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We numerically investigate the lattice relaxation of photogenerated exciton in crystalljse @s to clarify
the mechanism of the photoinduced dimerization processes in this material. In our theory, we deal with the
electrons together with the interatomic effective potentials. Calculations are mainly based on the mean-field
theory for interelectron interactions but are also reinforced by taking the electron-hole correlation into account,
so that we can obtain the exciton effect. Using a cluster model, we calculate the adiabatic potential energy
surfaces of the excitons relevant to the photoinduced dimerization processes occurring in a face-centered-cubic
crystal of G The potential surfaces of the Frenkel excitons turned out to be quite uneven with several energy
minimum points during the structural changes from the Franck-Condon state to the dimerized state. This leads
to the conclusion that various structural defects exist at low temperatures even in the single crystal, as an
intrinsic property of this molecular crystal with a complicated intermolecular interaction. From the analysis of
the potential surfaces of the charge-tran$€&F) excitons, it is confirmed that the CT exciton relaxes down to
its self-trapped state, wherein the adjacent two molecules get close together. This implies that the CT between
adjacent two molecules is one of mechanisms that triggers the photodimerization or the photopolymerization.
The oscillator strength distributions are also calculated for various intermediate structures along the lattice
relaxation path. As the dimerization reaction proceeds, the oscillator strength grows in the energy region below
the fundamental absorption edge, and the lowest-energy peak, originally at about 1.9 eV, finally shifts down to
about 1.7 eV in the final dimerized structure. These results clarify the electronic origins of the luminescence
observed in the g single crystal. Moreover, the origins of the photoinduced absorption spectra observed by
Bazhenov, Gorbunov, and Volkodav are elucidated by characteristics of the adiabatic potential energy surfaces
obtained here.

[. INTRODUCTION nomenon is induced by the high pressure and high tempera-
ture as well’ In this polymer phase, it was proposed that the
Since the discovery of & by Kroto et al,* the problems adjacent molecules are covalently linked by a four-
related to the structures and/or the functionality of fullerenemembered ring joining the two molecular cages. Thus, the
compounds have been studied very extensively from botintermolecular bond changes from the van der Waals type to
theoretical and experimental points of viéut is now well  covalent as a consequence of the optical excitation. A pho-
established that theggmolecule consists of the 60 equiva- tochemical 2+ 2] cycloaddition reaction was also proposed
lently bonded carbon atoms that construct the soccer-balis a mechanism of the photoinduced dimerization in crystal-
cage structure. In this cage, each carbon is linked with threbne Cy, However, the detailed mechanisms of the photoin-
carbons through four bonds; threebonds and oner bond,  duced formation of intermolecular covalent bonds have still
which is located at the fusion between hexagonal rings. It habeen left unsolved.
been confirmed that the intercarbon distances of single and In order to see a role of the optical excitation in the dimer-
double bonds are 1.45 and 1.40 A, respectiVdly.crystal- ization process, let us briefly mention the nature of excitons
line Cqo, the molecules are bound together by weak van deand their lattice relaxations in molecular crystals suchgs C
Waals forces and are positioned in a close-packed array of la general, the photoexcitation in an insulator creates an elec-
face-centered-cubi¢fcc) lattice, with a lattice constant of tron and a hole, and they attract each other through the Cou-
14.2 A. As is well known, the g crystal undergoes a struc- lombic interaction so as to make an exciton. After the exci-
tural phase transition from the fcc to the simple cubic at theon is thus generated, it interacts with the lattice vibrations
temperaturél ;=260 K.* Above T,, the molecules rotate al- (or phonons through the electron-phonon coupling, and this
most randomly around their lattice positions. The moleculainteraction brings about various lattice relaxation
rotation becomes restricted beldWw and it is finally frozen  processe&® When we consider the interaction between ex-
at 90 K. In this frozen configuration, the three fold axes ofcitons and phonons in molecular crystals, it is useful to clas-
molecules orient the differerffL11) directions in a unit cell, sify the excitons into three types; free, Frenkel, and charge-
wherein the pentagonal ring in one molecule faces the doublgansfer(CT) excitons, according to the distribution patterns
bonds of the neighboring molecul®s. of the electron-hole pair. In the free or bulk exciton, the
The polymerization has been reported to occur abbye electron-hole pair can travel almost freely through the whole
by optical excitations with visible or uv ligitand this phe-  crystal. Hence, the coupling between free excitons and mo-
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lecular vibrations is expected to be rather weak. The Frenket,, molecule and’ is its nearest-neighbor moleculieor j
exciton is basically an intramolecular excited state, and itgepresents the carbon in each,@olecule.a;; . (a;i ,) is
motion is mainly restricted in one molecule, while only the creationannihilatior) operator of ar electron with spin
rarely does it hop to other molecules through a weak inter;; (= o, g) at theith carbon site in théth molecule. The first
molecular interaction. Therefore, the Frenkel exciton willtgrm in Eq.(2.2) gives the site-diagonal part of the electron-
strongly interact with intramolecular rather than intermolecu-phonon interaction, ane; is its interaction parameter. It is
lar vibrations (lattice phonons On the other hand, in the inversely proportional to the distancg(:}/) between the

case of the CT exciton, an electron and a hole are divide . .
into two adjacent molecules, and they interact through th it cr_;lrbon and the_ Othé".”h carbons, as. described by the
ollowing formula with a fitting parametex:

