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Impact of structural anisotropy on electro-
mechanical response in crystalline organic
semiconductorst

@ Jerome Cornil, (2?2

*bc and

SaiManoj Gali,® *2* Claudio Quarti,
Lionel Truflandier,® Frederic Castet,
David Beljonne (2 *@

2 Yoann Olivier,
® Luca Muccioli

In an effort to gain a fundamental understanding of the electromechanical response in high mobility
crystalline organic semiconductors, we have investigated the uniaxial  strain-mobility relationships in
rubrene and benzothienobenzothiophene crystals. Elastic moduli and Poisson ratios of the materials are
evaluated and the strain mobility response of  these materials is rationalized using the effective masses
and electronic couplings in the framework of hopping and band transport  models, giving consistent
results. The microscopic origin of the response is investigated in relation to the strain induced variations

in the inter- and intra-molecular degrees of freedom.  We demonstrate that the strain applied along one
of the crystallographic directions in these materials does not only induce mobility variations along the
same direction, but also along the other crystallographic directions that are mechanically coupled with
large Poisson ratios. A rational design of electronic devices could therefore benefit ~ from the efficient

exploitation of this anisotropic strain mobility response in relation to the inherent crystalline anisotropy.

1 Introduction

Owing to their ease of synthesis, low cost of production and
good responsiveness, opto-electronic devices based on organic
semiconductors have entered into the mainstream of commer-
cialized products with applications ranging from organic light
emitting devices (OLEDSs), organic photovoltaics (OPVs), and
organic field effect transistors (OTFTs) to biocompatible organic
electronic devices!? Indeed, the flexible nature of organic
materials>® has prompted the development of cutting edge
diagnostic devices interfaced with the human body, ® such as
bio-integrated circuits” or artificial skins.

Of late, micro electro mechanical systems (MEMs) based on

the conducting channel of rubrene FETs (corresponding to the
p-stacking direction within the crystal), which demonstrated
that the charge carrier mobility increases upon application
of a compressive strain, whereas it diminishes when applying
a tensile strain. '© Complementary to these works, studies by
Batlogg et al!" showed an increase of mobility in rubrene FETs
for compressive strains applied either along the crystalline axis
parallel to the p-stacking direction or along the axis parallel to
the herringbone packing.

On similar grounds, by combining experimental measure-
ments and theoretical calculations, some of us demonstrated
that the strain-induced variation of charge-carrier mobility in
rubrene single crystals originates from the variation of electronic

organic semiconductor single crystals have also gained scientific couplings between molecular neighbours, and that the aniso-

attention. In a seminal study, Briseno et al. demonstrated that

tropy of the rubrene crystal structure induces an anisotropy in its

the performances of rubrene-based field effect transistors (FETs)strain response.? Importantly, this study evidenced that apply-
could be improved upon flexing® These investigations were later ing a mechanical strain along a given crystalline direction does

extended by applying local strains of different magnitudes along
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not only change the intermolecular distance parallel to that
direction, but induces more global variations in both intra-
and intermolecular degrees of freedom, making transfer integral
variations not straightforward to rationalize. These complex
relationships between mechanical strain and charge transport
efficiency in organic FETs have been illustrated in several
studies, leading to seemingly contradictory observations. In
some materials, application of a compressive strain increases
the charge carrier mobility,>~'® whereas in others, the mobility
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diminishes or does not display any sizeable variation.

of the C09 van der Waals density functional (c09-vdW-DF)

