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Semiempiricalquantumchemicalcalculationswere performedto estimatethe reorganizationenergies for charge trans-
fer processin carbazolecontainingcompounddopedwith trinitro�uorenone. Geometriesof carbazoleandtrinitro�uorenone
moleculeswereoptimizedin neutral,cationic(carbazole),andanionic(trinitro�uorenone)forms. Obtainedgeometrieswere
usedto calculateenergiesof compoundsin neutralandionizedforms. Nelsen's methodwasusedto calculateinternalreor-
ganizationenergy of self-exchangehole transferreactionin carbazole.Cross-reactionof electrontransferfrom carbazoleto
trinitro�uorenonewascalculatedusingMarcuscrossrelation.Freeenergy of this reactionwascalculatedtoo. Obtainedvalues
arediscussedasconcernsthesuitability for effectivechargeseparationreactionsin carbazolecompounds.
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1. Intr oduction

The signi�cance of charge transfer(CT) processes
for scienti�c and technologicalprogressis evident
nowadays.They takeplacealmosteverywhere.Chem-
ical reactionsareaccompaniedby chargetransfer. Bio-
chemicalprocessesin living cellssuchasphotosynthe-
sis, breathing,DNA replication,etc. involve charge
transferreactions.Technologicallyvaluableprocesses,
suchas photocopying, are basedon it too. Thus the
investigation of charge transferprocessby meansof
experimentalant theoreticaltechniquesis of themajor
scienti�c interesttoday. Thatcon�rms a hugeamount
of paperson this subject. Nevertheless,our knowl-
edgeof charge transferis not thorough. Up to now,
it is dif�cult to apply direct quantumchemicalcalcu-
lation methodswith the aim to estimatecharge trans-
fer process,dueto low accuracy of thosemethods.So
at presentit is commonlyacceptedthatchargetransfer
reactionis bestdescribedby Marcustheory[1] which
hasonly a few parameterssuchasreorganizationen-
ergy, freeenergy of CT reaction,andinteractionmatrix
element.In spiteof its simplicity theseparametersare
dif�cult to estimatetheoretically. Oneof the methods
to evaluatethemis quantumchemicalcalculation.

Accordingto Marcustheorythechargetransfermay
occur inside one moleculeor betweentwo separated

molecules.The �rst caseis calledan inner-sphereor
intramolecularcharge transferwhile the secondis an
outer-sphereor intermoleculartransfer. It is commonly
acceptedthat intramolecularCT is mostly in�uenced
by propertiesof moleculein which chargetransferoc-
curs,while surroundingmoleculesmainlyin�uencethe
intermolecularCT. Nevertheless,bothcasesaredepen-
denton propertiesof thechargetransferringmolecules
andthesurroundingones.

Theaimof ourpaperis to calculateinnerreorganiza-
tion energy of theCT processtakingplacein carbazole
(Cz) compoundsdoped with 2,4,7-trinitro�uorenone
(TNF) molecules.Suchpairsof compoundsareoften
usedin photocopying devicesand is a popularobject
for investigationof charge transferup to now [2]. Ex-
perimentallyCz is investigatedin its molecularform
andin polymericform suchaspoly-(N-vynilcarbazole)
or poly-N-epoxypropylcarbazole. In the latter caseit
is consideredthat charge transferoccursbetweenCz
chromophores[3] leaving polymeric backboneinac-
tive. So we explore only Cz moleculeto simplify the
task. It is well known that charge transferoccursaf-
ter photoexcitation of TNF [3] (seealso[4]) which is
a photosensitizerlowering the absorptionfrom ultra-
violet to visible light region. After photoexcitation of
TNF athermalizationstagefollowscausinganelectron
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Fig. 1. Schematicrepresentationof CT processesoccurringin Cz
compounddopedwith TNF after photoexcitation. S1 is photoex-

citedstateof TNF.

transferfrom Cz to photoexcitedTNF molecule.Thus
geminatechargepair is createdconsistingof anegative
TNF molecule(electronacceptor)with excesselectron
anda positive Cz (electrondonor)with de�ciency of
electronor with a so-calledholecreatedon it [3]. Ex-
perimentallyit is known thatsuchholeexhibits mobil-
ity by hoppingfrom oneCzmolecule(chromophore)to
another(seeFig. 1). If anelectric�eld is appliedto the
sample,a consequenceof suchhoppingis the charge
separationor recombinationin thesystem.If theCz+ –
TNF¡ pair is in highelectric�eld, only asmallamount
of chargepairsrecombine.Consequently, suchmateri-
alsareusefulfor photocopying devices.

