AH=hVCT—IaEa+A,

' where A is a tevmkresultlng fron the perturbatlon. The‘dashed arfowsb
‘ vln sig. 4 represent ‘the sPectroscopic tranOitions characteristic of the
'donor and the acceptor.f It is important to realize the following points.

'Perturbations resultlny from neighbor lnteractions can occur in complexes

|

in the absence of a. resonance interactzon such as in Fig. l and can cause

wf‘

Small shifts in the'absorptlon maxlna of the components. Hypochromic s

i
:sr

' ,effects and band braodening can bc exylained without invoking -an inter«

fmolecular donor-acceptor interactlon.lo

In the m.o. descr;ptlon the charge transfev interaction will be

inVersely proportional to the differenoe in energy between interacting .

_orbitals. Extenaive tabulations of the results of Huckel calculations

- for many moleculeS'of'lnterest 1n biochemistry-have been published in

the Pullmans recent book 11 and may serve as a gulde for the experi-
mentalist. But, 1f need be, one ahould ‘not hesitate to resort to chemical
consideratlons 1n predzeting donor-acceptor conpounds.: Clearly, species

4

capable of under«olng a fa011e oxldatzon (a measare of ease of electron .

~ loss) such as 1od1ne 10n, hydroouxnones; amines and phénols should be

R

donorss - The donor strength of w-systems should be increased by electrOn



donating groups such as'alkyli ~HRy, ~OHy and ~0-CHg4. Species_éapable
of‘undergoina a ready chemical reduction (electron 3ain) such as iodine,
¢oxygen, quQOHLS and rlboflavin ohould ‘be acceptors. Acceptor strength

. should he 1ncreas d by electron withdrawing subgtituen»s such as ~CF3,
-, 5-303}1 and -c\/{ZR' : | | e
stng a given acueptor, the llnear correlations anticipated above
ihétween the .energy of . the ghgrge transfer transition and the_ionizatzon
_potenfial'gﬁféalculated energy of the higheét_dccgpigd molecular orbital
6f:don§r have been obseryedil2;;3 'Experimental values for glectrpp.
affinities;are acce%sible with difficulty. - However, the expectedvrela~
tn.onships between the enerby of the charye trans:.tmn and flr t half.
ane*teduetlan poten‘tia’llu (Fig. 5) and/or the calculated energles of . '
the lowest unoccupled molecular orbital. of the acceptorl6 have been
observed |
An important concern in dealxng with complexes is the natter of
stabzlit; or trends in stabilities. The free energy of comp;ex forma;i;
tion is not intimately rel&ted to such parameters as ionlzation potential,
'electron af“inity‘ or charge transfer transitlon energy., The reasons are
-several._ Plrst a considerable contribution to the en;halpy part of the |
,_free'enérgy term is from van der daals_gr,other:forces.(gf; Fig. 2 and
. Table I). if is not ERpected that.these forces will be related in.ény
| 1mple way to the above. parameters. The entropy contribution to the

- free energy probably strongly reflects colvatlon difforences and again

no 51mnle4correlations are anticlpated. The scatter of points 1n Figs.

6, 7 and 8 undOubtedly reflccts such effects as we, have descrlbed. Never-:

: tHeless, the rough correlatlons ev1dent fron the flpures between ioniza~

tion potentlal,velectron affinity, or charge_transfer,energy, and complex

<



stability may be uqeful for predlct&ve purposes.

Other CharacteriSLlcs of th° Charge Tranefer Absorption Band

" The charge tran fer band is always broad, frequently asymoetrlc,‘

and dcvoxd of vzbratlonal flne otwucture, even at low temperatures.

The broadness and lack of flne qtructure are undoubtecly due to small
variatzons in the equlllbrlum distance between partners. Because of the
broad and aoymmetrlc character of ‘the charge transfer absorption. it may
often be difflcult to determine the posxtion of the absorptioanax1num :
preclsely. However, fine strueture has on at least one oocasxon been
observed in the charge transfer band. This is in the donor—acceptor.
conplexes of menadlonc wzth 3 S«dzlodotyrosine or 3 5~dibromctyroslne.18
(Flg. ). Thxs was attrlbuted in thls atyplcal case, to a superpoeltion
of. the singlet-trlplet traneitlon of the qulnone which becomes increasingly
 allowed due to the fact that the halogen atoms cau«e a breakdown of the '

Spln selectlon rules by ﬂpin-orblt coupling. The ev1dence in favor of

assigning a very weak absorptaon at 535 my in p~benzoqu1none to a singlet-
'treplet transztlon has recently been revxewed.lg

Brlegleb has noted2° that a fairly good emplrical correlation exists

between v maximum (cm‘l) and the p051tlon of half maximum hezght of the
f?ﬂ:‘ , ~ ¢harge transfer absorptlon band Vmax = v1/2 N .lOM Vhaxe for the few
cases of complexes of bxologlcal molecules where euffzcient data has heen
reported to enable comparison within a veries, we flnd that the band
shapes deviate from Brlegleb's correlation. Whether thls is attmlbutable
to the fact that the charge transfev banda, frequently reported as dif—
;ference sPectra, are not authentic or due to other reasonc is not clear.

Brlegleb‘also report520 that within a seriesy the halfrwidth at‘half



10

' heigbt varies inversely with the heat of forwatlon of the complex.' Thus,

weak complexes will show Lhe broadest charge tran,fer absorpt*on Dbands.
Qon‘e donor—acceptor complexes sb0w two dlstlnct ‘maxina in thc cbargel

'transfer band. 'LX?m“leq are Lhe complexes of ce*taln substltuted ben- |

zenes and tetracyanoethylene (TCVV).Ql The most likely exnlanatlon of

 _ the multlole maxlwa is as-follows: In moleculee of high symmetry such

as benzene the hlghth occupled molecular orbitals are degenorate (Fig. 10)
On subetzuutlon of thc bcnzeno rinb, the deg eneracy is removed and the
"‘txm orb;tals now split to. an extent depcnainﬂ on the nunber of sub ti—
tunnts, their nature and.relatmve position on the ring.' "he resulting
B two electronlc level# have two dlffe“ewt 1on1zation energies, and the
transxtions form each are no lOﬂ Ter equienmryetlc. |

In crjstals, where the orlentation of the ﬂolecules of the donor-.
acccptor complex relatlve tc the crystal axis is fixod it is possible
to determlnevthe directlon of polarizatxon of the. tran51tion moment of
the charae tranofer absorptlon by using Dolarlaed llght. The 11ght
absorptlon by tﬁe crystal is greateat when the electric vector of the
incident polarlzed light is parallel to the-directlon of polarization
of the transition monent of *he absorﬁtlon band (Fig. ll). Pistoﬁiéélly,-
vsuch a study of the qulnhydtOﬂe (p—benzoqu‘none-qu‘nol) complex22 pro- .
wided lnportant support for Mulllken 8 theory whlch predicted that the
dlrect;on of charge. transfer should be from donor to acceptor ring.
Recently a relnvegtlﬁatlcn of thls complex usin a technique for
'obtaining.polarized‘reflection spectra?d rather than polérizéd_ébsdrﬁéion '

 'spectra has shown the old data to be somewhat in'errar. In the quin~,_

hydrone cryatal it is known from anay studxes that the molecules are



1

oriéﬁted with'their4planes ﬁafalléi,.and tilted 3y° froﬁ the direction
, of.the ncedle axis of thé'éryﬁtai (Fig. 12).: Tﬁe reflectionlsﬁectra .
'obtalned from the premlnent faca of the crystal and the dmrectlon ofl
| the polarizatlon of the llgnt are reproduced in Flg. 13. From the‘es—
Asentlally p-ang curve observed-for 1ight polarlzed along tﬁe b axisvit. 
was concluded fhat the'chafgé»transfer,mémeht'was exclﬁéively §long thé
needle (a)‘axié and therefore.directed between the centers of:the.six-
lmembened‘ring'(rig‘-lu) 'ayaﬂoto 3 's'cudy?2 had 1nd1cated a snall absorpn'
tion componeng along the b axis anéd a a;recLion of polarzzatlon of the
transition moment oerpendlcular to the plane~of the rlngs.' i |
| - A result ccnpletely analcgouq to that of Anex and Parkhurst ‘has been

obtalned for a complex of corouene and cnloranll by Iiten and Sauer 1n
this ;aboratory.Qsa .

" Pparamagnetic Complexes and Electron Transfer Reactions

'

- Complete transfer of an eiectron £rom donor to acceptéiaéan éccur:’
thermally w;th formatlon of an lonic specles. ‘This c0rresponds to tha
b >> a case referred to on paga 4 A potentlal energy dl 21 illus—'
tratzng thls Sltu&tlon is given in Flg. 15. ~In solution, the thgrmally
induced electron tran¢fer may- go through é "tight"'lon paip on the way
to solvent separated 1ons." |

(DA ... D"'A']« solvent! @___,,_"""9‘ 87 solvent ﬁ CD*]soJ.'ventf* [A‘]Bclv‘m'g

The radzcai ions formed should show én ESR (electron spin resonénce)
signal, but frequently a signal character;stic of only one specles is
.obserVeda‘ This lu presumably due to dlsproportionatlon of one radlcal.
- A further point of 1nterest regardzng th@oe electron transfer reactions

. is that the act;vatiOn energy for the thermal reactiOn may - be lower than
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fhe photochemical energy ﬁeeded‘fgr élecfron transfebiéas in Fig. is).
The photochemical pathway can ieéd tq the ions in higher vibrational
levels. |

One of the most studied example 6f'compléte electroﬁ traﬁéfer'in‘
a com“lcg whera bot% donor and aCCeptor arc organlc opecies'is the_tetra;
methyl—p—pﬁenylenedlamlﬁe—chloranil case. In polar soiventsv(sée éisov{he;
 section on solvent eyfects) the absorptlon spectrum is a.supefpositidn of
~wha* one sbserves separately for the Wurster's blue cation {III) énd |
chloran;l radlgal‘gnlop (IV}, A recent report contains a survey of the
older liferafure §0ncerning electron spin resonance studiéshof éhiévcom-.
plex.znA_Oftgﬂ'tﬁe_freé rédical species initially produced in such reactions

CCH
\“I/ 3

polar

b

solvent

AR
gl * eiy

Qundergo further slow chemxcal changcs, not lnfrequently to 1ntractable
products.. React101 between N,Nualmethylanillne and chloranll in polar
solvents yields « violet material with. an absorpt*on spectrum correspondino

to that of the cvystal violet cation.2% The diamagnet;c complex (D ove A)
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and semiquinone radical were identified as intermediates. . The overall
course of the reaction is apparently
i.

Byl . =

c1

" : > D sun A elec.;
- t%anefer

l_(CH")zN\O ‘r”(CHa)z S IR NIPCIN JE LR \

\‘ . '\. ’ :.; y e\A,. o

disproportlona-

e—-—-—————- [other 1ntermed1ates] tlon, etCq

!- -

*'The ;ntevmediate stevs must involve an intermoleculér metﬁyl mlgraéion.

' It is of interest that unsbuatituted o—phcnylenediamine and chloranil _
':reactzg under nitrogen thh displacemcnt of halogen to yield a dlnerlc ......
.qulnone-anlne of sugyested structure (V) (four moles of amine, two of
lquinone). Therefore, 11 dealing wlth chloranll as .an accéptor. one nust
"also be cognirant of possmble dlsplacement reactions, particularly with

amine donors. The dis plaCement may oceur subsequent to complex formation. |

Recently & remarkable complex of riboflavin hydroiodide and HI has

| been reported by Fleishman and Tollin.27‘ This material, obtained by
evaporat;ng a solution of rxho lavin 1n:476 hydroxodlc acid-ethanol mix-
. tures ogcu:s as plnk.plateleus;._Thé anélytical data spggest'the'sfoichidd.
K metﬁié compoéition, rib§flaVin hy&roiodide:HI (111). The visible absorp~ j

fioﬁ spéetrum of the solution and solid corresponds to that.of protonated
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riboflavin’ semiquinone. The.maferial shows an ESR signal éhaﬁécterisiigi
of the semiquinone and of such intensity that the material must be 100%

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

" hydrogen diiodide salt of riboflavin (VI) by an electron transfer from

the anion. This complex is then similar to the complex 6f'p-§heny;ene§

. diamihe and c¢hloranil in this respect; Hydrogen dibromide and'dichlbride/
| | | o | R

FH STeHeI

DR (TR PRSP PSR

et
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: , i ) ,
calts of ammonium ions are known28 and-a tetra alkylammonium hydrogen
R s L : :
o . Qdifodide (VII) has recently been prepared.29 fHydrogen dibromide salts.
of carbonium ions (VIJI) were also reported?? and show a charge transfer

ébSOrption band.

(nCLH )l T-HAI" . Br=H~Bp~
uHgly L. B

L)

(VII) | o omn

" Some other oxidation reactions may follow the general course of complex

+2 <] (TCNQT)

formation f0110wed by electron transfer. Tho oxidation of duroquinol by

:i’f S T 7 8 8-tetracyanoqu1nondimethide (TCNQ), an excellent eleotron acceptor,

‘ 'in the pvesence of a proton acceptor has been reported.3°

As w1th chloranil, one should be aware of the pOoSlbllity of a dls~.:f

)

N placement reaction with TCNQ or TCNE (tetracyanoethylene)‘ Indole has .

been ohserved to react with TCNE3! in solution at ordinary tcmperatures. ‘
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' c_«jang group . from TCNE

ch\z /H

slkylanilines is

=33
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50

and TCNQ3u has bcen o «ervediz
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observed.32 Dlsplacement by amines of a

DA complex . . e SR
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latter products is acconnanied by a pronounced bathochromic shift in the

'absorption sncctrum which should not be interpreted as due to complex

) formatxan.

