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Abstract The simulated structure of 9,10-bis(methyl-

thio)anthracene (1) has been compared with experimental

parameters, then by applying the same methodology crystal

structures of designed derivatives 9,10-bis(trifluorometh-

ylthio)anthracene (2), 9,10-bis(methylselleno)anthracene

(3) and 9,10-bis(trifluoromethylselleno)anthracene (4) have

been simulated. By employing a diabatic model and a first-

principle direct method, we have investigated carrier

transport properties. The reorganization energies have been

computed at the DFT (B3LYP/6-31G*) level. The transfer

integrals have been calculated for a wide variety of nearest-

neighbor charge transfer pathways. The reorganization

energies and transfer integrals showed that 1, 3, and 4

would be good both for hole and electron transport and 2

hole transfer material. The 2 and 4 derivatives would

enhance the photostability as well.
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1 Introduction

Organic materials are good contenders for the fabrication

of transistors, photodiodes, solar cells, and (bio)chemical

sensors [1–4]. Since the reporting of the first organic field

effect transistor (OFET) [5] in 1986, there has been

remarkable progress in the development of OFETs. Inter-

molecular and intramolecular interactions are known to

have important influence on the structures, properties,

and reactivity of certain chalcogen compounds [6, 7].

Compounds containing chalcogen atoms (S, Se, and Te)

are a treasury of molecular electronics, e.g., OFET [8, 9].

Solid-state properties such as conductivity, reactivity, and

crystallinity all rely on influences of p–p forces [10].

Realization of a 2-D face-to-face p–p stacked packing

arrangement of acenes would produce improved OFET

devices with a high hole mobility [11, 12] because this

molecular ordering permits good overlapping of the inter-

molecular p–p orbitals.

Kobayashi et al. [13] reported that chalcogen–chalcogen

interaction plays an important role in the face-to-face p–p
stacking arrangement. The 9,10-bis(methylthio)anthracene

(1) has been selected to calculate the charge transfer

properties which is aligned by face-to-face p–p stacking.

Computational techniques [14, 15] have become in the past

decades a potential alternative to experiments for investi-

gation of single-component systems. The reorganization

energy and transfer integrals are important parameters of

the mobility. If the crystal structure is not available, then

transfer integrals are generally calculated within the dimer

by intermolecular separation, translation distance along

axis (X, Y and Z), and change in rotational angle, but this

method does not give accurate predictions relative to

crystal structure [16–18]. The molecular mechanics has

been applied to crystal surfaces or to the bulk [19], allow

determination of how molecular species assemble in the

solid state. Molecular mechanics simulations have been

used to optimize the conformation and crystal packings

[20]. The crystal parameters have been successfully

regenerated by molecular mechanics minimizations [21].
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The high mobility materials having face-to-face p–p
stacking arrangement were designed. The crystal structures

of the designed systems are not available; thus we have

simulated the crystal structures to calculate the transfer

integrals. In this work, our aims are (a) to design high

mobility photostable materials; it is expected that electron

withdrawing character of fluorine substituents may

improve the photostability [22]. Thus, we have substituted

the H by electron-withdrawing group F atoms. (b) To

theoretically investigate the carrier transport properties of

studied systems (see Fig. 1).

2 Theoretical background and methodology

The initial molecular structures were taken from density

functional theory (DFT) geometry optimizations using

Becke’s exchange functional [23] combined with Lee–

Yang–Parr correlation functional [24], denoted B3LYP

[25] at the 6-31G* and 6-31G** basis sets [14]. It has been

found that the B3LYP/6-31G* level gives accurate and

reasonable results (see supporting information). The forcite

code which is implemented in the Accelrys package

Materials Studio is used to simulate the crystal structure of

9,10-bis(methylthio)anthracene (1) [26]. The geometry of

the cluster models used in present study was taken from

B3LYP/6-31G* level. In this paper, the potential parame-

ters are selected from the Dreiding, which has been fully

validated by many works [27–30]. The Dreiding force field,

developed by Mayo et al. [30] is a good, all-purpose force

field that can be used for organic, biological, and main-

group inorganic molecules. The geometry constraints were

applied during dreiding energy minimization. The elec-

trostatic interaction is evaluated through the Ewald sum

method [31]. The structural parameters were compared

with experimental data to check the reliability of simulated

structure. Then the designed derivatives were optimized at

the B3LYP/6-31G* level. The geometric characters of

compounds 2–4 are very similar to that of compound 1.