Coulombic force so as to make the intermolecular excitoni
state. This means that the interaction between the CT exciton P

and the lattice phonons is strong compared with the case of £= - (2.5
Frenkel exciton, and this interaction brings about the large (" DL#D] T
intermolecular lattice relaxations of the CT excitons. Hereaf- ,

ter, we will be concerned with photoinduced dimerization, The terms withT}; or Tj; in Egs.(2.2 and(2.3) denote the
and in this case the two adjacent molecules need to be clogesonance transfer integral of electrons between carbon
to each other at the initial stage of this process. Thereforegtoms, and it leads to the off-diagonal electron-phonon inter-

the CT followed by the lattice relaxation will be the key action. The dependency d’ﬂ}/ on r”/ is assumed to be an

mechanism of photodimerization. o exponential function with the fitting paramete®s, andy,
In the present paper, we investigate the adiabatic naturegs

of the lattice relaxation of the photogenerated exciton in

crystalllne Go SO as to clarify thg mechanlsms of the T” =TmeXF{7\intrarm—7\><r” 1. (2.6)
photoinduced-dimerization process in this crystal. Moreover,
we calculate the oscillator-strength distributions for variousHere, the subscripX denotes intra wher=1" and inter

intermediate structures along the dimerization process, in ofwhen | #1’. T,, is the resonance transfer integral for the
der to clarify the recent spectroscopic studies on the struamean bond distance in the molecliler ,=(r¢+rq)/2]. U
tural changes induced by light. Finally, we discuss the char 4 VH(VH,) denote the intrasite and intersite Coulombic

acteris_tics_ of the photoinduced structural phase tr"’ms‘itio'f'epuIsive energies, respectively. We use the Ohono potential
occurring in such molecular crystals. o
for this Vj; as

Il. THEORETICAL METHODS 1

(2.7)

I I’
A. Model Hamiltonian Vij =

2 2’
In order to clarify the mechanism of the photodimeriza- \/( )"+ (Oxrsy )

tion processes in Cryst_allineﬁg; we investi_gate a many-  wheredy is the screening constant defined byriNx). Vx
electron system described by the following model Hamll-iS a parameter to be determined IateF. andw!}/ in the last

tonian (EH)’ wherein the elastlg energies bere_en Carbon?erms of Eqs(2.2) and(2.3) are the elastic energies between
are taken into account by effective potentidisis given as carbon sites and are defined as

(h=1)
H=Hiat Hi 2. X 0| ® 5 0)°], K
— Mintra inter» : i =k G -2 o + — (2.8

T

Hima= > eid) i ,+ > (—Thal ,a; ,+H.c) where we use the Lennard-Jones potential with fitting param-
Lo ho=] etersky andr, for the short-range interaction. This potential
implicitly includes the effects oé- bonding between carbons.
+U2 MiioMi gt 2 V!}n,i,gn”ﬂmL E w” , In order to correct the Lennard-Jones potential for the long-
E Lo i>] = range region, we add arf/-type potential with a fitting
(2.2 parametek.
Thus, our Hamiltonian contains 11 unknown parameters:
2 (_T:}'a;fi A o+ H.C) U, K T Nintras Aingeri Vintrai Vinters Kintras Kinter, o, andk,
' ' which are summarized in Table I. The parameter values are
determined in the following section so as to reproduce well-
. . K known experiments.
+I>I’,§,0’,i,j Vi n"'”n'/J"’/+,>,E,’i’j @i Let us now explain our basic method to calculate the
ground and excited states from EG.1). In the case of the
(2.3 ground state, we use the mean-field theory for interelectron
interactions. Within this mean-field Hamiltoniar=H ),
nj . and aﬁyaam,g are replaced by their averages so that

Hiner=
I>1",0,i)]

nli,O'Eal-l},a'ali,tr' (24)

Hinwa denotes the Hamiltonian for the isolated molecules, . .
andH;. is the intermolecular interactiohindicates thdth Ni o= (Ni o)y Q4017 o= (A oA} o) (2.9
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TABLE I. Summary of the unknown parameters contained in the model Hamiltonian.

Interaction Formulas Fitting Determined values
energies X=intra(l=1"), inter( #1") parameters in bulk crystal
K
Eli G K —0.65 ATm
() B (DIRE
T:; OI‘TH, TmEXF[)\imrafm*)\fo,] Tm 298 eV
Nintra 1.00/A
Ninter 1.89/A
vijorvy LN+ 1} 1 V) 17 U 1.90Tp,
Vintra 1-00Tm
Vinter 0.31Tm
wl or wf Kl (rolrl} ) 2=2(ro/r}} )1+ K/r )} Kinira 0.75Tp
Kinter 0.025T,
o 1.429 A
K 0.48AT,

These(n;; ,) and(a ,a; ,) are unknown parameters to be energy terms asro=1.429A, Kiya=0.75Tm, Kinter

determined later self-consistently. By diagonalizing this=0.025T,,, andk=0.48 AT,,, so that these values give the

Hue, we can obtain energies of the ground and excitedstable structure for the ground state whignr, anda, take

states. In order to take the electron-hole correlation into acthe aforementioned values.