Ay

RpNE x

N C CN
i\ 7

s

CH

= —
ne’ ¢ o

':Mefcaptide is oxidized anaerobically to disulfide in the presence

" of nitrobenzene35 or other geod electron acceptor.ss 3The.nitiobenzene
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i anion radical may be detected by ESR.

N02

R-S~8~R

sell and hlS coworkers°7 have noted a redox rePction between the‘

monoanlon of 1 u-qulnol and nmtrobenﬂene.‘ Both product speoies were

‘detected by ESR. They were also able to detect the nltrobenzene anion

radical when carbanlono were used 25 donors,

Charge transfer has also bcen used to 1nitiate polymerizations. ‘

’ N-vinylcarbazole (IX) is polymerized to poly (N-vinylcarbazole) in the ; o ‘
( “CHsCHN
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preseﬂce of p-chloranil, tetracyanoethylcne and tetracyanoqulnodzmcthane.

among . othars.38 There is some evidence that complex format¢on precedes

; electrpn transfer as suggest ted above for the reaction lcadxng to crys;al
vi01e€~; A'mechani§ﬁ such as_that outlined is fayoreu by the anthprs. it
apbears, however, that elgétron‘delocalization may be édequate té_induce

. @qumerization. Trinitrostyréhel(x) copolymerizes enothermically Qithi'
vinylpyridineé (XI) on mixing so}utions of the two.39 Frég radical for-

mation &s an initiating step appears less likely here. '

(xz)

" Ye caﬁnot undert ake herc a systematlc treatment of the many cases

-of electron transfer from zero valent metals to hydrocarbon aCceptors N

capable of yleldlng anion radlcals,valthough the e processes 1nvolve |

'trangfer of charge in a broad sense *0  Also beyond the somewhat arbi~ ‘
. trary scoPe of this chapter is a detailed consideration ‘of the mechanisms

of electron travsfer between .no"panlc metal ions via inorganlc or organie -

brldglng.groups. 4l

For‘discuésion of magnetic resonanbe:methods-for determining the
rates of electron ‘exchange between raqicala of the type we have considered

in this ection, one may c0ﬁsult, anong others, the reCent book of Caldin“z

or the chapter of Fraenbel.”3
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: Eqpilibriuﬁ,Constants

Ie is not our purpose to roview in detail here the numerous procedures
available for determznxng equlllbrium constanta; as they have‘beon amply
treated cloewhere 4345 As a number of authors have recontly emphasmzed,

the determlnation of an equ*librlun constant and a molar extinctlon ooef—

fficiont ahould be. pPPt of the characterizatlon of any donor-aoceptor com-zl
tplox. This is not an entxrely triviagl matter, however, and we Wlll discuso
~a few recent papers in which some of the pl‘tfalla have been expoc-cd.

- Person“5 has discussed the use of the Scott equation (1) in some

g ‘l:"d'ét'ail‘. | | | - |

) tD][Aza e 1. C Y een
- A0Day T TRe + ———ID].

AO.D.k is the aosorption due to complex at wavelength ks K is the equill-
"‘bolum constant, € tho molar extlnctlod of-oomplex, £ the optical pothlength-

and'the remaining terms repoeoent donor andiacceptor ooncentrations; ‘The
f'absorption due only to complex (AO D.)s which is ‘the abSorption-of:the '
.‘mrxture at wavelength k minus the sum of the absorptlon duo to components,

is deternlned for a series of donor conoentrations. The left sxde of
:equation (l) is then plotted versus donor concentrations and extrapolated

to the'intercept to determlne K. For woak complexes, smnoe the concentra-

tion of complex is small, the points plotted as the left side of equatxon (l)

may not be very different from the intercept.‘ Difficulty ie tuen experienced

“in obtaividg a roliabie non~zeno initlal slope in the plot of the data. |

This slope is obviously important 31nce the determlnatlon of K lnvolves

an extrapolation. Person™*6. has oet the optlmal concentration range for us

-of equation~(1)'6bn the case of‘excess domor) at
RNERPE g.coé.)

where K is the equilibrium constant. . These limits may be allittlo flexidble,
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but one should prooeed by first ootainlnp a rough value for K, then
??3 | - f plannlng optlmum concentra ion ranqea for flnal runs,
A dlfrcrent approach to a oyatematze study of the effects of experi-

mental errors has also appeared.“7 'A computer program was developed o

whxch enabled ready calculatzon of the equilibrlum constant fron 1nput

ﬂ“ ' ..experlmental data. Beglnoing with synthetic data’ (no errors) small errors
were dellberaxely 1nttodueed lnto the lnput data--for example, amounting
to a welghlng ervor:of 0. 3 mg in 20-500 mg, or an 1nstrumental errcr of

ﬂh:;.oos absorbancc units.. Recalculatxon of the constant revealed that for

'_certaln concentratlon situations the. determined equillbrlum constant could

be extremely senq;tlve to small experimental errors. The same conclusion
was reachcd when K was determlned by a graphlcal method with the same '
~ datas This agaln enpna317es the need for oareful planning of experl- '
.men‘cal cOndltwons. S | o :
In a second qtudy,43 agaln employing synthetic data, multiple _
equ:librie were COnBldered. The results indicate that the presence of

'1 .

"some l 2 conplex may not be detecbed as a devxatzon of the data from a

 1inear'p1ot of she uﬁual sort. Johnson and Bowen specifically consxdered
the data plots obtained with equatlon (2) (the Benesx-?;ldebrand equation),
but the canclusions W¢ll presumably apply to all slmzlar equations.

@ Al . oA LA
s R A . D.' ‘, e ‘* ?Efnj
(The Beﬁesi-Hlldebrand equation where the terms are as described

5? previougly}

Experimenta113; the presence of highor order complexes may be manlfest

as vaplatmons of the determined equlllbrlum-constant w;th wavelength,

or as & variation of the intégrated intensity of the charge transfer
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band with temperature. Pr&cticallj speaking, the effects are often
t;tsmall and one could probably conclade that the n ~§135_absorb1ng cpecies
is a L1yl complex if the data fit a llnear plot of the Benesi-kxldcbrand
S;E? o type. Methods are avai;able for an-lndegen&nu experzmental cetermina~

. tion of the stoichlometry of a complex (cf. references uu 45).-_

::'Contact Charge Tren sfer

Mulleken s theory of charge transfer spectra predicts that for weak»i
conplexes the molar extinctlon coefflcient of the charge transFer band
should be low. There have been many dlfficultmes ln demonstrating this

 expectation erparlnentally. For weak complexes, attempts to determine
'both the equilibrium constant and extinction coefflcient experimentally

:[for exanple, usang equatmon (l) or (2)] often gave the poznt of inter-

|  cept in the extrapolation as’ zero. This 1ndicated either that as. K + O,e
é'+ o ’ or v*ce versa, whlch was contrary to that antlcipated from the
v‘theory. In ‘an attempt to explaln this dlfflculty Orgel and Hulliken“g
7v“put forward the concept of contact charge transfer.‘ In essence this.
‘ theory stated that a charge transfer trans;tion could oceur hetween two

molecules ED,A], whlch just happen to be together through chance collxo'”

' .alono thhout formlng a real conplcx.' The observad extinction coeffi-
| cient would then be the aum of the actual extinction and some contribu-'
tion from charce contacts.r It has now been shown5° that a satlsfactory th
theory for weak complexes ecan be based on the idea of competition between
‘solvatlon end complex1ng by. wrltlcg the equilmbrlum expression as
| 'Dsn.# A>Sm:§:;:‘:..:ﬂ,i DAS, + q 8
where $ represents'the solvent.‘ By taking pfoper account of solvent. it
was shown that the re1at10nshlp between € and K anticipated from Malliken' s

early theory could be obeerved. The upshctuls that it now seems unnecessary



to retain the concept of contact charge transfer.

'Soléent'tffeotsq'
- The efrects of solvent onuoherce tran fer maxima have been rev&ewed
' 'bj Wurre1151 and Relchardt952 the latter in connectlon thh emplrlcal |
measureo of solvent polerltj.anhe rules of thumb are as follows: »For
complexes of the'non-lonic type, the charge transfer ﬁeximumlehoulacbevv
‘red sh{ftedoie poler eolvehts; blue shifted'in nonepolar solvente; For'
ionie comple&eo, the opposite behavior 1s nntxcxpeted.n However, a recent
‘ettemptss to correlate abeorpgion maxmna of complexes with solvent polarlty
‘has failed, and 1t appeare there may be exceptions to_the.general.rules.

| Complex stabllity is also affected by SOIVent.t Ionic'comolexee
‘show a 1ower degree of assocletiOn in polar solvents as Kosowcrsu has
observed for a 4'erms of pyrldlnlum iodﬁdes.z For complexes where little o
charge is transferred in the ground otate, lt is difficult to make a
‘_vgeneral statement concernine trends in stabillty., The situation varles
from case to case, dependlng on the relatlve chanpeo in solvaticn energies
of eomponents and complex. In cases where hydrogen bonding can play a role, ‘
the situatlon is further complicated. " Vb |

' In certain cases~~for example, the tetramethyl-p-pbenylenediamine

o_complex with chloranll~—one mey obtaln an. lonic or non-ionic complex by
; varying solvent polarxty.zs ‘v‘ gt

,Other USeful Physical Hethode for txe Qtudy of Complex Formatlon

Many . physical methods are ueeful for studylnq complexes.’ We emphan
size, howeVer, ‘that not. all these methods arc adeqnate in oharacterizing
a complex as. of the donor~acceptor tyoe. f

Infrered Qpectroecopy. Shifts in bond etretching frequencles as a

result of ohanpes in bdond etrength ean be antio;pated in strong donor-
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éccé§t6£ complexes. lIntensities:are genéraliy decréased, and in'ééfta#ﬁz
'1~cases vlbrationc which are’ ordlnarily symmetry forbidden may appear.

.For weak conplaxeé, the spectra hardly differ from-a superposltion of

the spectra of the components,va dif¢1culty common to all the spectro-

scopic tools. Many gpecific casas have been reviewed in references 1

aﬁd é.z He hill note only. the recently descr1bed55 complex of phenothla—.
_.zine “nd chloranll (XI1) as lt is 1llustrative of a common resulx.v.In a
Nu jOl mull or. KBr pellet the qulnone carbonyl peak appears at 6.4 u,
.'shifted up from 1ts usual 64 0 ¥ po¢ition. This ‘mmedlately identlfies

~ the complex as of the ionlc type‘

(x:zi

For‘complexes of dcnov with low zonization potential or accapuors
_of hlgh electrou affinlty (or both) tbe chqrwe transfer band nay be found

in the near lnfrared Por example, the p—phenylenedlamlne-chloranll com~'

N plex25 shows a new absorptxon at 942 me in acetonltrlle, In polar solvents"

the conﬁlex of 8-carotene and lodine shows a new absorption at 1000 mu.

.This comnlex 1s a l 2 complex, characterlzed as [(Cuoﬂ S)I 313 . vThe
1éﬁv“. _“ | charge tramsfer absorption is attrlhuted to the moiety (Cuoﬁss - T*)in '
| ‘ .‘which the I* lS actzng as a very powerful electron acceptor.s6 A band af
igoo mu has been as signed to a donor accepton complex of rlboflav1n and

_dihydroriboflavin 57 58

NuCLnav Magnetic Resonance Spectroscopy. Thus far only proton reson&nce

appeapré to have been’employed for the study ofvdqnor-acceptop'qomplexés., :

o
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‘Attemats to detefmlne cquillbrluﬁ constants with NVR have met thh‘
vary;ng degrees of success. A derlvatlon similar to that cf the Benesz- :
Hildebrand eqaatlon (2) read\ly leads to an equation sultable for use
-wlth_NMR._ Equa;ion (3) 1s thn form for donor in excess, the rec;procal

 of chahges‘in ob served chemlcal shifts of acceptor belng plotted versus

DA~ : DA

’.the‘réciorocal of donor concentratlon. The term. AgA is thé éhéﬁigé}sﬁift
. of pure complex and corres oondq to the molar extinctxon coefficienf‘ip_the
uaual Lorm of this equatlon. Hanna and Aehbaughsg have s;udiea:a ﬁumber 
rfof comple?es of aromatlc dcnors thh TCNQ. Thcy ‘ind equillbrlum eon~
-stanfé in’ agreement w;th those obtalned by other methods when donor coﬁ-
_(centratlops are_expressed,ln terms.of mo;gyiﬁy;

"reported ‘ailure of the méthod when conceﬁtratioﬁé are expréssed as mole
:fractions is disconcerting An attem«t to determlne wlth.NMR the equili~;,
brium constants for conplexes of silver icns w;th a number of oleflns has
’also fatled.80 | B | “

:vA ouccessful attempt to obtain an equillbrlum constant by NMR is
reported for a complex of iodine and phenylmethylsulf1de.5l In addxtion, '
. the changes in chemlcal shift Wlth temperature were sufflclently large in-
this case to ¢nable deternlnation of the thermodynamic parametcrs for |
complex formatxon. By using the relaxation tlmes of - tha signala. Larsen
and Allred deduceva lifetime of abou'c-lo"’4 seconds_for ;he comp;ex, sur-
prisxngly long for a complex 1n solutlon;

