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Abstract: The theoretical work pre-
sented here demonstrates that, when
substitution takes place at appropriate
positions, cyanation could be a useful
tool for reducing the internal reorgani-
zation energy of molecules. A molecu-
lar-orbital-based explanation is given
for this fundamentally important phe-
nomenon. Some of the cyanated penta-
cene derivatives (nCN-PENT-n) not
only have internal reorganization ener-
gies for electron transfer (17) smaller

for hole transfer (A1) of pentacene, a
small value that few organic com-
pounds have surpassed. In addition, cy-
anation raises the electron affinity of
the parent compound and may afford
good electronic couplings between
neighboring molecules, because of its
ability in promoting m-stacking. For the
design of high performance n-Type Or-
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ganic field-effect transistors, high elec-
tron affinities, large intermolecular
electronic couplings, and small reorgan-
ization energies are necessary. Cyana-
tion may help in all three aspects. Two
cyanated trialkylsilylethynyl pentacene
derivatives with known m-stacking
structures are predicted to provide rea-
sonably small internal reorganization
energies, large electronic couplings,
and high electron affinities. They have
the potential to outperform N-fluoroal-

than that of pentacene, but the A~
values are even of the same magnitude
as the internal reorganization energy

tions

Introduction

Organic semiconductors have been investigated widely both
in academia and in industry, due to their potential applica-
tion for low-cost, light-weight, flexible, and large-area elec-
tronic devices, including organic field-effect transistors
(OFETs)Y and light-emitting diodes (OLEDs).”! For the
OFET application, the intrinsic charge mobility of the active
layer depends largely on the solid-state order. Studies on
solid-state order in relation to OFET performance showed
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kylated dicyanoperylene-3,4:9,10-bis(-
dicarboximides) (PDI-FCN,) in terms
of electron mobility.

that m-stacked arrays lead to OFETs with good charge mo-
bility.”! For example, unsubstituted polythiophene (PT) with
a herringbone packing results in a low hole mobility of
10~ cm?V~!s7.19 In contrast to PT, regioregular poly(3-
hexylthiophene) (P3HT) substituted by hexyl side chains
changes its molecular packing from herringbone packing to
n-stacking, and enhances the hole mobility up to
0.1 cm*V~'s1.l However, pentacene (PENT), one of the
most promising p-type organic compounds for OFETs, has
a herringbone packing structure.’! This packing of PENT
molecules does not provide optimal intermolecular m-orbital
overlap, which is a critical factor impacting the electronic
coupling and hence the intrinsic charge mobility. Therefore,
some research groups have attempted to obtain m-stacked
oligoacene derivatives."! Anthony et al. showed that func-
tionalization of PENT with two trialkylsilylethynyl groups is
an effective method for facilitating m-stacking of penta-
cene.l™*l Swager et al. synthesized m-stacked tetracene de-
rivatives with fluorine and alkyl/alkoxy functionalization.”!
Bao et al. used dichloro substitution to switch the herring-
bone packing of tetracene to m-stacking, resulting in im-
proved mobility.”!

For thin film OFETSs, in which the structure is not as or-
dered as in single crystals, a hopping mechanism described
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by Marcus theory!™ is believed to be involved in the charge-
transport process at room temperature.’® According to
Marcus theory, reducing the reorganization energy of the
charge-transport process provides an additional possibility
for pursuing semiconductors with large charge mobility. This
may not be crucial for materials with poor intermolecular
electronic coupling. However, for molecular frameworks al-
ready exhibiting sizeable electronic couplings, reducing the
reorganization energy may turn them into high-performance
OFET materials. In other words, to search for high-perfor-
mance organic semiconductors that outperform current ma-
terials, it is desirable to design molecules with both the elec-
tronic coupling and the reorganization energy in mind. Cur-
rently, experimentalists address the former issue much more
than the latter. Theoretical studies addressing the quest for
small reorganization energy will clearly help to balance this
disparity.