count in the excited state, we define the differenseAH) In order to certify the reasonableness of the parameters

between the true Hamiltonian and the mean-field one as thus determined, we show the oscillator-strength distribu-
tions for the one-electron excitatige=1(E)] calculated by

AH=H-—-Hy¢ (2.10  using the following equation:

one-electron excited states obtained frbig=. This is first-
order perturbation theory for the electron-hole correlation.
Then, we can determine the new energies of excited states,
including the exciton effects. By working this process out for
various lattice configurations, we can obtain adiabatic poten-
tial energy surfaces of the excitons.

and take the expectation values/dfl within the basis of the I(E,—Eg)=(n| Plo)P(E,— Eq), (2.10)

t (a) Experiment

Intensity (arb. units)

B. Parameter values in bulk crystal

0 2 4 6
Let us determine the unknown 11 parameters included in Energy (cV)
the model Hamiltonian so as to reproduce the well-known
experimental results. In theggmolecule, it has been con-
firmed by various experiments that the energy of the lowest
singlet exciton is about 1.9 eVRef. 10 and the energy
difference between lowest singlet and triplet excitons is less
than 0.2 eV(Refs. 11 and 12 Moreover, the absorption
spectra have been observed for the molecule and the crystal,
and they have three main peaks at the energies about 3.7, 4.8,
and 5.9 e\A*18|n addition to these peaks, in the case of the
crystal, the shoulder structure appears around 2.7 eV, which
has been identified as the charge-transfer-type excitation be-
tween molecule$® For reference, the observed absorption
spectrum for a g, film is given in Fig. 1a), which is quoted
by reading off the figure in Ref. 18. To reproduce the above ‘ ‘ )
experimental results under the bulk structure of 0 2 4 6
=1.40A,r=1.45A, anday=14.2 A, the parameters for Energy (eV)

electrons T, U, Nintra, Vintrar Minters Vinter» @Nd« are deter- FIG. 1. (a) The observed absorption spectrum of g fiim from
mined to be 2.98 eV, 1.9Q,, 1.00 A™*, 1.00T,,, 1.89 A%, Ref 18, and (b) the calculated oscillator-strength distribution
0.31T,,,, and —0.65 AT, respectively. To determine these (OsD) for single molecule andc) crystalline G, In (a), the ab-
parameters, we have used a cluster of four molecules with gorption peak indicated by the thick arrow is observed only in the
periodic boundary condition instead of the real infinite crys-solid phase. Inb) and (c), the dotted line is the guideline of the
tal. We also determine the parameters contained in the elastépectral shape, which is obtained by the Gaussian fitting.

(b) Calculated O.S.D.
for molecule

Intensity (arb. units)

() Calculated 0.S.D.;"
for crystal

Intensity (arb. units)
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where dimerize. In addition to molecules 1 and 2, the four centered
molecules are denoted by the black-lacquered circles and
numbered from 3 to 6. In our calculations, only these six
molecules are assumed to have excited statesealéctrons,
and these states are solved by applying the aforementioned
Here, |g) and|n) indicate the wave functions of the ground model Hamiltonian. The gray and open circles represent neu-
state and theith one-electron excited state, respec'uvﬁg. tral Cy, Whoser electrons are assumed to remain always in
andE, are their energies with the exciton effeBt.denotes the ground state throughout our calculations. As for the
the polarization operatoa!}/ the unit vector from thdi site  center-of-mass motion of molecules, the black and gray
to thel’j site, p the unit vector of the polarization of light, circles are assumed to move during the dimerization, while
and MH the matrix element of the dipole moment. In our the open circles keep their fcc lattice points. The intermo-
lecular configurations at the ground state are chosen so that a

calculations!!" is assumed to be proportional ™. Cal- .
£ 10 be prop (# .~ _. _pentagonal ring of one molecule faces a double bond of the
culated oscillator-strength distributions are shown in Figs:.

1(b) and 1c), where the former is for the single molecule neig_hboring molecules, as schematically shown by the inset
and the latter is for the bulk crystal, which, as mentioned" Fig. 2. . ' . .
before, is approximated by the cluster of four molecules with L€t US consider a configuration space with respect to the

the periodic boundary condition. In these figures, the dottedfttice distortion that expresses the structural changes accom-

line is the guideline for the spectral shape, which is obtained@nied with thet 2+ 2] cycloaddition reaction in the crystal.
by the Gaussian fitting. As seen in these figures, three peak§0 open the dimerization channel, a pair of molecules will
which are the optically allowed, appear both in the moleculenove sufficiently closer to each other, from the very begin-
and the crystal in almost same energy regions. In the case 8ing of the lattice relaxation. Therefore, at first, we define the
the crystal, the distribution peaks become broader comparedisplacements of the center of mass of each molecule labeled
with that of molecule, due to the intermolecular interaction.by 1 to 6, as depicted by the thick arrow in Figa where
These features agree well with the observed absorption spedR; indicates the displacement of the dimerizing molecules

