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The crystallochromy of the red and yellow solids of tetracenes was theoretically investigated using
the transition-density-fragment interaction combined with transfer integral method [K. J. Fujimoto,
J. Chem. Phys. 137, 034101 (2012)]. The calculated absorption and fluorescence energies were in
good agreement with the experimental values for both solids. The spectral tuning mechanism was
analyzed in terms of three contributions: side-chain conformational effect, electrostatic solid-state
effect, and multimerization effect. This analysis provided an insight into the mechanism of the large
spectral shift between the two solids. The multimerization effect was found to be primarily impor-
tant for the large red-shift of the red solid. Further analysis also revealed the strong dependence of
the excited state character on the molecular displacement. Such dependence was found to have a
significant influence on the magnitudes of the absorption energy and oscillator strength. These re-
sults indicated that the present approach is useful for analyzing and understanding the mechanism of

crystallochromy. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819133]

I. INTRODUCTION

Crystallochromy' is a phenomenon of spectral shift in-
duced by molecular aggregation,” and it is observed in
solid state such as molecular crystal. This phenomenon
was first found in 1907 by Hantzsch, who named it
“chromoisomerism™.** This term has been superseded by
“crystallochromy” which was first used in a study by
Klebe et al.' describing perylene-bis(dicarboxyimide) pig-
ments. In the synthetic dye industry, crystallochromy has
often been referred to as “polymorphism.”> One example
of crystallochromy is copper phthalocyanine (color index
generic name: Pigment Blue 15).° which forms two types
of crystal structures, an « and a B packed form. Each ex-
hibits a characteristic color, reddish blue in the case of the
«-form and greenish blue for the 8-form.” The individual col-
ors are widely used in inks, coatings, and plastics. Although
the above pigments have the same molecular composition,
they show different colors depending on the molecular pack-
ing arrangement in solid state. Here, it should be noted that
the so-called “conformational polymorphism,”® which is a
spectral shift phenomenon caused by a single-bond rotation
of m-conjugation, is distinguished from crystallochromy in
this article. Despite these early reports, detailed experimen-
tal analysis of crystallochromy has not yet been performed,
due to the difficulty in observing solid-state spectra. In con-
trast, experiments on spectral shift in solution (i.e., solva-
tochromism) have been more extensive, and mechanism is
better understood.” This is likely due to the more easily in-
terpretable results obtained from these experiments.
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To clarify the mechanism of crystallochromy, several the-
oretical models have been developed. McRae and Kasha pro-
posed a simple interaction model based on molecular exci-
ton theory using the point dipole approximation.'” This gave
an intuitive interpretation of the spectral shift attributed to
the geometrical arrangement of molecules, such as that ob-
served in J and H aggregates.”'"'> This model has been
widely used for analyzing the alignment of molecules be-
cause of its simplicity. However, the utility of this model is
limited to monolayer assemblies. To circumvent this prob-
lem, an extended dipole model was proposed by Czikklely
et al."> This model successfully explained the spectral shift
on the brick stone arrangement of cyanine pigments. Subse-
quently, the extended dipole model was generalized by Naga-
mura and Kamata, as applicable to the three-dimensional ar-
rangement of molecules.'* All three models are based on the
Frenkel exciton model,'® so that electronic coupling on the
Coulomb interaction between two molecules plays a sig-
nificant role in the spectral shift. In 1994, Kazmaier and
Hoffmann presented an alternative view of the mechanism
of crystallochromy.'® They focused on intermolecular orbital
interactions and clearly showed the importance of quantum-
mechanical interference effects on crystallochromy. Since in-
termolecular orbital interactions are strongly related to elec-
tronic couplings on electron-transfer (ET), hole-transfer (HT),
and charge-transfer (CT) interactions,'” electronic couplings
not only on the Coulomb interaction but also on the ET, HT,
and CT interactions were indicated to be important for crys-
tallochromy. In this meaning, their work gave a new insight
into crystallochromy.

A similar history can be found in the study of excitation-
energy transfer (EET). In general, the mechanism of EET

© 2013 AIP Publishing LLC
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is explained by Forster'® and Dexter'® theories, in which
electronic couplings are based on the Coulomb and ex-
change interactions between two chromophores. In contrast,
Harcourt et al. presented a significant influence of CT states
on the EET process.’” In their theory, electronic coupling was
described with two kinds of configurations. One is the local
excitations (LE) within a chromophore, and the other is the
CT states between two chromophores. Since the Forster and
Dexter theories were based only on the LE states, the admix-
ture of CT states provided a general framework for electronic
coupling.

Recently, one of the authors (C.K.) and his co-workers
synthesized a series of 1, 4, 7, 10-tetraalkyltetracenes. By
changing the length of the alkyl side-chain, the solid-state
colors of tetracenes could be varied, ranging from yellow to
orange to red.”! Interestingly, both yellow (BUY) and red
(BUR) solids were obtained from the butyl derivative. As a
result of x-ray analysis, individual sclids were confirmed to
form different molecular packing structures. Thus, the differ-
ence in the solid-state colors was considered to result from
crystallochromy. To understand the mechanism, a molecular
exciton model was employed, with the point dipole approxi-
mation. However, this analysis was insufficient to achieve any
qualitative understanding. Two reasons were considered; one
is the problem of accuracy in the point dipole approximation,
alternatively, the lack of consideration of other electronic cou-
plings (i.e., ET, HT, and CT) could also be problematic. How-
ever the exact reason for the insufficiency of the analysis is
unclear.

As found from previous theoretical studies, the key fac-
tor for crystallochromy is the value of electronic coupling.
Therefore, an accurate description of electronic coupling
is required for clarifying the underlying mechanism. One
of the authors (K.J.F.) previously developed the transition-
density-fragment interaction combined with transfer inte-
gral (TDFI-TI) method for EET via CT states.”> The TDFI-
TI method describes electronic couplings in terms of five
contributions (i.e., Coulomb, exchange, ET, HT, and CT
interactions), which succeeded in quantitatively reproduc-
ing the reference values of electronic couplings when
applied to an ethylene dimer.>> Taking into account the sim-
ilarity on electronic couplings between EET and crystal-
lochromy, the TDFI-TI method is expected to be applicable to
crystallochromy.

This study attempts to account for the mechanism of
crystallochromy on the red and yellow solids of tetracenes,
such as BUR and BUY. For this purpose, we first perform ab-
sorption and fluorescence energy calculations using the TDFI-
TI method, and next the calculated values are compared with
experimental ones. Based on our successful description of the
experimental spectra, the underlying molecular mechanism is
explored.

