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Abstract: Two novel s-indacene 1,3,5,7-tetraone derivatives, DTID-Hep, and iso-DTID-
Hep, were synthesized and fully characterized. The controllable solid-state phase
transformation of the crystals was studied. The unique thermal-induced polymorphic
transformations suggest the two materials are interesting for potential applications not only in

organic optoelectronics but also in switchable molecular actuators.

The discovery of new organic materials that exhibit reversible stimulus-responsive solid-state
transformation have attracted special attention in recent years for their potential applications
in molecular devices such as sensors, data storage and molecular actuators.'™ The mode of
the organic molecular stacking characteristics can be altered by external stimulus, such as
heating, light, grinding or exposure to chemical vapors. These are observed as changes in
spectroscopic properties, electronic properties or mechanical properties.” ¢ Polymorphic
transformations in organic materials, including metal-organic frameworks, inorganic-organic
hybrid materials and luminescent solids, have opened the way to develop novel functional

materials for various potential applications.l’ >

Molecularly stacked organic electronic materials were found to play a critical role
in functional performance.® The molecular organizations can be changed by chemical

modification of the semiconducting materials or controlling the preparation method of
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polymorphs.” '° For instance, crystal packing and polymorphic transformation of the most
representative organic semiconductors such as pentacene and related acenes have been
studied for over 30 years.* '" Studies on polymorphism of ogliothiophenes due to differential

backbone arrangement have also been published,'* ?

as well as those arising from long side-
chain conformational changes under different preparation conditions.'* However, few reports

on reversible solid-state phase transformation of organic semiconducting materials have been

reported.

Herein, we report the design of an s-indacene 1,3,5,7-tetraone analog of 1,3-
indandione, composed of a symmetric tricyclic system consisting of a six-membered ring and
two five-membered rings with carbonyl groups in the 1,3,5,7 positions. The planar structure
and high electron affinity make it interesting in constructing organic electronics materials.
The molecules 2,6-di(thiophen-2-yl)-s-indacene-/,5-dione-3, 7-diol (DTID-diol) and its two
derivatives have been synthesized and characterized: 2,6-di(thiophen-2-yl)-s-indacene-1,5-
dione-3, 7-diyl diheptanoate (DTID-Hep,) and 3,5-dioxo-2,6-di(thiophen-2-yl)-3, 5-dihydro-s-
indacene-/,7-diyl diheptanoate (iso-DTID-Hep,). Polymorphism in DTID-Hep, and iso-
DTID-Hep, have been observed and the nature of the phase transformation between the
polymorphs was investigated. Interestingly, iso-DTID-Hep, exhibits a thermally-induced
reversible solid-state phase transformation, while DTID-Hep, has an irreversible phase

transformation with significantly changed molecular packing.

Unlike 1,3-indandione and its derivatives that drew the attention of researchers,>?* a

literature search shows that only few s-indacene 1,3,5,7-tetraone analog of 1,3-indandione
have been synthesized.”> The low number of publications is probably due to the difficult
synthesis of the s-indancene tetraone precursor and its poor solubility.”® The first attempt to
synthesize DTID-diol by a literature procedure failed.”” The condensation of pyromellitic

dianhydride and 2-thiophene acetic acid in presence of triethylamine in acetic anhydride,
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yielded a complex insoluble mixture. Only a trace amount of the desired compound was
found by mass spectroscopy. The desired DTID-diol was successfully obtained with a
modified condensation method (Scheme 1).%* The reaction of pyromellitic dianhydride and
thiophene acetic acid in N-Methyl-2-pyrrolidone (NMP) in the presence of sodium acetate,
afforded a poorly soluble solid mixture. The mass spectrum for this solid showed only a
single peak at 378.00 Da, indicating an isomeric mixture of indancene derivatives.”® *
Without further isolation, the solid mixture was converted to disodium salts of DTID-diol in
good yield by a rearrangement reaction in sodium methoxide solution.’®*' Acidifying the
disodium salt yielded DTID-diol as a black solid. Condensation between DTI-dione-diol and

heptanoic acid in presence of N,N'-dicyclohexylcarbodiimide (DCC) afforded DTID-Hep,

and its isomer iso-DTID-Hep,.
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Scheme 1. Synthetic route.(a): NMP, NaOAc, 205 °C, 3 h; (b): Na, MeOH, 60 °C, 15 min;

(c): Heptanoic acid, DCC, Dimethylformamide, rt, 24 h.