For complementary circuits, both p- and n-type organic
semiconductors are necessary. In contrast to p-type organic
semiconductors, n-type materials have been developed only
in the last decade. The deficiency of n-type organic semicon-
ductors is believed to be due to the high injection barrier of
electrons and the intrinsic instability in air of organic radical
anions, something which can be overcome by increasing the
electron affinity (EA).'®! Experimental and theoretical stud-
ies showed that functionalizing p-type semiconductors with
electron-withdrawing groups is a promising way to convert
them to n-type materials.”'¥ In 2004, Marks et al. demon-
strated that electron-withdrawing imide substituents afford
promising architectures for n-type naphthalene- and pery-
lene-based semiconductors (e.g., NDI and PDI).’’ Among
these compounds, PDI-FCN, (see Figure 1) with core cyana-
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tion and N-fluoroalkylation exhibits excellent stability in air
and a high electron mobility of 0.64 cm®>V~'s™! in air. Even
without the N-fluoroalkyl group, PDI-CN, has also been
found to be stable in air."]

In the theoretical studies, Marks et al. showed with calcu-
lations that cyanation of oligothiophenes, oligopyrroles, and
oligofurans can reduce internal reorganization energies for
hole transfer (1*) compared to those of their parent com-
pounds."! Other polar functional groups (—F, —OR, —CF;,
—NH,) in the study did not provide this advantage. Unfortu-
nately, A~ was not discussed in the paper, so it is unclear
whether cyanation is beneficial in terms of A~. On the other
hand, our previous study demonstrated that perfluoropenta-
cene (PF-PENT) and perfluorohexathiophene (PF-6T) have
significantly larger A* and A~ values than those of PENT
and hexathiophene (6T), respectively, due to the additional
contribution of the C—F bond compression/stretching on ox-
idation and reduction.!'”! It is fundamentally intriguing why
CN-substitution has such a different impact on A*. With the
comprehension of the origin of this unique tendency of CN,
one may be able to design other chemical systems with the
same behavior.

In this study, we investigate theoretically the effect of cy-
anation on the internal reorganization energy. As pentacene
has shown good charge mobilities and is a widely studied or-
ganic semiconductor, we focus mainly on the effect of cyan-
ation on this molecule. Both experimentally known and un-
known cyanated pentacene derivatives are studied. Because
cyanation will increase the electron affinity of a molecule,!”!
we pay special attention to the calculated A~ values, the ioni-
zation potentials (IP), and the electron affinities (EA) of
these compounds. These last two properties are important
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Figure 1. Chemical structures of the compounds investigated in this study and the atom labeling system.
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because they are relevant to the stability, injection barrier,
and polarity of the charge carrier. Besides the possibility of
reducing the reorganization energy, cyanation is effective in
promoting the m-stacking of oligothiophenes by CN--CN
and CN--H interactions.'”! The crystal structures of cyanat-
ed oligoacenes are therefore searched and analyzed for their
packing structures. For several molecules with known crystal
structures, the electronic coupling between neighboring mol-
ecules is evaluated theoretically, and the charge mobility in
this ideal situation estimated. The overall analysis reveals
different facets of cyanation in terms of the molecular
design of n-type organic semiconductors.

Results and Discussion

It is shown in Table 1 that the stronger electron-withdrawing
group, CN, increases the EAs and IPs of PENT more effec-
tively than F, as expected from their Hammett substituent

Table 1. Internal reorganization energies (1), adiabatic electron affinities
(EA), and ionization potentials (IP) [all in eV] calculated at the B3LYP/
6-31G** level. The adiabatic EAs calculated at the B3LYP/6-314+G*
level are also given in parentheses.