P=i X (e pulj al,a,. (2.12

nij,o

tra mentioned abovE '8 (1 and 2 and AR/ is that of the other molecule@ to 6).
These displacements are just toward the center of the cluster
11l. ADIABATIC POTENTIAL ENERGY SURFACES from each lattice point. Moreover, we take into account the
FOR PHOTODIMERIZATION displacements of the 14 molecules around these six centered
molecules. They are indicated by the gray circles numbered
A. Cluster model and lattice-distortion patterns by 7 to 20 as shown in Fig. 2. The displacements of the two

In order to calculate the potential energy surfaces relevarimolecules 7 and 8 are indicated BR{* and those of the
to the photoinduced dimerization in crystalling;Owe use a  twelve molecules from 9 to 20 b§R{*?. The directions of
cluster that consists of 54ggmolecules arranged on the fcc these displacements are defined in the same way as that of
lattice points. This cluster is schematically shown in Fig. 2,AR, andAR/, that is, they are just toward the center of the
wherein each circle represents thg @olecule, and the cen- cluster from each lattice point.
tered two molecules labeled by 1 and 2 are assumed to As the dimerization proceeds further, the intermolecular
configurations will also be changed, and the double bonds in
molecules 1 and 2 will become nearly parallel to each other.
This type of motion is defined as shown in FighBwhere
the thick line denotes molecule 1 and the thin line is mol-
ecule 2. As depicted by the open arrow in the inset of this
figure, the two double bonds indicated by the dotted lines are
assumed to be close to each other through the rotation of
molecule 1 on its penetration axis, which is parallel to the
dimerizing double bond of this molecule. This rotation angle
from the Franck-Condon state is denoted Ay, shown
schematically in this figure.

As these two double bonds in the adjacent molecules
come close to each other, the molecular cage itself will be-
come distorted, so as to establish the cycloaddition reaction.
In order to investigate such intramolecular structural relax-
ations, we take into account the displacements of the carbon

a0 ; lattice constant atoms within molecules 1 and 2. That is, we assume that the
@ : fully calculated Ceo two double bonds relevant to th2+ 2] cycloaddition move
O ; neutral Coo equally in the direction perpendicular to the molecular sur-

face, as shown by the gray lines and arrows in Fig).3his

FIG. 2. Schematical structure of a cluster that consists of g4 C type of displacement is designated Ay, .
molecules. Each circle represents thg @olecule arranged on the As this [2+2] cycloaddition proceeds, the dimer cage
fcc lattice points. The two centered molecules labeled by 1 and #tself will also be elongated along the dimer axis as shown in
are assumed to dimerize. Fig. 3(d), so as to release the strain energy due to this addi-
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(a) intermolecular distance tion. In our calculations, we will also include such an in-
tradimer lattice relaxation by introducing the displacement
(=A,;) of thelith carbon along the dimer axis. Then, we

ﬂ . center of the cluster . .
4 assume the following form for thid; :

I\n
- ;ARt' dia

2‘

whereAr 4, Ar,, andn are positive variational parameters.
In this equationy| is the position coordinate dfth carbon
atom projected on the dimer axis, and it is measured from
each end of the dimer., denotes the diameter of the;{C
............. : molecule. Of course, we assumg =0 for the four carbon

f atoms that are directly concerned with the cycloaddition.
Thus,A); leads the elliptically elongated distortion along the
dimer axis as seen in Fig(@. In this figure, the gray lines
give the schematical view of the atomic configuration after
this lattice distortion.

Finally, it should be noted that these four types of distor-
tions [(@)—(d)] shown in Fig. 3, will occur almost simulta-
neously. The chronological order between them is rather
qualitative.

Thus, we have defined the multidimensional configuration
space spanned byR,, AR/, AR® AR A¢, Ar,

rotation
axis

(c) displacement of 4 carbons

A Arq, Ar,, andn. These distortion parameters are summa-
1 . 2 rized in Table II.
\Al't/’ B. Structure of dimer and structural changes

through dimerization

(d) distortion in dimer

In order to determine the final structure of the dimer in
crystalline Gg, we calculate the adiabatic potential energies
of the lowest singlet exciton for various structures in the
multidimensional configuration space defined above. After
these calculations, we finally can get the most stable dimer-
ized structure in the configuration space /&R,=0.65 A,
AR/=-0.20A, AR®=0.47A, AR'=-0.14A, A¢
=0.3757, Ar,=0.195A, Ar,=0.055A, Ar,=0, andn
=4. We schematically show the final structure of dimer in
Fig. 4 by the gray lines, extracting only the two dimerized
Ceo's from the final distorted crystal. The solid lines are a

FIG. 3. The lattice-distortion patterns relevant to the photoin-guideline to separate the intradimer lattice relaxation from
duced dimerization in crystallinesg (a) The displacements of the the spherical atomic configuration of
center of mass of each molecule, which is denoted by the black Next, let us determine the relaxation path that starts from
circle labeled by 1-6 in Fig. AR, indicates the displacement of the Franck-Condon state in fcc and terminates at the dimer-
the dimerizing molecules 1 and 2, atR; is that of other mol-  jzed structure obtained above. To this end, we connect these
ecules labeled 3—6. These displacements are just toward the cenigyo states by an extremal path on the potential energy sur-
of the cluster from each lattice poirb) The rotation of molecule 1 f5ce of the lowest singlet exciton in the multidimensional
on its penetration axis that is parallel to the dimerizing double bo”dconfiguration space, so as to minimize the energy barrier

of this molecule. The thick and thin lines denote molecules 1 and 2patveen them. This path can be uniquely determined, and the
respectively, and the two double bonds indicated by the dotted Iin(;i : '

tructural changes along this path are depicted in Fig. 5.
are assumed to be close to each other through the rotation of m g 9 P P g

i —ach point on this path is specified by a combination of
le 1.A h le f he F k-
ecule ¢ denotes the rotation angle from the Franc Condonvalues forAR,, AR/, AR%Z), ARElZ), A, Ary, andAr, .