The DTID-diol shows poor solubility in common organic solvents and its '"H NMR
spectrum in DMSO-ds shows two slightly broadened peaks (6 = 7.79 ppm and (6 = 7.22
ppm) and a triplet (5 = 6.99 ppm) corresponding to protons at the C-3, C-5, and C-4 positions
of the thiophene ring, respectively. No signal was observed for the aliphatic protons at C-2
and C-6 (Scheme 1, structure positions labeled with a question mark) of the indacene ring,

indicating that DTID-diol in DMSO exists mainly as the enolized tautomer. This structure
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was further confirmed by a FD-MS mass spectrometry that exhibited only a single peak at
378.00 Da (Calcd 378.00 Da). For DTID-Heps:  the singlet peak at 7.11 ppm is from the two
protons in the central benzene ring of the material, as expected for such a symmetric
structure. For iso-DTID-Hep,, the chemical shift of the two protons in the central benzene

ring appeared as two singlet peaks at 7.59 ppm and 6.50 ppm. (Figure 1a)
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Figure 1. (a) '"HNMR spectra of DTID-Hep, and iso-DTID-Hep, in CDCls. (b) UV/Vis
absorption spectra of DTID-Hep, and iso-DTID-Hep; in dichloromethane (DCM). (c¢) Cyclic
voltammogram of DTID-Hep, and iso-DTID-Hep, in DCM, 0.1 M tetrabutylammonium

tetrafluoroborate, with Fc/Fc' as internal reference (~ 0.4 eV).
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As shown in Figure 1b, DTID-Hep, and iso-DTID-Hep, exhibit a strong absorption
peak at about 350 nm and a broad peak in the visible range (450 nm to 800 nm for DTID-
Hep, and 400 nm to 510 nm for iso-DTID-Hep,, respectively). The red-shifted absorption
peak in the visible range of DTID-Hep, can be ascribed to the longer conjugation length of
the molecule where m-electrons are apt to delocalize through the longitudinal axis of the
molecule. i.e., the two thiophene moieties are in conjugation in DTID-Hep, but not in iso-
DTID-Hep,. The optical band gaps of DTID-Hep, and iso-DTI-Hep, are ~1.6 eV and ~2.3
eV, respectively. The electrochemical properties of DTID-Hep, and iso-DTID-Hep, were
examined by cyclic voltammetry (Figure 1c). Two-reversible similar reduction waves were
observed for DTID-Hep, and iso-DTID-Hep, in DCM, suggesting the LUMO values of -4.0
eV and -3.9 eV, respectively. The low-lying LUMO of the molecules makes them interesting

. . . . . 3234
candidates for n-type transistors and electron acceptors in organic electronics.

Single crystals of DTID-Hep, and iso-DTID-Hep, were grown and analyzed using X-
ray crystallography. From DCM/ethanol, DTID-Hep, forms a monoclinic unit cell, space
group P 2i/c (Form 1). The molecule is packed in a herringbone-type pattern with fully
extended heptanoyl side-chains and no n-m interactions between the backbones (Figure 2a).
A unique polymorphism from side-chain conformation changes was observed from
DCM/ethanol/Hexane (Figure 2b). It forms a monoclinic unit cell, space group C2/c (Form
2). The backbone of DTID-Hep, is nearly planar with two disordered side chains and a
dihedral angle between the outer thiophene rings with the central planar indacene ring of
5.8°. It exhibits a face-to-face slipped m-stacking motif with a short inter-planar packing
distance 3.228 A (please refer to Figure S4). This short intermolecular contact should provide
an efficient pathway for charge transport. The iso-DTID-Hep, grown from DCM/ethanol
forms an orthorhombic unit cell, space group P 2,2,2. It has a nearly planar backbone with

the two outer thiophene rings slightly twisted, exhibiting a face-to-face m-stacking (please
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refer to Figure S4 and Figure 2c). One of the thiophene units is disordered due to two
possible (syn and anti) conformers. The inter-planar packing distance of iso-DTID-Hep; is

3.401 A.

3.401% : %3’

(a) Form 1, DTID-Hep, (b) Form 2, DTID-Hep, (c) iso-DTID-Hep,

Figure 2. Crystal structure of DTID-Hep; (a), Form 2 of DTID-Hep; (b) and iso-DTID-Hep,
(¢). In Form 2 of DTID-Hep; (b), a conformer of the disordered side chains were omitted for
clarity. In the lower row, the long side chains were omitted for clarity. Thermal ellipsoids are
shown at 50% probability level (red and yellow color represents oxygen and sulfur atom,

respectively)