The most unclearstageis thermalization. There
are many theoriesdescribingit [4–7]. The separa-
tion (recombination)stageis usuallydescribedby On-
sagertheory[8]. It is commonlyusedto calculatethe
thermalizationradii whenquantumyield of separated
chargesis given. But the Onsagertheory is basedon
continuoussubstanceapproximationandlacksthedis-
cretemolecularstructureof material. Thermalization
radii calculatedin this way arevery large.Anotherap-
proachto charge separationis basedon charge hop-
ping model [9] suitablefor discretemolecularstruc-
tureandin limiting caseequivalentto Onsagertheory.
This approach[9] complementedwith thermalization
theory[7] describescharge separationin a uni�ed in-
tegral way [10] whereall stagesaredescribedon the
samefooting using parametersof Marcus theory for
charge transfer. Theseparametersarebasedon prop-
ertiesof constituentmolecules.It alsogivesreasonable
thermalizationradii, so we rely on this theoryfurther
in our work. In paper[10] innerreorganizationenergy
wasusedasa parameterof theory. Thereforeour aim
is to obtainthevaluesof innerreorganizationenergies

Fig. 2. Schematicrepresentationof potentialenergy surfacesap-
proximatedby parabolas. R and P denotereactantand product

statesaccordingly.

of Cz–TNFsystemfor all CT stages:thermalization,
separation,andrecombinationof chargesby quantum
chemicalcalculations.

2. Calculation methods

According to Marcustheory [1], the charge trans-
fer reactionhappensnonadiabaticallywhen two har-
monicfreeenergy pro�les – of reactants(R) andprod-
ucts(P)– crosseachother(seeFig. 2). Thustheinitial
harmonicpotentialenergy of reactantsmaybewritten
as

Ui =
1
2

X

n
Cn (qn ¡ qi

n )2 ; (1)

whereqn andqi
n areactualandequilibriumcoordinates

of reactant,Cn areforceconstants.For productsof CT
reactionthe�nal energy maybewrittenas

Uf = ¢ G0 +
1
2

X

n
Cn (qn ¡ qf

n )2 ; (2)

wherethe�nal equilibriumcoordinatesqf
n aredifferent

from theinitial qi
n . ¢ G0 is freeenergy of CT reaction.

Chargetransferoccursalongtheline (theso-calledre-
actioncoordinate)connectingthesetwo minimawhen
two potentialsurfacescrossat thetransitionstate.This
happensin the point with coordinatesq#

n andenergy
¢ G# which is calledactivationenergy of CT reaction,

¢ G# =
(¢ G0 + ¸ )2

4¸
; (3)
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whereparameteŗ is reorganizationenergy of thesys-
temandis de�ned asfollows (alsoseeFig. 2):

¸ =
1
2

X

n
Cn (qf

n ¡ qi
n )2 : (4)

Usually, assaidin introduction,thetotalreorganization
energy consistsof two parts: ¸ i is internalreorganiza-
tion energy of charge transferringmoleculesand¸ a is
reorganizationenergy of ambientmolecules,

¸ = ¸ i + ¸ a : (5)

¸ a maybeevaluatedusingBorn formula[1]

¸ a =
e2

4¼"0

µ
1

2a1
+

1
2a2

¡
1

r1;2

¶ µ
1

"1
¡

1
"0

¶
: (6)

Herea1, a2, r1;2, "1 , and"0 respectively aretheradii
of the donorandacceptor, the distancebetweentheir
centres,andthe optical frequency andzerofrequency
dielectricconstantsof the solvent; e is the amountof
chargetransferred.