Magnetlc resonance ahould prove a uaerl tool in pacil*tatmg

identification of coordination sites in complexes. . For gxample,sz in
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-*the'aniliqe—iodiﬁe complex, a 1éfge selective AOwnfield shift‘ie

: <observed for the N-H pretons-on complex formaticnw' Such aelarge
deshlelding or theoe protons can only indi cate that charge 1s indeed
transferred fron nitrcgen and that thls lS tbe site of coordlnationl,
.w1th iodlne. l

Polaroqraphy. It has 1ong been appre01ated that complex fornation

can affect the observed reduction potentlal of rolecules._s3 however, .
llttle‘systematlc tudy seema to have been reported on theee effects
Jfor donor-acceptor complexes in general. Recantly a polarographic study
‘ of several co’nplexeo9 known to ‘be, of the doncr~accep;or type. has becn
carried OUL”ln nonfaqueous solventse An;attempt was ma@e,to cmp;oy‘v
shiftsiin:half-wave'potentiais forftﬂe deﬁerminatiqn ef.equiiibrium
constantecﬁ“ “The ﬁeﬁhod is analogoﬁs te that commonly used for:metei

1on complcxes.65

For a l 1 complex, the smtuation in »he polarographic experzment ;2

1s deqcrlbed by the equation (4)

- o ,-Kf . : ‘5>' R " S
(%) DA T DL+ A A
. L v-“.\ ""'K‘ ettt l . | ] :‘ o o : o v b ik _" B

“h , , L .
“PrOVded A“, tHe product of the nolarographlc reductlon, has a nepligible

'_,abllltj to function as an. acceptor wzth Dy a study of the shift 1n half-

A wave reductlon potential of the A * e«-* A syrtem w;th donor concentra—

¢

' tion may be related to the free energy of formation of DA The condition~ "

&
¥

' which mu t be. Satl’fled for successful use of the method are (i) chen;cal

”equllibrlun fo“ the formation of DA mugt be napidly achleveL (11) the
"rate of electron transfer to A or (DA) at the’ electrode must be hlgh- and
r(lii) the solvation energy of A= must be unchanoed by addztion of the

*donpr. The fulfillment of these conditions nay be tested expcrmentally.65 65
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. When these conaitlons are fulfllled an eypre szon of the form (5) may be

'“derlved. Here we have wrltxen act1v1ty coefflclents equal to one for - : _ 4 .
(5) F = antlloglo “,u3u3r A El/2 + 1ogyg {? =
; c ' . { . RT o : DS S

,{ . ‘ 'ff ; ' 1+ Kl[D] + K?£D] + ;..;..14..'
' ,31mplicity. F is tha Faraday, Ig and I, are the llmlbln? currents for
,unCOmnlexod and complexed specxea, raSpeétlvely,‘anq hl, Kz, etc‘ are ;i
the equllabrium constants for 1 1 complex formation, l:2 complex formafzon, etc.

- Allvterms pnvthe left are‘obtalned from polaro raphzc data. and a plot of

(Fo }_l)/D vérsus tD} yields a value for Xy fromvthe intergept (Flg. 16).
A zero slope (K, = o) is indicative éf;a l:1 ¢om§lex; the nonfzerpvslbpe
‘inqicateé 2:1 interactioﬁs; The cépstéht‘Kg may be obtaiﬁéa from this

- slope;‘vGoéd‘agreemént waé obsérVed bétweénthe co¢§tants,QBtained.by;
_this_mgthcd and those §btained by the usual sbeetfoscopia method for 1l:l

';cbnplexes. ~It should be noted that the polarographlc data indicated sohe

2:1 complex ln certaln 1nstances where 1:l complexeq had been asouned in
'optlcal studles. Thls is espec1ally 1nterest1ng in view of the results ?
| obtalned by Jobnson and Bc:wen.”8 |
| ‘The polarographic tecbnique gLV@s ‘O 1nformation on the nature of

forqes leading to complex’ formationa-' | »

_‘Fluorescence and Phosphoreccence;.ﬁ?luore cence technlques in partl~

., eular are admlrably aulted for exoloztation in blochemxcal resaarch.§7 68469 .

| Detailed klnetlc information as well as equlllbrAum constants may be obtalned.h
It seems worth empha51z1np9 however, that Whlle demonstration of fluorescence :

qpenchlny does 1nd1cate -an 1nteraction thls does not of 1tself demonstrate -

an interaction of the donqrfacceptor type.

The energy absorbed in the charge transfer transition may be emitted
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i3
&

as a fluorescence._ The spectrum oL the fluorescence is qulte generally

" a mirror 1naﬁe of the cbarge transfer absorptlon sPectrum.-' In energy

ransfer studles the. cha“ge transfer enxss¢on may be of consxderable

“‘lnterest but for diagnost¢o purposes the absorptlon spectrum J’.Q lnflnltely

'ﬁsuperlor.
Puovwhorcacance from donornacceptor complnges at lcw temnerature :
1s known, buL the emzss;ew is invarlab&y characterlutzc of the donor.

Chr;stodouln03 and thlynn7O have reporteu a partlcularlj 1nterest ng

study.. They obsétved a markeu increase in the ratio of pho phorefcence o
to fluorescence quanfum‘yields with- 1ncre031ng concentratlon of. aCCeptor
in Several complexes. The effects are particularly marked for Doly-

halogenatcé acceptors. Tnls aga¢n demonstrates an enhanced 1nteruystem‘

crossing from sinFlet to trlplet levels in donor»acceptor complexes of

’halopenatea matérials due to spxn*orblt ceupllng.

s

; Temperature»Jump_Relaxation,and'Flash_Techniquesaf‘Thé rata\éonstihts'

H
i

Kyo and Koy in an equilibrium . . o o L -
D + [i M D v o e A‘, .
. 2
can often be de;ermined by the temporature jump rolaxation m»thod.7l The
.'method lnvclVes alterlny suddeuly the temperature of a Syotem 1n equxlibrium

(2 to lO degree gumps in 10‘5 seconda are common) and- ’ollow;“p the course

of recoverj to a new equilibrlun by some rapld detectlon methnd It is -
a ceneral method for the study of complexes.\ The serotonin creatlnine l‘

’.sulFatenrlboflav1n complex (entry ?1 Table ID) has been studied by this

.method.72 The canstant Kyp is greatcr than 8 X 107 ¥l s sec l; Kzl 1s . ;@

greater than 2 =% 105 sec™t, Accordlnaly, uhe lifetime oF the corplex ’

in ' solution must be less than 5 x J.O'f6 aec@nds.
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’Flash spedtroscopy has turned up the eiistence of donér¥acéeptofrﬁ{:~
complexca of iocdine atoms’ (prodmccd by the flash) and benzenoxd hydro~

ca”bona (XI1I). 72 The existence of;some'slgma qomplex in theseﬂ stems

_ ' . . sipma complex SR

;can probably not be ruled out with absolute confxdenc : For some of the
yd*ocarbona, complex forna*xon wa; completely reverszble, for others
“iodination occnrrﬂd, 1mp11Cat¢ng & 1pna complex. In view of chemlcal
51mllarmt1e¢ between the lodine atom and the mercaptyl radlcal RS' (e.g.,
both d:ﬁcrzze to a. ¢table moleculc, can be reduced to a. stab}e anion, can
be oxidlzed 1n the presence of water to an aeld, are highly‘pol;rizable)
one. might anticipate similar complexcs of the mercaptyl radical and “
biologlcally more 1nterest1ng 7 systems., None has been 1dentified thus
far, o o | | v

Effect Of Complnx Fo*mat;on on_ Reactlon Rates

From the prevlous discussionq it might well be antiCLpated that the
.chemlcal properties of a donor or acceptor;may be affected by the donor-
acéeptor‘interaction. Indeedg'a nuﬁbef of cases are known wﬁere épecific _
~catalysis due to complé#inglﬁith’a donor or acceptor is}obsérved; ‘in the
following we giVe'some regeﬁt examples. )

, Camplg& formation may ﬁe expeéted to produce a rate enhancemeﬁt.in

a pééction;ih which.tha free.gﬁergy of the t%ansifion statéfis_lOwéﬁed
more thanjfhat of the'ground-state.by thé interaction, The éoivolyéis of
~dimethyl benzylsulfonium chloiide (XIV) has been observed to proceed threerf'
gimes faster with phenOxide fhaﬁ with hydroxide, althoﬁéh fﬁe.latfer is a

much stronger base, 7"
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This- rate eahanccment appeérs to be due to 1 complexing 1n the transltlon
statea auch as in' Fig. 17, 1In the uolvolyss.s of Lrinethylsulfonium .
 chlo~n1de5 where 7 compleylﬁg 1s 1mposs1ble, the rate 18 hlgher wit h..

..hydrpxide, as‘expectedf,vThls f@ct lends supgcrt ﬁo the complexlpg ;ﬁterw‘

! 1

* pretation.

i

A detalled study of the acetolycis of 254 7*trlnitro—g-fluarenyl-p-x

toluenesulfonate (XV) has been carrled out in the bresenca of phenanthrene.75975

©oa

red Mo,
-~ 80gCyHyg .

'(XV}.‘: S   ; ; -,.3 U - i\..jT-}' } -
fhea2vu‘7¢{riéiffo luurcn;l rlng s;sten is a good acceptor and waé chOSen . '
in an attempt to maxlmzze poo51b1e catalytlc effects. - The k4 netlc data

: is succes fully 1nterpreted in Lerms of ‘the’ sinplest mechanlsns 1nvolv1ng

l:l complex formatlon (bplow). The ratlo of the rate constants, K complexed/

X uncompleyed was found to be 21, 1ndicat1ng a very effectiva cataly S

7:

“V'Rosozc7vlo + Donor -“*-~> ROS O?C7H,O...'D
‘ s R sl |
HOAe | X . Home ox

uncomplexed complexed;;

, . A

The equilibrium congtant Kp derived from the kinetic ‘data is iﬁ goqd'
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&Fréeneat-with the result of~aﬁ’independent spectﬁéScopic detefmination.;z
‘ Detalled analysis of the thermodynamlcs of the solvoly31s suggeuts the’__'.
sk,catalytlc effect can be attrlbuted to an increase in the entropy of -
actlvatloﬂ (less negatlve A’“) by complex formatxon. - -
 :, Cagaly31s of the racemizatlon of optically active binaphthyl donors
i

by oraanlc acceptors haa alao bocn obserVed 77, The donors wepe (+)—9,10- _

dihydro~3 u,a 6—dlbenzorhenanthrene (XVI) and (+)-l l«binaphthyl (XVII)

i "2 "“5\,//\\
AN
(X"U R BT (xVID)

S Catalytic effects. parallel to acceptor atrength are observed for the Aitf

.:“

acceptors 133,oatr;nL robenbene, picryl chloride and 294 7—tr1n1trofluorene. '
/}/’g 'C}“lzBr

‘0

'<xv11i)f

2
| The lntermediacy of a conplex has been proposed to account for the .
| hlgh specxficitj of 2-h;aroxy~5—n1trobcnz;l bPODlde (XVIII) for tryptophan L
-in a reactmon with protelns.78 There is no spectroseoaic evzdence fcr this
complex aﬁ,present. T

Complexes of Riological Haterials

-In'Iable 1T are colliected all the literature data on molecular com-

plexes of small biological molecules which we havé_beeﬁ ébhejto locate. .
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"It would be oupérfluons to disouss in detail every case, Sinco the tabioxn
han.beén mane fairly detailed. in par{ioniar,vthe.wavelengtn_atzvhich. . ,.}
‘the association constant was'aeterninéd or the maximum of néﬁ aﬁsofp--
tion is glven, and compared with the aHsorptlon max imuin of nnconolexed
'materlal. In a very large number of ‘the cases listed in Table II a charge
‘trannfér band is not observoo and & donoranccoptor 1ntcractionn;§ therefore
nuestionabie, ' o

 £iavins; A gneat nurber of4conplexee of *he flavxn cofactorswhave
beén'étudiéd; The de31re to implicate'a donor~acceptor 1nteraction in
enZyme—cofactor blndlng is behlnd most of this workd This also holds '
_true’ for the complexos of the HAD'type‘molccules to be con51dered*in the
next section. The topic of cofactor binding has been reviowed 1n detail
by Shifrin and Kaplan 79

Insofar as the flavin oomplexesAare concenned, the work in thls,

field may be sunmarized as follows.' About ten years ago Thcorell and
Nygaardso proposed a scheme for the bindinp of FMN to the old yellow

: enZyme whlch envls:oned hjdrogen bondlng at the 1soalloxazine nucleus,.

as in Fig. 18, Tyroglne was implicated at the. blnding site by iodina~

~
ol

tion studies. :_ .:f"' ‘fi ,-'..&.- o -". @; ?:; ?'5
Harbury and co~worker"81 82 attempted to test this sugge tion by : ‘ﬂ'

‘ examining in detail a number of phenol complexe of riboflavin and 3-methy1b iffé o

-.;-riboflaVLn, where hydrogen bonding at positlon 3, as in Flg. 18, would be -

imp°3$lbl?f Findzng that compleres forned equally well with both methﬁ- ~
'lated and unmethyla ed flav;n they were inclined to; believc that charge ‘f‘
transfer forcesy not hydrogen binding, mlght be more predominant in thase