Il. THEORY

As mentioned in the Introduction, the key factor for crys-
tallochromy is to obtain accurate values of electronic cou-
plings. In this section, we briefly explain the calculation
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schemes of electronic couplings and absorption spectra. The
details of the TDFI-TI method are described in Ref. 22.

A. Electronic coupling calculations

The total Hamiltonian for N molecules is given by

N N N
A=Y A3 >0 0
i i =i

where H; is the local Hamiltonian for the molecule i and ?,-j
is the Coulomb interactions between the different molecules i
and j. Using Eq. (1), the Hamiltonian matrix is constructed.
The basic structure of the Hamiltonian matrix is written

a523:24
H H

H o LE LE-CT ‘ (2)
Herotg Her

where Hy g and Her are the block matrices for the LE and CT
states, respectively, and Hy g _ ¢t and Her _ (g are the mixing
blocks between the LE and CT states.

For simplicity, let us consider only four states for the
molecules i and j (i.e., N = 2). The basis functions are given
by

@) = [¥7 - ¥5),
|®2) = |y - ¥§),
B 3)
|®3) = [yt - ¥7),
@) = |y - v ]),

where ¥{ and W¢ represent the ground (g) and excited (e)
states for the molecule x (x =i or j), respectively, and ¥ and
Y are the cationic and anionic states for the molecule x, re-
spectively. Using these basis functions, the 4 x 4 Hamiltonian
matrix is described as

¢, Dy b3 Py
E; Veer Ver Vur
H= | Veer E2 Vur Ver ; (4)
Ver Vur Ez Ver
Viur Ver Ver Es

In Eq. (4), the first and second diagonal elements, E,
and E>, correspond to the Hig block in Eq. (2). These el-
ements are calculated with the density-fragment interaction
(DFI) method;**>-%7

Ey=Ex+ ) (P — Pif)

v pEi

; 1
x {vl, ZP{j[{uvmx)—Emuav)] . (5a)

rOEj

E, = El+ )  (Plt- P)

|_u
V. HEJ

X IUL.. + Z: P:f, [(#140/\) — %(,uli(rv)] } . (5b)

AoEi
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where E7, is the excitation energy of the monomer x, P}
is the I-electron density matrix for the state s (s = g
or e) of the monomer x, vy, is the nuclear potential ma-
trix generated from the counterpart molecule x, and (pv|o i)
is the atomic orbital (AO) two-electron integral defined
by (uvlor) = [dry [drx;(rD)x(r0ry x2(0) x.(r). We
note that Egs. (5a) and (5b) correspond to the excitation ener-
gies that include the electronic polarization effect induced by
the Coulomb and exchange interactions with the counterpart
molecule.?>?

The third and fourth diagonal elements, E3 and Ej, rep-
resent the energies for the charge separated states, and they
correspond to the Her block in Eq. (2). Here, we consider the
charge separated states related only to the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO) for simplicity. According to Koopmans’
theorem,”® the energies are expressed as

E;=—¢gh+¢ - Z Z Ciuch e, (uvlohr),  (6a)

el L oej

Es=¢ —ghi— > Y clic,cluch,(uvior),  (6b)
JW.VEI A TE]
where &j; and & denote the orbital energies for HOMO and
LUMO of the molecule x, respectively, and ¢}y and ¢}
are their linear combination of AO-MO (LCAO-MO) coef-
ficients. The third terms in Eqgs. (6a) and (6b) represent the
HOMO-LUMO interaction between the two molecules.
The four off-diagonal elements in Eq. (4) are written as
follows:**

e |
Veer= ) D Plspls [(uvlrfl)— E(ullw}}

v HED L OE]

IV(:uul + VExchs (7a)

Ver =t ) D D claFapch+ ) D cincl,,

aei fej Hei vei

X Z Z:L‘_{LC{{" [2(pev|or) — (uAilov)] ¢ . (7b)

oei hej

Vir =ty

- Z E c;—la Fﬂ'ﬁ céH i Z Z C:-'L('.Jl;-iu

aci fej HEi VED

X Z ZC:{IHCLT [2(pv|od) — (uilov)] . (Tc)

ol hEj

Ver = Z Z (.';J:Lc{_m Z Z C{Hc{ﬂ [2(pv]od)—(pr]av)],

Hei vej o€l AEj
(7d)
where P;° is the 1-electron transition density matrix for the
monomer x, F,g is the Fock matrix, and j_,, is the configu-
ration interaction (CI) coefficient of the HOMO-LUMO tran-
sition. The first and second terms of Vggr correspond to elec-
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tronic couplings of the Coulomb (V) and exchange (Vi)
interactions between two molecules, which can be calculated
with the TDFI method.?*2%?7 On the other hand, Ver, Vir,
and Vet express electronic couplings of the ET, HT, and CT
interactions, respectively, which can be calculated with the TI
method.'”?° Here, we note that Egs. (7b)—(7d) represent the
intermolecular interactions related only to HOMOs or LU-
MOs of two molecules. In the cases of the other orbital in-
teractions, the appropriate expressions can be obtained by re-
placing the LCAO-MO coefficients in Eqs. (7b)—(7d) by the
corresponding ones.

The Kth excited state for the total system is expressed by
a linear combination of Eq. (3) (in this case, [ = 1 to 4):

[Wk) =) Cix |®y). )
1

To determine the expansion coefficients Cig, we need to di-
agonalize the Hamiltonian matrix H. However, the standard
diagonalization procedure is not applicable to H because
the basis functions |®;)} are not orthogonal. To overcome
this problem, we employed the Lowdin symmetric orthog-
onalization method®” which transforms H to the orthogonal
representation:

S-1/2'Hs-12 — H,, )

where H; is the Hamiltonian matrix in the symmetrically or-
thogonal representation and S~ represents the transforma-
tion matrix. S is the overlap matrix of the basis functions, de-
fined by Sy = (®i|P;). Owing to this treatment, the matrix
H, can be diagonalized:

U'H,U = H,. (10)

Following this procedure, the state energies Ex and the expan-
sion coefficients Cjg are obtained from the diagonal elements
of Hy and from the elements of the transformation matrix X
(X = S~!2U), respectively. Since the ground state energy is
set to be zero in this scheme, Eg directly corresponds to the
excitation energies for the interacting systems. Combining the
matrix X with the non-interacting electric transition dipole
moments d;*, we can obtain the transition dipole moments
for the interacting system as®’

D = Z Xxd). (11)
!

Using this transition dipole, the oscillator strength fx is calcu-
lated

2
3

2

fx = zEx |D¥| (12)

B. Absorption spectrum calculations

Intensity distribution in the absorption spectra is approx-
imated with Gaussian functions
E — Ex)
& ) } (13)

Jx
I(E) =
= ;,/_nkﬂrse’(p[ 2UsTS

where kg, 7. and S denote Boltzmann constant, tempera-
ture, and Stokes shift, respectively. In this study, we also
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consider the vibrational progression. In such a case, the in-
tensity spectrum is expressed with the Franck-Condon factor

and Lorentzian functions:'

Ey= Y exp{—sHR)%f?"