Our taskis to calculatȩ i . Directcalculation[11] of
¸ i usingtheformula(4) is possibleonly for verysimple
molecules,usuallycontainingonly a few atoms.Much
morepreferredmethodof its calculationis basedonthe
differenceof molecularenergiesbetweeninitial (1) and
�nal (2) statesusingtheso-calledNelsenmethod[12]
(seealso[13] andFig. 2).

As alreadymentionedin introductorychapter, the
processesconsidered(seeFig. 1) maybedescribedby
suchaschema:

A + ~! ! A¤ ;

A¤ + D ! A ¡ + D + ; (7)

D + + D ! D + D + ;

wherethe electronacceptor(A in schema)is a TNF
molecule,while the donor(D in schema)is Cz. The
�rst stagedescribesphotoexcitation of TNF, the sec-
ond is initial charge separation(thermalization),and
the last is migrationof thehole throughCz molecules
in the nearby presenceof negatively charged TNF
molecule.Theresultof suchmigrationmaybea sepa-
ratedelectron–holepair (usuallyin high electric�eld)
or achargerecombinationdescribedby thereaction

D + + A ¡ ! D + A : (8)

Nelsenmethod[12] is well suitedfor theso-calledself-
excangeCT reactions,suchas the third stageof (7),
whenchargemigratesbetweentwo identicalmolecules

(or chromophores).For so-calledcross-reaction,when
charge hopsfrom one moleculeto a moleculeof an-
otherkind (thesecondstageof (7) reaction),

A + D ! A ¡ + D + ; (9)

theinternalreorganizationenergy shouldbecalculated
accordingto Marcuscrossrelation[1,14] asthemean
of two reorganizationenergiesfor self-exchangereac-
tions:

¸ i =
¸ A + ¸ D

2
; (10)

where¸ A correspondsto reaction

A ¡ + A ! A + A ¡ ; (11)

and¸ D to

D + + D ! D + D + : (12)

Initial statein (11) is the negative electronaccep-
tor A ¡

a having anionicgeometryandneutralacceptor
having geometryof neutralmoleculeA0

n. Bothgeome-
tries are equilibrium ones. The �nal stateof this re-
actionis theneutralacceptorhaving anionicgeometry
A0

a andnegativeacceptorA ¡
n with geometryof neutral

molecule. Both thesegeometriesarenon-equilibrium
ones,describingnonadiabatic(vertical) charge transi-
tion. Accordingto Nelsen,the expressionfor internal
reorganizationenergy maybewritten asenergy differ-
encesof correspondingstructures:

¸ A = E(A0
a) + E(A ¡

n ) ¡ E (A ¡
a ) ¡ E (A0

n) : (13)

Analogously, (12) (or the third stageof (7) reaction)
hastheinitial statewith positive donorhaving cationic
geometryD +

c andneutraldonorwith neutralstructure
D 0

n. The �nal stateof it may be characterizedas the
neutraldonorhaving cationicgeometryD 0

c andposi-
tive donor having neutralgeometryD +

n . So the for-
mulaof internalreorganizationenergy maybewritten
asfollows:

¸ D = E(D 0
c) + E(D +

n ) ¡ E (D +
c ) ¡ E (D 0

n) : (14)

Recombinationstagepresentedby Eq. (8) is a cross-
reactionandshouldbe describedby (10)–(14)formu-
las. If Nelsenapproachwerevalid for cross-reaction,
thereorganizationenergy shouldbeexpressedin a fol-
lowing way:

¸ N = E(D 0
c) + E(A0

a) ¡ E (D +
c ) ¡ E (A ¡

a ) : (15)

Nevertheless,the expression(15) is not valid andwe
canseethatit is missingfour terms.