Compound s A EA iy

PENT 0.094 0.133 1.136 (1.479) 5.899
PF-PENT 0.222 0.225 2.136 6.602
2CN-PENT-1 0.071 0.135 2.185 6.604
2CN-PENT-2 0.093 0.117 2.008 6.531
4CN-PENT-1 0.069 0.126 2.838 (3.181) 7.148
4CN-PENT-2 0.090 0.103 2.734 (3.050) 7.138
4CN-PENT-3 0.072 0.119 2.912 (3.250) 7.171
6CN-PENT-1 0.078 0.122 3.324 (3.662) 7.574
6CN-PENT-2 0.070 0.105 3.556 (3.888) 7.723
6CN-PENT-3 0.071 0.109 3.512 (3.846) 7.650
8CN-PENT 0.070 0.095 4.101 (4.431) 8.139
10CN-PENT 0.075 0.087 4.421 (4.743) 8.400
T-PENT 0.144 0.203 1.727 5.680
2CN-T-PENT 0.139 0.163 2.359 6.166
4CN-T-PENT 0.138 0.139 2.947 6.666
PDI-F 0.187 0.297 2.635 7.430
PDI-FCN, 0.186 0.277 3.250 (3.655) 7.961
PDI-FCN,-2 0.176 0.268 3.242 7.967
PDI-CN, 0.171 0.260 2.958 (3.285) 7.637
NAPH 0.187 0.260 —0.129 7.608
2CN-NAPH 0.165 0.210 0.759 8.523
ANTH 0.140 0.200 0.124 6.816
CN-ANTH 0.120 0.202 0.876 7.252

constants.' The introduction of a few CN groups on PENT
is enough to push the EA and IP values to be larger than
those of PF-PENT, a known n-type OFET material. There-
fore, many CN-substituted PENTs (nCN-PENT-n) studied
herein may also be n-type materials. Among the nCN-
PENT-n materials, 4CN-PENT-n and 6CN-PENT-n have
EAs similar to those of PDI-CN, and PDI-FCN,. As PDI-
CN, and PDI-FCN, are known to be stable in air,”? it will
be of interest to find out whether 4CN-PENT-n and 6CN-
PENT-n also possess this stability. The calculated 4 values of
nCN-PENT-n (ca. 0.07-0.13eV) are significantly smaller
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than those of PF-PENT (ca. 0.22 ¢V). In fact, the calculated
At and A~ values of nCN-PENT-n are mostly smaller than
the corresponding values of the parent compound (PENT),
as observed in the A values of the oligoheteroaromatic sys-
tems."!! In particular, the small A* values of n"CN-PENT-n
are impressive (0.069-0.093 eV at the B3LYP/6-31G**
level). As 5,11-dichlorotetracene (calculated IP and A* at
the B3LYP/6-31G** level: 6.505 and 0.141 eV, respectively)
could function as a p-type semiconductor,’” it is possible
that 2CN-PENT-1, with an IP similar to that of dichlorotet-
racene, could also function as a p-type semiconductor in
similar conditions, but with a significantly smaller A*. As for
A7, 8CN-PENT and 10CN-PENT have A~ values (0.095 and
0.087 eV, respectively) as small as A% of PENT (0.094 eV).
However, the EAs of 8CN-PENT and 10CN-PENT are
larger than 4 eV at the B3LYP/6-31+ G* level (this level
has been shown to yield accurate EAs for polycyclic aromat-
ic hydrocarbons)™! and may impose an “air-dope” problem
when these compounds are used to make devices."® Com-
paring the A~ values of nCN-PENT-n (0.087-0.135¢V) to
that of PF-PENT (0.225 eV) by assuming the same extent of
electronic coupling (¢7), it translates into a three- to sixfold
increase of electron exchange rate (k) relative to that of
PF-PENT.

We have shown previously that frontier orbitals are useful
for understanding the trends of reorganization energies of
PF-PENT and PENT.' In this study, we checked the spin-
density distribution of radial cations and anions of 4CN-
PENTs and again found that the HOMOs and LUMOs of
the neutral 4CN-PENTSs correspond to the spin-density dis-
tributions of the radical cations and anions, respectively.
Therefore, frontier orbitals of the neutral states are analyzed
in an attempt to understand why reorganization energies are
reduced in the cyanated species (Figure 2). To present the
frontier orbitals in a more quantitative fashion, a Mulliken-
type population analysis of HOMOs and LUMOs of PENT
and 4CN-PENTs was performed." The values from the
analysis show how one electron, residing in a specific orbi-
tal, is distributed among the atoms; a large value reflects a
large wave function amplitude on an atom. It can be seen
that the HOMO and LUMO of PENT are primarily local-
ized on the C atoms at the horizontal edge tip of the mole-
cule (Figure 2a). The carbon atoms connecting the heavily
populated tips show relatively small populations. In particu-
lar, the central vertical pair of edge-tip carbon atoms can be
described as nonbonding atoms!'”! and result in smaller bond
length variations on oxidation or reduction.'® In the pres-
ence of the cyano groups, the populations on both the tip
and bridging C atoms of 4CN-PENTSs are smaller than those
of PENT in most cases (Figure 2b and c). This phenomenon
has the effect of diminishing the strengths of bonding and
antibonding interactions. More intriguingly, electron delocal-
ization on the cyano groups has a strong nonbonding charac-
ter. Therefore, even though the CN groups have been added
to the PENT core, they may not contribute significantly to
the geometric distortion upon oxidation or reduction, and
hence contribute little to . We believe it is the combined