K n=0,1,2...

4
; 14
*(E — Ex — nhoag)® + 72 o

The linewidth is given by

kgT S
=, (15)

fiwesy

where #i is Planck’s constant divided by 27, and o is the ef-
fective vibrational angular frequency. This value is calculated
by

CE) A-m

Z m

HIZ l ) (16)

m

Weff =

where w,, and A, are the vibrational angular frequency and
the reorganization energy for the normal mode m, respec-
tively. qung this frequency, the effective Huang-Rhys (HR)

factor sygr>>"** is obtained:
Z A-J'Jli
SHR = — . (17)
Fitwest

lll. COMPUTATIONAL DETAILS

The atomic coordinates of BUR and BUY were obtained
from the crystallographic structures’’ (Cambridge Crystal-
lographic Data Center code: CCDC-642337 for BUR and
CCDC-642338 for BUY). These structures were optimized
with the multicore quantum mechanics and molecular me-
chanics (mcQM/MM) method,® in which 11232 atoms (144
molecules) were taken into account as total systems. In the
mcQM/MM optimizations, a single molecule was treated as
the QM region, while the rest parts were as the MM one. In
the ground state calculations, the QM atoms were described
with density functional theory (DFT)*® using the B3LYP
functional,”” in which the split valence double-¢ plus polar-
ization basis set (6-31G*) was used. In the excited state calcu-
lations, we employed time-dependent DFT (TD-DFT)*® at the
B3LYP/6-31G* level. For the MM atoms, the general amber
force field (GAFF)*” was employed. The optimized structures
of BUR and BUY are shown in Figs. 1(a) and 1(b), and these
structures were used for the TDFI-TI calculations.

The Cl-singles (CIS),” TD-DFT, and symmetry-adapted
cluster-CI (SAC-CI)*' methods with a frozen core approxi-
mation to ls core orbitals were employed for obtaining the
excitation energies and the transition densities. In the TD-
DFT calculations, the revised Coulomb-attenuating method
(rCAM) B3LYP functional*” was used. The electrostatic
solid-state effect was described with the MM atoms, and the
molecular orbitals polarized by the MM atoms were used for
the absorption and fluorescence energy calculations. The sol-
vent effect of n-hexane was included with the polarized con-
tinuum model (PCM),** in which the dielectric constant and

J. Chem. Phys. 139, 084511 (2013)

(a)

(c) 4 (d)

(e) N ()
w' 1
HI o m}
Trimer .\:"’/’1‘\
e A
&'M/w-.

Hexamer

FIG. 1. Molecular structures of BUR and BUY. (a) BUR monomer, (b) BUY
monomer, (¢) dimer conformations in BUR crystal, (d) dimer conformations
in BUY crystal, (e) BUR hexamer, (f) BUY hexamer. In (c) and (d), the cen-
tral molecules and the selected molecules are colored green and blue, respec-
tively. Each dimer conformation is numbered as 1 to 6 in (c) and as | to 7 in
(d). The numbers in (e) and (f) correspond to the dimer conformations 1 and
6 for BUR and BUY, respectively.

the dielectric constant at infinite frequency were set to the de-
fault values (¢ = 1.88190 and £, = 1.89035).

In the TDFI-TI calculations, the DFI algorithm® was
used to satisfy the self-consistency condition between
interacting molecules. Owing to this treatment, the inter-
fragment polarization effect was included in the electron
densities in Eqgs. (5a) and (5b), the transition densities in
Eq. (7a), and the LCAO-MO coefficients in Egs. (7b)—(7d).
To describe the multimerization effects, we considered not
only the HOMOs and LUMOs but also the HOMO — Is
and LUMO + 1s as the cationic and anionic states of the
basis functions (e.g., y!rH_' y‘;L} WFH_' : u’r}‘“}, |yf;,.H . l,b}"},
775 s W 1/ wx‘ v, -y, and
[y + -y}t for di mer], and hence the pair of the cationic and
anionic states was selected from adjacent molecules (e.g.,

A/ N L T U L A 3
W.—“-W' 7 B Rl 7O N |/ /i /9
ly; - w}“ v 1t wf' v 19 w“’ Ve,
eyt eleuh, eyt
e vk v vy, et H-1) and

AR z,f;}r“ - y") for trimer). In the case of N-mer, the (9N
— 8) x (9N — 8) Hamiltonian matrix was, therefore,
computed.
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To obtain the spectral linewidth, the vibrational analysis
at the B3LYP/6-31G™* level was performed to the optimized
geometry. Here, the scaling factor of 0.9613 was applied.*
From this analysis, the normal mode coordinates and frequen-
cies were obtained, which were used for calculating the ef-
fective angular frequency and HR factor. Temperature for the
intensity distribution was set to be 7= 300 K, and the value
of Stokes shift was calculated from the difference between
absorption and fluorescence energies.

The mcQM/MM computations were carried out with
TINKER4.2* interfaced with the GAUSSIANO3 program
package.*® The vibrational analysis was performed with
GAUSSIANO3. The TDFI-TI program with CIS, TD-DFT, and
SAC-CI were implemented in GAUSSIANO3.

IV. RESULTS AND DISCUSSION

A. Effect of the alkyl side-chain conformation on the
absorption energy

As shown in Figs. 1(a) and 1(b), the optimized struc-
tures of BUR and BUY are different in the conformation
of the alkyl side-chain. The side chains in BUR have in-
plane conformations, while those in BUY are out-of-plane
ones. To check the conformational effect on the absorption
energy, we calculated the gas-phase absorption energies of
BUR and BUY, for which the monomer structures isolated
from the mcQM/MM optimized ones were used. As listed in
Table I, the absorption energies obtained with the SAC-CI
method were to be 2.56 eV and 2.68 ¢V for BUR and BUY,
respectively. These absorption energies were obtained from
the first excited states, and their characters were to be the
w-m* excitations (the HOMO-LUMO transitions). From the
comparison of these values, the difference in the absorption
energies between BUR and BUY was evaluated to be 0.12eV.
The similar spectral shifts can be seen in the CIS (0.11eV)
and TD-rCAM-B3LYP (0.10 eV) results, although the abso-
lute absorption energies depend on the electronic structure
methods employed.