The DSC data of DTID-Hep, (mp: 176-179 °C) showed an irreversible sharp
endothermic peak at about 150 °C, while the DSC of iso-DTID-Hep, (mp: 195-197 °C)
exhibited a weak broad endothermic peak at about 85 °C in the heating part of the cycle and a
weak broad exothermic peak at about 65 °C upon cooling (Figure S1). To observe the phase
transition processes, a hot-stage cross-polarized optical microscope was used to record the
images. The phase transition of DTID-Hep, crystals occurred at about 150 °C in the first

heating process, along with color change from bright yellowish to blue. The new phase grew
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along the longitudinal direction of the crystalline needle until the whole needle eventually
irreversibly changed (Figure 3, A-D). While for iso-DTID-Hep,, the orange color of the fiber
gradually faded into dark grey-green along the longitudinal direction at about 85 °C in the
heating process (Figure 3, E-G), as the phase transition occurred. In contrast, during the
cooling process, at about 65 °C, the fiber color reversibly changed back form dark grey-green

into bright orange (Figure 3, H-J).
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Figure 3. Cross-polarized optical microscope images of DTID-Hep, at 150 °C (from t=0 s
to 12 s) in heating process (A-D), and iso-DTID-Hep; at 85 °C (from t= 0 s to 10 s) in heating

process (E-G), and at 65°C (from t =0 s to 10 s) in cooling process (H-J).

The powder XRD of DTID-Hep, and iso-DTID-Hep, changed significantly upon
heating. The experimental pattern of DTID-Hep, (Form 1) at 30 °C, before heating, matches
well with its simulated XRD pattern (Figure 4a). Upon heating to 160 °C, the pattern clearly
changed, where the main diffraction shifted from 5.1° to 6.9° and a more amorphous halo,

probably originating from the random conformation change of the localized heptanoyl side-
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chains at high temperature. This pattern is maintained when the sample is cooled back to 30
°C, indicating the thermally irreversible conformational changes. However, for iso-DTID-
Hep,, the reversible XRD pattern conversion suggests that the phase transformation is a
thermally-induced reversible crystal-to-crystal transformation. The experimental pattern
changed significantly when heating from 80 °C to 90 °C, along with a new diffraction peak
at 5.7°, while two diffraction peaks at 5.3° and 6.3° disappeared, shown in Figure 4b.
Interestingly, the diffraction pattern changed reversibly back to the original one when cooling
the sample back to 60 °C. These changes are consistent with the DSC and optical microscope
results, proving that iso-DTID-Hep, exhibits a thermally induced-reversible crystal-to-crystal

transformation.
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Figure 4. Experimental and simulated X-ray diffraction (XRD) data of DTID-Hep; (a), and
iso-DTID-Hep; (b). Schematic thermally-induced phase transformation of DTID-Hep, (c),

and iso-DTID-Hep; (d).
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In conclusion, two novel s-indacene-tetraone derivatives, DTID-Hep, and iso-DTID-
Hep,, were easily synthesized and fully characterized. The reversible electron accepting
properties and low-lying LUMO of DTID-Hep, and iso-DTID-Hep, indicate these molecules
are good electron acceptors. Polymorphism in DTID-Hep, and iso-DTID-Hep, have been
observed and the thermally-induced phase transformations between the polymorphs have
been investigated. The unique thermally-induced polymorphic transformations suggest that
the these materials are interesting for potential applications not only in organic

optoelectronics but also in switchable molecular actuators.

Acknowledgment: Xiaoqin Shen was supported by the Center for Energy Efficient
Materials, an Energy Frontier Researcher Center funded by the U.S. Department of Energy,
Office of Science, Office of Basic Energy Sciences under Award Number DE-SC0001009.
We also acknowledge the use of shared facilities of the Materials Research Laboratory: a
Natnioal Science Foundation MRSEC supported by NSF DMR 1121053. We thank Dr.

Guang Wu for acquiring the crystal structure and XRD data.

Supporting Information Available. Detailed synthesis procedures and characterization.

Reference

1. Z. Niu, J. G. Ma, W. Shi and P. Cheng, Chem Commun, 2014, 50, 1839-1841.

2. R. O. Al-Kaysi and C. J. Bardeen, Adv Mater, 2007, 19, 1276-+.

3. L. Wen, P. Cheng and W. B. Lin, Chem Commun, 2012, 48, 2846-2848.

4. S. Kobatake, S. Takami, H. Muto, T. Ishikawa and M. Irie, Nature, 2007, 446, 778-

781.

5. J. S. Costa, S. Rodriguez-Jimenez, G. A. Craig, B. Barth, C. M. Beavers, S. J. Teat
and G. Aromi, J Am Chem Soc, 2014, 136, 3869-3874.

6. N. Harada, S. Karasawa, T. Matsumoto and N. Koga, Cryst Growth Des, 2013, 13,
4705-4713.

7. S. M. Neville, G. J. Halder, K. W. Chapman, M. B. Duriska, P. D. Southon, J. D.
Cashion, J. F. Letard, B. Moubaraki, K. S. Murray and C. J. Kepert, J Am Chem Soc,
2008, 130, 2869-2876.



o

10.
11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.
31.
32.
33.

34.