Chem. Eur. J. 2007, 13, 4750-4758
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Figure 2. Molecular orbitals and Mulliken-type population analyses of HOMOs and LUMOs of a) PENT,
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PENT (0.094 eV). Upon reduc-
tion, the averaged bond-length
modifications of the C—C bond
in the cores of PENT and 4CN-
PENT-1 are 0.0101 and
0.0095 A,  respectively; the
bond-length modifications of
substituted C—C and C—-N
bonds in 4CN-PENT-1 are
0.006 and 0.003 A, respectively.
Overall, the A~ values of these
two compounds are rather simi-
lar, with A~ of 4CN-PENT-1
being smaller (see Table 1). For
all 4CN-PENTs, the bond-
length modifications of substi-
tuted C—C and C—N bonds in-
duced by oxidation and reduc-
tion are in the range of 0.003-
0.006 A and 0.002-0.003 A, re-

0.123 0093 0.036

b) 4CN-PENT-1, ¢) 4CN-PENT-2. The gray and white circles represent the positive and negative signs the of

wave function, respectively.

effect of the reduced bonding/antibonding of the core struc-
ture and the nonbonding character of the CN groups in
4CN-PENTs that renders the A values smaller than those of
PENT.

To confirm this rationale based on frontier orbitals, the
bond lengths of neutral, oxidized, and reduced forms of
PENT and 4CN-PENT-1 were analyzed, see Figure 3. Upon
oxidation, the changes in bond lengths compared to the neu-
tral structure mainly occur in the C—C bonds of the core
part, with average bond length differences of 0.0098 and
0.0082 A for PENT and 4CN-PENT-1, respectively; for the
C—C and C-N bonds involving the CN group of 4CN-
PENT-1, the bond-length modifications are negligible
(<0.001 A). This is consistent with the fact that A* of 4CN-
PENT-1 (0.069 eV) is significantly smaller than that of

Oxidized

spectively. For comparison, F
substitution on PENT introdu-
ces additional C—F antibonding
character in the HOMO and
LUMO of PF-PENT; significantly, bond-length modifica-
tions of C—F bonds (0.010-0.018 A) upon oxidation/reduc-
tion have been found and large 1 values were observed.['")
Conceivably, the nonbonding character of the cyano
groups in the frontier orbitals shown in Figure 2b and c
means that both bonding and antibonding orbitals of CN
participate in the frontier orbitals, canceling out the popula-
tion on the CN carbon atoms. This is confirmed by a com-
puter-aided composition of atomic orbitals (CACAO)!™ cal-
culation, shown in Figure 4. In this analysis based on the ex-
tended Hiickel method, the antibonding and bonding orbi-
tals of CN are both found to contribute to the molecular or-
bitals. However, the degrees of cancellation at the CN
carbon atoms are less pronounced than in the DFT-calculat-
ed molecular orbitals (cf. mesh and solid orbitals shown in

Reduced

Figure 3. Bond lengths (in A) of neutral, oxidized, and reduced forms of a) PENT, b) 4CN-PENT-1.
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Figure 4. CACAO molecular orbital diagrams for 4CN-PENT-1 and the
percentage of orbital contribution from the fragments (mesh). The DFT-
optimized geometry was used for the CACAO analysis. Not all participat-
ing orbitals are shown. The DFT frontier orbitals are also shown for com-
parison (solid).