For instance, strain—-mobility in TIPS-pentacene does not change proposed by Cooper®® was motivated by its overall good per-

upon bending 2'?2 but is modified when applying  shea”®
or lateral deformation.'®?* To further complicate the picture,
previous studies evidenced that the strain—-mobility responses
can be influenced by the substrate underneath the organic
semiconductor owing to the mechanical and thermal expansion
inhomogeneities'>?52”and can also be influenced by the mod-

formance in reproducing weak bonding situations in a broad
set of systems, including molecular dimers and layered bulk
systems>43® Geometry relaxations, including atomic positions
and cell parameters, were performed starting from the experi-
mental crystallographic structures, as reported in Table 1,
employing a regular k-point spacing of about 0.4 A" . The

ulation of charge injection at the semiconductor-electrode kinetic energy and charge density cutoffs were set  to 50 Ry
interface 28 (B680 eV) and 350 Ry (B4760 eV), respectively. Force and
The rational design of mechanically-responsive electronic ~ stress were minimized with thresholds of 510 “ a.u. and

devices thus requires a fundamental understanding of the
relationships linking the transfer integral variations to the
changes in intra/intermolecular degrees of freedom induced
by directional mechanical strains. In this regard, the present
work reports a theoretical investigation of the strain-mobility
response of different high-mobility crystalline organic semi-
conductors, namely three rubrene polymorphs (orthorhombic,
RO, triclinic, RT, and monoclinic, RM) as well as three
[1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives,
unsubstituted (BO) and with either octyl (B8) or dodecyl chains
(B12) attached at the 2,7 positions. The strain—-mobility
responses are rationalized within the two limit regimes for
hole transport, namely hopping and band transport, in terms of
transfer integral and effective mass variations with respect to
directional mechanical strain, respectively. In addition, we also
provide the elastic moduli of the investigated materials, along
with the Poisson ratios that are indicative of the mechanical
coupling between the different crystallographic axes.

2 Computational details

Plane-wave (PW)density functional theory (DFT) calculations

0.310 * a.u. (0.2 kbar), respectively.

Uniaxial compressive and tensile strains were then applied
along the three crystallographic axes of the optimized struc-
tures, up to 0.8% of  normal strain, § =(L; L ;0)/Lio with
increments of 0.2%, where L ; and L; are the unstrained and
strained lengths of the crystal cell along the direction i. Uniaxial
strain implies that homogeneous strain was imposed by
simultaneously rescaling one of the crystal cell dimensions
and the molecular positions along the same direction, and
for every strain value (compressive and tensile), the relative
lattice vectors were held fixed while all internal degrees of
freedom (atomic  positions) were relaxed self-consistently.
Subsequently, geometries optimized with and without exter-
nal strain were used to compute the hole transfer integral ( J)
for all neighbouring molecular pairs within the crystal, by
employing the projection method *® at the PBE/DZ level using
the Amsterdam Density Functional (ADF) package>” Finally,
band structure calculations were performed at the vdw-DF-C09
level along the high symmetry paths of the respective crystals
(see the ESI,t for details). The hole effective mass (m) was
computed from the dispersion of the valence band energy E,*®
using the expression:

d?Eokb

were performed using the Quantum Espresso (QE) software 2° h2
As intermolecular interactions in organic semiconductor crystals m
are dominated by the van der Waals forces, explicit introduction

of vdW interactions in the exchange—correlation kernel has been In practice, a second order polynomial was fitted to the band,
considered for all the QE-PW-DFT calculations®*? The choice in the region of reciprocal space going from the G-point to the

Ya

4z (1)

Table 1 Experimental and calculated (DFT, from this work) crystallographic parameters for rubrene polymorphs and BTBT derivatives. Space Group (SG)
is represented in Hermann-Mauguin notation, V is the cell volume, and Z corresponds to the number of formula units per unit cell. The relative difference
in the unit cell volume V between calculations and experiments, DV/V = (Vprr V' 6xp)/Vexp, i reported in the last column

Structure a(A) b (A) c (A) a(1) b (1) g(1) V(B SG z Ref. DV/V

Rubrene polymorphs

RO 7.17 14.21 26.78 90.0 90.00 90.0 2729.6 Cmca 4 Exp*° —
7.15 14.02 26.45 90.0 90.00 90.0 2653.3 DFT 0.02

RT 7.01 8.54 11.94 93.0 105.50 96.2 683.5 P 1 Exp® —
6.93 8.33 11.86 93.0 105.19 96.2 646.2 DFT 0.05