Thus, by applying the above-mentioned methodology

crystal structures of new designed derivatives have been

simulated within P1 space group to relate the pathways in

the different structures, and discuss how the substituents

affect the transfer integrals of the same pathway in the

different structures. In fact, we would speculate that for

compounds 2 and 4 the actual crystal structures may be

different, since the C–F bonds are in the place of C–H

bonds of other compounds. But from simulated crystal

structures, we would be able to check the effect of sub-

stituents on the transfer integrals. Second, it can give us

idea as to what kind of charge transfer properties would

have such kind of materials.

The charge transport in the organic solid can be viewed

as hopping process, which can be accounted for by the

Marcus electron transfer theory [32]. For self-exchange

transfer reaction, the driven force, i.e., the free energy

difference (DG0) is approximately taken as zero in the

transfer. As result, the transfer rate constant is represented

as

k ¼ V2=h p=kkBTð Þ1=2exp �k=4kBTð Þ ð1Þ

Here, V is the intermolecular transfer integral and k is the

reorganization energy. The reorganization energy is further

divided into two parts: kð1Þrel and kð2Þrel , where kð1Þrel corresponds

to the geometry relaxation energy of one molecule from

neutral state to charged state, and kð2Þrel corresponds to the

geometry relaxation energy from charged state to neutral

one [33, 34].

k ¼ kð1Þrel þ kð2Þrel ð2Þ

In the evaluation of k, the two terms were computed

directly from the adiabatic potential energy surfaces; see

Fig. 2 [14, 35, 36].

k ¼ kð1Þrel þ kð2Þrel

¼ ½Eð1ÞðXþÞ � Eð0ÞðXþÞ� þ ½Eð1ÞðXÞ � Eð0ÞðXÞ� ð3Þ

Here, E(0)(X), E(0)(X?) are the ground-state energies of the

neutral and charged states, E(1)(X) is the energy of the

neutral molecule at the optimized charged geometry, and

E(1)(X?) is the energy of the charged state at the geometry

of the optimized neutral molecule.

We calculated the reorganization energy of anthracene

at the B3LYP/6-31G*, B3LYP/6-31G** [14], and B3LYP/

Fig. 1 The structures of 9,10-bis(methylthio)anthracene (1), 9,10-

bis(trifluoromethylthio)anthracene (2), 9,10-bis(methylselleno)anthra-

cene (3), 9,10-bis(trifluoromethylselleno)anthracene (4)
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6-31 ? G* levels of theory. The B3LYP/6-31G* level

gives reasonable results; thus, this level has been applied to

compute the reorganization energies of its derivatives

investigated here. It should be pointed out that, in this

work, the polarization effects from the surrounding mole-

cules, as well as the charge reorientation, have been

neglected [37–39]. The next step is to calculate the transfer

integrals. Here, we have used the single-crystal structures

to generate all the possible nearest-neighbor intermolecular

hopping pathways. The electronic coupling can be obtained

either by Koopmans’ theorem, which has been widely

employed [40], or by directly evaluating the coupling

element for the frontier orbitals [41, 42]. In the former

case, the charge transfer integral corresponds to half of the

splitting of the HOMO or LUMO levels for holes or

electrons. Bredas et al. [14] have extensively investigated

the parameters governing the transport on many conjugated

systems by frontier orbital splitting. INDO based calcula-

tions which use the ‘‘energy-splitting-in-dimer’’ method

[43] often overestimate electronic couplings and also

ignore the orthogonalisation of the basis set. Valeev et al.

[43] pointed out that when the dimer is not cofacially

stacked, the site-energy correction due to the crystal

environment should be taken into account. Yang et al. [44]

have mentioned that the direct method for the coupling is

equivalent to the site-energy corrected frontier orbital

splitting method, and this direct method offers remarkable

simplicity in computation; thus, we used direct method

which has been proved to give good and accurate results

[41, 42, 44–47].