As we have declared,our taskconsistsin optimiza-
tion of moleculargeometriesfor anionic,cationic,and



18 G. VektarisandA. Vektarien�e / LithuanianJ. Phys.47, 15–20(2007)

Table1. Energy values(in atomicunits)for CzandTNF
with variousgeometricstructuresandcharges(seetext
for details).CalculationmethodsareAM1 andPM3.

Energy
Compound Structure AM1 PM3

Cz D 0
n ¡ 68.57277 ¡ 63.27630

D +
c ¡ 68.29488 ¡ 63.00063

D +
n ¡ 68.29214 ¡ 62.98748

D 0
c ¡ 68.56996 ¡ 63.27177

TNF A0
n ¡ 168.50468 ¡ 152.49056

A ¡
a ¡ 168.64402 ¡ 152.62933

A ¡
n ¡ 168.63692 ¡ 152.61920

A0
a ¡ 168.49747 ¡ 152.48050

neutral structuresand the calculationof energies for
negative, positive, and neutral speciesobtained. To
simplify the task, insteadof calculatingthe geometry
for excitedstatewe will useneutralTNF moleculege-
ometryassumingthatexcitationdoesnot signi�cantly
changethegeometry. Calculationswereperformedus-
ing GAMESSprogrampackage[15] with semiempir-
ical AM1 andPM3 unrestrictedHartree–Fock Hamil-
tonianto studythe CT reactions.Besidesthe reorga-
nizationenergiesfor above-mentionedcompounds,the
otherimportantquantitiesfor CT werecalculated,such
as ionization potential I g for the donor and electron
af�nity Ag of theacceptor. Visualizationof molecular
structureswasperformedwith MOLEKEL [16].

3. Resultsand discussion

SemiempiricalAM1 methodwasusedfor calcula-
tion ontheassumptionthatit givesreliableresults.Au-
thorsof [13] publicationperformedcalculationsusing
AM1, ab initio, and density functional (DFT) meth-
ods. Their resultsindicatedthatAM1 andDFT calcu-
lationswerecloseto experimentalvaluesandto each
other, while ab initio valuesweretwicehigherthanex-
perimentalones.So our choiceof calculationmethod
wasbasedon simplicity andreliability. For compari-
sonwe alsodid semiempiricalPM3 calculations.As
mentionedabove, our objectsof interestareTNF and
Cz moleculesas electronacceptorand donor respec-
tively. Their equilibriumAM1 structuresarepresented
in Figs. 3 and4 both for neutraland ionizedforms.
PM3 structureswerecalculatedtoo, but not presented
here.

AM1 andPM3calculatedenergy valuesfor all struc-
turesare presentedin Table 1. Calculationof inner
reorganizationenergies ¸ i , free energies of CT reac-

Fig. 3. Carbazoleneutral (Cz) and cationic (Cz+ ) equilibrium
structuresoptimizedusing AM1 method. Bond lengthsare pre-

sentedin Å.

Fig. 4. 2,4,7-trinitro�uorenoneneutral(TNF) andanionic(TNF¡ )
equilibriumstructuresoptimizedusingAM1 method.Bondlengths

arepresentedin Å.

tion ¢ G0, vertical I v
g andadiabaticI a

g ionizationpo-
tentials,verticalAv

g andadiabaticAa
g af�nities of elec-

tron are presentedin Table 2. Calculationof I v
g , I a

g ,
Av

g, andAa
g wasbasedon de�nition presentedin [3].

¢ G0 valuecorrespondsto purequantumchemicalcal-
culationwithout externalor Coulomb�elds. For CT
cross-reactiongoingin thereversedirection(thanpre-
sentedin Table2) thesignfor ¢ G0 shouldbechanged
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Table2. Calculatedvaluesof reorganizationenergies,
freeenergies,ionizationpotentials,andelectronaf�ni-
ties.Unitsarepresentedin hartrees(a.u.) andelectron-
volts (in parentheses).Nonzero¢ G0 valueis presented
for D + + A ¡ ! D + A process(recombination)in
Cz–TNFpair. For a reverseprocess(initial chargesep-

aration)thesignof it shouldbechangedto opposite.