state.(c) The displacements of the carbon atoms within molecules 1 ) .

and 2.Ar, denotes the displacement of the two double bonds reI-Arz and n' are determined to, be 0 a}nd _4' respectlvgly,
evant to the[2+2] cycloaddition, which are assumed to equally through this path. However, this combination changes in a
move in the direction perpendicular to the molecular surfédp.  Very complicated way. Hence, we introduce a simple number
The intradimer lattice distortion=tA,;) along the dimer axis after (=Ry), which changes from 0 in the Franck-Condon state to
the [2+2] cycloaddition reactionAr,, Ar,, andn are positive 55 in the most stable dimerized state along the path. The
variational parameters, denotes the position coordinate bth ~ meaning of thisRy is roughly equal to the distance from the
carbon atom projected on the dimer axig, is the diameter of the Franck-Condon state, but it is not the exact one. It is intro-
Cgo molecule. duced only to make the later explanations simple and easy,
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TABLE Il. Summary of the lattice-distortion parameters that define the multidimensional configuration

space.
Values in most stable
Symbol Meaning dimerized structure
AR, Displacement of dimerizing moleculé$ and 2 0.65 A
AR/ Displacement of four moleculg8—6) -0.20 A
AR{® Displacement of two moleculgd and 8 0.47 A
AR(? Displacement of twelve moleculé8—20 -0.14 A
Ad Rotation angle of molecule 1 0.37#5
Ar, Displacements of carbon atoms in two double 0.195A
bonds relevant t¢2+ 2] cycloaddition
Ay Elliptically elongated intradimer lattice distortion Ar;=0.055A
along dimer axisA ;= (Ar,+Ar,)(rl/rg)"—Ar, Ar,=0

n=4

by reducing the path as if it were a one-dimensional one. Byn detail in the next section. For this regién we assigrky
this Ry together with Fig. 5, we can clearly specify the struc-from 0 (in the Franck-Condon statéo 15, as shown in Fig.
tural changes in each point of the relaxation path. Whers,
Rn=10, for example, it can read from Fig. 5 that the corre- In regionB, we can see that molecule 1 mainly rotates. In
sponding structural changes in the multidimensional configuerder to investigate the feature of rotational relaxations of the
ration space areAR~0.5A, AR/~-0.19A, AR{®  excited molecules, let us see the adiabatic potential surface
~0.11A, AR§12)N_0,04A, A¢~0.057, Ar,=0, and of the exciton as a function af¢ andAR; in Fig. 7, where
Ar,=0. AR/ changes together with R, through the relaxation path.
Dividing Fig. 5 into four regions fromA to D, let us In this figure, the double bonds of the adjacent molecules 1
briefly see how the structure changes during the dimerizaand 2 face each other in parallel wharp=0.375r. The
tion. In regionA, the structural changes mainly come from point nearAR,=0.8 A (AR/ =—0.2A) andA ¢=0.375r is
AR, and AR{ . As the relaxation of this region proceeds, regarded as a “reaction point,” because the double bonds in
molecules 1 and 2 come close to each other and the mothe two molecules are close enough to each other to create
ecules labeled 3 to 6 depart from these two centered mokhe four-membered ring by the cycloaddition reaction.
ecules(1 and 3, in order to avoid the repulsive interactions  Judging from Fig. 7, we can see that no matter what path
among them. The adiabatic potential energy surface of thenay be selected, the energy of the lowest singlet exciton
lowest singlet exciton in this region is shown in Fig. 6 as aincreases as the structural changes proceed from the Franck-
function of AR; andAR/ . As defined above, the point with Condon state to the reaction point. Moreover, there are many
AR,=AR! =0 represents the Franck-Condon state. The demMinimum points on the potential surface, which mainly come
termined structural change is roughly expressed by the thickom the difference of the molecular orientations. The
arrow in Fig. 6. This structural change is expected to bedround state also has many minima at almost the same con-
self-induced by the CT exciton because the potential energffgurations of the metastablg states of exciton. For this rea-
surfaces of the CT excitons have a maximum gradient in th€0n, these metastable configurations are regarded as struc-

vicinity of the Franck-Condon state, which will be discussedtural defects with a relatively long lifetime. This will be an
intrinsic property of such molecular crystals with a compli-

Structure of dimer in crystal

08f = A==—B=<C><pD> |
Ve § 0.6 Ath/ A~ am— ] @,
\‘\’ S N/ LS et A RYA
/\’\/ > 04T ; : : i
.‘(/ H * E N ]
NN g 02y ]
20 ‘ i1 a»,
NS An/A  LARYA
ARYA = 0.65 0.2 PARP/AS . ——————
ARt/A=-0.20 0 10 20 30 40 50 60
AT2/A=0 RN
n=4

