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S10. Highly Aligned Needles of TIPS-Pentacene

Figure SI10: Cross-polarised image of highly aligned needles of TIPS-pentacene zone-cast at substrate

displacement-rates of SOOumS'1 on SiO, substrates, taken at a 20 x optical zoom.



SI1. Charge Transport Simulations

Charge carrier mobilities of TIPS-pentacene and TES-pentacene are calculated by a multi-scale
approach whereby charge transport parameters are derived from semi-empirical, quantum-chemical
calculations and used to obtain angular dependent mobilities. While the crystal and molecular
structure of TIPS-pentacene has been identified by Anthony et al. , the orientation of TES-pentacene
molecules in the unit cell is to our knowledge unavailable in literature. A molecular mechanics based
approach allowed us to determine the complete packing structure of TES-pentacene — the
crystallographic information file (cif) is provided in the supporting information (S12). We assume the
configuration of TIPS- and TES-pentacene is similar to that demonstrated by Chen et al. using two-
dimensional XRD, who found that TIPS-pentacene films orient parallel to its unit cell vectors (100)

and (010) on amorphous carbon and silicon waver substrates (see Figure SI1).2

Hole transfer integrals J are quantified applying the projective method to a pair of neighbouring
molecules.® The electronic structure of the molecules is calculated with density functional theory
using the B3LYP functional and a 6-31G* basis set. The calculated values of J are presented in Table
SI1. TIPS-pentacene has two high transfer integrals in the (100) and (110) direction, whereas TES-
pentacene has only one, in the (100) direction. Troisi et al. found also high transfer integrals for TIPS-
pentacene in those directions, only the absolute values are slightly different.* The calculation of the
orbital overlap is in agreement with experimental observations stating that TIPS-pentacene is
organized in two-dimensional brick-wall structures, while TES-pentacene has a one-dimensional

slipped-stack structure.’

The inner-sphere reorganization energy 4;, is calculated using the well-established approach presented
in reference.® The energies of the neutral and cation species constrained into the minimum-energy
neutral or cation geometries are calculated using DFT, again with the hybrid functional B3LYP and

the basis set 6-31G*. The internal reorganization energies A, for TIPS- and TES-pentacene are found
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to be 138 meV and 142 meV. These are significantly higher than the internal reorganization energy of
pentacene (95 meV).” Since the outer-sphere reorganization energy is complicated to quantify, we
assume a generic total reorganization energy A of 0.5 eV for TIPS- and TES-pentacene which might
be an overestimation. Smaller A would result in higher mobilities which are expected to leave the
angular distribution of mobilities unchanged. Since, despite the uncertainty in 4, the reorganisation
energy will in all cases be larger than the charge transfer integrals J (see Table SI1) we are in the non-

adiabatic limit and can use non-adiabatic Marcus theory for the rate of charge transfer, k;;:

e iyl ~(a;+2)°
kij = h JamAkgT exp( 47kgT €

kij is the Marcus hopping rate which depends on the reorganization energy /, the charge transfer
integral J; and the difference in site energies AE;. kg is the Boltzmann factor and T refers to the
temperature. Several experimental studies indicate that charge transport in TIPS-pentacene is at the
limit between polaron hopping and band-like transport. Sakanoue et al. reported on the band-like
temperature dependence of the mobility in TIPS-pentacene field effect transistors.® In contrast, Hall-
Effect measurements indicate localized charge carriers and hopping transport.® This ambiguous
behaviour can be theoretically described in two ways. Troisi proposed a semi-classical model where
charge carriers are localized by classic lattice vibrations although the temperature dependence of the
mobility stays band like.”® Further, an approach based on Levich-Jortner formula™ considers nuclear
vibrations quantum mechanically.'? This is necessary when the energy of the nuclear vibrations is
significant which is often presumed for ultra-pure crystals.’? Being crucial for the temperature
dependence of the mobility, lattice vibrations do not play an important role for the angular
dependency of the mobility at a fixed temperature.™® Moreover, Kwiatkowski et al. suggested that the
spreading of the transfer integral and site energies is dominated by zero-point fluctuations even at
room temperature.** This implies that the fundamental transport mechanism stays unchanged
considering the Levich-Jortner formula or the Marcus theory.'® Thus, Marcus theory is employed in

the following calculation. The angular resolved mobilities are simulated using the master equation.
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u is the charge carrier mobility, F refers to the applied electric field and r;; describes the vector
between the lattice sites i and j. The mobility is calculated in the direction of the applied electric field
F. Theoretically, all terms in equation (1) and (2) containing the electric field or the transfer integral
are direction dependent. This includes AE;; because it is dependent on the transferred charge and the
electric field. This leads to the angular dependent hole mobilities presented in Figure 7.