‘~intgractlons.
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It perhaps addé_perspecti&é-fo'récéllfwhat the situation regaﬁdinz.‘;
such'intéractions was at that time;f The "hydrophoblc" bond concept,83
. whzch gave to water an inportant role in: such lnteractions, was not well
‘. establishcd. hulllken, in an early ClaaSJC paper on charge transfer,
Iihad "ugpested {in one sentence) that charge traaner "mlaht afford new
 'poss1b1l1t1es for underSLandlng lntermolecular interactionq in blological
systemw i Kosower-84 85 had already observed the charge transfer ‘absorp-
_ tion of several uyrldlnlan salts in the nlcotlnanlde serles and had sug-.
: gested that a donor-accnptor complex cculd account ’or the 360 i aboorp—
: tion in NAD trloqephospnate dehydrogenase. In this context Harburj s sug~
' gestion and (seé ﬁélow) that of Isanberr and zent—Gyorgyi was completely
.rea onable.“  ' AI:  N ‘_'_; ’if;_; ; :f_7?.,~; |

There ls no doubt tha* many of the conplexes studied by Harbury and
co-wovkers exlst, but there 1s ser;ous question as to whethev they are of
Ithe donor«acceptor type. The spectrum of one oL the complexes, typical
_.of them alli is reproduoed in Fla. lQ.u Haphthoate was one of the
_strengest comp;excs or the serles.. The effect of phenol is less. pro-
;nounced, as is that of tyroalne.. It seems certaln that the hypochronic;ty
and omall red shlft aré not. due to charge transfer ahsorpt;on. Compare |

'Athe spectrum in Plg. 19 with the smtuatlon encountered by Benesi and

. Hz.ldebrand86 and Whlch pronpted Mulliken to undertake a theoretlcal ¢tudy

(Flg. 20).; “The charge transfer band in Fig. 20 15 dafinite and unmistakable.
At a?out the same time as Harbury s mork appeared Isenberg and Szent-

:Gyorgjia7 reported a stud; of the red comslexes of . :VV wlth tryptophan and

.  serotonxn (Tablé II, entries’ 7~ 21). The dlfference spectrum of cemplexed

.versus uncomplexed FMW showed a maximum at 503 mu, comparable to the maxi- o

mum at 500 mu known for riooflav;n semiquinone ¢n‘ac1d_so;utlon. On this

' spectral ‘evidencey it was proposed that an electron transfer had OCCurred



td.give riboflavin semiquiﬁoné,' That semiQuinOne‘formagion'had'éccgrred.
was questioned alnosf immediately,52 bﬁt,theoretiéél calguléfionseg,indi-'
cated that riborlavxn could 1naeed be a pooc acceptor.' Létergs an‘ESR
slgnal characterlstic of Flavin oemluulnone was obsarved in dn aC1dlc
solution of thc compleycs of FiN w1th serotonin and tryptophan. This
1nd1cated Lhat electron’ trans;er could occur under appropriate condi—
.4tlons, but no signal wag observed in neutral,solutlons. The weak signal

15béerved in acid solution with tryptOphan as ddnor_ﬁdw,éppears to have .

been due to the influence of light,.howevé:,88 . ' - Co f “' Lo

: ﬁevé the matter has rested, buf be;enti&}Kﬁéowefgo has‘raised:af

‘ cogentvboint.l'ﬁe hoteé that thé,éﬁargé transfer transition fréﬁ 3ﬁddle 

_ffb_ribqflavin should aﬁpéar at aﬁéut'séé mily N not at 500 mu zn the visible

region of the specfrum. The baSAo of this suggestlon lles in an estimatp

" of ‘the relatlve electron afflnity of r;boflavzn in the series in Table III.

The detalls of Professor Kosower 5 analy513 are not avazlable to us at

. present. One can, however, use the molecular orbital energles calculated

by the Pullmans to make a rough est;mate of Ip - E which, as we haVe .
already noted, differs from the eharge transfer energy only by a per-
Tturbation term which nay be reascnably constant. Thesa estimates, made-~
using the orbltal energies given in the Pullmans' boak,ll are given in

' Table IV with the experzmentally known charge transfer energles. " The |

calculated Ip - ga_ln”units of 85 the resonance zntegral of m.o. ‘theory,

o (a negativ¢ energy quantity) Eéprodude‘the trends ih,experimenﬁal enefgy

qéalués‘quite wells A plot of A LC T ‘versus Ip - I rhows some'scattefing

of points but does support an estimate of 80=-90 Kcal for the charge trans-
fer eper gy £rom indole to FVN.' ths 1s also qulte evident from examina-

Ation of the I, ~.da entrxeg in Table IV for the :mdole--NAD+ and indole-FMN
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' comple#es. .Whiie tﬁe estimate is'roegh; it seems unlﬁkel?,to be §§:
'error by the 25 or 5o Keal. necded to save he'former soo my aesignmént
.for the charge transfer band of t ie tryptophaﬁ;FMN comolex; 'Aévno:VSR.
:signal is observed in a neutral so utlon of rlboflavin and tryptophan 88,96 -
_ it now appears that Lhe lony wavelength absorption isg due to bvoadcnlng _'
"_ or, opilttlng of Lhe rebo Yavin uboOPptlon band located at 447 mu._“;f' |
g Massey and co»rorker» have rccently as szgned certaln ebsorptioo/
maxima in a number of flavoprotelns (entr;ev 78~ 88 Table II) to chargo
-tvansfer trapalulons.gl Conditxons favorin~ reduced enzyme favor the f
appearance of the 720 mu aosorpt*on in lipoyl dchydrogenasa (entr/ 78)3
:The appearance of thls peak is attrlbu;ed to formatlon of e complex
‘involving FADH2 and VAD.‘ In thle connect;on complexee of reduced ribo-
"flav:n, —methyl-3~n1cot1nam1de mnd N—methyl-u-nlcotinamlde have been
-studied (entrles 76 77 Table II).°2 The difference spectrum of one of.
.”theae complexes lo given in ?lg. ?l. The peak at 510 mp is assigned to -
-Athe charge transfer band. ":1 R S ':':' ’ 4
| The green color of these complexes cf reduced riboflavin, attrlbutable
: to the long absorption tall, 1s remlniscent of the complex reported by
Hahler and B*and‘93 This lattcr complex is prepared by grinding together -
',solid rlboflavln and NADPQ. An E°R signal is observed in. the conplex and
:1ts green color is likely attributable, in‘thls instance. to riboflavin
f“semiQuinone_ A relationshlp batween tho two serie* of PMN-NAD complexes
‘such as that ‘shown in Flg. 22 seems possible.' A charge transfer transi-
, tion NADH2 —> FMN is cnergetically reasonable, but chemical reaction
between the materlals would make 1t dlfficult to study and lt has not been ;
obeerVed thus far. L

Conceraning lipoyi dehydrogenasa, Kosower' hee racently ouggeeted
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'tﬁag the red lntermediate obserVed durlng the reduction of *hzq enzyme
vis a;ccmplex‘ofAthlol ap;on and EAD (XIX)w. Searls and oanad19“ laxmed
‘to have detected a similar complex in a reaction between alhy¢rothloatate

(XX) and TMN, An intensification of the drangevtingé of the éo;ution‘was

&

"S -"\/V, . . . .o -
FAD < % Enzyme ? ‘W" (CHZ)M'C,O2
HS T e SH  sH
B G €9

-oboérveu 1mﬂed1ately after rixing the reagentu. The diffeéegée épéctruﬁ‘
. of thls solutLon versus FFV ehowed a maxlmum at 535 mp- whlch was ass igned
f‘to a charge transfer complex betwecn thzol and Fb W;th tlme the solution

turned ollve gvcen and an E%R mal appear@dr Na sey and . Atherton95 were

unable to rcvroduce this rcsult Under anaerobic conditions, although a.

o reductlon of FMN apparently dxd occur. xhey concluded that the 535 mp

'absorptlon appeared only in the preoenCe of llght and some hydrogen

peroxlde whlcn had been. renerated bv air oxidation of reduced flav;n.

In the folLOW1ng we conﬁlder some of the nore recent reports of cém-
plexes lnvolving riboflavin, Fleishman and Tollin88 97 have_ attempted to
determzne whetner the acceptor strenwth of ribofl;vxn can be 1ncreased by.
protonatlov of the 1soalloxazlne nucleus. They report complex formatlon .

between a. number of phenols and riboflavzn, and a few. with lumiflavin

‘and lumichrome, iw 6-12 X acid (cntries 27-#2 Table IT). In some cases

hlghly colored compleves were is olatcd from solutiona' Discrete new

_ 4§£$\i%¢0 'f: P3C~z{§; \?/”ﬁk\/f”*\wé
N O " b
, /\W’,}\b H HaC \/\ﬁ \B} R T

“jumiflavin . .. . lumichrome .
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absorptlon naxlma, as szgned to oharge transfer transztlons, appear with, -

'naph*Halenedlols ana trlmethquulnol as donor (Fig. 20). hith othep .

" phenols color changes are observed, since the rlooflavzn oosofptionv"
"broadens congiderably oot towaods‘the géeen, bot ﬁo‘discreteooewvoéﬁioa
appear. Phenols substituted with olectron-thhdrawinp groups (i e., e

. tetrachloroauxnol) sbow no color reactlon. Inte“esthgly, no color |
chanpe is observed wzth 2 B-dltertiarybutylphenol, In answer to their

"_orlaxnal queation, they flnd the stabllltzea of the complexes are gctually

lower J.n .,trong acid, but they are unable to correlate stablllties thh

3

"any donor pararater Suryﬂi31ngly; aq.ESP signal,.charaoteéiséicoof
riboflavm uemiquinone and- increasing m mtensity ‘with mcreasmg acid
odncentration, lS observed‘97 No eignal attributable to nhenol radlcal

‘ls detecteé preuumablv becanse of its dlsproportlonatlon. Prom the |
results 1t seems that although complex stablllty decreases in acid solu--

' txons, electron transfer reactions occur only in aold soluf;on, presumably

'due to the. added stability of the flavin radxcalq under thcse conditions.
| Fleishman and Tollin also report27 that their rlboflavin hydroiodlde o |

'complex forms stable h{ghlv COlOrPd complnxes with pherolo.oj

It is also interestlng to recall in connection with flavzn com-

plexes in acxd solution, another result of Isenberg and Szent~Gyorgy1 109

In l% aqueous HCl. solutlons-of seroton:n and indole wzth FMi show a new
absorptlon at 570 mu and a shoulder at 620 mn vwhen the spectra are observed
at low temperatures., This absorptlon 1* at considerably longer wavelength

5

han they observed in neutral solutions.

A complex of 1, l 3-tricyano-a-amnopropene (XXI) and mboflavm

(entry 74, Table II) haﬂ been suggasted to be of the charge transfer

\
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‘ type{ga Such a complex would be of intérest in tgat-(XXI),has.been
vreportedvto block oxidative phogphorjlatiOn.gg A hypochromlc effect

is obgnrved for the rlboflavxn maxima but no new peak appeara. The

same note refers o charpe transfer complexes of tryntophan (a weak donor)
nand plcrlc acmd (a strong acceptor) with ribeflavin, As one would anti-
‘c1pate a healthy contribution from dﬁpolar «tructure (XXII) in the tri—
cyanoamxnoPropeﬁe 1t is not clear whet%er thi ccmpound shculd be a donor
or acceptor (ov‘alkylatlng agent). A aonor-acceptor ;nterprgtatlon for

' the c§mplex of (XX1) and riboflavin seems questicnablef

/NH, | ‘_““’.f‘. 4}H9 |
S R /C '
:mc cazcu S ne” cnzcn
| (YAI)  ' . :* ’,',' (xxzx) | |
A proposal has been put forwardlco that "eleéfrostatlc" forces can
' play a role in complexes of a number of purines and pyrlmldxnea (entries
: 50-69 Table II) with rzboflav1n.‘ The 1ntevaction is sugyested to be
fﬁfavoreﬁ by the complementa”lty of char?e (obtainad as char?e den51ties : .
-iv huckel calculations) in the reglons CG to Ng in the purines and Ny tg'i
'!f!ilo of the flav;n (Flg. 24). These fractxonal charges are man1festations>
:iof the sllght polarxty of the 1nd1vidual bonds and arise from sllght | |
‘ ‘polarization of the and due to the dl t electronegatlvities of the
component atcms. The interaction is to a gdod approxlmation equivalent
to 1nteractlon between orlented d pole . art1al trans;er of an electron
‘from donor te acceptor iSleehed as enhancmng the 1nteractzon by 1ncreaoing
’the charve on cppositely oalred atoms.. Thls pro%osal is along the llnes
previously suggcsted by Kar”enan101 For the tryptophan-riboflavmn complexr.

¥o charge.transfer;band is observed in any of_the above complexes, only.

the usual hypochromic effeet in the riboflavin absorption. In dimethyls



formanld@, tne comp;exeo are barely demonstranle oven by“luoresceﬁce S
Lechnlquea, whlcn leads one to quspect a contribution froem vatcr *n
‘utablllZI’g the conplexes.' atpaivntfcrward calculatién‘of charce densi“
ties in thls way prObublV OVGrestlnatcs the cffcc;s, if 1here are any, ;v'
Lhat contrxuutlons fpo# slgwa e‘cﬂtrons are. neglectnd.; PolarlzatiOﬁ of
'szgma elee;rona would be opposxte to the T electron polarlza»ion. E

| Flnally, we call attcntlon to the enarkable Stablll ¥ cf thc com~
,plexes of nurophenolslo8 and TAD (entrles 48-51, Table I Thls.

| St&b*llty may b'a due to oretenﬁtlon or the adenine momety of FBD by the
nhenols. Drlegleb and Delle*vau have aetethd sal xormatzon Lnrccmf
‘félexes of aromatlc amines éﬁd plcrze acxd (pka l 8 % 10‘1). The§ used
xnfrared spectroscopy and deteoted a typ‘cal salt band at 3. 4 u.