Compound Value AM1 PM3

Cz ¢ G0 0 0

¸ D
0:00555
(0:15)

0:01768
(0:451)

I v
g 0:28063 0:28882

I a
g 0:27789 0:27567

TNF ¢ G0 0 0

¸ A
0:01431
(0:389)

0:020
(0:549)

A v
g 0:13224 0:12864

Aa
g 0:13934 0:13877

Cz–TNF ¢ G0 ¡ 0:13855
(¡ 3:77)

¡ 0:1369
(¡ 3:725)

¸ i
0:00993
(0:27)

0:018935
(0:515)

to opposite.Thuspositive free energy valueindicates
thatinitial chargeseparation(thermalization)is impos-
sible without photoexcitation of TNF molecule. For
photoexcitedstate,photonenergy shouldbesubtracted
from the positive ¢ G0 value. Also, external electric
�eld andCoulomb�eld correctionsshouldbe applied
for free energy valuesin a caseof presenceof such
�elds. We canseethatvaluesof freeenergies,ioniza-
tion potentials,andelectronaf�nities arecloseto each
otherfor bothAM1 andPM3calculations.Meanwhile,
reorganizationenergy valuesarehigherin the caseof
PM3 calculation. We canseefrom [10] that these¸ i
numericalvalueslay down into region wherephoto-
generationproceedsef�ciently , especiallyin the case
of AM1 calculations.This supportsthevalidity of our
calculationsbecausephotogenerationin Czcompounds
containingTNF really goesvery effectively. It would
beinterestingto compareourcalculatedvalueswith ex-
perimentaldataor with othercalculations,but we did
not �nd suchmaterial. Therearea lot of experimen-
tal dataon holemobility measurementsin compounds
containingcarbazoleanddependencesof suchmobil-
ity on temperatureandexternalelectric�eld. Possibly
thereorganizationenergy couldbeextractedfrom such
data,but a morethoroughexaminationof this question
is left for thefuturework. In [10] it wasmentionedthat
¸ i = 0.15 eV for carbazoleleadsto typical mobility
valueobserved in organic semiconductors.Our AM1
calculatedvalueof ¸ i is exactly thesame(seeTable2),

so it is very reasonable.It may be notedthat authors
of paper[13] while dealingwith aromaticheterocyclic
compoundsbasedon oneandtwo benzenerings have
obtainedsimilar valuesfor inner reorganizationener-
gies.

Another interestingquestionleft for future work is
the interactionmatrix elementcalculationfor electron
or holetransportusingquantumchemicalmethods.

Summarizing,it may be said that quantumchemi-
calcalculationshavebeencarriedout in orderto obtain
numericalvaluesof innerreorganizationenergy for CT
reactionstakingpart in carbazolecompoundscontain-
ing trinitro�uorenoneandthey give reasonablevalues.

References

[1] R.A. Marcus,Electrontransferreactionsin chemistry.
Theoryandexperiment,Rev. Mod. Phys. 65, 599-610
(1993)(andcitationtherein).

[2] G. Ramos, T. Belenquer, and D. Levy, A highly
photoconductive poly(vinylcarbazole)/ 2,4,7-trinitro-
9-�uorenone sol–gel material that follows a classi-
cal charge-generationmodel, J. Phys. Chem.B 110,
24780–24785(2006).

[3] M. PopeandCh.E.Swenberg, Electronic Processesin
OrganicCrystals(OxfordUniversityPress,New York,
1982).

[4] E.A. Silinsh,M. Kurik, andV. Capek,Electronic Pro-
cessesin Organic Molecular Crystals(Zinatne,Riga
1988)[in Russian].

[5] H. Sanoand A. Mazumder, Model of thermalization
of quasifreeelectronsin high-mobility liquids andits
relationshipwith electronmobility, J.Chem.Phys.66,
689–698(1977).

[6] E.A. SilinshandA.J. Jurgis,Photogeneratedgeminate
charge-pairseparationmechanismsin pentacenecrys-
tals,Chem.Phys.94, 77–90(1985).