We also performed the absorption energy calculations in
solid state, which were compared between BUR and BUY.
Here, the solid environment surrounding the single molecule
(BUR or BUY) was approximated with the MM atoms. The
results are also listed in Table I. The SAC-CI absorption en-
ergies became 2.56 eV and 2.67 eV for BUR and BUY, re-
spectively. Compared with the gas-phase absorption energies
(2.56 eV for BUR and 2.68 eV for BUY), the electrostatic
solid-state effect was estimated to be 0.00 eV and —0.01 eV

J. Chem. Phys. 139, 084511 (2013)

for BUR and BUY, respectively. In addition, the spectral shift
between BUR and BUY was to be 0.11 eV. The CIS and TD-
rCAM-B3LYP methods provided the similar spectral shift
to the SAC-CI one (0.11 eV for CIS and 0.10 eV for TD-
rCAM-B3LYP). By comparing the spectral shift in solid state
with that in gas phase, the contributions from the electrostatic
solid-state effects were estimated to be —0.01 eV, 0.00 eV,
and 0.00 eV for SAC-CI, CIS, and TD-rCAM-B3LYP,
respectively.

From these results, the side-chain conformational effect
was found to give a non-negligible contribution to the spec-
tral shift between BUR and BUY (~0.12 eV), while the solid-
state effect approximated with the MM atoms was to be very
small (~—0.01 eV). In spite of the large contribution from
the side-chain conformational effect, these calculations could
not reproduce the experimentally observed spectral shift be-
tween BUR and BUY (0.38 eV?"). The deviations of 0.27—
0.28 eV from the experimental values remained yet. There-
fore, the consideration of only the side-chain conformational
effect was found to be insufficient for explaining the experi-
mental spectral shift between BUR and BUY.

In addition, the absolute absorption energies calculated
were confirmed to strongly depend on the electronic struc-
ture methods (2.56-3.44 eV for BUR and 2.67-3.55 eV for
BUY). The closest values to the experimental ones (2.18 eV
for BUR and 2.56 eV for BUY) were obtained from the SAC-
CI results. Since these calculations took into account only
the single molecule (i.e., the monomer BUR or BUY) as the
QM atoms, we could not simply compare the calculated val-
ues with the experimental solid-state absorption energies. To
further investigate the dependence on the electronic struc-
ture methods, we calculated the absorption energies in solu-
tion, and compared them with the experimental value. Since
the molecular structure in solution was not observed in ex-
periments, the crystallographic structures of BUR and BUY
were employed. These structures were optimized with the
B3LYP/6-31G* method. In both the geometry optimization
and the absorption energy calculation, the solvent effect was
included with the PCM method. The calculated absorption en-
ergies are also listed in Table I. In the BUR calculations, the
SAC-CI, CIS, and TD-rCAM-B3LYP methods provided the
absorption energies of 2.51 eV, 3.28 eV, and 3.07 eV, respec-
tively. In the case of BUY, the SAC-CI, CIS, and TD-rCAM-
B3LYP results were to be 2.63 eV, 3.38 eV, and 3.17 eV, re-
spectively. Therefore, the SAC-CI method was found to better
reproduce the experimental value (2.57 eV?>'). The deviation
from the experimental value was to be —0.06 eV in the case of
BUR and 0.06 eV for BUY. Based on these results, the

TABLE 1. Calculated absorption energies of the BUR and BUY monomers (eV).

In vacuo In crystal In n-hexane
BUR BUY BUR Expt.* BUY Expt.* BUR" BUY" Expt.!
SAC-CI 2.56 68 2.56 2.67 2.51 2.63
TD-rCAM-B3LYP 312 3 3l 2.18 32 2.56 3.07 3.17 2.57
CIS 344 344 3.55 3.28 338

"Experimental data described in Ref. 21.
POptimized structure with the PCM method was used.
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TABLE II. TDFI-TI absorption energies of the BUR and BUY dimers
(eV).*

1 b 2[! 3h 4h 5 b 6h 7 b

BUR 2.37 2.55 2.56 2.55 2.56 2.56
BUY 2.68 2.68 2.68 2.68 2.68 2.65 2.68

*SAC-CI data are employed.
"The number corresponds to the dimer conformation shown in Figs, 1(c) and 1(d).

SAC-CI method was mainly employed in Secs. IV B-1V D.
The SAC-CI results seemed to indicate that the molecular
structure in solution is composed of the mixture of BUR and
BUY. However, the present study does not focus on this topic.

B. The multimerization effect and the electrostatic
solid-state effect

To investigate the dependence on the molecular arrange-
ment, the absorption energy calculations were performed to
several dimer conformations. Figures 1(c) and 1(d) show the
molecular conformations employed in the dimer calculations.
Each dimer conformation was extracted from the mcQM/MM
geometries of BUR and BUY. For the molecular selection,
we used the shortest atom-to-atom distance between the pair
of molecules. The distance was measured from a central
molecule colored green in Figs. 1(c) and 1(d). If the distance
was within 3.0 A, the molecule was selected. Hence, only half
of the selected molecules were employed for the dimer calcu-
lations because of the spatial symmetry. In Figs. 1(c) and 1(d),
the selected molecules are colored blue and numbered as 1 to
6 for BUR and as | to 7 for BUY. The results of the absorp-
tion energies are summarized in Table II. Here, we note that
the absorption energies were calculated with the procedure of
Sec. I A. In BUR, the absorption energies calculated with the
individual dimer conformations ranged between 2.37 eV and
2.56 eV, and the smallest value (2.37 eV) was obtained from
the dimer conformation 1. Subtracting the gas-phase absorp-
tion energy of the monomer BUR (2.56 eV) from the smallest
value, the dimerization effect was estimated to be —0.19 eV.
On the other hand, the calculated absorption energies for the
BUY dimers were in between 2.65 eV and 2.68 eV, and the
smallest value (2.65 eV) was obtained from the dimer confor-
mation 6. Therefore, the dimerization effect was estimated to
be —0.03 eV from the comparison with the monomer absorp-
tion energy of BUY (2.68 eV). From these results, the dimer
conformations 1 for BUR and 6 for BUY were found to have
the most red-shifted absorption energies among all the cal-
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culated dimers. In other words, the rest of the dimer confor-
mations exhibited a few changes in the absorption energies,
compared with the monomer cases (~0.01 eV for BUR and
~0.00 eV for BUY).