Pyridine Nucleoulaes. The overall course of deVC1opment of work in

.'fnis.area pa*allels that of the flav1n ser*es;

| Followlng the 1ead of Kosower wbo ‘bhad ez tabl;sbed the i entit" of

- the‘charge trans fer bande in the pyrldlnlum 1od1de°, Cllento and uistim2

sought complexeo of a number of 1nmﬂesw1th NAD and its analogues as.

Kpo ssible nodels for enzyne blndlng. blmllar s udles have oeen reporied

-’by Al;va51tos, et a’ 120 "he broad new absorptlon appearlng in. the

spectrum of the tryptophan-NAD* nlxture is shown 1n Flg. 25 It should

be noted that the small - assoclatlon éénstants reported 1n this series

(entrles 89-06 Tab*e IY) are in the range of uncertain reliabillty of

the, Bencsi-ulldc*rand rethod .
Shifrin103 has tried a novel ampro«ch to the problem. Hé:has:synthe-

" sized two series of molecules in whxch the potential donor and acceptor ‘

,Sltes are in the same molecule (oeﬁ XXITI and XXIV). Both absorptlon
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CXXIIT)

(xxrv)

and eniavlon spectra were s*tud:xed for the s‘ﬁme‘:. (1{‘<III) in an atte;npt
“to reproduce the s‘pectral bnhavmr of bound WADY. The enhanced fluores-
icence of enz jne—-bound NAD+ was not reproduced in Lheoe models., The

ab orntion _,pectra of all the above comounds show absorptzon tails on
. the lonfr va ivelength side of the maxima (cf. Fig. ?6). These_absorp'_tlon
taxls are assmned to a charge transfe“ ‘trans 11._1on, but a caée such as

that.,’m trace C of the figure may be questionable. For 't!ice..series (X¥IV)
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~ the maxima, taken from difference spectra, can be cerrelated with Hammett

sigmas for the substitueni,tV

Other Complexes. ¥e now turn to a3 consideration of complekés of
 othef hiolcgicél mateirals whi;h have on Ocﬁasion been liﬁked with:the
topic of éhar-ge'tr*ansfez*-° wé-defén,a critical discussion of the possible
physiological significaﬁce of the various complexes to specialisté; and
consider qnlﬁ the physical aspects of complex formation." “

. Comélexes of various curc1nopcn;c hydrocarbons wi 1-purlncs have long
beeﬁ-of interést in the study_of éhemicalvcarcinogenesls.'.From tlme to
timé theoriﬁs have been proposed which invoke charge fransfer or électron
tfansfér:' These various_theorieslhave récenfiy been discussed by Mme 4
?ullman,l27 That purines can 11crease the golubllvuy of polycyclic ar§matic
hydrocafbonh has been appre01étec for many years 5128 and quantitatiVe studies
have been reported 129,130 n Y—rgy crystalIOgraphlc s..udyl3l of a 1:1
'cryStalllne complex between tetraneth"lnrlc acid and ﬁyﬂene thW; a face
1o féce alternaté étackimg of the purine and hydnccarbon molecules. The
1nteractxons in solutlon q;mllarly appear to invelve a stacklﬁg type asso--_
cwatlon between partners, but for DNA-h rgcérbop acsocxatlon the inter- |
calation versus adsorption queétion_is still not.Setﬁled.l3la  Some ‘time
' aposg it wasvhotea ££at thé relaiivé soiuﬁilizing power of‘the pufines
c0uld be correlated with the -energy of the hig hes; .bccupied molecalar
orbltal,- fhls type correlatlon has often sugpcsted a charge transfer
contribut¢on to the 1ntewnolecular blndlnp forces. Howeve?; nb:charge
Iransfer pand is observeé in these complexes and there has always fgmgined
a question as:to thé‘relafivé-confributién of the charge transfeb energy ;_
:totyétoygfall binding. We_ﬁote with interest_a_récehf'theéretical.study

of the intermolecular forces between ?urineé’and Sgu-benzpyreng.;sz‘ By
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: considering only claésiéal diﬁolé~indu;ed dipole and London forces.it'wés
shown thai the PelatLVG »olubxllglng pOW°P of the parlneu Loward thl
Mhydrocarbon ‘eould be accountcd fora An approxxmato expression for egtl—-'
g&tlng London forcec is obLalned rron a second order pnrturbatlon treat~
, mentl33 and i | .

i e =3 Coeep o Il '
2 - ' I - -

R6v 1t 12 o

ﬁore a,,a?vare the resﬁective molecular polarizabilities, Ii,iziara the

_ rlonlzation potentlala of the partners, and R ls the lntermolecular dis—
tance;» The calculatlonﬁ are préllmwnary and have 1ncorporated 2 number

of anproxlmat¢ons rut show that a ve“y larye covtrlbutlon from London

| fOFCQ”’la to be . antmcipated The relatlve contrlbutlgn from charge trans-
fer-fogées remalns to be assessed, buc one wonders if any contrlbutzon is
“to be fcuna, partlcularly in the absence of charge traaner band.

A problem somewhat rclated to the abcve involves the bindlnp of the
ﬁufagenlc acridlne dyes to nuclelc acxds.: Considcrable experlmental
effort’ has been devoted to distlnpulshang betweew an ionic assoc1atlon
at tbe pho phate yroups of .the polymnrlc cha:.nla‘4 and an 1ntercalatlon
_of dye between ba°e palrs of the chain.l35 Lermanl36 has recently
Il reported a ctudy of the chemxc~l reactiv;ty (dlazotizatlon) of the anlno
'group in bound and unbound s—amlnoacrldxne. He ;lnds the rate of reactlon
sxgnlficantlj decreased when the dye- is bound to DNA and 1nterprets this

as due to an 1ncreased shicldxng of the,amlno grcup on 1ntewcalatwon of

the dye betwenn base Daqu.‘ An atuompu to settle the matter by abuorp—

.C

. tion spectroscopy has also Lecn rpported 121 . The reasnn%ng wvas that if
' the dye were intercalated between bases thcre would be a considerable a

interactlon with the 7 systems of the bases since the interannular o
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-distance wcuid.be ébout 3.5 R. Under sucﬁ circunistances one might find
a chérge'transfer absorptionF» For acriflavin bound to DKA, and ?ro-
ivflaVLn to guanylic acid and *hvmldyllc acid, a mew shoulécr appcérs in -
kthe dye abeorptson band whlch ig assigned to a charge transfer transx-
,vtion with dye as acceptor'(entries 123~125 - Table I1). This_is offered;
- as snpport for uerman’ﬁ 1ntercalatlon mechanlsm. He ﬁofégvﬁbweQé;; |
tnat for the 1oderafe donor thymlne (n; hest occupied m.o,'?SlévB) éﬁd'ﬂ
moderate-accéétor pro’ldvxn (lowe t ematy m.é..—.%OS B) a chafge.ffansa
| fer energy as low as 50-35 ACdl 16 qux;e surprlulng a ié fhe fact that
ja 51w1]ar complex of guanlne (hlghest occupied m.0, 307 ) slows v1rtually
_ theuoame nax¢mun.

Calculauiono have recontiy févéaled a corr@latlon between the$
hlghest occupied molacular orbltal and the hallucxnogenlc act1V1ty of a
.serles of aruys of the LSD type.- 137 .Th-. has caus ed some . further specu-f
lat1§n as to @ possxble role for charge transfer ln the mode of actlon-:
:of these drugs. The antlc1pa£eu'uonor gropertébs of L”D (a subst;;uted
_ indole) and chlorpromaa1nel38 (XXV) have been noted Drevxously and a pos=
s;ble role for charge transfer in thexr mode of action nas oeen consiaered. 
AcginomyC¢1 Cy (XXVI), a hnghly tox$c ant¢u*ot;c, is cxpecued to have gocd
aceeptor pronertles.l39 ’ |

PolyCycllc aromatlc hydrocﬁrbois 1nh1b1t varlous flav1n-contal1lng
'cnzymes.luo 124 *his has been attrlbuted to formatlon of donor-acceo
complexes,. It is of 1nteresu that the aboorptlon max1mum reported for
the complex of 3 Q-benbpjrene (ener y'blghesh oceupied 0. .37l 6) and
,FFYlQu (entry 158 ;aﬁle II)‘corresponés ?dughly thh that*expected from
. the results of Table IV, - The existence of complexes of §qiycyclic ar§matic;

hydrocarﬁops'with FMN end quinones (cf. entry 159, Table II) has led to
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gpeculation that. such complexes may play @ role in certain aspect

~(«)

of

o . b T . . ’ ’
‘,;ghemlcalfcarsinOgenesis,*gl but thig is & controversial point.

W{_ eS8 _c“‘l"ﬂ_;‘L t}l Catlon

Charye tvan$fer transitions in complexad metal ilons have been well
documﬁnted.l“~s143 an example is the case of the hydrated ferﬁic.ian,'w 2

fwher a new abaorptzon ccrrerponuvng to a "metal rcductiep spcctrun“

"occurs at 330 1 mn! Aqothe* is the 227, 5 mu absorption in the complex.

; e o(hv )rCl} * anﬁrlbut@d to @letPCﬁ ;ransfpr rrOﬂ chlorice to metal
j fon., At low temperatures,

1

thnTe } ' » J.‘_:_"' .

.
& 4 oF N 1

- 330 mu
‘¢har gn.upansfer to & frozen ‘matrix can be made to reverse quite slowly.

‘ For exanple , ultrav1al@t *vraél tion of a frozen aqucous m&tr ax of I‘eM

or I” at 77° X gives an ESR aignal characteristice of the hydrogen atom
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(s doublet with 500 gauss Spll ¢ting), arising from electron transfer to. ..

the matrlx.lqu

An intensé new_ébsorptioﬁ band oécurs in a number'of ﬁiékel*quinone
cox‘nnle:«.e'*J-L*‘5 such as (XXVII). This has been characterized as a charge
transfer band. . It ﬁight be noted that an ;ron complex of Coenzyme.Q

{(X{VIII) has been prdposedluG'as an intermediate in oxidative phosphory-

OPO5H

(ovin)

(xxvrlx)

lations As tbere is no blochemxcal ev1dence beavlnh on thls propoaa’ as

,“vet, it scem premﬂuure to comment on the possxble qpoc?hoqn ' c propertieoy

of such & ccmalex,f

Good ev1dence for charye traasfer transmtlons involving neual ions.

‘coﬁﬂlexea to biological molecules seems to be rare. Orgellu7 has pointed
tcut.that the larqer tuan ordlnary extinc 1oq ’or the 575 mu band of OXy-

: aenated hnmocvznln nay be due to .a band of Cu . odified ‘by a charge

. tranafer component. The coppev containxny enzyme laccase has an unuoually
;1ntense absorptlon in thc vxcmnlty of 600 M, DOSS ib*y due to cAapgg
-’ transfer to oxygen or enzyme.;”s Similarly, ?he blue color éf ascorbic

acid oxidase in the presence-of oxygent*® may be due to a charge transfer

transition, Charge transfer contributions may alsc be involved in the

.lchg wéveléngth ébsopbtion of some metal containing porphyrins.lS50



The increased absorption above 500 mu observed for rikoflavin in the

preoence oL a numner of Lraﬁ sition 'retalsls1 ‘has becn conflrmed and

extended by Radda and Calvintll who alszo noted a sxmilar ef fect with

[
1A

i,._l
[SVPY

sodium,ahd magnesium lons, - This Xkely the result,of a perturbation

of molecular orbital energies by the electrostatic effects of a ccordi~-
nated metal icn, rather than a charge twans*or pher MENonN . »The shift of
the long wavelength abzerption maximum ofAriboLlav1n from 447 mu to uoO mp

in the preseﬁba of ferrous ion in a pyrophosphate, but not & phn:»sphaﬁ:ra or

maleate bu¢xer 152 is une/rlu;ned.

th
N

$-

v

®

)
B
-

ex ©

.1

The bright red compl v ion and riboflavin nl0% has been con=~

sidered to involve charge transfer from metal ion to flavin (¥X1%),.353

This silver-riboflavin commlex‘waa the“first of a remarkable_series of

"charg¢ transfnr CHAlatcs" of rlborlavin semlqulnone whlch hava been.

studled in some dntall HJ Hemmerich and his co—workers.1°“ wlth valence

stable 4. metal 1cns at nh' lclogical pF the equilibrium between oxidized
Rt and reduced flavin can Be shifted tow rd chclated radlcal semicuinone
(termed a "comproporticnation"). ﬂxtp coorulnated mmtalo such as Wov,

A

[

bove)

fo

: I A ‘ot .
Fet® and Cu* (and Ag* alrvecady referrcd to n acetenitrile sclutiony
. ‘ N ] v+v .' L ' ’
Flowh + FlH, + 2 ‘4e’+ 2—--*‘——‘?' 2 [FliMels + '
- reduced :

onhe can observe a redox reactioh.and férmation of the chelates (XXX).

