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Semiempiricalquantumchemicalcalculationswere performedto estimatethe reoiganizationenegies for chage trans-
fer processn carbazolecontainingcompounddopedwith trinitro uorenone. Geometrieof carbazoleandtrinitro uorenone
moleculeswereoptimizedin neutral,cationic(carbazole)andanionic(trinitro uorenone)forms. Obtainedgeometriesvere
usedto calculateenegiesof compoundsn neutralandionizedforms. Nelsens methodwas usedto calculateinternalreor
ganizationenepy of self-exchangehole transferreactionin carbazole.Cross-reactiomf electrontransferfrom carbazoleo
trinitro uorenonewascalculatedusingMarcuscrossrelation. Freeenegy of this reactionwascalculatedoo. Obtainedvalues

arediscusse@sconcernghe suitability for effective chage separatiomeactionsn carbazoleeompounds.
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1. Intr oduction

The signi cance of chage transfer(CT) processes
for scienti c and technological progressis evident
nowadays.They take placealmosteverywhere . Chem-
ical reactionsareaccompaniedy chagetransfer Bio-
chemicalprocessem living cellssuchasphotosynthe-
sis, breathing,DNA replication, etc. involve chage
transfemreactions.Technologicallyaluableprocesses,
suchas photocoping, are basedon it too. Thusthe
investigation of chage transferprocessby meansof
experimentalanttheoreticaltechniquess of the major
scienti ¢ interesttoday Thatcon rms a hugeamount
of paperson this subject. Nevertheless,our knowl-
edgeof chage transferis not thorough. Up to now,
it is dif cult to apply direct quantumchemicalcalcu-
lation methodswith the aim to estimatechage trans-
fer processdueto low accurag of thosemethods.So
at presenit is commonlyacceptedhatchage transfer
reactionis bestdescribedoy Marcustheory[1] which
hasonly a few parametersuchasreoiganizationen-
engy, freeenepgy of CT reactionandinteractionmatrix
element.In spiteof its simplicity theseparametersire
dif cult to estimatetheoretically One of the methods
to evaluatethemis quantumchemicalcalculation.

Accordingto Marcustheorythe chagetransfemay
occur inside one moleculeor betweentwo separated
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molecules.The rst caseis calledan innersphereor
intramolecularchage transferwhile the secondis an
outersphereor intermoleculatransfer It is commonly
acceptedhat intramolecularCT is mostly in uenced
by propertiesof moleculein which chage transferoc-
curs,while surroundingnoleculesmainlyin uencethe
intermoleculalCT. Neverthelessbothcasesaredepen-
denton propertiesof the chagetransferringmolecules
andthe surroundingones.

Theaimof ourpapelisto calculatannerreomganiza-
tion enegy of the CT procesgakingplacein carbazole
(Cz) compoundsdopedwith 2,4,7-trinitro uorenone
(TNF) molecules.Suchpairsof compoundsare often
usedin photocoping devicesandis a popularobject
for investigation of chage transferup to now [2]. Ex-
perimentallyCz is investigatedin its molecularform
andin polymericform suchaspoly-(N-vynilcarbazole)
or poly-N-epoxyproplcarbazole. In the latter caseit
is consideredhat chage transferoccursbetweenCz
chromophoregd3] leaving polymeric backboneinac-
tive. Sowe explore only Cz moleculeto simplify the
task. It is well known that chage transferoccursaf-
ter photoecitation of TNF [3] (seealso[4]) whichis
a photosensitizetowering the absorptionfrom ultra-
violet to visible light region. After photoecitation of
TNF athermalizatiorstagefollows causinganelectron
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Fig. 1. Schematiaepresentationf CT processesccurringin Cz
compounddopedwith TNF after photoecitation. S; is photoe-
cited stateof TNF.

transferfrom Cz to photoecited TNF molecule. Thus
geminatechage pairis createcconsistingof a negative
TNF molecule(electronacceptor)with excesselectron
and a positive Cz (electrondonor)with de ciency of
electronor with a so-calledhole createdon it [3]. Ex-
perimentallyit is known thatsuchhole exhibits mobil-
ity by hoppingfrom oneCz molecule(chromophorejo
another(seeFig. 1). If anelectric eld is appliedto the
sample,a consequencef suchhoppingis the chage
separatioror recombinatiorin thesystem If theCz" —
TNFi pairisin highelectric eld, only asmallamount
of chage pairsrecombine Consequentlysuchmateri-
alsareusefulfor photocoping devices.