We next examined the dependence of the absorption en-
ergy on the number of molecules. To this end, the absorption
energy calculations were performed to the trimer-hexamer
conformations. As mentioned above, the dimer conformations
1 for BUR and 6 for BUY largely contributed to the spectral
shifts. As shown in Figs. 1(c) and 1(d), these dimers were
confirmed to have stacked conformations while the other con-
formations were not stacked. Therefore, we here focused on
the dimer conformations 1 for BUR and 6 for BUY as ref-
erence structures of the individual multimers. The molecu-
lar structures used in the calculations are shown in Figs. 1(e)
and 1(f). As found here, both the multimers are constructed
so as to elongate the reference structure in the direction of
the center-to-center separation between two molecules. Each
multimer conformation was extracted from the mcQM/MM
geometries of BUR and BUY. The results of the absorption
energies are summarized in Table III. The calculated values
of BUR were to be 2.29 eV, 2.25 ¢V, 2.23 eV, and 2.23 eV
for the trimer, tetramer, pentamer, and hexamer, respectively,
while those of BUY were to be 2.62 eV, 2.61 eV, 2.61 eV,
and 2.61 eV in the same order. Therefore, the energy con-
vergence less than 0.01 eV could be satisfied by the hexamer
calculations. Based on these results, we attempted to evaluate
the contribution from the multimerization effect to the spec-
tral shift. First, the amount of the spectral shift was calculated
to be 0.38 eV from the comparison of the absorption ener-
gies between BUR (2.23 eV) and BUY (2.61 eV). Next, the
multimerization effects were calculated to be —0.33 eV and
—0.07 eV for BUR and BUY, respectively, by subtracting the
monomer absorption energies from the hexamer ones. There-
fore, the difference in the multimerization effects was esti-
mated to be 0.26 eV. From these results, the multimerization
effect was found to contribute 68.4% to the spectral shift be-
tween BUR and BUY. We further compared the contribution
from the dimerization effect with that from the multimeriza-
tion effect. The contribution from the dimerization effect to
the spectral shift was calculated to be 0.16 eV by comparing
the dimerization effects between BUR (—0.19 ¢V) and BUY
(—0.03 eV), and thus it became 61.5% of the multimerization
effect. From these results, the dimerization effect was found
to mainly contribute to the multimerization effect.

The above calculations were based only on the multimer
conformations shown in Figs. 1(e) and 1(f). This was because
the dimer conformations 1 for BUR and 6 for BUY largely

TABLE II1. TDFI-TI zbsorption energies of the BUR and BUY N-mers (eV).*

Monomer Dimer Trimer Tetramer Pentamer Hexamer
BUR 2.56 2.37(2.55%) 2.29 2.25 223 223 (2.235, 1.90%)
BUY 2.68 2.65 (2.67%) 2.62 2.61 2.61 2.61 (2.62¢,2.20%)

ASAC-CI data are employed.

2-state model result.

©Absorption energy calculaied in erystal.
dFluorescence energy calculated in crystal.
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contributed to the spectral shifts. We also focused on the other
multimer conformations and evaluated the multimerization
effects. These evaluations were performed on the basis of the
dimer conformations shown in Figs. 1(c) and 1(d) (i.e., the
dimer conformations 2-6 for BUR, and 1-5 and 7 for BUY).
Similar to Figs. I1(e) and 1(f), the linearly elongated dimer
conformations were used for the multimer calculations. As a
result, the calculated absorption energies were to be 2.54—
2.56eV for BUR and 2.66-2.68 eV for BUY. The energy con-
vergence less than 0.01 eV was satisfied by the trimer calcula-
tions for all the multimer conformations calculated. As found
from these results, the calculated absorption energies were al-
most the same as the monomer ones. The multimerization ef-
fects brought about the spectral red-shift of only ~0.02 eV
and ~0.02 eV for BUR and BUY, respectively. From these re-
sults, we confirmed that the spectral shifts of BUR and BUY
were predominantly caused by the multimer conformations
shown in Figs. 1(e) and 1(f) and that the other conformations
provided a few contributions to the spectral shifts.

Similar to the monomer case, we performed the absorp-
tion energy calculations in solid state, using the hexamer con-
formations of BUR and BUY. Here again, the solid environ-
ment was described with the MM atoms. As also listed in
Table III, the solid-state absorption energies for BUR and
BUY were to be 2.23 eV and 2.62 eV, respectively, so that
the spectral shift between BUR and BUY was evaluated to
be 0.39 eV. From the comparison with the gas-phase absorp-
tion energies (2.23 eV for BUR and 2.61 eV for BUY), the
solid-state effects were estimated to be 0.00 eV and 0.01 eV
for BUR and BUY, respectively. Hence, the contribution from
the electrostatic solid-state effect to the spectral shift was es-
timated to be 0.01 eV by subtracting the spectral shift in gas
phase (0.38 eV) from that in solid state (0.39 eV). There-
fore, the electrostatic solid-state effect was confirmed to have
a small contribution to the spectral shift also in the hexamer
calculations.

As found from Table III, the absorption energies cal-
culated with the hexamer conformations (Figs. l(e) and
1(f)) successfully reproduced the experimental absorption
energies’! (2.18 eV for BUR and 2.56 eV for BUY). The de-
viations from the experimental values were to be 0.05 eV and
0.06 eV for BUR and BUY, respectively. Also on the spectral
shift between BUR and BUY, the calculated value (0.39 eV)
was well in agreement with the experimental one (0.38 eV)
with the deviation of 0.01 eV. Comparing the three effects
(i.e., the multimerization effect (0.26 e¢V), the side-chain con-
formational effect (0.12 eV), and the electrostatic solid-state
effect (0.01 eV)), the multimerization effect was found to be
the largest contribution to the spectral shift.

We also calculated the fluorescence energies using the
hexamer conformations of BUR and BUY. In these cal-
culations, the excited state geometries obtained with the
mcQM/MM method were used, and the electrostatic solid-
state effect was included with the MM atoms. As also listed
in Table III, the calculated fluorescence energies were to be
1.90 eV and 2.20 eV for BUR and BUY, respectively, which
were in agreement with the experimental values?' (1.95 eV
for BUR and 2.18 eV for BUY) with the deviations of 0.05 eV
and 0.02 eV for BUR and BUY, respectively. The two fluores-

J. Chem. Phys. 139, 084511 (2013)

)
[N

TOFITI ——
Vibrational
Exp. ——

)

o
©

Normalized intensity / [a.u.]
o
=]

0.4 -
0.2 -
_~ \ o \
0 J 1 Ny A 1 T
350 400 450 500 550 600 650 700
Wavelength / [nm]
(a)
1.2 L T T T
TDFI-TI
L] Vibrational
S 3 Exp.
8,
=
2 08 R
w0
3
= 06 -
b =)
Q
N 0a E
©
£
5 02 .
z
o 1 i
350 400 450 500 550 600 650 700
Wavelength / [nm]

(b)

FIG. 2. Absorption spectra of (a) BUR and (b) BUY.

cence energies led to the spectral shift of 0.30 eV, which suc-
cessfully reproduced the experimental spectral shift (0.23 eV)
with the deviation of 0.07 eV.

