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We theoretically predict crystal structures and molecular arrangements for rubrene molecule using CONFLEX program and compare them with the
experimental ones. The most, second-most, and fourth-most stable predicted crystal structures show good agreement with the triclinic,
orthorhombic, and monoclinic polymorphs of rubrene, respectively. The change in molecular conformation is also predicted between crystalline
and gas phases: the tetracene backbone takes flat conformation in crystalline phase as in the observed structure. Meanwhile, it is twisted in gas
phase. The theoretical prediction method used in this work provides the successful results on the determination of the three kinds of crystal
structures and molecular arrangements for rubrene molecule. © 2014 The Japan Society of Applied Physics

1. Introduction

Organic semiconductors have a great potential for applica-
tions in the electronic devices such as field-effect transistors
(FETs),"? photovoltatic devices,” and light emitting di-
odes.” Advantages in organic devises, compared with
inorganic ones, are flexibility, low-weight, easy and low-cost
production, and so on. To realize high performance organic
devices, the control and determination of molecular arrange-
ments are quite important since the molecular arrangements
affect physical and chemical properties such as charge carrier
mobility.>) Single crystals have often been used in organic
FETs.? In non-crystalline states, it is considered that the
molecular arrangements are correlated to their crystal
structures.®”)

It is still a challenging subject to predict crystal structures
theoretically from a given structural formula of a molecule.®)
Further a development of the prediction method is highly
demanding in various areas. The establishment of the
methodology will make possible to deduce the molecular
arrangements and provide a useful theoretical tool for
designing and synthesizing new semiconducting molecules
for organic devices. Quite recently, one of the authors,
Obata and his co-worker have developed a new theoretical
prediction method of crystal structures for organic molecules
which also allows change in molecular conformation.” This
method was implemented in CONFLEX program.'?)

In the present work, we theoretically predict crystal
structures and molecular arrangements of rubrene molecule
(Fig. 1) by applying the newly developed prediction method.
Rubrene has been extensively investigated as a typical
organic FET material>!''"!7 and it shows the highest mobility
of 40cm?’V~'s™! among the organic semiconductors.'®
From the viewpoint of crystallography, this molecule has
three polymorphs, that is, triclinic, monoclinic, and ortho-
rhombic ones.'®'? Therefore, the rubrene is suitable for
examining the effectiveness of the theoretical prediction
method for crystal structures. To our best knowledge, there is
no previous work to apply the prediction of crystal structure
to rubrene and related materials. We will show that the most,
second-most, and fourth-most stable predicted crystal
structures are in good agreement with the three experimental
polymorphs, respectively.
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Fig. 1. Structural formula of rubrene.

2. Method

In crystallography, an asymmetric unit is defined as the
smallest part of crystal structure from which, by applying
symmetrical operations, the whole crystal space is covered.
The replicas of the asymmetric unit generated by crystallo-
graphic symmetries are called as symmetry-related units in
this paper. We performed the crystal structure predictions
using CONFLEX program.>'?) In the program, the crystal
energy Ecysal is estimated by a molecular force field and
expressed as
N M N

Ecrystal = Einta + Z Z Z Einter(i; S, ‘]) (1)
i S J

Here, Ejw. is the sum of the intramolecular interaction
energies in the molecule in a asymmetric unit and Ej,e.(i; S, J)
is the interatomic interaction energy between atom i in the
asymmetric unit and atom J in a symmetry-related unit S. N is
the number of atoms in the asymmetry unit. M is the total
number of symmetry-related units that we take into account:
More explicitly speaking, the molecule in the § is included in
the calculation when the closest interatomic distance between
the molecules in the asymmetric unit and S is less than or
equal to a cut-off radius Reystar. In this work, Rerysia Was set
to 20 A. Halgren’s molecular mechanics Merck Molecular
Force Filed 94 (MMFF94)?” is employed as the molecular
force field.