The electronic coupling for electron/hole transfer in this

scheme can be written as

V ¼ te=h ¼ /0;site1
LUMO=HOMO

jF0j/0;site2
LUMO=HOMO

D E
ð4Þ

Here, V is the transfer integral for the hole or electron

and /0;site1
LUMO=HOMO

and /0;site2
LUMO=HOMO

represent the LUMOs/

HOMOs of the two adjacent molecules 1 and 2 when no

intermolecular interaction is presented. F0 is the Kohn–

Sham–Fock matrix for the dimer; its density matrix is

constructed from non-interacting molecular orbitals. In

practice, the Fockmatrix is evaluated as

F ¼ SCeC�1 ð5Þ

Here, S is the overlap matrix for the dimer taken from the

crystal structure, and the Kohn–Sham orbital C and

eigenvalue e are obtained by diagonalizing the zeroth-order

Fock matrix without any self-consistent field iteration.

In the present study transfer integrals have been computed

at the DFT/pw91pw91/6-31G* level [44]. It has been

revealed that this choice of functional gives the best results

at the DFT level [48]. Furthermore, in organic materials

intermolecular charge transfer rate between different

dimers can vary by orders of magnitudes. The grain

boundaries are present in thin film phases. Such inhomo-

geneities point out the inadequacy of diffusion constant to

describe actual materials [49].

In the presence of such inhomogeneities, random walk

approach can be performed to simulate the diffusion pro-

cess of the charge carrier. Within this approach, an arbi-

trary site (molecule) within the bulk is initially chosen as

the starting position for the charge [50, 51].

If we assume the charge motion is a homogeneous

random walk, the diffusion constant can be evaluated as

[52]

D ¼ lim
t!1

1

2n

\xðtÞ2 [
t

� 1

2n

X
i

d2
i kipi ¼

1

2n

P
i d2

i k2
iP

i ki
ð6Þ

d is the intermolecular center-to-center distance and n = 3

is the spatial dimension. The hopping time between two

adjacent molecules is the inverse of the rate constant 1/k.

The probability for a specific hopping route is pi ¼ kiP
i
ki
:

Namely, it is a 3-d averaged diffusion process. It is clear

that the mobility is linearly proportional to the electron

transfer rate. Within this mechanism, it has been assumed

that the localized electron can only hop between adjacent

molecules, in sharp contrast to the band-like picture, where

the electron is delocalized in several molecules. All the

quantum chemistry calculations are performed with the

Gaussian03 package [53].

3 Results and discussion

3.1 Molecular packing

Table 1 lists the cell parameters (a, b, and c: Å and a, b,

and c: �) using dreiding force field. As we have designed

some new derivatives and wanted to calculate the charge

Fig. 2 Sketch for the potential energy surfaces for neutral state 1 and

ionic state 2, showing the vertical transitions and relaxation energies

kð1Þrel and kð2Þrel
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transfer properties, thus, before simulating the crystal

structures of designed derivatives, we have simulated the

crystal parameters of the 1 which was initially optimized

at the B3LYP/6-31G* level. It has been observed that

unit cell of 1 shows P�1 space group with a = 5.205 Å,

b = 7.585 Å, c = 8.710 Å, a = 76.500�, b = 75.540� and

c = 90.730� which is in good agreement with experimental

parameters [13]. The experimental crystal structure was

successfully generated by forcite calculations. In Fig. 3

experimental and simulated crystal structures can be

viewed. It has been observed that arrangement and orien-

tation of the molecules in simulated crystal is also similar

like the experimental one. Our adopted methodology is

Table 1 Molecular packings of the studied systems

Parameters 1a 1b 2 3 4
Space group P1 P1

a (Å) 5.195 5.252 5.491 6.153 5.628

b (Å) 7.458 7.539 7.653 7.318 7.848

c (Å) 9.002 9.262 9.640 8.591 9.328

a (deg) 74.066 73.599 70.319 80.304 75.331

b (deg) 73.691 76.366 82.375 68.330 78.900

c (deg) 89.762 88.184 83.855 91.632 86.183

a Experimental data from [13]
b Simulated crystal structure parameters where initial molecule was

optimized at B3LYP/6-31G* level

Fig. 3 The experimental (a and b) and simulated (c and d) crystal structures of 1 along a and c direction, respectively
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appropriate and thus the crystal structures of 2, 3 and 4

have been simulated by applying the same tactic. Detail

about the crystal structures of all the investigated systems

in this study can be found in supporting information.

3.2 Charge transfer properties

The anthracene which is used in OFET is a hole transfer

material. Bredas et al. [14] calculated its reorganization

energies by potential energy surfaces (PES) (kh =

0.137 eV) and normal mode (NM) (kh = 0.136 eV) anal-

yses. They performed all the calculations including

geometry optimizations and NM analyses at the DFT level

with the hybrid B3LYP functional using 6-31G** basis set.