Journal of Materials Chemistry C

M. Mas-Torrent and C. Rovira, Chem Rev, 2011, 111, 4833-4856.

H. Moon, R. Zeis, E. J. Borkent, C. Besnard, A. J. Lovinger, T. Siegrist, C. Kloc and
Z.N. Bao, J Am Chem Soc, 2004, 126, 15322-15323.

C. Reese, M. E. Roberts, S. R. Parkin and Z. A. Bao, Adv Mater, 2009, 21, 3678-+.

T. Siegrist, C. Besnard, S. Haas, M. Schiltz, P. Pattison, D. Chernyshov, B. Batlogg
and C. Kloc, Adv Mater, 2007, 19, 2079-+.

T. Siegrist, C. Kloc, R. A. Laudise, H. E. Katz and R. C. Haddon, Adv Mater, 1998,
10, 379-382.

M. D. Curtis, J. Cao and J. W. Kampf, J Am Chem Soc, 2004, 126, 4318-4328.

H. Pan, P. Liu, Y. Li, Y. Wu, B. S. Ong, S. Zhu and G. Xu, Adv Mater, 2007, 19,
3240-+.

J. D. Pipkin and V. J. Stella, J Am Chem Soc, 1982, 104, 6672-6680.

G. J. Ashwell, M. R. Bryce, S. R. Davies and M. Hasan, J Org Chem, 1988, 53, 4585-
4587.

K. Jacob, M. Sigalov, J. Y. Becker, A. Ellern and V. Khodorkovsky, Eur J Org Chem,
2000, 2047-2055.

S. T. A. Berger, F. H. Seeliger, F. Hofbauer and H. Mayr, Org Biomol Chem, 2007, 5,
3020-3026.

D. Janeliunas, M. Daskeviciene, V. Getautis, V. Gaidelis, V. Jankauskas and J.
Sidaravicius, Mol Cryst Lig Cryst, 2008, 497, 505-517.

S. Matsumoto, T. Aoki, T. Suzuki, M. Akazome, A. Betto and Y. Suda, B Chem Soc
Jpn, 2012, 85, 1329-1331.

Y. S. Yao, J. Xiao, X. S. Wang, Z. B. Deng and B. W. Zhang, Adv Funct Mater, 2006,
16, 709-718.

L. Dou, Y. Zheng, X. Shen, G. Wu, K. Fields, W.-C. Hsu, H. Zhou, Y. Yang and F.
Wudl, Science, 2014, 343, 272-277.

R. D. Breukers, A. P. Middleton, S. Janssens, S. G. Raymond, D. J. Clarke, A. J. Kay
and G. J. Smith, Proc Spie, 2013, 8827.

W. Walker, S. Grugeon, O. Mentre, S. Laruelle, J. M. Tarascon and F. Wudl, J Am
Chem Soc, 2010, 132, 6517-6523.

S. Acharya, P. Krief, V. Khodorkovsky, Z. Kotler, G. Berkovic, J. T. Klug and S.
Efrima, New J Chem, 2005, 29, 1049-1057.

P. Krief, J. Y. Becker, A. Ellern, V. Khodorkovsky, O. Neilands and L. Shapiro,
Synthesis-Stuttgart, 2004, 2509-2512.

W. Stadlbauer and M. Fischer, J Heterocyclic Chem, 2002, 39, 131-135.

J.-M. Bastian, A. Ebnother, E. Jucker, E. Rissi and A. P. Stoll, Helvetica Chimica
Acta, 1965, 49, 214-234.

C. Niebel, V. Lokshin and V. Khodorkovsky, Tetrahedron Lett, 2008, 49, 7276-7278.
F. Nathanson, Ber. Deutsch. Chem. Ges., 1893, 26, 2576-2582.

M. Harig, B. Neumann, H. G. Stammler and D. Kuck, Eur J Org Chem, 2004, 2381-
2397.

C. H. Woo, T. W. Holcombe, D. A. Unruh, A. Sellinger and J. M. J. Fréchet,
Chemistry of Materials, 2010, 22, 1673-1679.

Y. Zhou, L. Ding, K. Shi, Y.-Z. Dai, N. Ai, J. Wang and J. Pei, Adv Mater, 2012, 24,
957-961.

J. E. Anthony, A. Facchetti, M. Heeney, S. R. Marder and X. Zhan, Adv Mater, 2010,
22, 3876-3892.

10

Page 10 of 11



Page 11 of 11 Journal of Materials Chemistry C

TOC

J CgHig
[e] 0%0
0%0 [e]

Cefts  DTID-Hep,

>150 °C
 —

CsHi3 CeHia

O)=o o=,
0] (e]

iso-DTID-Hep,

Novel electronic-efficient s-indacene 1,3,5,7-tetraone derivatives were synthesized, which
exhibit unique thermal-induced polymorphic transformation.