RM 8.73 10.12 15.63 90.0 90.98 90.0 1383.3 P21/c 2 Exp2® —
8.54 9.90 15.49 90.0 90.95 90.0 1310.4 DFT 0.05

BTBT derivatives

BO 5.89 8.10 11.90 90.0 106.40 90.0 545.2 P21/c 2 Exp® —
5.80 7.68 11.72 90.0 106.40 90.0 520.3 DFT 0.04

B8 5.92 7.88 29.18 90.0 92.40 90.0 1362.0 P21/a 2 Exp5® —
577 7.45 29.12 90.0 92.38 90.0 1251.8 DFT 0.08

B12 5.86 7.74 37.91 90.0 90.60 90.0 1721.0 P21/a 2 Exp > —
573 7.37 38.09 90.0 90.57 90.0 1601.5 DFT 0.07



Table 2 Transfer integral (J) and hole effective mass (my, in units of electron mass) along the crystallographic directions corresponding to the inter-
neighbour vector (given in the basis of direct lattice vectors) in rubrene polymorphs and BTBT derivatives

Structure Direction J (meV) mn Structure J (meV) mp Nomenclature

RO [100] 107.42 0.67 BO 64.82 1.03 J my
[0.5, 0.5, 0] 20.33 1.05 18.02 2.31 5 my
[010] 0.65 2.03 0.78 4.96 N ms
[001] 0.35 7.54 0.01 9.54 A my

RT [100] 84.21 0.89 B8 64.49 0.88 J my
[0.5, 0.5, 0] — — 69.86 1.09 5 mo
[010] 11.77 3.15 1.63 4.61 N ms
[001] 0.33 8.01 0.3 N A my

RM [100] 12.67 3.10 B12 65.41 0.86 J my
[0.5, 0.5, 0] — — 69.86 1.09 5 my
[010] 5.34 4.91 1.78 4.45 N ms
[001] 5.03 4.95 0.00 N d my

directions k, represented by the inter-neighbour vector (see was attributed to the absence of a herringbone disposition of the

Table 2), and the effective mass was calculated by taking the ~ molecules, and to the lower density of molecular packing along

second derivative of the polynomial. Band structures of all the c-axis, which is perpendicular to the p-stacking directicfi—°

investigated systems are provided in the ESI.t In contrast to the triclinic and orthorhombic phases, the mono-
clinic polymorph exhibits minimal p-stacking interactions, lead-
ing to a further decrease in mobility°

3 Results and discussion Thienoacene-based derivatives constitute another class of
3.1 Structural and charge transport properties in the absence efficient p-type organic semiconductors, which exhibit high
of strain mobility with relatively high air stability, owing to their delo-

. L . calized electronic structure and deep-lying highest  occupied
Although most investigations on crystalline rubrene concentrated . 48 I
on the orthorhombic form, 193210 additional polymorphs molecular orbitals (HOMOs).” In addition, strong non-bonded

_ - interactions between sulfur atoms (S-S) and intermolecular p—
were reported, namely the triclinic**** and monoclinic %46 (S-S) PP

phases. While the base-centered orthorhombic phase is in generl??teractlons in the solid state promote large orbital overlap

. I . . etween the constitutive units. *® Of particular relevance in the
obtained from vapor deposition, triclinic and monoclinic phases . . ) .
. N s 45 thienoacene family is the [1]benzothieno[3,2-b][1]benzothiophene
are obtained from precipitation or reprecipitation methods. " It

BTBT) core, from which several derivatives wer nthesized:
has also been demonstrated that both the rate of precipitation ( ) core, fro C. se. eral derivatives were synt 68%84
. BTBT and alkylated derivatives (BTBT) have been the subject of
and the type of solvent employed modulate the shape of micro- . . 5 ! 658 . .
o . 45.47 a series of experimental® and computationaP®~>®studies, which
crystals of triclinic and monoclinic rubrene structures. *>“* The . i . s .
. . evidenced an increase in the hole mobilities as a function of n. In
spatial arrangement of different polymorphs of rubrene are . S .
- . . . the present study, we consider,BTBT derivatives with n equal to
shown in Fig. 1, while the crystallographic parameters are dis-

played in Table 1. The triclinic phase exhibits a face-to-face slip zero (BO), eight (B8) and twelve (B12). The spatial arrangement of