Figure 4). Nevertheless, the basic features of the Hiickel-
and DFT-calculated frontier orbitals are similar. For exam-
ple, in the DFT orbitals, the cancellation is more complete
in the HOMO than the LUMO (see population results in
Figure 2b and c); the same trend is preserved in the Hiickel
molecular orbitals in that the low-lying CN bonding orbital
participates in the LUMO with a smaller ratio (1:20) than in
the HOMO (2:11; Figure 4). As a greater extent of electron
delocalization leads to a smaller reorganization energy,'!!
the nonbonding character of the cyano group provides an
ideal way of extending electron delocalization.

Because the EAs of nCN-PENT-n are quite large and
thus likely to be n-type semiconductors, we paid special at-
tention to the A~ values. It was found that A~ of 4CN-PENT-
2, with CN substituted at the terminal 2-, 3-, 9-, 10-positions,
is further reduced by about 16-23 meV compared to those
of other 4CN-PENTSs. This is consistent with the observation
that the total absolute bond-length variation between the
neutral and reduced forms of 4CN-PENT-2 (0.256 A) is
smaller than that of 4CN-PENT-1 (0.296 A). All of the
other compounds with CN substitutions at these positions
(i.e., 2CN-PENT-2, 6CN-PENT-2, 8CN-PENT and 10CN-
PENT) have smaller A~ values than their analogues with the
same number of cyano groups. This phenomenon provides
an empirical rule of thumb for the ideal functionalization
positions in terms of A~. The reason for this phenomenon is
not evident. However, one observation on the LUMO may
be relevant. That is, after cyanation has taken place at the 2-
, 3-, 9-, 10-positions, the wave function amplitudes of the
nearby ring-fusing atoms (4a, 7a, 1la, 14a) decrease (cf.
LUMO:s in Figure 2a and c; see Figure 1 for atom number-
ing). In other words, upon reduction, the bond strengthening
between 4a and 14a (and likewise between 7a and 11a) is
smaller in 4CN-PENT-2 than in PENT. As the dislocation of
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ring-fusing atoms will affect two rings rather than one, it is
possible that the smaller wave function amplitudes at the
ring-fusing atoms may help to reduce the 1~. In the present
study, there are a total of four pairs of compounds (4CN-
PENT-2 vs. PENT; 6CN-PENT-2 vs. 2CN-PENT-1; 8CN-
PENT vs. 4CN-PENT-1; 10CN-PENT vs. 6CN-PENT-1) that
provide the opportunity to check the effect of terminal cy-
anation on the closest ring-fusing atoms. All pairs show the
same amplitude reduction effect and a smaller 1~ (by
ca. 30 meV). On the other hand, when cyanation takes place
at carbon atoms 6 and 13, the nearby ring-fusing atoms (5a,
6a, 12a, 13a) have increased amplitude. Therefore, it is not
surprising to see that cyanation fails to reduce A~ of 2CN-
PENT-1 (0.135eV) relative to PENT (0.133eV), even
though the cyano groups serve to extend the delocalization
of the molecular orbital (see Supporting Information for the
results of the Mulliken-type analysis on LUMOs of the com-
pounds mentioned above). The same position effects are ob-
served in the smaller systems; the terminally substituted
2CN-NAPH has a significantly smaller 1~ value (0.210 eV)
than that of NAPH (0.260 eV), and the centrally substituted
CN-ANTH (0.202eV) has a similar A~ value to that of
ANTH (0.200 eV).

The crystal structures of CN-substituted compounds PDI-
FCN,, 2CN-T-PENT, and 4CN-T-PENT are known in the lit-
erature.’*® Therefore, we checked whether cyanation
brought about the same effect on 4 in these three systems.
As the CN groups in PDI-FCN, generate nonplanarity, and
our previous study on 6T had shown that nonplanarity could
increase A values,'” we also calculated A for planar PDI-
FCN,-2. Tt is found that cyanation reduces the A* and 1~
values from 0.187 and 0.297 ¢V for PDI-F to 0.176 and
0.268 eV for PDI-FCN,-2, respectively. The At and A~
values of PDI-FCN, are about 10 meV larger than those of
PDI-FCN,-2. Comparing 2CN-T-PENT and 4CN-T-PENT
with T-PENT, cyanation also causes the A values to drop, es-
pecially for A7. A decrease in A~ of 0.064 eV is found for
4CN-T-PENT. As adding the triisopropylsilylethynyl groups
to PENT increases A (cf. A values of PENT and T-PENT),
the addition of the cyano groups counteracts this effect.