We have calculated the reorganization energy of anthra-

cene at B3LYP/6-31G*,B3LYP/6-31G**, and B3LYP/6-

31 ? G* levels. From Table 2 it can be found that basis set

has no significant effect. Thus, the reorganization energies

of anthracene derivatives have been computed at B3LYP/

6-31G* level of theory.

On the basis of the crystal structures of 1, 2, 3, and 4, we

identified 13 distinct nearest-neighbor hopping pathways

for each investigated system (see supporting information

for details). Using the method described above in Eq. 4, the

corresponding coupling integrals were calculated for hole

and electron. The strongest nearest-neighbor electronic

coupling of anthracene is as high as 44 meV [14], while

largest coupling for 1 is 35.9 meV for hole and 106 meV

for electron when S to S distance is 5.195 Å. The prevailing

couplings for hole are 4.9, 10.8, 19, 12, and 5 meV for

routes 3, 4, 9, 11, and 12, respectively. The electron cou-

plings for the same routes have been observed 19, 0.6, 9.9,

13, and 2.7 meV, respectively (see Table 3). Generally,

reorganization energy indicated that 1 would be hole

transfer material while transfer integrals showed that it is

electron transfer one. By considering both the reorganiza-

tion energy and transfer integrals it might be good material

for both hole and electron transfer. From Table 4 it can be

found that the dominant pathway in 2 is also route 1 when

S to S distance is 5.491 Å with Vh = 133.6 meV and

Ve = 29.9 meV. The hole/electron transfer integrals for

routes 3, 4, 9, 11, and 12 are 3.6 meV/2.4 meV, 0.48 meV/

1.2 meV, 8.7 meV/3.9 meV, 0.45 meV/1.7 meV, and

3.9 meV/0.34 meV, respectively. The computed kh is

0.2 eV and ke is 0.340 eV. The reorganization energy and

transfer integrals showed that it would be hole transfer

material. The transfer integrals of 3 are given in Table 5;

the main hole couplings are 28.5 meV (route 1), 1.1 meV

(route 3), 11 meV (route 4), 17 meV (route 9), 5.4 meV

(route 11), and 1.4 meV (route 12) while electron coupling

are 40.3 meV (route 1), 6.0 meV (route 3), 3.9 meV (route

Table 2 The calculated reorganization energies for hole (kh) and

electron (ke) in eV

Complexes B3LYP/6-31G* B3LYP/6-31G** B3LYP/6-31 ? G*

kh ke kh ke kh ke

Anthracenea 0.136 0.196 0.137 0.195 0.133 0.194

1 0.161 0.216

2 0.200 0.340

3 0.214 0.230

4 0.209 0.331

a The calculated reorganization energies by potential energy surfaces

(PES) (kh = 0.137 eV) and normal mode (NM) (kh = 0.136 eV)

from [14]

Table 3 The transfer integrals V (eV) of 9,10-bis(methylthio)anthra-

cene (1) for the 13 pathways are calculated at the pw91pw91/6-31G*

level

Route S to S distance (Å) Vh Ve

1 5.195 -3.59 9 10-2 10.65 9 10-2

2 9.071 6.70 9 10-7 3.43 9 10-6

3 7.458 4.9 9 10-3 1.93 9 10-2

4 9.107 -1.08 9 10-2 -5.81 9 10-4

5 13.188 2.43 9 10-20 2.66 9 10-20

6 13.173 -5.15 9 10-15 4.55 9 10-14

7 15.070 -1.74 9 10-12 -7.81 9 10-12

8 9.042 -4.39 9 10-4 2.84 9 10-5

9 9.002 -1.90 9 10-2 -9.90 9 10-3

10 11.588 4.56 9 10-5 -8.60 9 10-6

11 10.043 -1.20 9 10-2 1.30 9 10-2

12 9.990 5.00 9 10-3 -2.70 9 10-3

13 12.358 6.42 9 10-7 3.81 9 10-6

Table 4 The transfer integrals V (eV) of 9,10-bis(trifluoromethylthio)