. . th terials i ted in Fig. 2, th tall hi
stack arrangement between the two neighbouring tetracene cores ese materials is presented in Fig and the crystallographic

. . . . parameters are gathered in Table 1. For all derivatives,earlier
with an intermolecular distance between the aromatic planes of reports have shown that the maximum hole mobility is along the
about 7 A, similar to that of the orthorhombic phase* However, " y 9

hole mobilities of the triclinic phase were reported to be lower p-stacking direction, which corresponds to the a-axis of the crystal

. 44 o s . . structure.>®® Crystallographic parameters of rubrene poly-
than those of the orthorhombic one.”™ This decrease in mobility morphs and BTBT derivatives obtained from strain-free

PW-DFT relaxations (Table 1) are in fair agreement with the
experimental data with a maximum volume deviation of 8%

B0 % B gl BIZ i g T

7 stack 7 stack

—
stack
Fig. 1 Crystalline packing of rubrene polymorphs: orthorhombic (RO), H ”‘W AM"WW

triclinic (RT) and monoclinic (RM), viewed along the ab plane (p-stacked

direction is along the a axis). Similarity between the p-stacked arrange- Fig. 2 Crystalline packing of BTBT derivatives: BTBT (B0), Cs-BTBT (B8),
ments in the orthorhombic and triclinic phases can be noticed. Forthe and C,>BTBT (B12), viewed along the ab plane (p-stacked direction is
sake of clarity, hydrogen atoms are not shown. along the a axis). For the sake of clarity, hydrogen atoms are not shown.

stai




obtained for the B8 compound. Complementary assessments of are given below:

the conductivity of the target materials were performed by
calculating effective masses and transfer integral values, both

gathered in Table 2. Overall, the results for these two quantities

are consistent, i.e. the directions along which transfer integrals

are large correspond to those along which effective masses are

small, in agreement with the theoretical expectation that trans-
fer integrals and effective masses are inversely proportional,
although a direct comparison is not possible since effective
masses arise for a direction-dependent linear combination of
transfer integrals. %

In line with previous studies,'?®the largest (lowest) transfer
integrals (effective masses) in the orthorhombic structure of
rubrene are obtained along the p-stacking direction, while
electronic couplings are 5 times smaller along the herringbone
direction. Similarly, the p-stacking direction in triclinic rubrene
gives rise to the largest transfer integral ( J;), while couplings
along the b-axis are 8 times weaker. The order of magnitude of
transfer integrals in monoclinic rubrene is much smaller
compared to those calculated in the orthorhombic and triclinic
polymorphs. However, the electronic couplings are also more
homogeneous, thus imparting to hole transport in the mono-
clinic phase a more isotropic character than in the orthorhom-
bic and triclinic ones, for which two-dimensional transport
properties are instead expected. Similarly, in agreement with
previous reports *°8¢1C4-BTBT and G-BTBT are predicted to
exhibit a two-dimensional hole transport with J4; C J 5, while
BTBT shows a lower transport dimensionality, with J 1 4 J 5.

3.2 Mechanical properties

Within the elastic limit of the material, normal stress (s) and
strain (e) are related by the stiffness tensor, following:

X
Si%
j

Cig )

where i and j are any of the three Cartesian axis directions. For
simplicity, we aligned the crystal a-axis with the Cartesian

x-axis, and we labeled in the following b and c the y and z axes,

even if a perfect coincidence of the three directions is possible
only for an orthorhombic cell.  The stiffness tensor elements
were computed by performing a linear regression of the stress—
strain plot, imposing an intercept at (0,0). Results, in units of
GPa, obtained for rubrene polymorphs and BTBT derivatives