Besides 4, the electronic coupling (¢), dictated largely by
orbital overlap, is also a key parameter for high-perfor-
mance OFET materials. The crystal structures of cyanated
naphthalene (NAPH) and anthracene (ANTH) show that
cyanation changes the molecular packing from a herring-
bone arrangement to m-stacking (see Figure 5).*”) In the
case of 2CN-NAPH, the dipole—dipole interactions between
the cyano groups overcome the CH--m interactions that
dominate in the herringbone arrangement to form a -
stacked structure. The connection between the mn-stacked
columns is built on CN--H interactions (Figure 5b). A simi-
lar situation is observed for CN-ANTH. Just one cyano sub-
stitution on ANTH is enough to cause a significant change
in the molecular packing by local dipole—dipole interactions
between the cyano groups. The m--; distances in these CN
systems are within 3.55 A, which is promising for significant
intermolecular electronic coupling.

Chem. Eur. J. 2007, 13, 4750-4758
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Figure 5. The influence of CN substitutions on molecular packing:
a) NAPH viewed along the molecular axis, b) 2CN-NAPH viewed along
the short axis of molecule, c) ANTH viewed along the molecular axis,
d) CN-ANTH viewed along short axis of molecule. The dipole—dipole in-
teraction between cyano groups promotes the change of the molecular
packing from a herringbone arrangement to m-stacking.

Based on ADF calcula-
tions,?!! the electronic coupling
of the LUMOs (¢7) between the
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dipole moment of 2,3-dimethyl-1,4-pentacene-quinone is
3.133 Debye, calculated by B3LYP/6-31G**. On the other
hand, the asymmetrically cyanated 4CN-PENT-3
(10.560 Debye) and 6CN-PENT-3 (9.895 Debye) have dipole
moments three to four times greater than that of 2,3-dimeth-
yl-1,4-pentacene-quinone. The large molecular dipole
moment and local cyano—cyano interaction should both pro-
mote m-stacking.

Based on a hopping mechanism for charge transport,
Table 2 shows the calculated electronic couplings and elec-
tron mobility values of three CN systems with known crystal
structures: PDI-FCN,, 2CN-T-PENT, and 4CN-T-PENT.""¢!
To our knowledge, PDI-FCN, is the n-type organic semicon-
ductor with the highest electron mobility in air
(0.64 cm®>V~'s7).’" Compounds 2CN-T-PENT and 4CN-T-
PENT, substituted by two/four cyano and two triisopropylsi-
lylethynyl groups, have higher EAs than PF-PENT (Table 1)
and can also be n-type organic semiconductors, but their
electron mobilities have not been measured. Figure 6 shows
several different types of dimers in the PDI-FCN,, 2CN-T-
PENT, and 4CN-T-PENT crystal structures, respectively.

Table 2. Center of mass distances (Rcy), electronic couplings (¢7) of LUMOs, and electron mobilities («~) of
different dimer type neighbors in PDI-FCN2, 2CN-T-PENT, and 4CN-T-PENT. Mobilities calculated based on
n--1 distances, rather than Ry, are shown in parentheses.

CN-ANTH dimer taken from Compound Dimer Rewm t t u u
the crystal structure (83 meV) is [A] [meV] [meV]* [em’V~'s™] [em’ V=57
larger than that for ANTH PDI-FCN, D1 523 92 132 0.97 (0.41) 2.01 (0.85)
(46 meV). The difference in the b2 8.09 68 66 1.26 (0.20) 1.21 (0.19)
electronic couplines of the 2CN-T-PENT D1 6.45 168 136 19.30 (5.40) 12.73 (3.30)
LooupTng D2 9.71 142 141 31.58 (3.98) 31.00 (3.93)
HOMOs (¢%) is less pronounced D3 9.04 58 82 4.61 (0.59) 9.09 (1.18)
(42meV for CN-ANTH and 4CN-T-PENT D1 7.36 161 170 31.46 (6.79) 3529 (7.57)
47meV  for ANTH). Troisi [a] The electronic couplings from half of the molecular orbitals splitting using intermediate neglect of differen-