C. Solid-state spectra of BUR and BUY

Based on the successful reproductions of the experimen-
tal values, we calculated the absorption spectra for BUR
and BUY, using two kinds of spectral shapes, Gaussian and
Lorentzian functions. The spectral linewidth in Eq. (13) was
calculated with 7= 300 K and § = 0.33 eV, and the absorp-
tion energies obtained from the hexamer calculations were
used for the spectral calculations. The results of the electronic
spectra are shown by red lines in Fig. 2. As found here, these
calculations successfully reproduced the first peaks in the ex-
perimental spectra of BUR and BUY. In particular, the red-
shifted peak in the BUR spectrum was clearly represented by
the calculation. As mentioned in Sec. IV B, the spectral shift
was mainly caused by the difference in the multimerization
effects between BUR and BUY. On the other hand, the rest
of the experimental peaks could not be reproduced by these
calculations. In the previous study, one of the authors (C.K.)
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concluded that these peaks are attributed to the vibrational
progressions.>! Following this reason, we also calculated the
vibrational spectra. These calculations were performed with
the monomer absorption energies of BUR and BUY, and the
spectral shapes were described with Eq. (14) where the ef-
fective angular frequency and HR factor obtained from the
vibrational analysis were employed (wes = 1659 cm™! and
sur = 0.874). As shown by green lines in Fig. 2, these calcu-
lations well reproduced the positions of the second, third, and
fourth peaks in the experimental spectra of BUR and BUY.
Therefore, the influences of the vibrational progressions could
be confirmed also from the calculated spectra.

D. Comparison of the EET interaction with
the other interactions

As one of the useful features, the TDFI-TI method can
describe electronic coupling in terms of five contributions
(i.e., Coulomb, exchange, ET, HT, and CT interactions).>* Us-
ing this advantage, we performed the absorption energy cal-
culations based only on the LE basis functions (i.e., ¢ and
@, in Eq. (3)), where the Hamiltonian matrix expressed in
Eq. (4) was reduced to the following form:

Ey Vegr
H = . 18
(VEET E, ) {e)

Hereinafter, this is called as the 2-state model. The absorp-
tion energies calculated with the 2-state model were com-
pared with the results from Secs. IV A and IV B. In these
calculations, the dimer conformations 1 and 6 were used for
BUR and BUY, respectively. As summarized in Table III, the
absorption energies calculated with the 2-state model were
to be 2.55 eV and 2.67 eV for BUR and BUY, respectively,
which resulted in almost the same values as those obtained
from the monomer calculations (2.56 ¢V for BUR and 2.68 eV
for BUY). By comparing these values, the effects of the EET
interaction (i.e., Coulomb and exchange) were estimated to
be —0.01 eV and —0.01 eV for BUR and BUY, respectively.
Therefore, both of the EET interactions were found to have
small effects on the absorption energies. Since the EET in-
teraction in Eq. (18) is one of electronic couplings and it is
included in the dimerization effect mentioned in Sec. IV B
(—0.19 eV for BUR and —0.03 eV for BUY), we compared
the EET interaction effect with the dimerization effect. As a
result, the EET interactions for BUR and BUY were found
to cover 5.3% and 33.3% of the dimerization effects, respec-
tively. From these results, the EET interaction in BUY was
found to have a larger contribution to the dimerization effect
than that in BUR.

As mentioned in the Introduction, the previous study
attempted to explain the spectral shift between BUR and
BUY with the molecular exciton model using the point dipole
approximation.?! However, those calculations failed in repro-
ducing the experimental spectral shift. The spectral shift cal-
culated in the previous study was to be 0.16 eV, which re-
produced only 42.1% of the experimental value (0.38 eV). In
those calculations, the EET interaction effects were estimated
to be only —0.01 eV and 0.00 eV for BUR and BUY, respec-
tively. Based on these results, we consider two possibilities
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of its cause. One is on the accuracy in the point dipole ap-
proximation for describing the EET interaction, and another
is on the types of electronic couplings included in the absorp-
tion energy calculations. In the 2-state model calculations, we
employed the TDFI method for calculating the EET interac-
tion. As shown in the previous study,’®>” TDFI can evaluate
the EET interaction more accurately than the point dipole ap-
proximation. In spite of the high accuracy of TDFI, the 2-state
model provided almost the same absorption energies as those
obtained from the monomer calculations. Therefore, the EET
interactions were found to have small effects (—0.01 eV) on
the absorption energies. As shown in Sec. IV B, the inclu-
sion of the multimerization effect led to the successful repro-
duction of the experimental absorption energy, and hence the
dimerization effect was to be a main contribution to the mul-
timerization effect. Since electronic couplings except for the
EET interaction were also taken into account in the dimeriza-
tion effect, the failure in the previous study was clarified to be
attributed to the lack of the consideration of the ET, HT, and
CT interactions, not to the accuracy in the point dipole ap-
proximation. Subtracting the EET interaction from the dimer-
ization effect, the effects of electronic couplings except for the
EET interaction were estimated to be —0.18 eV and —0.02 eV
for BUR and BUY, respectively. Therefore, the contribution to
the spectral shift between BUR and BUY was estimated to be
0.16 eV, which resulted in the same value as the contribution
from the dimerization effect (0.16 eV). From these results,
electronic coupling based on the ET, HT, and CT interactions
was found to be the dominant factor for the spectral tuning
between BUR and BUY.

E. Influence of the nodal character on the
orbital energies

To further investigate the mechanism of the spectral tun-
ing, we analyzed the MO pictures and the orbital energies. In
the analysis, the dimer conformations 1 and 6 were used for
BUR and BUY, respectively. Figure 3 illustrates the HOMO
— Is, HOMOs, LUMOs, and LUMO 4 1s for BUR
and BUY. In BUR, the HOMO — 1 and LUMO had
the bonding characters and the HOMO and LUMO + 1
were to be the anti-bonding characters. As found from
Figs. 3(a)-3(d), these orbital characters were easily distin-
guished. On the other hand, the characters of the four or-
bitals of BUY could not be identified due to the mix-
ing of the bonding and anti-bonding characters. Regarding
the orbital energy, the HOMO — 1 and HOMO of BUR
were to be —6.28 eV and —5.81 eV, respectively, which re-
sulted in the orbital-energy gap of 0.47 eV. On the other
hand, the HOMO — | and HOMO of BUY were to be
—6.20eV and —6.16 eV, respectively, and the orbital-energy
gap became 0.04 eV. Therefore, the HOMO — 1-HOMO gap
of BUR was larger than that of BUY. The similar results were
obtained from the LUMO-LUMO + 1 gap. The LUMO and
LUMO + 1 of BUR were to be 1.07 eV and 1.43 eV, respec-
tively, whereas those of BUY were to be 1.20 eV and 1.31 eV.
Therefore, the LUMO-LUMO + 1 gap of BUR (0.36 eV) was
larger than that of BUY (0.11 eV). On the HOMO-LUMO
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FIG. 3. (a) LUMO + 1, (b) LUMO, (¢) HOMO, and (d) HOMO — 1 distribu-
tions of BUR dimer. (e) LUMO + I, (f) LUMC, (g) HOMO, and (h) HOMO
— | distributions of BUY dimer. The dimer conformations 1 for BUR and 6
for BUY are used.

gap, BUR had 6.88 eV, which was smaller by 0.48 eV than
BUY (7.36eV).