The prediction was performed along the following three
steps: (i) generation of trial crystal structures, (ii) optimiza-
tion of each trial, and (iii) comparison of the crystal energy
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Table I. Crystal energies, structural parameters, and RMSD;s for the predicted and experimental crystal structures.
b) Lattice parameters
Polymorph Rank? AE“YS”[_I P RMSD;5®
(keal-mol ™) a(A) b (A c () o () ) ()

Tricli. (P1)
Predict. 1 0.00 7.326 8.769 12.298 94.80 106.50 95.05 0.343
Expt.¥) 7.020(1) 8.543(1) 11.948(2) 93.04(3) 105.58(3) 96.28(3)

Orth. (Cmca)
Predict. 2 0.04 26.818 7.469 14.964 90.00 90.00 90.00 0.369
Expt.” 26.828(4) 7.181(1) 14.306(2) 90.00 90.00 90.00

Mono. (P2,/c)
Predict. 4 2.06 9.032 10.310 16.418 90.00 92.26 90.00 0.391
Expt.9) 8.740(1) 10.125(2) 15.635(3) 90.00 90.98(3) 90.00

Mono. (C2/c)
Predict. 3 0.62 7.362 27.497 14.852 90.00 94.40 90.00

a) The rank 7 indicates the most n-th stable structure. b) The energies were represented as the difference from the energy value of predicted structure with the
first rank. ¢) Root mean squared deviation of the carbon atomic positions, see text for details. d) Ref. 19. e) Ref. 18.

among the optimized structures. Before constructing trial
crystal structures, an isolated molecule of rubrene was
optimized in gas phase. This optimized molecular structure
was rotated around the x-, y-, and z-axes. The trial crystal
structures were generated by means of the oriented molecule
as the asymmetric unit under a specified space group. The
various rotation of the molecule produces a number of trials.
We assumed three space group symmetries of Cc, P2, and
P1. In this work, we generated total 5952 trials. Then, each
trial crystal structure was subjected to the crystal-structure
optimization. We optimized all the degree of freedom under
the specified space group, that is, molecular arrangements
between molecules, intramolecular structure as well as the
unit cell dimensions. Note that the optimization of intra-
molecular structure allows a molecular deformation from
the optimized structure in gas phase due to intermolecular
interaction in a crystal state. We obtained 542 optimized
structures since some of the trial structures resulted in the
same optimized structures. Finally, the optimized structures
were compared with respect to the crystal energies given in
Eq. (1). The structures with low energies were selected as
predicted crystal structures. The space groups and lattice
parameters of the predicted crystal structures were redeter-
mined using PLATON program.?"

3. Results and discussion

In Fig. 2, we show three predicted crystal structures with the
lowest, second-lowest, and fourth-lowest crystal energies
(shown in red). They belong to the triclinic (a), orthorhombic
(b), and monoclinic (c) systems, respectively. In this figure,
we superpose them with structures determined experimen-
tally (shown in blue). We can see good agreement between
the predicted and experimental structures in the three
polymorphs.

Table I summarizes the crystal energies and the structural
parameters for the predicted structures with the lowest four
crystal energies. In this table, we also include available
experimental data. The rank » in the table indicates the most
n-th stable structure. RMSD;5 is the root mean squared
deviation of the carbon atomic positions for 15 molecules
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Fig. 2. (Color) Superposition of the predicted (red) and experimental'®!%)
(blue) crystal structures of rubrene. (a) Tricilinic, (b) orthorhombic, and

(c) monoclinic polymorphs. The predicted structures have the lowest (a),
second-lowest (b), and fourth-lowest (c) crystal energies, respectively.

between the predicted and experimental crystal structures and
was calculated using the Materials Module of Mercury.??
The lattice parameters in the predicted structures well
reproduce the observed values. In addition, the values of
RMSD;s are less than 0.4 A for the three structures. These
findings indicate that this theoretical prediction method
provides the successful results on the determination of three
kinds of crystal structures and molecular arrangements for
rubrene molecule. The most deviation in the predicted cell
parameters from the experimental values is 0.783 A (5.0%) in
length (¢ in the monoclinic polymorph) and 1.76° (1.9%) in
angle (« in the triclinic polymorph).

Next, we examine the effects of packing forces on the
molecular conformation in the crystalline phase. For this

© 2014 The Japan Society of Applied Physics
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Fig. 3. (Color) Superposition of the molecular conformations of rubrene
molecule in gas phase calculated by the MMFF94 (red) and DFT (blue).