Redox processes of this type may play a role in redox catalysis in metal

‘containing flavoproteins,t99 .
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Table I

(&Y

»

Euperimental Breakdown of the Energy of Formation in Some
! R

Donor-Acceptor Complexes®

56 °

KO, o .
Acceptor Ci AN fL T
T ﬁ Bt NN CH
R N2 o, CLTN N CL e/ e
Hexamethyl- 2,3,5;6-Tetra- | Hexamethyl- Durbl | Hexamethyl- Durol
 Lenzene methquuinolb ' benzene “benzene
B .7 4,0 -5.35 -4y -7.75 | 5.5
¥o =2,5 ~2.65 - =34 =245 =5.1 ~2.8
Ry ~2.2 1,35 1,85 - =l.9 ~2.7 ~2.7

as Energies are in Xcal, data is from reference 1, p..25, where experimental

“details and further examples may be found LT

b. Durol



Table II. .

Holecular Complexes of Biological Materials
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~“Table 11I

‘Charge Tranéfer Bands of Indole Cpmplexe$a : o

2°

JFMN T 1900
- 2) PMNHpeNad®Y . 700

1) FmH

03) “Indolerchloranil "~ | ea. 500 7

L. %) IndoletFMN - % 7 330 (estimate).

,'5) IndelesAD® v T ea. 3c0

o aDaté,ffcmeoséwér, rgfr 90 L

. Max. (mu)v , Ec‘f;,(Kcal‘mo;e'1) .f
o BRI Y SRR
:: 40.8

. ”53;0{';;

953

77

| 86:3 (estimate)
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Table IV

Estimate of Charge.Transfer Energy from Molecular Orbital )
Parameters
a. Ly : '
: “p Fa | T - Feun,
Fiftily | +.105 8 | .
CFMN . . ~o 344 6._ S R

- FMNH, #.105 B o L
L E o : o S i S '\l'....25 ‘B . uo‘-g ,Kcalﬁ L
. NADT SR | =356 8 o ' I

Indole | -wsasg| | B i
SO Y -.63 7,05 8 | 53.0 Keal® :
chioranil | - |-zt ooser T

LIndﬁleﬁj‘L =534 B

R R o v -eesig | 80-90 Keal - . 2
T 3 Y Co=w3ub g of o ) (estimate B

| -Indole S aus3n g S R B R
: : : v | v -89 8 ‘ *86495'K¢ald v

aThe - aigebfald sighs here ére'tr1ck§."Thlé is AH.'.Qincé'by'déflnltlon
AH = I, but AH w,—Fa, algebraic addition of the terms in the table gives

the correct result. ance B is neratlve, the total AH is oosxtlve, as . ,é
expected. o 2
. PThe Pullmans quote =-.23 8 for benzoquinoné, =.18 B for cysncquinone.’ f
As chloranil is a much better acceptor than either, an estimate of . T

-.1 1 .05 is reasonable and conservative.

»CA 355 my quoted in Table II (entry 132) for tryptophaﬂ-chloranil 1s
£or donatlon from the amino group, not the indole nucleus. '

dUsmnp Kosower's estimate of ca. 300 mp or calculatlng from Plg. 26,
uuing Xmax C.T. 320 mu.
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 Part 1. _ _.
FIGURE CAPTIONS
Fig. 1. Resonance description of the'dondr-acceptor cornple-x of hexamethyl-
L benzene and S-trinitrobenzene,
Fig.' 2. Diagram of energy relationships in a donor-acceptor complex
Fig. 3. vEffect of resonance interaction on the energies of the ground and exc1ted
states,
‘Fig. 4. Schematic diagram of energy relationships in a donor-acceptor pair
- according to the molecular orbital descrlptlon (‘perturbation effects
exaggerated), T ' '
v Fig. 5. Dependence 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, AF, in _relation to the ionization potential of
: donor for donor-acceptor complexes of iodine., 0 = aromatic and aliphatic .
hudrocarbon donors; A = amine donors (data from reference 1).
. benzene - 10, naphthaline 49, l-bromobutane 27 nC4H11 H
. toluene - 11, l-methylnaph- 20, anisole
. o-xylene - - thaline - 21, N, N-dimethyl- 28. (CH3)2‘NH
m-xylene . 12, styrene . aniline .
p-xylene . 13, stilbene = 22.. pyridine : 29. (CZHS)ZNH
mesitylene 14, biphenyl - 23, a-picoline ‘ ‘ '
. durol .15, chlorobenzene . 24. _NH3 o 31, (C2H5)3N
. pentamethyl: 16. bromobenzene : ' -~
.benzene = 17. cyclohexene = 25, CH3NH2 32, (nC3H7)3N-
" hexamethyl- 18, 2, 3-dimethyl- : A T T
benzene - ~ -butane - 26. C -H5NH
| Fig. 7. Free energy of formation, AF, in relatlon to first half wave potentlal of
. . acceptor in donor-acceptor complexes with hexamethylbenzene as.donor,
Thermodynamlc data from reference 15; polarographlc data, reference 17.
‘Fig. '8, Free. energy of formatlon AF, in relatlon to charge transfer energy,
. “hv ot? of a serles of complexes Wlth trinitrobenzene (data from reference 1).
Fig, 9, -Charge transfer band of complexes of 3, 5-diiodotyrosine and 3, 5-d1bromo-,
¢ tyrosine with menadione. Use of phenolate and menadione alone gave no
absorption in this region. Dotted line indicates anticipated featureless
- band (f'rom 'reference 18). . :
Fig. 10, Schematlc representatlon of the energy levels of a substltuted benzene
: and unsubstltuted benzene.
- Fig.f-'l'i. Schematlc dlagram of 1nc1dent light w1th e1ectr1c vector polarlzed parallel

to charge‘ transfer tranS1t1on moment
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Morphology and molecular orientation in a qulnhydrone crystal

Lt benzoqulnone, - hydroqulnone

43,

14,

15,

16.

O b4).
. 17.

18.

19,

20,

Reflection spectra obtained on the promlnent (001) face of the quinhydrone

crystal, a) light polarized parallel to axis a; b) light polarized parallel
to b. (From reference 23) .' _ ;

Direction of polarization of the charge transfer tran81t10n in quinhydrone, .-
New a581gnment is arrow number one.

Potent1a1 energy d1agram illustrating possible thermal and photo-lnduced
electron transfer from donor to a.cceptor.- - .

Polarographlc data for complex formatlon as a functlon of donor concen-
tration (in.CH,Cl, at 25° ). Hexamethylbenzene complexes of: A, tetra-

.cyanoethylenef B,” tetracyanobenzene. Pyrene complexes of: C, chloranil;

D, tetracyanobenzene E, tetracyaanumodlmethane (data from Reference

Possible pi complexmg in the transition state durlng the solvolys:.s of

_benzyldlmethylsulfomum ion by phenox1de.

Scheme for binding FMN to Old Yellow Enzyme prOposed by Theorell

and Nygaard.

.Absorptlon spectra of 3- methylnboﬂavm plus ~----- ) e 21 m,olar benzoate;
———-, .02 M naphthoate '

Charge transfer band of donor acceptor complexes of 1od1ne with various

- solvent molecule s,

21.

Difference sPectrum of FMNH and NAD relatlve to FMNHZ, (from

‘Reference 95)

23.

Possible equ111br1um relatlonshlps between oxidized and reduced forms
of flavin and pyridine nucleotide coenzymes. :

9—Methy11soalloxaz1ne with phenols., Solvent is 50% ethanol. Flavin is
0.4 M, phenol 0.2 M, "1, 1, 4-naphthalenediol; 2, 1, 2- na.phthalenechol

3, trlmethqumnol_(from Reference 88).

24,

2-60

Supposed pa.1r1ng of charges in overla.p of a.denine and isoalloxazine.
Absorptlof spectrurn of L- t'ryptophan‘ in thf presence of NAD

1,74X10"“ M tryptophan + 56.5 mg, NAD /ml (from Refere_nce 102),
Dashed 11ne 1is tryptopha.n a.bsorptlon ' o

Trace A, absorptlon spectrum of a methanohc solutlon of 1ndoly1-

' ethyln1cot1nam1de Compa.rlson with Fig, 25 reveals similarities in

the 320 to 420 mp region. Trace B, spectrum of N4B -p-hydroxyphenyl-
ethyl)-3- -carbamoylpyridinium chlorlde in water (solid curve) and that of -
an equimolar mixture of tyramine hydrochlonde and N-methylnicotinarnide
perchlorate in water (dashed curve), Trace C, spectrum of N-(B-4'-
imidazolylethyl)-3- carbamoylpyrldlmum chlorlde in metha.noT(sohd
curve). Dashed curve is the spectrum obtained subtracting absorptlon

of N- methylmcotmamlde perchlorate (from Reference 103).
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Processes involving transfor af chavge through eéndenscd org anie
matrices are not oﬁiy of intriusic intersst but ma Gy @ 3Q’héva an Lupor-
tant bearing on many areas of blochewnlstry. Twenty years have now
passed since & aaﬁnt-Gyorgyil gbapwsed that'ﬁhw zolid & t .might play a
role in biological processes. The flurry of vesearch and &p@culation

on ghe role of sombconduction in b;olcwy which this sugpestion eventually

prec ip ataed has a*ﬁeagy been r@vxew&o, in whole or in paprt, several

\.’2

Lre

timmq. Vory recently a critical treatmamt of eonductlvxty in organic

crystals, proteins and ane%—achntor complexes, including sone of the

_biolagiQQl asvectu, ha& awgnar@a.a This chapter also has a good hig~
ﬁorigél ?évsp@ctive.’  ha'$ama vblum@7‘contains g,comprehehgive review
of ﬁhe organic polymers whiéh-conduct alastricity, pfesenting well over
?§o~5mn&reé.tefercnce5'to ihe original litsrature. |

Qur plan-in this second ﬁart will»be'(l)vto summarize the current'

i uatxcq rayard“nk tranﬂt 2 of chavae in blmloaical malcculoa via sewmie

cOnduction {2} to consider some of the raccmt r@sults in the orga nié

S@miCOﬂdthOP fiatd whicb aeamn of intarevt to usi and {(3) to consider

the phetochemical uraca,ses whxah can rasu}t.iﬁ generatiem of charga
4."f¢f " carviers an& tranafer of charge, en Ares curé@ﬁtly yielding some very
Interesting results, | |

Transfar ;?'Ch&rg@ by Semiconduction

In taﬁs aﬁct’en, eLacﬁrical cong hctivxty is con&iderad in LhQ~GQn“-1
zext of a chawne transfar process, Senie onductarﬁ avre. aomevhat ax bztrawxlf
dcfined 88 P&t&”l&}& ha viug ulectrical rw@p@rt~ms seno-Hore betwean tnoge-

of cnndu CLOPS and insulstors.  Theiv conductivity varims empanentially



with temperature according to the relationship

where ¢ ia t%a conductiVLty and E is best considered as the actzva ion

energy fop conductaon. Cowductivity in the organzcs has oftan been

eonsidered in terms of an excitatxon of a valencn electron to a conduc~
tion band,.a plcture‘takgn over from the inorganics. Hhether it ia at
ali applzcabla to- erganlc materxazs or. whethar the actlvatxon enevry is
"~in truth related to a ban# gap is & matter of current debate amonn the’

‘experta. This is a hlghly non—trivial tcpxc and in tha enou1n¢ dlqcu sioﬁ-.h

B we will rastvict ouruelveq ‘o phenomenolo?y.,

- For dry protaiﬁa and nucleie ecids %he activation enerry for éon-v? ﬁf&1
duction is 1arge aad tho conductivity is ac¢ardingly very low. Hydrated B
protexns and nucleic acidu are better ccnductors, but the 1ncreased con=.

: ductxvity is thought to be due to protons fvom the water which act as .':
' charge carr;ers, Reeenbcvg, hcwnver, feela he has shown that prote;ns ;frJ::
can show alectronic conduetion. which is intrinsic. Hith 7:5% water ad- o
sorand on protein, no alectrolysms of the water oceurs during the ccnduc-?nzj.
‘.ﬁAVlty experlmuntﬁ. 4This is_falt~tc be incompatible_with a conductlcn,_-f:t
' mechani*m iﬂvolving water protons, | | |

Oxygen adsoracﬂ on the eurface of the conducting material can increavel
surface conduction, prﬁ sumably by traoping @l aqyrons as 02 . facxlitating a
ccnduction by the reﬂuitant positive "holes" A rocent study ,haws that fi 4:

'7'ccnduction in rurinea and pyr;midiaes is incrsased bv adsorbed oxygen.

: --'The CGnﬁuct1V1tieS arg atxll low, hcwaver.

..-Direct trausm;aslon cf alectrons through the w-systoms of proteins | *
. _ ugh L : o

Cor 9351@&0 acids now seams a rather inike;y possibility in’living s§5~ R



temse Propagation of électronic excitetion in biepolymers will be cone
sidered in another chapter of thiawvolume;' Recallin: the phenomenon of

bloluminascencn which involves gonerat*cn of electronic excitation from L

atored chcmical en@ray, one realizes th@ phy cal feaaibxlmty of such
'a process An a 1‘v1ng 3jstcm.