2 3 2 3
19:5 1214 66 19:6 129 5:0
Cro 46 12:4 15:1 Cgo Y § 12:9 16:2 3:92
6:6 6:2 265 50 39 443
2 3 2 3
16:9 10:5 10:1 176 95 125
Crr ¥4610:5 17:0 11:52 Cgs %4 E 15:2 6:72
10:1 11:5 28:7 12,5 6:7 49:3
2 3 2 3
16:7 9:8 11:3 16:8 8:2 13:8
Crm Y E 14:4 12:92 Cg12 %E 8:19 149 8:3
11:3 12:9 20:9 13:8 8:3 509

Poisson ratios and Young’s moduli of rubrene polymorphs
and BTBT derivatives, computed following the procedure from
ref. 12, are reported in Table 3. At first sight, the stiffness matrix
elements obtained for rubrene polymorphs show small devia-
tions. However, when focusing on the off-diagonal  compo-
nents, an increase in the stiffness elements C ;. and C . is
observed, while C 5, decreases,moving from orthorhombic to
triclinic and monoclinic. These variations, albeit being some-
times subtle, impact the Poisson ratios of rubrene polymorphs.
As reported in Table 3, orthorhombic and triclinic phases of
rubrene exhibit the largest n,, and np, values indicating strong
mechanical coupling between the a and b crystal axes, whereas
monoclinic rubrene shows larger coupling between the b and ¢
crystal axes. Similarly, stiffness elements C,; and C, increase
from BO to B8 and B12, while C,, decreases.All BTBT deriva-
tives also show higher values of n4, and ny,, with B8 and B12
exhibiting an additional mechanical coupling between the a
and ¢ crystal axes, with a higher value of ny. This strong
mechanical coupling between different crystallographic axes
is bound to influence the strain-mobility response '? such that
a bi-directional strain mobility response is expected for  all
materials, i.e., strain induced mobility  along any crystallo-
graphic directionis expected for mechanical perturbation
applied either along the same direction or  along any other
coupled direction. Further, the Young’s moduli of rubrene

Table 3 Elastic constant (E, in GPa) of rubrene polymorphs and BTBT derivatives and Poisson ratio (h The values for orthorhombic rubrene computed

in this work are in broad agreement with the literature results,

reported in the last three columns

Constants RO RT RM BO B8 B12 ROpe1%2 ROcxp'® ROwp 2
Nba 0.79 0.52 0.43 0.78 0.54 0.44 0.71 0.60 0.87
Nab 0.60 0.48 0.26 0.65 0.54 0.45 0.57 0.51 0.49
Nac 0.16 0.28 0.25 0.20 0.74 0.76 0.20 0.16 0.12
Nea 0.06 0.14 0.26 0.04 0.17 0.20 0.08 0.10 0.09
Noc 0.28 0.49 0.72 0.07 0.00 0.14 0.33 0.62 0.48
Neo 0.08 0.23 0.47 0.01 0.00 0.01 0.11 0.34 0.21
Ea 9.21 9.98 9.35 9.24 10.1 10.4 8.89 9.01 8.92
E 7.04 9.27 5.68 7.7 10.1 10.8 7.14 7.07 512
E. 23.6 20.1 8.71 43.0 40.1 39.3 21.7 14.1 11.9



show small variations from one polymorph to another, which is where e is the elementary charge and t is the relaxation time.
also the case for BTBT derivatives. Both rubrene polymorphs  Since we are interested in the relative variation of mobility (Dm)
and BTBT derivatives show comparatively large Young’s moduli along the direction j as a function of applied strain along i,
along the c-axis, reflecting that the materials are more elastic =~ assuming constant electron—-phonon coupling, we obtain:

along the c-axis, which corresponds to the direction along 0 0

which the inter-molecular distance is the largest. Also, it is D nf m ﬂ1 4)
interesting to notice the higher values of E . and C.;for BTBT ! ",9 qu