[7] Š. Kud�mauskas, Photogeneration of geminate
electron-holepairs in quasi-one-dimensionalaggre-
gates.Theoryof thetunnelingin thermalizationstage,
LithuanianPhys.J.31, 511–521(1991).

[8] L. Onsager, Initial recombinationof ions, Phys. Rev.
54, 554–557(1938).

[9] Š.Kud�mauskas,Chargecarrierhoppingtransportand
generationin quasi-onedimensionaldisorderedmolec-
ular structures,LietuvosFizikosRinkinys [Sov. Phys.
Collection]26, 676–680(1986).

[10] Š. Kud�mauskasand G. Vektaris, Theory of charge
photogenerationin quasione-dimensionalstructures,
LithuanianPhys.J.35, 183–189(1995).

[11] S. Jakobsen,K.V. Mikkelsen,andS.U.Pedersen,Cal-
culationsof intramolecularreorganizationenergiesfor
electron-transferreactionsinvolving organic systems,
J.Phys.Chem.100, 7411–7417(1996).



20 G. VektarisandA. Vektarien�e / LithuanianJ. Phys.47, 15–20(2007)

[12] S.F. Nelsen, S.C. Blackstock, and Y. Kim, Estima-
tion of inner shell Marcus termsfor amino nitrogen
compoundsby molecularorbital calculations,J. Am.
Chem.Soc.109, 677–682(1987).

[13] Sh.Ma,Xia. Zhang,H. Xu, Xin. Zhang,andQ.Zhang,
AM1 and ab initio studieson the internal reorgani-
zationenergy of self-exchangeelectrontransferreac-
tion of severalquinonederivatives,Chin.Sci.Bull. 46,
1242–1250(2001).

[14] R.A. Marcus,Schrödingerequationfor stronglyinter-
acting electron-transfersystems,J. Phys. Chem.96,

1753–1757(1992).
[15] M.W. Schmidt,K.K. Baldridge,J.A. Boatz, S.T. El-

bert, M.S. Gordon, J.H. Jensen,S. Koseki, N. Mat-
sunaga,K.A. Nguyen,S.Su,T.L. Windus,M. Dupuis,
and J.A. Montgomery, Generalatomic and molecu-
lar electronicstructuresystem,J. Comput.Chem.14,
1347–1363(1993)

[16] P. Flukiger, H.P. Luthi, S. Portmenn,and J. Weber,
MOLEKEL4.0,SwissCenterfor Scienti�c Computing
(Manno,Switzerland,2000).

KRŪVININK O PERNAŠOSREORGANIZA CIJOS ENERGIJOS KARBAZOLO JUNGINYJE,
TURIN �CIAME TRINITR OFLUORENONO
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Santrauka

Kvantin�eschemijosmetodaisapskai�ciuotaskrūvinink �u pernaš�a
aprašantisparametras– vidin�es reorganizacijosenergija – karba-
zolo med�iagose,turin�ciosetrinitro�uorenono. Buvo optimizuoti
karbazoloir trinitro�uorenono neutrali�u, katijonini �u (karbazolo)
ir anijonini �u (trinitro�uorenono) molekuli �u geometriniaipavida-
lai. Gauti molekuli �u geometriniaipavidalai buvo naudojamiap-
skai�ciuoti j �u energijai neutralioseir jonin�eseformose. Nelsen'o

metodubuvo surastaskylut�espernaš�a karbazoleaprašan�cios vidi-
n�esreorganizacijosenergijos vert�e. Elektronošuoliui nuo karba-
zolo anttrinitro�uorenono ir atgal aprašytibuvo naudojamasMar-
cus'o s�aryšis. Pastarajaikrūvininko pernašosreakcijai taip pat
apskai�ciuota ir reakcijoslaisvoji energija. Aptartasgaut�u rezul-
tat �u tinkamumaskrūvinink �u atskyrimo reakcijomskarbazolojun-
giniuose,naudojamuoseelektrogra�niuosesluoksniuose.