FIG. 5. The structural changes from the fcc to the dimerized
FIG. 4. Schematical view of the most stable structure of thestructure in the multidimensional configuration space spanned by
dimer in the crystal. The gray lines denote the dimerized tyg¢sC AR, AR}, AR®?, AR | A¢, Ar, Ary, Ar,, andn. Ry is a
extracted from the final distorted crystal. The solid lines are asimple number to specify each point along the path, which changes
guideline to show clearly the intradimer lattice relaxation from thefrom 0 for the Franck-Condon state to 55 for the dimerized struc-
spherical atomic configuration ofsg ture.
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10

0
5 Energy €V) Energy V)

0.4 , 0.4
D2 ARLA
02 0 0.2

aRt (A)

aftdy 01 <
-02 0702

FIG. 6. The adiabatic potential energy surface of the lowest FIG. 8. The adiabatic potential energy surface of the lowest
singlet exciton as a function dfR, andAR; . singlet exciton as a function dfr, andAR; . AR{ changes together
with AR, through the relaxation path determined in Fig. 6, &bl

cated intermolecular interaction. If the exciton is created a{s fixed to be 0.375.

or below T, the molecular rotation is almost frozen, and
therefore the relaxation of the lowest singlet exciton will beexciton on theAR;-Ar; plane in Fig. 8, whileAR; changes
stopped by the energy barriers on the way and terminates uprough the path as depicted in Fig. 6 afe is fixed as
to these defects. This makes the probability to reach th®.375r. From this figure, it can be seen that the energy mini-
aforementioned reaction point very low. In contrast, themum point appears in the vicinity cAR;=0.65A (AR/
probability will be strongly enhanced when the exciton is=—0.2A) andAr,=0.195A. Therefore, the relaxation path
created by a high-energy photon under the condition of thérom the reaction point oAR,=0.8 A to the minimum on
free rotation abové@ . . Thus, the relaxation of the exciton in this potential is indicated in Fig. 8 by a thick arrow. As the
this stage is strongly affected by the excitation energy and/oreaction proceeds through this pafR; decreases and at the
the temperature. From these features, we can find the path eame timeAr; increases, that is, the two molecules slightly
the structural change from the Franck-Condon state to theseparate from each other with almost no change in the struc-
reaction point as schematically shown in Fig. 7. In this pathture of the four-membered ring. We assigg=35-45, for
we have assumed that the molecule begins to rotate after thiis regionC.
two molecules approach to a certain distance, and then the Finally, the lattice relaxation described in FigdBoccurs
double bonds become parallel through the typical energyn regionD. The potential energy surface of the exciton is
minima. For this regiorB, we assignRy from 15 to 35, as depicted in Fig. 9 as a function dfr, andn with the fixed
shown in Fig. 5. values of AR;=0.65A, AR/=0.2A, A$=0.375r, and
RegionsC andD are concerned mainly with the structural Ar,=0.195A. Ar, has been chosen to be zero, because we
changes after the dimerization is almost completed. Espesannot find any energy minimum with respect to this param-
cially, the structural changes in regi@mainly come from  eter. As shown in this figure, we get the most stable dimer-
AR; andAr;. We show the adiabatic energy surface of thejzed structure atAr;=0.055A andn=4. The relaxation

15

10

0
Energy V) Energy (eV)

FIG. 7. The adiabatic potential energy surfaces of the lowest FIG. 9. The adiabatic potential energy surface of the lowest
singlet exciton as a function df¢ andAR, . AR/ changes together singlet exciton as a function dfr,; andn with the fixed values of
with AR, through the relaxation path determined in Fig. 6. AR=0.65A, AR/=0.2A, A$p=0.3757, andAr,=0.195A.
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FIG. 10. The adiabatic potential energy curves of the ground Energy (eV) Energy (eV)

state and the lowest singlet and triplet excitons relevant to the G he density of ¢ he C .
dimerization process. The point dRy=0 corresponds to the FIG. 11. The density of states f¢a) the CT excitons €pcr)

Franck-Condon state anBy=55 is the most stable dimerized and(b) the non-CT excitons= ppon.cy) for various structures dur-
structure in the crystal ing the dimerization process.

—

path in this stage is indicated by the thick arrow in this AptD=
figure. For this regioD, we assignRy=45-55. "

60
241 El;z {(n| aIioa1i0| n)— <n|a;icra2io| n}

(1-2)
C. Adiabatic potential energy curves of Frenkel and CT 0<Apy =L 33

excitons Ap{*~? is the absolute value of the total amount of the

Let us see the adiabatic potential energy curves of theharge transfer between molecules 1 and 2 with respect to
ground state and the lowest singlet and triplet excitons relthenth one-electron singlet excited state with the endfgy
evant to the dimerization process. These potentials are déVe also calculate the density of states for the non-CT exci-
picted in Fig. 10 by the solid lines as a functionRyf. The  tONS (= pnoncd), defined as
point atRy=0 corresponds to the Franck-Condon state, and
Ry=55 is the most stable dimerized structure in the crystal, proncilE) =2 (1—Apt~2) S(E,~E). (3.4)
as defined before. n