In general, when orbital characters are obviously iden-
tified, orbital interactions become strong. As a result, the
orbital-energy gap is enlarged. Conversely, the mixing be-
tween the bonding and anti-bonding characters brings about
the cancellation of the individual orbital interactions, which
gives a few changes in the energy gap. In this way, the shift
in the orbital energy is strongly relatad to the nodal charac-
teristics of the molecular orbital. Based on this relationship,
we could understand the difference in the orbital energies be-
tween BUR and BUY. In BUR, the clearly identified orbital
characters gave rise to the strong orbital interactions, and thus
HOMO — 1 and LUMO were stabilized and HOMO and
LUMO + 1 were unstabilized. As a result, the HOMO
— 1-HOMO gap and the LUMO-LUMO + 1 gap were to be
large, while the HOMO-LUMO gap became small. In con-
trast, the mixing of the orbital characters in BUY caused a
small change in the energy gap, because of the weak orbital
interactions. Following these reasons, the HOMO-LUMO gap
of BUR was smaller than that of BUY. As mentioned in
Sec. IV B, the calculated absorption energy of BUR was red-
shifted by 0.39 eV compared with that of BUY, so that the
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difference in the HOMO-LUMO gap (0.48 eV) was found to
qualitatively correspond to the calculated spectral shift.

In Sec. IV B, we showed that the BUR dimer 1 played a
crucial role in the spectral red-shift. To understand the differ-
ence between the BUR dimer | and the others, the HOMO-
LUMO gap calculations were performed also to the BUR
dimers 2-6. As aresult, the HOMO-LUMO gaps of the dimers
2-6 were calculated to be 7.24-7.31 eV. Comparing these
values with the HOMO-LUMO gap of the BUR monomer
(7.32 eV), the shifts in the HOMO-LUMO gap were to be
0.01-0.08 eV. In the case of the BUR dimer 1 (6.88 ¢V), the
shift in the HOMO-LUMO gap was to be 0.44 eV. Therefore,
the BUR dimer 1 was found to have a much larger contri-
bution to the magnitude of the HOMO-LUMO gap than the
other dimers. These results could be explained by the rela-
tionship between orbital characters and orbital interactions.
As mentioned above, the clearly identified orbital characters
for the dimer 1 made orbital interactions strong, which re-
sulted in the small HOMO-LUMO gap. In contrast, molecular
orbitals of the dimers 2-6 were similar to the monomer ones.
In other words, the bonding and anti-bonding characters such
as those observed in the BUR dimer 1 were not confirmed
from the dimers 2-6. These results indicated the weak orbital
interactions in the dimers 2-6, so that the shifts in the HOMO-
LUMO gap became small. In this way, we could understand
the difference in the HOMO-LUMO gaps between the BUR
dimer 1 and the others. As mentioned in Sec. IV B, we found
structural characteristics in BUR; only the BUR dimer 1 had
a stacked conformation. This stacked conformation made the
orbital characters different from those of the other conforma-
tions, which led to the small HOMO-LUMO gap and finally
to the spectral red-shift.

As mentioned in Sec. IV D, electronic coupling based on
the ET, HT, and CT interactions was larger in BUR than in
BUY, which mainly contributed to the spectral tuning. This
result could be understood from another perspective. In the
Hiickel method, the molecular orbitals of a homonuclear di-
atomic molecule, such as H,, are obtained by solving the sec-
ular equation as*’

e=g £ | _g, (19)

B a—e¢

where & and § are parameters represent Coulomb integral
and resonance integral, respectively, and ¢ is the orbital en-
ergy. Since the orbital energies of Eq. (19) are calculated to
be @ + B and o — B, the size of energy splitting becomes 2.
Therefore, the off-diagonal element, 8, is to be important for
orbital interaction. Similar to f, the value of electronic cou-
pling corresponds to the off-diagonal element of the Hamil-
tonian matrix, as mentioned in Sec. I A. Hence, the size of
energy splitting equals to twice of the electronic coupling if
we consider a symmetric dimer with identical monomer ener-
gies. Therefore, electronic coupling is strongly related to or-
bital interaction. In fact, this relation is used in the so-called
energy splitting in dimer (ESD) method® for calculating elec-
tronic coupling. Considering the relationship between orbital
interaction and nodal characteristics, electronic coupling is
related also to nodal characteristics. From these results, we
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could understand that the spectral tuning between BUR and
BUY originates form the difference in the orbital characters.
This understanding was supported also by the difference in
the HOMO-LUMO gap between BUR and BUY (0.48 eV).

F. Relationship between the molecular displacement
and the excited state characters

The influence of nodal characteristics on crystallochromy
was first discussed by Kazmaier and Hoffmann.'® They per-
formed the molecular orbital calculations to the various ar-
rangements of the m-conjugated systems (ethylene, butadi-
ene, and perylene), and clearly explained the dependence of
the molecular-orbital bandwidth on the nodal characteristics.
Following their study, we calculated the absorption energies
of the tetracene dimer as a function of the intermolecular sep-
aration. The molecular displacement and the definition of the
intermolecular separation are shown in Fig. 4. To reduce com-
putational costs, we employed the TD-rCAM-B3LYP method
imposing Cy;, symmetry. The results of the absorption-energy
curves are shown in Fig. 5(a). To examine the results, we also
calculated the differences in the absorption energies between
the first and second excited states, which are shown in
Fig. 5(b). At 0.0 A, the absorption energies of the first and
second excited states were to be 2.51 eV and 3.20 eV, respec-
tively, and thus the difference in the absorption energies be-
came 0.69 eV. The energy difference decreased with increas-
ing in the intermolecular distance, and it disappeared at 2.0 A.
In the region of 2.0-3.0 A, the energy difference increased,
and again it decreased at more than 3.0 A. These results
showed the dependence of the absorption energy on the in-
termolecular separation. To clarify the molecular mechanism,
we analyzed the MO pictures and the orbital energies (data
not shown). As a result, the clearly identified orbital charac-
ters were observed at 0.0 A and 3.0 A, whereas the characters
at 2.0 A were not identified due to the mixing of the bonding
and anti-bonding characters. Similar to the results obtained
in Sec. IV E, these orbital characters reflected the magnitude
of the orbital-energy gap. The HOMO-LUMO gaps at 0.0 A
and 3.0 A were smaller than that at 2.0 A. Conversely, the
HOMO — 1-LLUMO gaps at 0.0 A and 3.0 A were larger than
that at 2.0 A. Therefore, the behaviors of the HOMO-LUMO
gap and the HOMO — 1-LUMO gap qualitatively represented
the absorption-energy curves for the first and second excited