Fig. 4. Predicted crystal structure of rubrene with the third-lowest crystal
energy.

purpose, we compare the molecular conformations of rubrene
in gas phase and in crystal. The conformation in gas phase
was determined by the MMFF94 force field as well as by a
DFT calculation at the B3LYP/6-31G™ level using Gaussian
09 package.?® Figure 3 shows superposition of the molecular
conformations calculated by the two methods. The root mean
square deviation is 0.258 A in the positions of the carbon
atoms between these structures. As shown in Fig. 3, the
tetracene backbone of rubrene takes twisted conformation in
gas phase. On the other hand, our calculation predicts fairly
flat conformation in crystalline phase as in the experimental
structures (Fig. 2). This significant conformational change is
induced by intermolecular interaction forces in the crystalline
environment and is considered to contribute to stabilizing
the crystal structure. In order to reliably predict the crystal
structure of a flexible molecule like rubrene, it is essential to
optimize molecular conformation in crystal state as imple-
mented in CONFLEX program. From a more general point of
view, we pointed out other two factors required for successful
prediction: (i) the systematic generation of initial trials over
possible molecular arrangements and (ii) the use of adequate
molecular force field. The former is another characteristic
feature in CONFLEX program.

Finally, we comment on the predicted structure with the
third-lowest crystal energy. This structure is shown in Fig. 4
and its crystal energy and lattice parameters are listed in
Table I. The polymorph corresponding to this structure has
not been reported yet. The molecular arrangements in the
polymorph is similar to that in the triclinic one [Figs. 2(a)
and 4], and the difference of crystal energy between these
structures is 0.62kcal/mol. The low crystal energy may
imply that the new polymorph exists, although we need
further theoretical consideration on this structure.
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4. Conclusion

We theoretically predicted crystal structures and molecular
arrangements for rubrene molecule and compare them with
the experimental ones. The most, second-most, and fourth-
most stable predicted crystal structures show good agreement
with the three experimental polymorphs, respectively. We
also predicted the conformation change between crystalline
and gas phases. The theoretical prediction method used in
this work provides the successful results on the determination
of the three kinds of crystal structures and molecular
arrangements for rubrene molecule.

Acknowledgment

This work was partly supported by JSPS KAKENHI Grant
Number 25287073.

1) H. Sirringhaus, Adv. Mater. 17, 2411 (2005).

2) T. Hasegawa and J. Takeya, Sci. Technol. Adv. Mater. 10, 024314 (2009).

3) R. Kroon, M. Lenes, J. C. Hummelen, P. W. M. Blom, and B. De Boer,
Polym. Rev. 48, 531 (2008).

4) S. R. Forrest, Nature 428, 911 (2004).

5) H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bechgaard,
B. M. W. Langeveld-Voss, A. J. H. Spiering, R. A.J. Janssen, E. W. Meijer,
P. Herwig, and D. M. de Leeuw, Nature 401, 685 (1999).

6) N. Kayunkid, S. Uttiya, and M. Brinkmann, Macromolecules 43, 4961
(2010).

7) W. Porzio, G. Scavia, L. Barba, G. Arrighetti, and S. Milita, Eur. Polym. J.
47,273 (2011).

8) D. A. Bardwell, C. S. Adjiman, Y. A. Arnautova, E. Bartashevich, S. X. M.
Boerrigter, D. E. Braun, A. J. Cruz-Cabeza, G. M. Day, R. G. Della Valle,
G. R. Desiraju, B. P. van Eijck, J. C. Facelli, M. B. Ferraro, D. Grillo, M.
Habgood, D. W. M. Hofmann, F. Hofmann, K. V. J. Jose, P. G.
Karamertzanis, A. V. Kazantsev, J. Kendrick, L. N. Kuleshova, F. J. J.
Leusen, A. V. Maleev, A. J. Misquitta, S. Mohamed, R. J. Needs, M. A.
Neumann, D. Nikylov, A. M. Orendt, R. Pal, C. C. Pantelides, C. J. Pickard,
L. S. Price, S. L. Price, H. A. Scheraga, J. van de Streek, T. S. Thakur, S.
Tiwari, E. Venuti, and 1. K. Zhitkov, Acta Crystallogr., Sect. B 67, 535
(2011).

9) S. Obata and H. Goto, in preparation.