anthracene (2) for the 13 pathways are calculated at the pw91pw91/

6-31G* level

Route S to S distance (Å) Vh Ve

1 5.491 13.36 9 10-2 2.99 9 10-2

2 8.928 2.59 9 10-7 1.47 9 10-6

3 7.653 -3.60 9 10-3 2.40 9 10-3

4 9.885 4.79 9 10-4 1.20 9 10-3

5 14.432 -9.92 9 10-22 1.32 9 10-19

6 14.184 4.44 9 10-16 2.15 9 10-14

7 15.949 -9.08 9 10-17 -4.60 9 10-16

8 10.442 6.54 9 10-5 -5.53 9 10-6

9 9.640 -8.70 9 10-3 -3.90 9 10-3

10 11.710 -3.99 9 10-5 -2.31 9 10-5

11 11.265 -4.55 9 10-4 1.70 9 10-3

12 10.090 -3.90 9 10-3 3.41 9 10-4

13 11.705 -1.01 9 10-6 -1.32 9 10-7
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4), 4.5 meV (route 9), 5.8 meV (route 11), and 0.73 meV

(route 12). The reorganization energy and transfer integrals

showed that 3 would be good for both hole and electron

transfer. The key hole couplings for 4 are 65.9, 4.8, 9.9, and

1.2 meV while electron couplings are 83.8, 1.8, 5.2, and

0.34 meV when Se to Se distances are 5.628 Å, 7.848 Å,

9.328 Å, and 10.561 Å, respectively, which are given in

Table 6. The hole reorganization energy is smaller than the

electron one while electron couplings are higher than hole

couplings. It might be better for both hole and electron

transfer. The four crystal structures are very closely related;

but we have observed that within the same pathway by

changing the substituents transfer integral values differs

(see Tables 3, 4, 5 and 6). The molecular orbital distribu-

tion of the most prominent dimers in 1, 2, 3, and 4 has been

shown in Fig. 4. Here, we found that in all the studied

systems, HOMOs are localized on one molecule that is

below while LUMOs are on other molecule above one.

Electrostatic surface potentials (see Fig. 5) indicate that

electron density in 1 is distributed in the central part, but by

substituting the fluoro atoms it decreases in the center. The

fluoro atoms attract the electrons toward themselves, thus

rendering center of the rings in electron-deficient while

location of fluorine atoms are electron rich as in 2 and 4. It

might make oxidation more difficult and improve the

photostability [22].