The overall feature of the adiabatic potential energy.l.ms’pnon_CTiS regarded as the density of states for the Fren-

curves calculated here is quite characteristic in the foIIowinq(el excitons. We sho and in Figs. 11a) and
sense. The potential curves of the lowest singlet and triple 1b), res octivel n?ﬁ be sggor?-?rTom Fig ('a)lthat the
excitons change and become approximately parallel to tha eak,s of,E) shif%/.toward the low-energy gide R in

cT - N IN-
of the ground state through the structural changes from th reases from 0 to about 15. This is caused by the attractive

fcc to the dimer. The energies of the fcc and the dimerized teraction between the adjacent two molecules induced by
structures are almost equal, and the energy barrier betwe e CT exciton. As shown in Fig. 1), on the other hand,

them is about 2.5 eV. Moreover, these curves are quite un- has no such clear shifts because the couplin

even with several energy minimum points in the vicinity of Pnon-CT . Agr, D pling

Ru=7. 14. 34 and so on. These eneray minima are mainl etween the Frenkel exciton and the intermolecular vibration
N X 9y s weaker than that of the CT exciton.

due to the difference of the molecular orientations as men- The peak eneraies which is regarded as the adia-
tioned in Fig. 7. Therefore, these metastable structures are P gies glcr, 9

expected to exist as the structural defects at low temperatur$ é'(éogggrm]agseigeé?'eslom_l_tﬁg ;(Taiﬁcéf:]/’ieﬂﬁnd;‘;ggd by
even in the single crystal. Incidentally, it should be noted 9. 1. P

that dimerization occurs only in the crystal phase. In otheralso s_hown In Fig. 12. From F|g. 12, we can see that the
words, the dimer, of course, is not isolated, and lattice dispOtent'al surfaces of the CT exciton have a tendency to at-
tortion of the crystal is induced around the dimer. Therefore,
the calculated energies of dimer, which are slightly higher
than those of the fcc crystal, are reasonable even though the
van der Waals bond in the fcc crystal is replaced by the two
covalent bonds in the resulting dimer.

In order to clarify the relaxation of the CT excitons, let us
see the density of states for the singlet CT excitons
(=pc7), Which is calculated as

5 T

T T
CT excitons e

Energy (eV)

pcr(E)=2 Apy! P o(Eq—E), (3.2 Ry

FIG. 12. The expanded view of the adiabatic potential energy
where curves in regiom of Fig. 10.
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FIG. 14. The difference spectra of the oscillator strength distri-
ution, which are calculated by subtracting the distribution in fcc
rom that in the metastable configurations appeared on the potential.

FIG. 13. The oscillator-strength distributions for various struc-
tures along the lattice relaxation path in the energy region below th
fundamental absorption edge.

i i _ that corresponds to the forbidden highest occupied molecular
tract two adjacent molecules immediately after the photoexgpital—lowest unoccupied molecular  orbitalHOMO-
citation, and the CT exciton will relax down to its self- | ypmO) transition of the single molecule. As the structural
trapped state, as appears Bj~7. Because the w0 changes of the molecular cage proceed in regidrend D
molecules near each other as a result of self-trapping, it i8R\ = 35-55), the distribution peaks around 2.5 eV shift to-
concluded that the CT between two adjacent molecules i§,ard both low- and high-energy sides, and the original

one of the trigger mechanisms for photoinduced dimerizaTowest-energy peak at about 1.9 eV finally shifts down to
tion. On the other hand, the adiabatic potential curve of thg,yout 1.7 eV in the final dimerized structure.

non-CT exciton, that is, the Frenkel exciton, is almost paral- The excitation spectrum of the fluorescence has been ob-
lel to that of the ground state. These results imply that theepyed for the & single crystal, and two types of the emis-
lattice phonons couple strongly with the CT excitons rathergq, spectra have been found near 1.7 and 1.§'€¥In

than the Frenkel excitons. In this connection, Nakamurgorescence at low temperatures, photons are emitted mainly
et al. have observed a time-resolved absorption spectrum ifom the lowest electronic excited state that can optically
crystalline Go by means of a femtosecond pump and probe:gyple to the ground state. Hence, the origins of these emis-
spectroscopy. They have found that the exciton exhibits &jons are closely connected with the backward transition of
two-component decay with a fa€l pg and a slomM>1ng  the |owest-energy electronic excitation. Comparing these
decay times and have concluded that the fast decay compgmjssion energies with the lowest-energy peaks of the calcu-
nent corresponds to the self-trapping of CT excﬂ%f’nﬁhus, lated oscillator-strength distribution depicted in Fig. 13, we
the feature of the potential surfaces of the CT exciton neagan, conclude that the origin of the 1.9-eV emission is the fcc

the Franck-Condon state gives qualitatively a good accournyy siryctural defects, and that of the 1.7-eV emission is the
for the experiments by the time-resolved spectroscopies. gimerized structure.