The hiyh@ % CQndQCtlviﬁiﬁJ thusg far observed in organic molec ules:”"

are faund amon& ﬁha aonor»acceptuv commlexesen The actLVatlon ewerg;es'

":  for coﬁ&uctlon ar@ amall on the order oF 0 1 elac;ron volt (v 2 Xcal. )

Cor 1ess°'.Examples are the complexes o2 aromat;c'hydnqearbons with_;odin@,

‘and complexes of &minaﬁ with chloranil or reieted quinones. The hest
eonductors have a digh fr&e rad_wal content and ara usually not of @inplc:'

C . - S , . 30 _ . L
"staichlometrya The complex salts of TCHR gI) are the best of the known

4

ey o
TN
> " .
1} 2
C
we” “on
1)

Orgwﬂlﬁ ccnducuera. The cation may be a wmetal ion suah as ¢esium, the:
P _ b . St e b EE T
3 quLnoxin;um;iQn, crlﬂ~alkylated poly«?—vxnylmyridxne. dagn@tlc suscep~

*ibility_s‘udiealz indieat@ that the 0dd clectr@n@, ﬂhICh are pﬂwsumablv T

thg charge carriers, ara dngonaratss tha ;ame sltmat;cn one finds in a

L " mpetal.  These salts ave consid@rad o havu a auna“wouician of TCHQ molg= .

O

cules with the free elactrons on altarnate molecule (tI)
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‘¥A1semicecdgction_mechanism hae, on occasioc been-considered‘es a .
jpéésibiiity fof electron transfer through tte cytochrome syetem; It.is-e
f 1nterest1ng that the charge carrier moblllty in c0pper phthalocyanlne

‘(III), an often used model for metal porphyrlns, is, in fact, amonc the
,hlghest (about 400.cm /volt/sec at uoo° K.) thus far observed in organic
.materials.;az;Introcuctlon Ofvthe copper increases the carrier mobility
etBy twcicfdefsboﬁ‘magﬁituaejcver that observed in‘phthalecyanine itself,
:This.has bech attributed to a metal interaction which permits the mole=
lljcuief crbitals tb beidelocaliZed over‘morezthan one molecule. Thefe is
Q‘support for thlS sugéestxon in an ESR study of copper phthalocyanlne » L'u;.f

. 1y
”where a metal—metal 1nteractlon can be demonstrated. . Other metal ion




(e g -.

bridaing graups could presumably function in a similar way in a variety

" off oxiéatﬁow«reduatien procé¢ses. Gveenls has deseribed mitochondri

aetron t“aanort in terms ram;nlscﬁnt of wgmicmudm@tivn.

5

. I Tt is wcrth recalling hare, in conneetion with models involving

'parphyrin*likp nelecules, the interaﬁtiny system r@ported eevaral ears
ago’ by ﬁang and ﬁ“lﬂig&?.1§ They prepared 2 polymeric material {1V} which f

e - e e e cw e e - A

)

o
)

T e . g s e T =

A

poly-Lulysine pevmzttad aquacu $olutions sf poljmer to be preparedo,f ‘

rate of oxldatxan of cjtocnromm ¢ by malecu a» axyyen'wa enhanced t@ﬂw””

- v



was used as a bridging group between the iron.porphyrin rings, the poly- '
mer ues ca;alytically inert. We are hot;aware'that the conductivity
“prooerties of tﬁis polymer have ever been studied, but one wonéers
: wuetherva high electron mobility through such a eystem would be-respou-
Sibleffor'the observed caﬁalysiei |

Dewer end Tolatil7 nave reported some polymers coﬁtaining chelated
irou which have reasonably ‘good conducting properries. The& point out
- that for metal atoms whlcn can form n-bondq with adjacent ligands usxng
‘j.the same. d~orb1tal¢ (rig. l), a through con]ugatlon is posszble in the
.-polymer.‘ This is achleved for ligands whlch are coplanar and occupy sxtes
‘ Eﬁﬁﬁi to one another in an octahedral or square plane complex, Theirr

studles have thus far centered on polymers of the type (VI), where there’

'ﬁ_ls a through conJugatlon between molecules via the metal.

: , . "A- ?H , - - . e
- L ~

og "f'. (VI)

BERE The model for the -active site’ ‘of C. pasteurianum ferredoxzn, Whlch has .

"been proposed by Blomstrom, et al 18 (VII), could if correct have a

through conjugation between iron atoms via the’ sulfur orbxtals of cystezne.
Cys '  vCys
, . L o S | |
s \? ,/”S“~\Fe,f" ~\\‘Fe”/’ "- ,—” .\\\ ,—f’s"~\. ,a’ks
N g ‘\“S”” \\“S”” -\\S",/f s‘,/r ‘\‘*S
~ | \ |

e " Cys RN Cys 1lﬁjﬂ : Cys o
| s v, ' |

?ys IR :Cyss



Ferredoxin is an ¢lectron transport proteln which participates iuw photo- -

reduction reactions catalyzed by chloroplasts.

Phorogonductivity

k]

The photoprocesses invelved in photosynthesis and vision have been

capriciously referred to by some as "dark areas.” Tnsofar as our unders w70
- gtanding is conceyrnsd, this ls stiil essen'xally ~rua.ﬂ When the clectron .

Y

microscope bgéﬁﬁ ravégiing a nuzber of yaars ago the h&gnly oranized
lamallar sﬁru;turas in chlbrmp;aﬁts and Lha 1 yered orraniza*ion of rhouopm
sin in the ”043 of the @96 it betawe a§par@at that new conaepts and

tavhmiquea wauld bn rvquireﬁ befora an uud“r¢tandxny of the function O* :iﬁ“

ﬁuoh s;vucturez would be r@acx&d,, It is Vu?? fortunate that solid st ate

phanamena ar¢ of such ﬁreat concarn to many whose major interests are_ ;v

outs da the aphere of biolos iye These workers are continuing to provide
both technlauos and Andirht

OF wajor concern to us here 1e the mcava Hy which cha e carviers

>

‘ may he praduced in or?aqim anlidv by 11 Ht whicn is energetically xn«' 

-;.,v -

suffia:ant to caua@ a direct Sonization: xeso w;Al be tho most sipnz

ficant. for biological phatbprcces@es. It will ha useful to flrst ccnﬁldﬁr”:i

L

some of the sagctrascapic eanqequ&nccs ef fo“n1ng ma&acular ag”r@aateoo:f'}ifﬂ

w

Tow crystals, one cannot congider z- ainnle mol@aule as ?he l*sht h

absorbing unit., Because the meleculea,apmjonly a fow Angﬁtrﬁms apart
and the van der Waals' iﬁt@rac@ians between moleculés non-negligible, o i
th@ abﬂovptian of 1<yht 1cad$ to an ﬂnergy lavel characterxstxc of tho R

asaembly as a whale; xhe @xcitatien im delncalxz@d over many molecules S

'viﬁj%he ery$taA. This ualocaxi?an @xciuaa sta*a, produced by a scrt of

execited state remeuanec, iﬁ calls d an oxwiton. One "resonand& state™ in

A

L .

" which the excitation is lecATazed on a aimgl@ mOlEQulQ iz pictured in

Fige 2o In trying to get a mental p‘eturu o’ what an exciton yveally ds



one must cope with 3,wava;partiéle dusllsme. In scome elrcumstances it
.ié bJst gonsidarad as a particle of e citat;cﬂ energy hopping in a
fan&@m way'from nolecule tolmalacuia; in other cirgumstances iﬁ'muét
' he'cqngidareﬁ a3 a wvave of ozeitetion enargy propageting through the
selid; | | |
The intéréction ha%W&an‘tﬁ@ftransiticﬁ éi§olaa of excited>molecules;z .

in the crystal splits the original enevgy level into a band of levels.

This is the exaitﬁﬁ pandq Strang‘interaaticns produce 3 greatar.splitting'
and lead to wider‘éxcit@n bamdéb. The lode;t ex 1eiton uGVQl may be lanred
with éespacﬁ to the excited state of ths isalated molecule, Aa a resuth o
tha iaweSt energy absorption bad& of the ﬁrygzal may bé consiéerably'reéw
shifted reia&@ve to the isolated mcl@cu;ga:'?he séiectionbrules for
tranzitions into the ekcitén”levalé éeﬂenﬁ_aﬁ the falétive orightatioh
.g;;1f  5 | -of the trargitibn dzpele noment in ﬁbe' rseﬁbl&. Kasha has discussed
%heAselacti01 rule% uulng s;aple vecto“ d$Egﬂam |

By a Simple @Ftans;ou of the above iéaaaw it is evident that tri 1e£°;*

'excitatlon 4n cry»ta leads o tfipl@ﬁ xcit@qs and tmiplet-uxclton bandso. '

be energf levnl diabran for cry is is then th&t pivgn in Fig. 3.

An alternative to the §i8h11Y‘hound mclecular axciton piqfﬁfed in ffﬁfﬁ
Fige 2 ia.a ﬁé?ﬁ loﬁsely bound ﬁxeitoﬁ in which the electron rasiées on
. e adjacent or nanrby nelecide (Fige ). Th&s bound elactron=hols paib
is var&ous;y referred to in the literature as-a Wannier exciten, a Chargé;'ﬂ"
transfor exciton, or on ionic exeiton, It moves tﬁrou.,h the erystal as
"'.a.,uni.t and is no@:' a charge carvying staif:e;' 'z‘ms energy of_thiﬁ excitén .A
staty %s giveﬁ_by  | .

3 . v

B, = T -EA+CH+P



1 is the ilonization potential and LA the slectiron affinity of the molew

culey C is the coulomb intaraction batween electron and hele and P is

the nt&raa*lon (maanlj dkpwlcﬁémsole) d&e ao poelavizations of tﬁ@
l&ﬁ%iaa. This state ig quite near a c@n&ucting state, It differs
na;nly by the nnerg; needed to overcome “h cou&émbic forces betwéén
" the elegt vanuaniu pair,. h&lediﬁ{ then to pove zneependently.: It is
.'thoﬂefaré of 1%L3rc%t to consid@r i¢ nara. | o
| The ionic aneiton concent, xnurcduced first by Eannier,z has be@ﬁ
ﬁost auecassfuxly used iu the 1norgan ¢ senlconductor fleld, The”firét
appiicéticn to'§rganic crystals is epparently that of,Lycns,zl_bu?_it
has alse been cbﬁsiéermd by &éfrifiaié.zQ Yore recantlyfthe effects of
¢pnfiguzation‘intéractiOﬁ (mixing) batweén fonic¢ and neutfal ax¢itons
has bcen conqinwred in some detail by Jortnor, Ries and comworkers 23@2*_
for afganic‘crwatals. and by Azumi and Mewlyvnvzbfzg for axcitsd dlwyrs;;f{”
Thg rééults of the cryatdl Work ape maln;y of intera%t har@. |
ahe thcorptxcal p*@dicrzon for aro%atic hvdracarbnna {the on;y oueﬁ

23 524,27

now ava:lablu} are as fclluws Ien1c~axcitan states will contrié-l

. bute nainly to neuiraa ax citonq af amal& band wxdthg th&t is, singlet
.exciﬁeng which correspond to weak tvansitioﬁs and'?riplet excitons-'
Ionie contrfbutlbnv ‘may broaden tha exciton bnnd widths and may be pare .

t1c¢1aﬁly 1Mnortant in cnhancing the retes of €TLOleﬁ energy migration;_-:"'

22

ﬁ wpecuroscepxc study o¢ an;hrac¢ne 1néieateg the iou&c excxton lles

- enevgatipallylmbovu th@‘firaﬁ ainglet levéla Ho undisputgd_direct experis -

mental detection of an ienic exeiton level in a one component organic

erystal has yet boen made,

he principal macroscopic effect of exciton dissociation is photos .04

conductivityo There are several pathways by which an exciton may becone
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'disséciated o yield z conducting state. One is by interacticn with a
aus antum of lattice vibreticral energ?. 4The vibrational energy of the
lattice and fh@ kinetice energy of th& excitbn‘suvpiy the dissociation
eneray. Anothar pathway may be by 1ntor@ction of 1%~ avcatem with a
defect or impurity In the crystel. Provided sufflcient energy becomes
: avaiiabla at these sites, disﬁac;ation §il1 oceurs An égéifcﬁ-érys;al
surface “nt@ruc*ioﬂ has also Aean observed to lead to conaucting states

On energy conservation grounds, & static amparfact;on cannot readily
- digsociate an axciton whieh ii@v below all condueting states,

Thé racenf[digcuveriés ef exaitbnaaxciton iateractions 1eadinp to
chaprge carriers in the buik of er%talﬁ apg t\c mas» sxgnlfiﬂanﬁ recent
advances in this field, and ey, w;&l nrcaﬁnt them in ,qmewhat greater
detail. The signifizénc& l@ga n the fact that the Interaction of two
gncitons, & process enar%etlcally aasxbla of yial&ing an ejuivalent of
twdcé the‘e&ci“¥€ ien gnarby, can @rov1uu ample enargy for raach4ng a cen;

'dﬁctin? 3tét@.. Tha advhnt of the las ar, ni articular, has si nale@

mnvy of thc e‘“CCLﬁ* advaﬁcea.