The most unclear stageis thermalization. There
are mary theoriesdescribingit [4-7]. The separa-
tion (recombinationkstageis usuallydescribedy On-
sagertheory[8]. It is commonlyusedto calculatethe
thermalizationradii whenquantumyield of separated
chagesis given. But the Onsagettheoryis basedon
continuoussubstanceapproximatiorandlacksthe dis-
cretemolecularstructureof material. Thermalization
radii calculatedn this way arevery large. Anotherap-
proachto chage separationis basedon chage hop-
ping model [9] suitablefor discretemolecularstruc-
tureandin limiting caseequivalentto Onsagetheory
This approach9] complementedvith thermalization
theory[7] describexhage separatiorin a uni ed in-
tegral way [10] whereall stagesare describedon the
samefooting using parameterof Marcustheory for
chage transfer Theseparametersare basedon prop-
ertiesof constituentmoleculeslt alsogivesreasonable
thermalizationradii, so we rely on this theoryfurther
in ourwork. In paper[10] innerreoiganizationenegy
wasusedasa parametepof theory Thereforeour aim
is to obtainthe valuesof innerreoiganizationenepies
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Fig. 2. Schematiaepresentatiomf potentialenegy surfacesap-
proximatedby parabolas. R and P denotereactantand product
statesaccordingly

of Cz—TNF systemfor all CT stages:thermalization,
separationandrecombinatiorof chagesby quantum
chemicalcalculations.

2. Calculation methods

Accordingto Marcustheory[1], the chage trans-
fer reactionhappensnonadiabaticallywhen two har
monicfreeenegy pro les — of reactantgR) andprod-
ucts(P) — crosseachother(seeFig. 2). Thustheinitial
harmonicpotentialenegy of reactantsmay be written
as

1 X _
U = > Cn(oh i qlq)z; 1)
n

whereq, andd}, areactualandequilibriumcoordinates

of reactantC, areforceconstantsFor productsof CT

reactionthe nal enegy maybewrittenas

1 X
U =¢G%+ 2 Calthi )’ ()

n

wherethe nal equilibriumcoordinatesy, aredifferent
from theinitial . ¢ GO is freeenegy of CT reaction.
Chagetransferoccursalongtheline (the so-calledre-
actioncoordinate)connectinghesetwo minimawhen
two potentialsurfacescrossat thetransitionstate. This
happensn the point with coordinates¥ and enegy
¢ G* whichis calledactivationenegy of CT reaction,

o 0G0+ ,)°,

¢G ;
4,

3)
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whereparameter is reoganizationenegy of the sys-
temandis de ned asfollows (alsoseeFig. 2):
1 X ,
.= 5 Cn(dh i oh)?: (4)
n
Usually, assaidin introduction,thetotal reorganization
enegy consistof two parts: | ; is internalreoiganiza-

tion enegy of chagetransferringmoleculesand, 4 is
reoiganizationenegy of ambientmolecules,

=Lt al ()
. a maybeevaluatedusingBornformula[1]
et 1 1 TH 1“.(6)
e iy 2a; 28.2I ri.2 "1 ! "0 .

Hereay, ap, r1:2, "1 , and"o respectiely arethe radii
of the donorand acceptarthe distancebetweentheir
centresandthe optical frequeng andzerofrequeng
dielectric constantf the solvent; e is the amountof
chagetransferred.

Ourtaskis to calculate, ;. Directcalculation[11] of
, i usingtheformula(4) is possibleonly for very simple
moleculespsuallycontainingonly afew atoms.Much
morepreferredmethodof its calculationis basednthe
differenceof molecularenegiesbetweerinitial (1) and
nal (2) statesusingthe so-calledNelsenmethod[12]
(seealso[13] andFig. 2).

As alreadymentionedin introductory chapter the
processesonsideredseeFig. 1) may be describedy
suchaschema:

A+~ 1 A"
A+ D! Ai +D*; )
D*+D! D+D*:

wherethe electronacceptor(A in schema)is a TNF
molecule,while the donor(D in schema)s Cz. The
rst stagedescribesphotoecitation of TNF, the sec-
ond is initial chage separationthermalization),and
thelastis migrationof the hole throughCz molecules
in the nearby presenceof negatively chaged TNF
molecule.Theresultof suchmigrationmaybe a sepa-
ratedelectron—holepair (usuallyin high electric eld)
or achagerecombinatiordescribedy thereaction

D*+Al | D+A: (8)

Nelsenmethod12] is well suitedfor theso-calledself-
excangeCT reactions,suchas the third stageof (7),
whenchagemigratesbetweertwo identicalmolecules

(or chromophores)For so-calledcross-reactionyhen
chage hopsfrom one moleculeto a moleculeof an-
otherkind (the secondstageof (7) reaction),

A+D! Al +D*; 9)

theinternalreoganizationenegy shouldbe calculated
accordingto Marcuscrossrelation[1, 14] asthe mean
of two reoiganizationenegiesfor self-exchangereac-
tions:

_ .AT.D .