Table 5 The transfer integrals V (eV) of 9,10-bis(methylselle-

no)anthracene (3) for the 13 pathways are calculated at the

pw91pw91/6-31G* level

Route Se to Se distance (Å) Vh Ve

1 6.153 2.85 9 10-2 4.03 9 10-2

2 9.694 -7.95 9 10-7 -2.22 9 10-6

3 7.318 1.10 9 10-3 -6.00 9 10-3

4 9.426 1.10 9 10-2 3.90 9 10-3

5 12.244 7.72 9 10-18 5.85 9 10-18

6 12.188 5.17 9 10-15 1.51 9 10-13

7 14.929 -3.16 9 10-12 -1.07 9 10-10

8 8.522 2.05 9 10-5 1.54 9 10-5

9 8.591 -1.70 9 10-2 4.50 9 10-3

10 12.276 2.83 9 10-5 -2.63 9 10-5

11 10.121 -5.40 9 10-3 5.80 9 10-3

12 10.305 -1.40 9 10-3 -7.37 9 10-4

13 13.625 -4.90 9 10-8 5.05 9 10-8

Table 6 The transfer integrals V (eV) of 9,10-bis(trifluoromethyl-

selleno)anthracene (4) for the 13 pathways are calculated at

pw91pw91/6-31G* level

Route Se to Se distance (Å) Vh Ve

1 5.628 6.59 9 10-2 8.38 9 10-2

2 9.348 1.04 9 10-7 5.33 9 10-7

3 7.848 -4.80 9 10-3 1.80 9 10-3

4 9.957 -5.71 9 10-5 9.38 9 10-4

5 13.830 -1.21 9 10-20 3.98 9 10-20

6 13.626 2.34 9 10-16 1.83 9 10-14

7 15.603 -8.54 9 10-16 -2.38 9 10-15

8 9.923 1.01 9 10-4 -6.51 9 10-6

9 9.328 -9.90 9 10-3 -5.20 9 10-3

10 11.785 -7.83 9 10-5 -7.00 9 10-5

11 11.352 3.87 9 10-4 2.20 9 10-3

12 10.561 1.20 9 10-3 3.42 9 10-4

13 12.551 -1.35 9 10-8 1.65 9 10-7

Fig. 4 The molecular orbital distribution of the most prominent

dimers
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4 Conclusions

The crystal structures of 9,10-bis(methylthio)anthracene

(1) and new designed derivatives 9,10-bis(trifluorometh-

ylthio)anthracene (2), 9,10-bis(methylselleno)anthracene

(3) and 9,10-bis(trifluoromethylselleno)anthracene (4) have

been simulated. The intermolecular electronic couplings

for a wide variety of nearest-neighbor charge transfer

pathways have been obtained by directly evaluating the

dimer Fock matrix with unperturbed monomer’s molecular

orbits at the DFT/pw91pw91/6-31G* level. The 9,10-

bis(methylthio)anthracene (1) might be good material for

both hole and electron transfer. The hole reorganization

energy of 2 is lower while hole transfer integral values are

higher than the electron ones which indicate that it would

be hole transfer material. The reorganization energies and

transfer integrals showed that 3 and 4 might be also good

for both hole and electron transfer. The electrostatic sur-

face potentials showed that 2 and 4 would be more pho-

tostable. Theoretical calculations confirm that investigated

system would be excellent potential candidates for OFETs.

Acknowledgments Financial supports from the NSFC (No.50873020;

20773022), NCET-06-0321, and NENU-STB07007 are gratefully

acknowledged. A. Irfan acknowledges the financial support from China

Scholarship Council and Ministry of Education (MOE), Pakistan.

References

1. Horowitz G, Hajlaoui ME (2000) Adv Mater 12:1046

2. Huitema HEA, Gelinck GH, van der Putten JBPH, Kuijk KE,

Hart CM, Cantatore E, de Leeuw DM (2002) Adv Mater 14:1201

3. Halls JJM, Walsh CA, Greenham NC, Marseglia EA, Friend RH,

Moratti SC, Holmes AB (1995) Nature 376:498

4. Brabec CJ, Sariciftci NS, Hummelen JC (2001) Adv Funct Mater

11:15

5. Tsumura A, Koezuka H, Ando T (1986) Appl Phys Lett 49:1210

6. Kuszman A, Kapovits L (1985) In: Csizmadia IG, Mangini A

(eds) Organic sulfur chemistry: theoretical and experimental

advances. Elsevier, Amsterdam, p 191

7. Sudha N, Singh HB (1994) Coord Chem Rev 135–136:469

8. Takimiya K, Kunugi Y, Konda Y, Niihara N, Otsubo T (2004)

J Am Chem Soc 126:5084

9. Janzen DE, Burand MW, Ewbank PC, Pappenfus TM, Higuchi H,

da Silva Filho DA, Young VG, Bredas JL, Mann KR (2004) J Am

Chem Soc 126:15295

Fig. 5 Electrostatic surface

potentials mapped onto a

surface of total electron density

for anthracene derivatives.

Regions of higher electron

density are shown in red and of

lower electron density in blue
(values in atomic units)

Theor Chem Acc (2010) 127:587–594 593

123



10. Bushey ML, Nguyen TQ, Zhang W, Horoszewski D, Nuckolls C

(2004) Angew Chem Int Ed 43:5446

11. Wurthner F (2001) Angew Chem Int Ed 40:1037

12. Fritz SE, Martin SM, Frisbie CD, Ward MD, Toney MF (2004)

J Am Chem Soc 126:4084

13. Kobayashi K, Masu H, Shuto A, Yamaguchi K (2005) Chem

Mater 17:6666

14. Bredas JL, Beljonne D, Coropceanu V, Cornil J (2004) Chem

Rev 104:4971

15. Coropceanu V, Cornil J, da Silva Filho DA, Olivier Y, Silbey R,

Bredas JL (2007) Chem Rev 107:926

16. Cornil J, Lemaur V, Calbert JP, Bredas JL (2002) Adv Mater

14:726

17. Andrienko D, Kirkpatrick J, Marcon V, Nelson J, Kremer K

(2008) Phys Stat Sol b 245:830

18. He YH, Hui RJ, Yi YP, Shuai ZG (2008) Chin J Chem 26:1005

19. Myerson AS (1999) Molecular modeling applications in crystal-

lization. Cambridge University Press, New York

20. van Langevelde A, Capkova P, Sonneveld E, Schenk H, Trchova

M, Ilavsky M (1999) J Synchrotron Radiat 6:1035

21. Liu YH, Xie Y, Lu ZY (2009) Chem Phys. doi:10.1016/

j.chemphys.2009.11.015 (in press)