FIG. 4. Molecular displacement of tetracene dimer. The definition of x-axis
coordinate for Figs. 5 and 6 is shown.
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FIG. 5. (a) Absorption energies of tetracene dimer as a function of inter-
molecular distance and (b) difference in the absorption energies between the
first and second excited states.

states, respectively. From these results, the dependence of the
absorption energy on the intermolecular separation was con-
firmed to be caused by the change in orbital characters, as
proposed by Kazmaier et al.

We also calculated the oscillator strength as a function
of the intermolecular separation, and the results are shown in
Fig. 6. As found here, the oscillator strength for the first ex-
cited state was to be zero in the region of 0.0-2.0 A, and sud-
denly it had non-zero values at more than 2.0 A. On the con-
trary, the oscillator strength for the second excited state had
non-zero values in the region of 0.0-2.0 A, and became zero
at more than 2.0 A. From these results, the first and second ex-
cited states at less than 2.0 A were interpreted as the forbidden
and allowed transitions, respectively. In addition, these tran-
sition characters were found to be exchanged with each other
at more than 2.0 A. To investigate this reason, we analyzed
the electronic structures of the excited states. As a result, the
first and second excited states at less than 2.0 A were to be
the A, and B, states, respectively. Therefore, according to the
selection rule,*’ the transition from the ground state to the
first excited state was forbidden, and the transition to the sec-
ond excited state was allowed. In contrast, the first and second
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FIG. 6. Oscillator strength of tetracene dimer as a function of intermolecular
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excited states at more than 2.0 A were to be the B, and A,
states, respectively, which brought about the allowed and for-
bidden transitions for the first and second excited states, re-
spectively. From these results, the order of energy levels of
the A, and B, states was found to be important for the magni-
tude of the oscillator strength for the first and second excited
states.

In common, the H and J aggregates are known to exhibit
the absorption intensities originating from the second and first
excited states, respectively.”!? Such features were observed
also in the present calculations. As found from Figs. 4 and 6,
the molecular displacement at 0.0 A corresponded to the H
aggregate, and the oscillator strength for the second excited
state had a non-zero value. On the other hand, the increase in
the intermolecular separation changed the molecular displace-
ment from the H aggregate to the J aggregate, and the oscil-
lator strength for the first excited state had non-zero values at
more than 2.0 A. Therefore, the present calculations success-
fully reproduced the features on the absorption intensities of
the H and J aggregates. Hence, the molecular displacement
could be identified as the H aggregate at less than 2.0 A and
as the J aggregates at more than 2.0 A in the present system.

As shown in Secs. IV B and IV E, the calculated absorp-
tion energy of BUR was considerably red-shifted from that
of BUY, and it was caused by the difference in the orbital
characters. Since the present analysis clearly showed the rela-
tionship between the orbital character and the intermolecular
separation, we also focused on the molecular displacements
of BUR and BUY. For this purpose, we calculated the inter-
molecular distances of BUR and BUY, for which the dimer
conformations | and 6 were used. As a result, the intermolec-
ular distances of BUR and BUY were to be 3.2 A and 4.0 A,
respectively. Applying these values to Fig. 5(a), the absorp-
tion energies were obtained to be 3.01 eV at 3.2 A and 3.07 eV
at 4.0 A. Therefore, this analysis could qualitatively repre-
sent the spectral shift between BUR and BUY, although the
absorption-energy curves in Fig. 5(a) were calculated with the
tetracene dimer, not with the BUR and BUY ones. Here, we
recall that the B, state corresponded to the allowed transition
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for the tetracene dimer. As shown in Fig. 5(a), the B, state was
to be the first excited state at more than 2.0 A, and it had the
energy minimum at around 3.0 A. Therefore, the intermolec-
ular distance of BUR was found to be closer to the energy
minimum than that of BUY, and such a difference in the in-
termolecular distances caused the spectral shift between BUR
and BUY. From these results, the intermolecular distance at
the energy minimum of the B, state was found to play a sig-
nificant role in the spectral tuning.

V. CONCLUSIONS

In this paper, we investigated the mechanism of crystal-
lochromy on the red and yellow solids of tetracenes. The ab-
sorption and fluorescence energies calculated with the TDFI-
TI method successfully reproduced the experimental values,
which allowed us to explore the underlying molecular mech-
anism. As a result of the analysis, the largest contribution
to the spectral shift was found to come from the differ-
ence in the multimerization effects between BUR and BUY.
Although the side-chain conformational effect also provided a
non-negligible contribution to the spectral shift, it was insuffi-
cient for reproducing the experimental value. In addition, the
electrostatic solid-state effect was found to be very small. The
further analysis of the calculated absorption energies clearly
showed that the multimerization effect was mainly caused by
the ET, HT, and CT interactions, not by the EET interac-
tion. Therefore, the small contribution from the EET inter-
action was clarified in the present system, although the EET
interaction is commonly considered as the main factor for the
magnitude of electronic coupling. Based on these results, we
also succeeded in understanding the reason for the failure in
the absorption energy calculations performed in the previous
study. Hence, we successfully showed the relationship be-
tween the orbital character and the spectral shift, which sup-
ported the pioneering work of Kazmaier and Hoffmann. To
further investigate the mechanism of the crystallochromy, we
analyzed the influence of the geometrical arrangement of the
molecules. As aresult, the excited state character was found to
strongly depend on the molecular displacement. Such depen-
dence had a large effect on the magnitudes of the absorption
energy and oscillator strength, and hence the intermolecular
distance at the energy minimum of the B, state was found to
play a significant role in the spectral tuning.

The present results indicated that the TDFI-TI calcula-
tion with the mcQM/MM optimized structure is a promis-
ing approach for studying the spectral tuning of the solid-
state tetracenes. The TDFI-TI scheme can be combined with
other electronic structure method, even though only the CIS,
TD-rCAM-B3LYP, and SAC-CI methods were adopted in the
present study. The high accuracy and the wide applicability of
this approach will also enable one to analyze and understand
other systems of crystallochromy.
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