S (10)
where, o correspond$o reaction
Al + Al A+ AT (11)
and, p to
D*+D! D+D": (12)

Initial statein (11) is the negative electronaccep-
tor Al having anionicgeometryand neutralacceptor
having geometryof neutralmoleculeA?. Bothgeome-
tries are equilibrium ones. The nal stateof this re-
actionis the neutralacceptohaving anionicgeometry
A? andnegative acceptod, with geometryof neutral
molecule. Both thesegeometriesare non-equilibrium
ones,describingnonadiabatiqvertical) chage transi-
tion. Accordingto Nelsen,the expressionfor internal
reoiganizationenegy may be written asenengy differ-
enceof correspondingtructures:

A= E(AD+ E(AL)i E(AL)i E(AD): (13)

Analogously (12) (or the third stageof (7) reaction)
hastheinitial statewith positive donorhaving cationic
geometryD { andneutraldonorwith neutralstructure
DY. The nal stateof it may be characterizedsthe
neutraldonor having cationic geometryD 2 and posi-
tive donor having neutralgeometryD . So the for-
mula of internalreoiganizationenegy may be written
asfollows:

.0 = E(DQ)+ E(Dy)i E(D{)i E(DR): (14)

Recombinatiorstagepresentedyy Eqg. (8) is a cross-
reactionandshouldbe describedoy (10)—(14)formu-
las. If Nelsenapproachwerevalid for cross-reaction,
thereomanizationenegy shouldbe expressedn afol-
lowing way:

N =ED)+EMAY| E(DY)i E(AL): (15)

Neverthelessthe expression(15) is not valid andwe
canseethatit is missingfour terms.

As we have declaredpur taskconsistsn optimiza-
tion of moleculargeometriegor anionic,cationic,and
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Tablel. Enegy valueg(in atomicunits)for CzandTNF
with variousgeometricstructuresandchages(seetext
for details).CalculationmethodsareAM1 andPM3.

Enegy
Compound Structure AM1 PM3
Cz D? j 68.57277 | 63.27630
D} j 68.29488 | 63.00063
D} j 68.29214 | 62.98748
D? j 68.56996 | 63.27177
TNF Al i 168.50468 j 152.49056
Al i 168.64402 | 152.62933
Al i 168.63692 | 152.61920
A2 i 168.49747 | 152.48050

neutral structuresand the calculationof enepies for

negative, positve, and neutral speciesobtained. To

simplify the task, insteadof calculatingthe geometry
for excited statewe will useneutralTNF moleculege-
ometryassuminghat excitation doesnot signi cantly

changehegeometry Calculationsvereperformedus-
ing GAMESS programpackagg15] with semiempif

ical AM1 and PM3 unrestrictedHartree—Bck Hamil-

tonianto studythe CT reactions. Besidesthe reoiga-

nizationenegiesfor abore-mentionedompoundsthe
otherimportantquantitiesfor CT werecalculatedsuch
as ionization potential l ; for the donor and electron
afnity Ag of theacceptor Visualizationof molecular
structuresvasperformedwith MOLEKEL [16].

3. Resultsand discussion

SemiempiricalAM1 methodwas usedfor calcula-
tion ontheassumptionhatit givesreliableresults.Au-
thorsof [13] publicationperformedcalculationsusing
AM1, ab initio, and densityfunctional (DFT) meth-
ods. Their resultsindicatedthat AM1 andDFT calcu-
lationswere closeto experimentalvaluesandto each
other while abinitio valuesweretwice higherthanex-
perimentalones. So our choiceof calculationmethod
was basedon simplicity andreliability. For compari-
sonwe alsodid semiempiricalPM3 calculations. As
mentionedabove, our objectsof interestare TNF and
Cz moleculesas electronacceptorand donor respec-
tively. TheirequilibriumAML1 structuresarepresented
in Figs. 3 and4 both for neutralandionized forms.
PM3 structuresvere calculatedtoo, but not presented
here.

AM1 andPM3calculatecenepgy valuesfor all struc-
turesare presentedn Table 1. Calculationof inner
reoganizationenegies , i, free enegiesof CT reac-

Cz

Fig. 3. Carbazoleneutral (Cz) and cationic (CZ") equilibrium
structuresoptimized using AM1 method. Bond lengthsare pre-
sentedn A,

Fig. 4. 2,4,7-trinitro uorenoneneutral(TNF) andanionic(TNF' )
equilibriumstructure®ptimizedusingAM1 method.Bondlengths
arepresentedn A.

tion ¢ G9, vertical |y andadiabaticl § ionization po-
tentials,verticaIA‘é andadiabaticAg af nities of elec-
tron are presentedn Table 2. Calculationof IQ‘J’, Ig,
Ay, and Ag was basedon de nition presentedn [3].
¢ GP valuecorrespond$o purequantumchemicalcal-
culationwithout external or Coulomb elds. For CT
cross-reactiogoingin the reversedirection(thanpre-
sentedn Table2) thesignfor ¢ G° shouldbe changed