The simulated hole mobilities of TIPS-pentacene are consistent with several previous studies.®*>*°
The only outliers are the recent record hole mobilities of TIPS-pentacene (4.6 cm? /Vs and 11 cm?/V/s)
reported by Giri et al. and Diao et al.*’*® Here, the crystal structure had been changed by straining the
TIPS-pentacene film and therefore does not refer to the same crystal structure as the calculations
presented above. The discrepancy between modelled and experimental mobilities in TES-pentacene
(see Figure 7) might be due to crystal defects being particular disruptive for one-dimensional charge

transport.

There are several reasons for the superior charge transport properties between TIPS-pentacene and
TES-pentacene. TIPS-pentacene has two high transfer integrals while TES-pentacene is dominated by
the charge transfer integral in the (100) direction. As a result TIPS-pentacene shows two-dimensional
charge transport, whereas TES-pentacene is limited to one-dimensional transport. One-dimensional
transport is obviously more affected by lattice defects as these irregularities represent a trap or barrier
which cannot be surrounded by charge carriers. Therefore, the charge transport dimensionality can be
considered of particular importance for the practical application in field effect transistors. Secondly,

the absolute values of the charge transfer integrals are higher for TIPS- than for TES-pentacene.



Figure SI1. Molecular configuration of first layer of TIPS-pentacene on amorphous carbon and
silicon wafer substrates.? This 2-dimensional structure is the basis of our theoretical study.

TIPS-pentacene TES-pentacene
Charge Transfer Integrals (meV) (meV)
(100) 53.7 93.58
(010) 0.21 1.08
(001) 1.17 4.26
(110) 64.8 6.94 x 10™
Inner-Sphere (meV) (meV)
Reorganisation Energy 138 142

Table SI1. Calculated inner-sphere reorganisation energies and relevant charge transfer integrals
between HOMO levels for TIPS- and TES-pentacene. TIPS-pentacene has two high transfer integrals
indicating 2-dimensional transport while TES-pentacene has only one relatively high one which
implies 1-dimensional transport. The inner-sphere reorganisation energies of TIPS- and TES-
pentacene are found to be similar.



SI2 Extracting the Crystal Structure of TES Pentacene

Methods
Both TIPS and TES-pentacene structures have been published by Ostroverkhova et al. and can be
obtained via Cambridge Crystallographic Data Centre (CCDC) deposited as under numbers 172476

and 1028702, respectively (Figure SI12.1)."

Structures Analysis

Although both TIPS- and TES-pentacenes have quite similar structures (Figure SI2.1), the subtle
differences change the relative orientation of the molecules and the m-stacking distances between the
pentacene cores, both parameters crucial for the charge transport abilities (Figure SI2.2). Only
comparison of the unit cell parameters (table in Figure S12.2) suggests differences in the 010 (b) and
001 (c) direction. The 001 direction is the lamellae direction, the least relevant for the charge transport
due to a larger spacing between the pentacenes cores (~20 and ~15 A for the TIPS and TES,
respectively) and the presence of the bulky alkyl side chains. The smaller 001 distance in the TES-
pentacene comes from the interdigitation of its (less bulky and more flexible than TIPS-chains; note

that this flexibility is even increased by the Silicon bridging atom) side chains.

The “b” cell parameter of the TES structure is by ~2 A higher suggesting that the molecules in that
direction are further away from each other. Looking closer as the distances between the neighboring
molecules (Table in the Figure SI2.2) revealed that the TIPS-pentacene structure has in both “a” and
“b” directions smaller zt-stacking distances (both plane-to-plane (3.1 — 3.5 A) and ring-to-ring (7.7 —
7.8 A), presented in Figure SI2.2A). Furthermore, the relative orientation of the pentacene cores in
both a and b directions of the TIPS-pentacene molecules (Figure SI2.2A) is much more face-to-face
than of the TES-pentacenes (Figure SI2.2B) what should enable a 2D (in a and b direction) charge
transport in case of TIPS-pentacene structure. A confirmation of a favorable for a 2D charge transport
molecules orientation in TIPS-pentacenes comes from X-ray analysis (provided by Dr Youngsuk Jung

and Dr Dong-Jin Yun at Samsung Advanced Institute of Technology (SAIT)), where a peak



corresponding to the (120) plane suggest an order in the ab-direction, with the spacing between the

{120} planes of ~3.8 A, consistent with the n-stacking distances in the TIPS-pentacenes.