22. Yang GY, Hanack M, Lee YW, Chen Y, Lee MKY, Dini D

(2003) Chem Eur J 9:2758

23. Becke AD (1993) J Chem Phys 98:5648

24. Lee C, Yang W, Parr RG (1988) Phys Rev B 41:785

25. Stephens PJ, Devlin FJ, Chabalowski CF, Frisch MJ (1994)

J Phys Chem 98:11623

26. MS Modeling, Release 3.0.1. (2004) Accelrys Inc., San Diego,

CA

27. Liu JX, Dong M, Qin ZF, Wang JG (2004) J Mole Struct

Theochem 679:95

28. Klemm E, Wang JG, Emig G (1998) Micropor Mesopor Mater

26:11

29. Fried JR, Weaver S (1998) Comp Mater Sci 11:277

30. Mayo SL, Olafson BD, Goddard WA (1990) J Phys Chem

94:8897

31. Ewald PP (1921) Ann Phys 64:253

32. Marcus RA, Sutin N (1985) Biochim Biophys Acta 811:265

33. Gruhn NE, da Silva Filho DA, Bill TG, Malagoli M, Coropceanu

V, Kahn A, Brédas JL (2002) J Am Chem Soc 124:7918

34. Reimers JR (2001) J Chem Phys 115:9103

35. Irfan A, Cui RH, Zhang JP (2009) Theor Chem Acc 122:275

36. Coropceanu V, Nakano T, Gruhn NE, Kwon O, Yade T,

Katsukawa K, Brédas JL (2006) J Phys Chem B 110:9482

37. Soos ZG, Tsiper EV, Painelli A (2004) J Lumin 110:332

38. Tsiper EV, Soos ZG (2003) Phys Rev B 68:085301

39. Tsiper EV, Soos ZG, Gao W, Kahn A (2002) Chem Phys Lett

360:47

40. Lin BC, Cheng CP, You ZQ, Hsu CP (2005) J Am Chem Soc

127:66

41. Troisi A, Orlandi G (2001) Chem Phys Lett 344:509

42. Yin SW, Yi YP, Li QX, Yu G, Liu YQ, Shuai ZG (2006) J Phys

Chem A 110:7138

43. Valeev EF, Coropceanu V, da Silva Filho DA, Salman S, Bredas

JL (2006) J Am Chem Soc 128:9882

44. Yang XD, Li QK, Shuai ZG (2007) Nanotechnology 18:424029

45. Song YB, Di CA, Yang XD, Li SP, Xu W, Liu YQ, Yang LM,

Shuai ZG, Zhang DQ, Zhu DB (2006) J Am Chem Soc

128:15940

46. Wang CL, Wang FH, Yang XD, Li QK, Shuai ZG (2008) Org

Electron 9:635

47. Kwiatkowski JJ, Nelson J, Li H, Bredas JL, Wenzel W,

Lennartzd C (2008) Phys Chem Chem Phys 10:852

48. Huang JS, Kertesz M (2004) Chem Phys Lett 390:110

49. Wang LJ, Nan GJ, YangD X, Peng Q, Li QK, Shuai ZG (2010)

Chem Soc Rev 39:423

50. Yang XD, Wang LJ, Wang CL, Long W, Shuai ZG (2008) Chem

Mater 20:3205

51. Nan GJ, Wang LJ, Yang XD, Shuai ZG, Zhao Y (2009) J Chem

Phys 130:024704

52. Deng WQ, Goddard WA III (2004) J Phys Chem B 108:8614

53. Frisch MJ et al (2003) Gaussian 03, Revision A. 1. Gaussian,

Pittsburgh

594 Theor Chem Acc (2010) 127:587–594

123

http://dx.doi.org/10.1016/j.chemphys.2009.11.015
http://dx.doi.org/10.1016/j.chemphys.2009.11.015

	Theoretical investigations of the charge transfer properties of anthracene derivatives
	Abstract
	Introduction
	Theoretical background and methodology
	Results and discussion
	Molecular packing
	Charge transfer properties

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