1A11 the studieslof exciton iuteradtioﬁsf#hich wo will diseuss have o

- been performed on anthracens which is, xn ufect the B, coli f workevs.:g R

29

in the fx»;d. 'Cho‘ and Rice attmnpted o expﬂain the fact taat the

Ponsg of ”h°t°¢°“d3“tlv”ﬁ¥'wzth wavelnnﬂth of exait;ng light geveral y.}Qf;~

wara?le¢s the ab.orytzaﬁ spectrum by invakiny ‘interaction of fwo »lﬁf
excitonse_ They demauatrated_thaoretieally that two 5iﬂglet’mxcitons

s

' could lead to 2 peir of charge;carriers and an wnoncited melecule with

adequate effxcienc; to aec@unt for pho socondictivity. At about the same_ﬂffw
time?® 1t was reported that for weakly absorbed light (150~ 5 o &) the

shotoconductivity of anthracens varied as the square of incxdent 11ght N



, , . ' '
and Schneidara” then reported that photoconductivity could be induced

sing let-tmpl@t apectwum. EBqually interesting; a study of the quantum

1l
intensity, offering support for a singlst blexclton process. Hasegawa
in anthrseens with the red (6843 §) Light from a rudby laser. Almost

simultanecusly it was ob$erved°g that the ruby laser light (an approni=-

mately 40 Keal quantum of light) could elieit a delayéd {milliseconds)

fluoras seence in suthracens. The characteristic blue fluorescence of

anthracene corresponds to the emisslon of a 79 Keal photons It was pro-

posed that the triplet state of anthracene had been directly populated

by the intense laser light. Interaction of two triplet excitens then in
a (comparatively) slow yroeéss yieldad an exéited singlét fron which
fludfescenc@ oceurred. The diﬁect po@ul&tioﬁvof a triplet level from
the gréund state 13 of course the reverse of a phosphorescence. The inf‘
tenss light beam paﬁti&lky‘;ompansates for the intrinsically iow'proban

bility'of such 2 transition, By studying the Intensity of the delayed

fluorescence a5 4 function of exclting light in the vegion sonalﬁ <)

7000 A they indirectly G&termiﬁed the spoctrﬁm of the grouhd state singéb‘

let to firSt excited triplet transit on.ss_ (Sen Fig. 5.) Quite receﬂtly," “

it has boen reportedau that the photorﬁ&panqe of conductlon in anthra- ;j

cemelﬁn the 5006 2 to 7000 3-:egxon parallels quite welil (Fig. 6) this

efficiency of the pvcduCt‘Q“l°f charge Cérriers revaaied that the'tripie?:i“'
exciten ;iwlds chavga carriers 40 times mova efficlently than the ainh—f:
let exa}ton. ‘ : - y
Although the ®*a°t ﬁét&ilﬁ éré not kﬁawn a£ present, evidence isl? :
avallableg then, that the trAﬁlct lavel iﬁ sddi¢ion to the singlet levwi %{;¢A

i

can yield charpge carriers ¢fficiently, In a recent aetaxlwd Lheoretical :f?”f
i . ’ . oL
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consideration of triplet exeitons in aromatic molecular crystals,

Jortuner, Rice and Xatz have again'beintcdbcut that the most favored

I
IR
'

triplet~triplet annihilation process ghould lead to & charge transfer

stata, For indirect evidence in smuppert of this contention they refer
2T D GE

Aqtojé flé$ﬁ‘é§éctr§$§opic ﬁtudy:of Liﬁdquiéiés.3$ Lindquiat_reporfs
that tne klwetics of d@cuy of t%iml@t flnsresc&in in clutian cannot
be uﬁéerstowd unless ﬁha cacay wachaniém inclufcs a8 rsact*on betweeq
WO flda?&bﬂ@ln triplh% to yield a molscule aacb of orldized and re-

'duced fluerescain -

‘We should note here in passing that a detalled study of %uby laawp‘j ';i'

. - , e 4 e 36 s o
generation of excitons in anthpacene epystals  iIndicates s somegwhat

more complicatad_pietur& ﬁban vie presenfhd abcvé« Usinp a giaﬁt pulse puby

N L -

lasey (capnb;e e‘ delxv&rzn up to 10 mepawattn of pewar in a axnyla 30 -
nancaecend aulse) £wo pioicn dxruct a&citatwoﬂ to a vi braticnally axcltca

“nplet exciton lcv@l wes uamonutrat@d to oacur° as well as a sing let te f

WO tripl&* proc 58 {the reverse of a triaiet~trmplet aﬁﬂihilntAOP}a

Phetecan&uatxvity in conparvphthalccy&nina (III) now has been obsere ¢

ved Lo ogour wltﬁ nnar 1ﬂfrarad llght.37 ?eak ahsorption of ll?ht in ﬁéf
3g .

neanp 1nfraved by copper phthalccyan"nc Has p Lviously been oa ervedq

Although the ratio of ertlnctxon coeffacicnta for visible- dﬁd infrared "'

light is 100;1n ha ratio of the pnotoruxponee peak hei"hts (xlgo 7} 3~
3:1, This suggastz_tnat the guantun yxalu ra:io is about 30:) in f;vorm,‘

of'theglong wavelengih absorption peak, This im similar to the 40:l Y

ratxo dbserved previousiy for charge carriar proauctxe1 from trlpﬂet and



of anthracene and trinitrebenzene,

13
inglet levels in anthracene.gu JThe implication that the near infrarved
ahsorptian of copper phthalacyanina is a singlet to triplet transition
has not been confirmed at present.

Donor~Acceptor Complexss

Sines the charge trangfor trensition may be considered as a first

atep in the productian of charge carriars; it is natural that the photo-

conductivity of doncwoacceptor ccmplexeq be invas tigated. The conduc-
tivity of aomevcomplar@% which are ral&tivnly good eonductors in the
dark and show strong LSR signals can indeed be enhapced by light., We

focus here, howsver, on récent attempts to produce by lipght imﬁrbved

conduetivity in low conductivity complexes, These complexes show no LSR

gignal or at best only & vory weak siznnl. Examples are the complexes
99 or tb@‘py:ane-Tcws complex.“o
Photoconductivity in this cl&ﬁavnf low condﬁetivity complexes has been

inadequately.invastigated, but it is evident from the cases thus far re-

ported that the photocundustivities of th@‘salidé ave low, The study of

Akemote and Kurada® offers moms interesting foatures. Tha speetral de-
pendsnca of photaconductian for several cawplexea d5d not follow the abe
aérption Spectrum (Figz. 8) and ex citatmn 511 ﬂw ¢harge transfer band

elicited no photavespOn es This is truo for both conductian in the hulk

of the crystal and &long its nuvfaqa which can be 3tudied separately by }nff
daf;arant electrOQe mrxang monta,  Tha weak photocurvont peak alieited - -
by tha low energy 11ght qhowad a different tamperature depenaance from  ,-7.

'ﬁhe'main resp0n @ pcuk snd was canwidered fa b@ secondary to the maip

paak. It was propa&ad that the a@candary photocuvr&nt ra&ulted £rom mxw?;

: citution to a vhargm trans fmr axelton state whiqh was diaaaeiaue& at a

cryetal impar»actiun.

-~




R

A study of eéeﬁgy transfay in crystalline donov-acceptor coﬁplex@s
ef several aromatic hyd“ocarbana wlth trinitrobens zane™* indicates no
f-aﬂSﬁO”t of excitation anergy and a raamé (20~f @ec) rolaxﬁtion of tha
exgited state to the grcund state. This may, in fact, de respons;bla
for tha lack éf phetore;yanse in the chavge transfer band in solid donowo
aeceptor complexas,. o |

By way of conérasf, tba*damorfacaagtor complex of tetrahydrofurane
and TCHE im solution shows . reversible phctoréépdn$e and LESR aignal on

uz

irradiation in the charge transf@v bando Thig is attributed to a ree

varsible elactron transferp.

_Hodels of Lams] lar'ﬁyﬁt@ms

Gno of ug has alreddy ravzeWﬂd tnla laboratory L] inte”est in such L

systens. #3259 1n ass ﬁnae, ir 2s follawax En worxxng from the dark
reactions luvelwing the path of carbcn In photesynthesis back toward

the primary llght r@actioa attention next fixed on the proecess by which’

vel@cﬁromagnatxc anergy is sﬁored as chcwicml energyo This iz the so-

- was suggested by the fact that nearly all th@;éﬁepgy of a 40 Keals quan~'"

called guantum canversion step. It invalveﬂe 01 the ona handg 2 chemical -

r@ductson, the conversion nf pyrid ne nualoot;de to reduced pyridipe

nuclieotide, and on ,he ‘othey the axldation of water to oxyyen. ‘The prdw' 
cess iq a very cemplicataé cna, xnvolving we differ@nt pirm&nt sy g iffJ
'but m% was falt, wmore or 1ess intultively, that whatevar the £inal dpu~

tails proved to be, & eharvc ﬁep@watxOn step wguld ba necessﬁryb ahis<j"'

¥

tun of light i3 Stareﬁ &8 el
ansrgy barrier'proventi’g %e pra ducts from going back to starting

materials is sa swall that o pﬁfsical »cparc lon of the oxmdi zing and

-~ reducing sites is neceasary. Ionlzation of a dcnar*acceptcr-complexg

wwlczl energy. Under these conditioms, the . ° ..

LY



involvingh far wanplé & quiman@ at a trappd zg site, could l@ﬁﬁ to
a,chﬁrg@ ﬁeparatzon.

Iﬂd@uda in proved“ that @vaporat*nr 8 layar of artha-hhlnranil
onto a film of pﬂ*ha;ocyanine enhancad the dark canduct&vity-@f the

phthal&cy&nlne by a-zacvar of 107 and the ho*ccoﬁévctﬂvity by 10 .

nH

Simil‘r cb*ervatiwns wore made using ozhér hydvaeavbsn&

47

2

In & &omewha“ “lmilﬁ?lj conceived experiment, c&rr&ed out b{

p&imﬁmﬂr the component& (armwmﬁic amznﬂn and various dyus) onto oppo=
site ale *vodms anq then cla,ping then tog@tharb a pa@tovoltag@‘of up

I

to three volts in poom lignt is claimpdn This is autributed to a dye=

b

' iﬂduccd nboto—axxust;on of the anine as o E*rﬂ? BEED

" Dye wan*it'aeé.?hafacondugtivitw

e cannet r@&xly do justiaa tO“%his exca@dingly intwresting topic

héw@o Tna ﬁechnlo&l mp}lica ions of sens t ne dAphotacﬁnductivxty in

photocopying mcnhoda and photographic p Aoa‘ﬁseg are trem»ndouso Ya

N . _ ot : _ l , _ yg
wiil refer to enly ong recsnt repmrt &3 an axampla of thls phansm&ncnu‘c

Coatiag c0p>ur ph&xylacwtylnﬂ de (v 113 pmmuer~w1th dja@ chlovophyll™
ig a partmaularly go@d ong, by ai%gmuy the pnwuhr in an, ethannlxc “of"
iutzon:af the dye ngaa the muterfal a good cenduct;vkty photoresponse

with visible light. Chlovephyll itsalf.éhpws § very low photocurr@ntgggf”xv‘jN

Cu=-{20

Cx

1 s 53



The ahave result is 0ne more wan;faata ion of th@ remaz<ghle effeutb '

[53
: whzcn can be el‘cifnd from & suit ably conirived inﬁomogeqeoue scl*&.
Needlvsa te o&?, &ature 5 cawtr;vances are aven nora remar<ahle9 al- _
. s
augh he hag worxed at it a Aittle 1onver,
: e h : e
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FIGURE CAPTIONS

-Orbltals of a square pla.nar complex formed by two conjugated
chellating 11gands :

Excitation localized on a single molecule of an array.

Crystal energy levels. Arrows indicate orlentatlon of electron spin
in excited and ground states.

An ionic exciton.

Triplet excitation spectrum of single crystal anthracene as measured

- by observing the intensity of the blue fluorescence as a functlon of the

wavelength of exciting light (frorn Reference 151).

Photocurrent and the tr1plet absorption spectrum as a function of the g
exciting wavelength (from Reference 152). : : :

Photoresponse of copper phthalocyanine, Photocurrent units are
arbitrary; left scale refers to lower curve, which is the absorption
spectrum (from Reference 155).

Spectral dependence of photoconduction in pyrene-TCNE complex,
A, sandwich cell; B, surface cell; C, absorption spectrum (from
Reference 158). '



 MUB-8215

' Fig. 1

CLGAND

21




22

 Fig. 2




Conduction band

First 4 B o
| efaci'i'ef . N\ Single’r exciton band
“single - -
N (/I
Triplet 4 | |
o 1 \\Triplet exciton band
/l///I///I/////I?/II/////////

state

. MUB-8217

Fig. 3 -

23

B \\\\\\\\\\\\\\\\\ .




o o o
O
O

0o o

O

MUB-8218

24




25

)

>—

= 7000 6200 5400 5000
= 10T I Y I

2 B

e

=2=.8r %

w D

& - 4]

ut S |

s 41,

353 L {14

TR | V% .

Luv o e i ‘ Q. .
S 14000 16000 18000 . 20000
€2

WAVENUMBER OF EXCITING LIGHT (cm=!)

MUB-8219

Fig. 5



INTENSITY (Arbitrary Units)

1.0

Y

| X(K)

7000 . 6200 5400 5000

| l l T A

———— Pho?ocurrent

Blue fluorescence -

14000 16000 18000 20000
©© WAVENUMBER OF EXCITING LIGHT (ecm-l)

MUB-8220

Fig. 6

26



L

27

—
4000

¥

" "  .
- 8000

s
- 10000

—0
12000°A

MUB-8221 .




- _PHOTON ENERGY (ev) =~
10 < 2 :

o

,13_0,‘_ R '

L ag

A

N
O

O

q
o)
T

PHOTOCURRENT, Arbitrary units

. . 5 o - ) o
B A" G : S
* .
’ R
o b,
¥ 4 ..
‘ " =

o

T

BN S uram s

- —05

110

0000 20000

'WAVENUMBER (em-h)

‘mus-8223 . - T

. Fig. 8

.



-

A

o

to,

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

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
any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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