G. \ektarisand A. \ektariere / LithuanianJ. Phys.47, 15-20(2007) 19

Table2. Calculatedvaluesof reoiganizationenegies,
free enepgies,ionizationpotentials,andelectronaf ni-
ties. Units arepresentedn hartreeqa.u.) andelectron-
volts (in parenthesesNonzerot G° valueis presented
forD* + AT 1| D + A processrecombination)n
Cz-TNFpair. For areverseprocesginitial chage sep-
aration)thesignof it shouldbe changedo opposite.

Compound Value AM1 PM3
Cz ¢ G° 0 0
0:00555  0:01768
> D (0:15) (0:451)
Iy 0:28063  0:28882
12 0:27789  0:27567
TNF ¢ G° 0 0
0:01431 0:020
. A (0:389) (0:549)
AY 0:13224  0:12864
A2 0:13934  0:13877
i 0:13855  0:1369
Cz-TNF ¢ G° I(i 3:77) ('i 3:725)
_ 0:00993  0:018935
> (0:27) (0:515)

to opposite. Thuspositive free enegy valueindicates
thatinitial chage separatior{thermalization)s impos-
sible without photoecitation of TNF molecule. For
photoecited state photonenegy shouldbe subtracted
from the positive ¢ G° value. Also, external electric
eld andCoulomb eld correctionsshouldbe applied
for free enegy valuesin a caseof presenceof such
elds. We canseethatvaluesof free enegies,ioniza-
tion potentials andelectronaf nities arecloseto each
otherfor bothAM1 andPM3 calculations Meanwhile,
reoiganizationenegy valuesare higherin the caseof
PM3 calculation. We canseefrom [10] thatthese, ;
numericalvalueslay down into region where photo-
generationproceed<ef ciently, especiallyin the case
of AM1 calculations.This supportghe validity of our
calculationsdecaus@hotogeneratioim Czcompounds
containingTNF really goesvery effectively. It would
beinterestingo compareour calculatedralueswith ex-
perimentaldataor with othercalculations put we did
not nd suchmaterial. Therearea lot of experimen-
tal dataon hole mobility measurements compounds
containingcarbazoleand dependencesf suchmobil-
ity ontemperatur@ndexternalelectric eld. Possibly
thereoiganizationenegy couldbeextractedfrom such
data,but a morethoroughexaminationof this question
is left for thefuturework. In [10] it wasmentionedhat
.i = 0.15eV for carbazoleleadsto typical mobility
value obsened in organic semiconductorsOur AM1
calculatedralueof | ; is exactlythesame(seeTable2),

soit is very reasonablelt may be notedthat authors
of paper[13] while dealingwith aromaticheterogclic

compoundsasedon oneandtwo benzenegings have

obtainedsimilar valuesfor inner reoiganizationener

gies.

Anotherinterestingquestionleft for future work is
the interactionmatrix elementcalculationfor electron
or holetransportusingquantumchemicalmethods.

Summarizing,it may be said that quantumchemi-
cal calculationshave beencarriedoutin orderto obtain
numericalvaluesof innerreoganizationenegy for CT
reactiongaking partin carbazolecompoundsontain-
ing trinitro uorenoneandthey give reasonablealues.
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KRUVININK O PERNASOSREORGANIZA CIJOS ENERGIJOS KARBAZOLO JUNGINYJE,
TURIN CIAME TRINITR OFLUORENONO
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Santrauka

Kvantineschemijosmetodaisapskatiuotaskruvininku pernasa
apraSantiparametras- vidines reoiganizacijosenepija — karba-
zolo med iagose turinciosetrinitro uorenono. Buvo optimizuoti
karbazoloir trinitro uorenono neutralu, katijoniniu (karbazolo)
ir anijoniniu (trinitro uorenono) molekuliu geometriniaipavida-
lai. Gauti molekuliu geometriniaipavidalai buvo naudojamiap-
skakiuoti ju enegijai neutralioseir jonineseformose. Nelsen'o

metodubuvo surasteskylutes pernaé karbazoleapraSanios vidi-
nesreoiganizacijosenegijos verte. ElektronoSuoliui nuo karba-
zolo anttrinitro uorenonoir atgal apraSytibuvo naudojamadlar-
cus'o sarySis. Pastarajaikruvininko pernaSoseakcijai taip pat
apskatiuotair reakcijoslaiswoji enegija. Aptartasgauu rezul-
tatu tinkamumaskruvininku atskyrimo reakcijomskarbazolojun-
giniuose naudojamuoselektrogra niuosesluoksniuose.