Next, let us consider the origin of the photoinduced ab-
IV. OSCILLATOR-STRENGTH DISTRIBUTIONS sorption spectra in crystallinegee These spectra have been
observed by Bazhenov, Gorbunov, and Volkodav, and it has
Let us look at the oscillator-strength distributions thor- been found that the photoinjection of electron-hole pairs en-
ough the lattice relaxation, so as to clarify the origins of thehances the absorption at about 2.2 and 2.6 eV and broadly
luminescence and the photoinduced absorption observed #round 3 e\
crystalline Go. In Fig. 13, we show the oscillator-strength  In order to clarify the origins of these photoinduced peaks
distributions for various structures along the lattice-on the basis of the structural changes of the excitons pre-
relaxation path in the energy region below the fundamentatiicted on the adiabatic potential energy curves obtained here,
absorption edge. From this figure, we can see how theve calculate the difference spectra of the oscillator-strength
oscillator-strength distribution changes as the dimerizationlistribution by subtracting the distribution in the fcc from
proceeds. In regioA where Ry varies from 0 to 15, the that in the metastable configurations appearing on the poten-
distribution peak grows at about 2.5 eV. Because this peakal. These difference spectra are shown in Fig. 14. From this
has no energy shift, it is concluded that the origin of thisfigure, we can see that as the structural changes through the
peak is the Frenkel exciton, that is, the intramolecular eleceimerization proceed, three peaks appear around the energies
tronic transition that is originally forbidden within the single of 2.0, 2.5, and 2.8 eV, whose origins are the HOMO-LUMO
molecule and then becomes optically allowed due to the intransition, the Frenkel excitons, and the CT excitons, in order
crease of the intermolecular interaction as the two moleculefom low-energy side. These three peaks give fairly good
approach. In this region, the other distribution peaks appeasigreement with the observed photoinduced absorption spec-
above 2.5 eV, and its energy shifts in concert with thetra. Therefore, it is concluded that the photoinduced spec-
changes in the density of states of CT excitons. Hence, thgum is mainly given by the superposition of the absorption
origin of these peaks is the CT exciton between two adjacerfrom the defects. This result means that the exciton created
molecules. Moreover, near 1.9 eV we can see the weak pedly the first photoexcitation relaxes down to its metastable
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state, and the population of the structural defects increases d@imerization process in the crystal. Therefore, the CT be-
the ground state. As a result of this structural change, théween two adjacent molecules is one of the trigger mecha-
absorption from the defects is enhanced in the second phaisms for photodimerization or photopolymerization. On the
toexcitation at the corresponding energy regions. Bazhenowther hand, the adiabatic potential curves of the Frenkel ex-
Gorbunov, and Volkodav have also observed thermal effectsitons are almost parallel to that of the ground state, and they
on the absorption spectra by raising the sample temperatusge quite uneven with several energy minimum points. This
by 4 K, and they have found that the intensity decreases iteads to the conclusion that the various structural defects
the energy region of 2.5 e¥. This spectral change is con- exist even in the single crystal at low temperatures as an
sidered to come from the decrease of the population of thétrinsic property in such molecular crystals, and they are
defects due to the heating. indispensable for characterizing the photoinduced phenom-
Thus, the origin of the photoinduced absorption spectrana occurring in crystalline §g as a prerequisite.
are elucidated based on the photoinduced structural changes Finally, let us briefly speculate how dimerization is com-
on the adiabatic potential energy surfaces obtained hergleted in crystalline g, The energy barrier between the fcc
These results mean that the existence of the structural defeatsystal and the dimer has been computed to be about 2.5 eV.
is indispensable for investigating the relaxation and/or theSo, it is difficult to proceed with dimerization through the
dynamics of excitons in crystallineggeven in the single relaxation of the relatively low-energy single exciton. There-
crystal. fore, multiphotons are needed to achieve dimerization. Judg-
ing from the adiabatic potential energy curves, we can see
V. DISCUSSION AND CONCLUSIONS that the exciton created by the first photon relaxes down
) . ) o mainly to the structural defect, namely, the intermediate state
We have investigated the photoinduced-dimerization proy the dimerization process. This intermediate state will have
cess in crystalline g using a model Hamiltonian, which is 5 |ong lifetime, so that it has a chance to be excited further
mainly based on ther-electron approximation together with py supsequent photons. This stepwise multiphotoexcitation
the effective potential between carbons. The adiabatic poteng) jead to the successive structural changes, and then
tial energy surfaces _of t_he CT and the Fre_n_kel excitqns relimerization will be completed when the energy of such
evant to photodimerization have been clarified by using thgnetastable states exceeds the energy barrier. This is the pic-
cluster model. _ _ ture of the structural phase transition due to the stepwise
_Let us briefly summarize the nature of the lattice relax-mytiphotoexcitation. Incidentally, this successive process
ation of excitons in the crystalline ggon the basis of the il pe directly observed in crystalline ¢ by vibrational

adiabatic potential energy surface obtained here. Just aft%bectroscopy because the phonon structures of ghen@l-
the photogeneration of the exciton in the fcc single crystal obcyle are well confirmed.

Cso the free excitons are expected to induce a local lattice

distortion. As this relaxation proceeds, we see the self-

trapped exciton localized in the region of adjacent molecules,

and then two molecules come close to each other through the
CT-induced attractive interaction. From the analysis of the One of us(M.S) would like to thank Professor A. Naka-

potential energy surfaces of the CT exciton, this self-trappednura and Professor K. Kan'no for providing us with valu-
CT exciton is considered to be the precursor state of thable information.
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