derivatives with respect to rubrene, suggesting that in BTBTSs,

despite the presence of “soft” alkyl chain lamellae along the where the superscripts 0 and e correspond to values obtained
c-direction, the fluctuations of molecular positions in and out for unstrained and strained crystals along the crystallographic
of the ab-plane should be smaller than the ones experienced by direction i, respectively, whereas effective masses are calculated

rubrene molecules. along a second directionj.  The assumptions above do not
permit the comparison between results obtained for different
3.3 Strain-mobility response from band transport models directions of applied strain, but they are useful to determine

the anisotropy of the mobility at a given strain. The variation of

In the framework of the semi-classical Drude model, the band " s )
mobility estimated from effective masses for rubrene polymorphs

mobility (m) as a function of effective mass (m) can be computed

through the following relation: 616364 and BTBT deriva?iv.es is pr'e.sented in Fig. S.gnd 4. Since all
compounds exhibit negligible or low mobility along the

m St 3) c-axis 6588566 55 reflected by the low couplings Js and J; and

m effective mass values mz and m 4 reported in Table 2, the

270° 270° 270°

Fig. 3 Polar plot representing the relative mobility variation, ij. mﬁ, in the ab-plane (see eqn (3) and (4)) for rubrene polymorphs. Strain is applied along
a (left panels), b (middle), and ¢ (right) crystal axes. Black circles correspond to zero strain, red squares correspond tp=0.008 (compressive), and blue
diamonds correspond to e; = +0.008 (tensile). Dashed lines correspond to the fit using the function Ay + A;cos(2x) + A cos(4x) and are a guide to the eye.



Fig. 4 Polar plot representing the relative mobility variation, m J-O. mﬁ, in the ab-plane (see eqn (3) and (4)) for BTBT derivatives. Strain is applied along a
(left panels), b (middle), and c (right) crystal axes. Black circles correspond to zero strain, red squares correspond to ;&= 0.008 (compressive), and blue
diamonds correspond to e; = +0.008 (tensile). Dashed lines correspond to the fit using the function Ay + Ajcos(2x) + A cos(4x) and are a guide to the eye.

mobility variations and their anisotropy are analyzed only in B8 and B12 derivatives showing slightly larger responses and,
the ab plane, for zero strain and with compressive and tensile  for strain along c, with mobility increasing upon expansion.
strains of 0.8%. The relative changes in effective mass as a

function of applied strain, calculated using eqn (4), (reported as 3.4 Strain-mobility response from hopping models

percentage change) are also provided in the ESL.t The strain mobility response analysed on the basis of the
For all rubrene polymorphs, compressive strains applied alongyariation of effective carrier mass inthe previous section
the a and b axes (Fig. 3a, b, d, e, g and h) produce, as expected,gtounts for the electronic coupling of one molecule with all
increase of mobilities in the ab plane.  Converselyfor strains neighbours in an infinite periodic cell. In other words, the
applied along the c-axis,the opposite behaviour is observed for yariation of effective mass along the inter-neighbour vector of
orthorhombic rubrene (Fig. 3c) with mobility slightly increasing interest, as a function of strain, is influenced by the presence of
upon expansion, whereas the expected standard behaviour is  other molecules beyond the unit cell. Transfer integrals calcu-
recovered in the triclinic and monoclinic phases (Fig. 3f and i).  |ated between isolated pairs of molecules can be employed to
Actually,the response to strain of the monoclinic phase is negli- isplate this effect. Furthermore, these transfer integrals are
gible for strains applied along b and ¢, as clearly shown by the fundamental parameters in the hopping theory of charge
almost superimposed and nearly isotropic curves in Fig. 3h and itransport, where the rate is predicted to be dependent on the
Similar to the rubrene polymorphs, all BTBT derivatives  square of the transfer integral () itself so that the strain—
show an increase in mobility in the ab-plane for compressive mobility response can be obtained using eqn (5): 126567
strains applied along the a-axis (Fig. 4a, d and g), while for X
strains along b and c, the response interms of mobility rr} Yan Jf( 2 ﬁ‘( 8 2 (5)
variation appears to be very small (Fig. 4b, c, e, f, h and i), with k



where the summation runs over all the first neighbours k with
intermolecular distance vector 'k § is aunit vector (in this
case, parallel to crystallographic axes), representing the direc-
tion along which mobility is measured, and n is a prefactor
containing the details of the transport model.% Once mobilities
are calculated for different strains with eqn (5), their relative
variations can be obtained as in eqn (4).