10) H. Goto, S. Obata, N. Nakayama, and K. Ohta, CONFLEX7 (Conflex,
Tokyo, 2012).

11) V. C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett, T.
Someya, M. E. Gershenson, and J. A. Rogers, Science 303, 1644 (2004).

12) V. Podzorov, E. Menard, A. Borissov, V. Kiryukhin, J. A. Rogers, and M. E.
Gershenson, Phys. Rev. Lett. 93, 086602 (2004).

13) D. A. da Silva Filho, E. G. Kim, and J. L. Bredas, Adv. Mater. 17, 1072
(2005).

14) J. Takeya, M. Yamagishi, Y. Tominari, R. Hirahara, Y. Nakazawa, T.
Nishikawa, T. Kawase, T. Shimoda, and S. Ogawa, Appl. Phys. Lett. 90,
102120 (2007).

15) J. Takeya, J. Kato, K. Hara, M. Yamagishi, R. Hirahara, K. Yamada, Y.
Nakazawa, S. Ikehata, K. Tsukagoshi, Y. Aoyagi, T. Takenobu, and Y.
Iwasa, Phys. Rev. Lett. 98, 196804 (2007).

16) M. F. Calhoun, J. Sanchez, D. Olaya, M. E. Gershenson, and V. Podzorov,
Nat. Mater. 7, 84 (2008).

17) K. Marumoto, N. Arai, H. Goto, M. Kijima, K. Murakami, Y. Tominari, J.
Takeya, Y. Shimoi, H. Tanaka, S. Kuroda, T. Kaji, T. Nishikawa, T.
Takenobu, and Y. Iwasa, Phys. Rev. B 83, 075302 (2011).

18) O. D. Jurchescu, A. Meetsma, and T. T. M. Palstra, Acta Crystallogr., Sect.
B 62, 330 (2006).

19) L. Huang, Q. Liao, Q. Shi, H. Fu, J. Ma, and J. Yao, J. Mater. Chem. 20,
159 (2010).

20) T. A. Halgren, J. Comput. Chem. 17, 490 (1996).

21) A. L. Spek, Acta Crystallogr., Sect. D 65, 148 (2009).

22) C.F. Macrae, 1. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E.
Pidcock, L. Rodriguez-Monge, R. Taylor, J. van de Streek, and P. A. Wood,
J. Appl. Crystallogr. 41, 466 (2008).

23) Gaussian 09, Revision A.02 (Gaussian, Inc., Wallingford, CT, 2009).

© 2014 The Japan Society of Applied Physics


http://dx.doi.org/10.1002/adma.200501152
http://dx.doi.org/10.1088/1468-6996/10/2/024314
http://dx.doi.org/10.1080/15583720802231833
http://dx.doi.org/10.1038/nature02498
http://dx.doi.org/10.1038/44359
http://dx.doi.org/10.1021/ma100551m
http://dx.doi.org/10.1021/ma100551m
http://dx.doi.org/10.1016/j.eurpolymj.2010.12.007
http://dx.doi.org/10.1016/j.eurpolymj.2010.12.007
http://dx.doi.org/10.1107/S0108768111042868
http://dx.doi.org/10.1107/S0108768111042868
http://dx.doi.org/10.1126/science.1094196
http://dx.doi.org/10.1103/PhysRevLett.93.086602
http://dx.doi.org/10.1002/adma.200401866
http://dx.doi.org/10.1002/adma.200401866
http://dx.doi.org/10.1063/1.2711393
http://dx.doi.org/10.1063/1.2711393
http://dx.doi.org/10.1103/PhysRevLett.98.196804
http://dx.doi.org/10.1038/nmat2059
http://dx.doi.org/10.1103/PhysRevB.83.075302
http://dx.doi.org/10.1107/S0108768106003053
http://dx.doi.org/10.1107/S0108768106003053
http://dx.doi.org/10.1039/b914334c
http://dx.doi.org/10.1039/b914334c
http://dx.doi.org/10.1002/(SICI)1096-987X(199604)17:5/6<490::AID-JCC1>3.0.CO%3B2-P
http://dx.doi.org/10.1107/S090744490804362X
http://dx.doi.org/10.1107/S0021889807067908