Experimental Details regarding the X-ray Data

X-ray diffraction (XRD) measurements were performed at the grazing incidence XRD setup at the
PAL (Pohang Accelerator Laboratory, 10C1 beam line) synchrotron in South Korea.
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Figure S12.1 Orthographic projections of the triclinic unit cells of the TIPS- (A, C & E) and TES-
pentacenes (B, D & F) structures. The red, green and blue colours correspond to x, y and z directions,
respectively.

Distance: Plane-to-Plane middleRing-to-middleRing
Direction: | 100 (A) | 010 (A) | 001 (A) | 100 (A) | 010 (A) | 001 (A)
A) TIPS 3.5 3.1 7.4 7.7 7.8 17
B) TES 3.5 5.7 5.7 7.2 10 11

Figure SI12.1. The in-plane orientation of the TIPS- (A) and TES-pentacenes’ closest neighbours in
the x (red), y (green) and z (blue) directions. The table presents the distances between the middle rings
in the corresponding directions (“middleRing-to-middleRing”), and he =-stacking distances of the
neighbouring molecules (“Plane-to-Plane”).



References

1 J. E. Anthony, D. L. Eaton, S. R. Parkin, Org. Lett., 2002, 4, 15

2 J. Chen, D. C. Martin, J. E. Anthony, J. Mater. Res. 2007, 22, 1701

3 J. Kirkpatrick, Int. J. Quantum Chem. 2008, 108, 51

4 A Troisi, G. Orlandi, J. E. Anthony, Chem. Mater. 2005, 17, 5024

5 R. C. Haddon, X. Chi, M. E. Itkis, J. E. Anthony, D. L. Eaton, T. Siegrist, C. C. Mattheus, T. T.
M. Palstra, J. Phys. Chem. B, 2002, 106, 8288

6 K. Sakanoue, M. Motoda, M. Sugimoto, S. Sakaki, J. Phys. Chem. A, 1999, 103, 5551

7 M. Malagoli, V. Coropceanu, D. A. da Silva Filho, J. L. Bredas, J. Chem. Phys. 2004 , 120,
7490

8 T. Sakanoue and H. Sirringhaus, Nat. Mat., 2010, 9, 736

9 J.F.Chang, T. Sakanoue, Y. Olivier, T. Uemura, M. B. Dufourg-Madec, S. G. Yeates, J.
Cornil, J. Takeya, A. Troisi, H. Sirringhaus, Phys. Rev. Lett. 2011, 107, 66601

10 A. Troisi, G. Orlandi, J. Phys. Chem. A, 2006, 110, 4065

11 Jortner, J. J. Chem. Phys. 1976, 64, 4860

12 H. Geng, Q. Peng, L. Wang, H. Li, Y. Liao, Z. Ma and Z. Shuai, Adv. Mater, 2012, 24, 3568

13 V. Stehr, J. Pfister, R. F. Fink, B. Engels, C. Deibel, Phys. Rev. B 2011, 82, 155208

14 J. J. Kwiatkowski, J. M. Frost, J. Kirkpatrick, J. Nelson, J. Chem. Phys. A, 2008, 112, 9113

15 O. Ostroverkhova, D. G. Cooke, F. A. Hegmann, R. R. Tykwinski, S. R. Parkin and J. E.
Anthony, Appl. Phys. Lett, 2006, 89, 162101

16 Sheraw, C.D., Jackson, T.N., Eaton, D.L. and Anthony, J.E, Adv. Mater. 2003, 15, 2009

17 G. Giri, E. Verploegen, S. C. B. Mannsfeld, S. Atahan-Evrenk, D. Hwan Kim, S. Yoon Lee,
H.A. Becerril, A. Aspuru-Guzik, M. F. Toney and Z. Bao, Nature, 2011, 480, 504

18 Y. Diao, B. C-K. Tee, G. Giri, J. Xu, D. H. Kim, H. A. Becerril, R. Stoltenberg, T. H. Lee, G.
Xue, S. C. B. Mannsfeld, Z. Bao, Nature Materials, 2013, 12, 66

19 M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch, E. Zurek and G. R. Hutchison,
Journal of Cheminformatics 2012, 4, 227

20 A. K. Rappe, C. J. Casewit, K. S. Colwell, W. A. Goddard Ill, and W. M. Skid,
J.Am.Chem.Soc., 1992, 114, 10024

10