In the linear response regime, i.e., at low strains, since the
squared transfer integral response is approximately linear in
the range of strains explored (vide infra), a single empirical
parameter n} is extracted by using a linear regression to the
following equation relating mobility to the applied strain: '3

m = ni(1 + ne) (6)
where j andi indicate again the direction along which the
mobility is measured and the direction of applied strain,
respectively. The empirical parameter n} contains the relative
change of mobility along a specific direction of  the crystal,
wherein a negative value of hindicates the standard behaviour
in which compressive strains produce an increase in mobility.
The values of rj for all systems for j = (a, b) with strain applied
along the (a, b, c) axis are reported in Table 4.

All rubrene polymorphs, as well as BTBT derivatives, show
an increase in mobility along the a and b axes for compressive
strains applied along the a-axis (§ o 0 and n § o 0), confirming
the bi-directional strain-mobility response in these materials.
The application of  strain along the b-axis (n J-b) for rubrene
polymorphs produces similar effects to the strain along the
a-axis, but with a response consistently larger along b than
along a. For BTBT derivatives, instead, the response to ey, is
weaker, and its sign is predicted to be negative for the mobility
measured along b but positive for measurements along a, as
suggested by the corresponding variations of transfer integrals
shown in Fig. 8, and in agreement with bandwidth calculations
by Shuai and coworkers®® for B8 derivatives. The situation is
even more complex for strain applied alongc:  while the
response for BTBTs is similar but opposite to the one obtained
for strains along b, for rubrene polymorphs, there are no clear
trends, even though the sign of n | is always different between
j=aandj=b. Although a recent investigation suggested that
mechanical compressive strains of the order of 3% can

Table 4 Relative strain mobility computed in terms of empirical para-
meter n} (eqgn (6)). A negative (positive) sign of n} indicates an increase
(decrease) of mobility on compressive strain. The results for orthorhombic
rubrene are in semi-quantitative agreement with the ones in ref. 12

Rubrene polymorphs BTBT derivatives

Structure n} e, & &  Structure n e & &

RO m 88 119 +42 B0 m 69 +37 09
m 149 176 5.5 m 233 7.0 +1.1

RT m 13.0 32 82 B8 m 73 +3.0 29
m 252 151 +4.9 m 59 35 +6.5

RM m 14.4 0.1 +0.1 B12 m 96 +22 38
m 2.9 44 14 m 97 52 +117

suppress the intermolecular vibrations, in-turn leading to an
increase in mobility,7°this effect on charge transport properties
is not directly addressed in the present work. So, the compar-
ison of the response coefficients reported in Table 4 with
experimental ones should be attempted with some caution.

3.5 Molecular interpretation of transfer integral variation
with strain

To shed light on the origin of mobility variation as a function of
mechanical strain, the variations in intra- and intermolecular
degrees of freedom caused by the mechanical strain are dis-
cussed in conjunction with the resulting transfer integral
variations. The relative change in squared transfer integral as
a function of strain via DJ J' is given by:

JazJ 0 ?

i j j

DJj %7\],0 2 (7)

]
where the subscripts 0 and gcorrespond to values obtained for
unstrained and strained crystals  along the crystallographic
directions i, andj is the direction along which the transfer
integral is calculated. Only transfer integrals for dimers along
the highest mobility direction a ([100] in Table 2) are discussed
here, while the trends for all other couplings are reported in the
ESI.T For compressive (tensile) strains applied along the a axis
(p-stacking direction), an increase (decrease) in the corres-
ponding transfer integral ( J 1, see Table 2 for nomenclature) is
observed for both rubrene polymorphs and BTBT derivatives
(Fig. 5). This is not surprising, since the inter-molecular dis-
tance decreases (increases) with the application of compressive
(tensile) strainand it is well established that the transfer
integrals evolve exponentially with intermolecular distance.
Transfer integral variations are also observed along the same
axis, for strains applied along the b- and c-axes. This result is
more appealing, since there is no change in inter-molecular
distance between the dimers along the a-axis for strains applied
along b and c. This indicates that the transfer integral varia-
tions are therefore coupled to other structural variations under
the influence of mechanical strain.

One such structural variation is investigated here, by con-
sidering the angular displacements between adjacent dimers
along the p-stacking direction. The angular displacement is
calculated by the change intilt  angle, y,, representing the
obtuse angle formed by the molecular planes and the a-axis
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Fig. 5 Relative change in squared transfer integrals for rubrene poly-
morphs (left) and BTBT derivatives (right) along the p-stacked dimers for
strains applied along the p-stacked direction (a-axis).
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Fig. 7 Relative change in squared transfer integrals andy  for rubrene
polymorphs along the p-stacked dimers for strains applied along b (top)

and c (bottom) crystallographic directions. 4 COhClUSionS

Strain—-mobility responses in some high mobility crystalline
(see Fig. 6 for schematic representation). In Fig. 7 and 8, we organic semiconductors, namely three polymorphs of rubrene
report the variation of transfer integrals along with the asso- along with three members fromthe family of [1]benzo-
ciated change iny ,, Dy, =yp Yy g, where yp and yg are the thieno[3,2-b][1]benzothiophene derivatives, were investigated
values of y, in strain-induced structures and at ~ zero strain, theoretically. The materials were first characterized in terms
respectively. A similar change in angular displacement of the of mechanical response, by calculating elastic moduli  and
dimers along the herringbone direction [0.5, 0.5, 0] isalso  Poisson ratios, revealing a higher stiffness of BTBT derivatives,
observed. Results related to the variation in transfer integrals in particular  along the direction parallel  to the molecular
associated with the change in herringbone angle are reported  long axes.
in the ESI.1 Orthorhombic and triclinic polymorphs of rubrene The strain mobility response of  all materials, calculated
(Fig. 7) show an increase in y, for compressive strains applied using both the band and hopping models of charge transport,
along the b-axis. This increase iny , results in the associated shows a bi-directional anisotropic character inany of the
increase of J.. For compressive strains applied along the c-axis, crystallographic planes considered (ab, ac or bc), i.e., the
J; decreases for orthorhombic rubrene whereas it increases in  mobility response is sensitive to the direction of  application
triclinic rubrene. The relative increase follows the corres- of compressive (tensile) strain and the direction of measuring/
ponding change in y ,. Monoclinic rubrene does not show any  obtaining the mobility. However, all the materials offer resilience
variationiny , for strains applied alongthe b- or c-axis, to strain induced mobility variations in the direction perpendi-
consistent with the weaker mobility variation estimated from cular to the principal transport plane (ab). The mobility of
effective hole mass (Fig. 3g and i). It follows that for rubrene monoclinic rubrene, which exhibits lower packing densities
polymorphs, an increase of y, upon strain leads to an increase compared to the rest of the investigated materials, is rather
in the transfer integrals, whereas a decrease iny, leadstoa insensitive to strain in the ac and bc planes.
decrease in the transfer integrals. Similar to what was observed It was found that the Poisson ratios are informative as they
for rubrene polymorphs, variations in transfer integral J; in  provide an initial guess about which crystallographic axes are
BTBT derivatives show a strong dependence ony , (Fig. 8): mechanically coupled, and they are indicative of the directions
compressive strain applied along the b-axis leads to an increase along which the coupled strain-mobility responses can be
iny,, which in turn causes the decrease in transfer integrals. expected.However, Poisson ratios cannot provide the sign and
For strains applied along the c-axis, both B8 and B12 show a  magnitude of the relative variation of mobility, since the response
similar response, while BO does not show any response, again is rather system dependent, both in terms of magnitude and
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