et al. have also shown that for
functionalized PENTSs with -
stacking it is easier to get great-
er couplings between LUMOs than HOMOs, because the
nodal planes basically lie parallel to the short axis PENT for
LUMO s, but parallel to both long and short axes for
HOMOs.™ With nodal planes along both directions, it is
easy to obtain ineffective coupling between the HOMOs.
Therefore, functionalized PENTs with m-stacking and high
enough EAs could be good candidates for n-type organic
semiconductors. As the cyanated pentacene compounds in
this study have larger mole fractions of the cyano group
than that of CN-ANTH, we believe they are prone to form
mt-stacking structures. Furthermore, it has been shown in the
literature that the incorporation of acceptor substitutions to
the acenes would induce a strong molecular dipole moment.
Strong molecular dipole—dipole interactions between neigh-
boring molecules have also been shown to have a m-steering
effect on the molecular packing. One example is the cofa-
cially stacked 2,3-dimethyl-1,4-pentacene-quinone, in which
an electron-rich acene portion stacks over an electron-poor
quinone portion with a spacing (3.25 A) smaller than the
n--m distance in graphite by approximately 0.1 A.?? The
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tial overlap (INDO) calculation.
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There are two types of dimers in the PDI-FCN, system:
dimer 1 (D1) and dimer 2 (D2), with centers of mass sepa-
rated by Rqy of 5.23 and 8.09 A, respectively. The electronic
couplings (¢7) of the LUMOs in D1 and D2 are 92 and
68 meV, respectively, calculated by ADF. The corresponding
electron-mobility values of D1 and D2 are 0.97 and
1.26 cm®*V~'s™!, respectively. These values are of the same
order as the experimental value of 0.64 cm*V~'s™! measured
for the thin film. There are three types of dimers in the
2CN-T-PENT crystal: D1, D2, and D3, with electron-mobili-
ty values of 19.30, 31.58, and 4.61 cm*V~!s7!, respectively.
For 4CN-T-PENT, the calculated electron mobilities are
31.46 cm*V~'s™'. These values are larger than the
1.26 cm*V~'s™" for PDI-FCN, and await experimental con-
firmation. The relatively smaller electron mobility of PDI-
FCN, is due to the large reorganization energy (1 =
277 meV) and small electronic coupling caused by large lat-
eral (short-axis) slip of 2.15 A (Figure 6a). We also calculat-
ed ¢~ from the molecular orbital splitting derived from an in-
termediate neglect of differential overlap (INDO) calcula-
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Figure 6. Dimer type neighbors in crystals: a) PDI-FCN, viewed along
the long axis of the molecule, b) 2CN-T-PENT viewed along the short
axis of the molecule, ¢) 4CN-T-PENT viewed along the short axis of the
molecule. Fluoropropyl and triisopropylsilyl groups are deleted for clari-

ty.

tion. The resultant 4~ again showed that nCN-T-PENT com-
pounds should be better electron-transport materials than
PDI-FCN, (Table 2). When the m--m distances are used to
replace Rcy in the calculation of mobility, no conclusion is
changed (Table 2). Even if the hopping mechanism cannot
fully describe these systems, the large ¢~ values of the nCN-
T-PENT materials will make them very competitive in terms
of a band-like motion for charge transport, and they still
warrant experimental investigation.

In real thin-film OFET devices, molecules cannot be so
perfectly packed as in the crystal structure. Optimization of
fabrication processes generally makes a difference in device
performance. Before going through the time-consuming
tests for device optimization, it is desirable to first identify
promising molecules. We feel that if molecules are intrinsi-
cally superior for charge transport, calculations based on or-
dered structures may be a worthwhile reference for screen-
ing molecules of good potential. To test this notion, we cal-
culated the mobilities of rubrene, PENT, tetracene, PF-
PENT, and hexathiophene, based on their crystal structur-
es.**Z1 Even though the assumption is crude, the calculat-
ed results are in reasonable agreement with currently avail-
able experimental values.”®?* This result reflects that calcu-
lations may serve the purpose of screening molecules. It
may also imply that the external reorganization energy does
not play an essential role in the cases we studied. In a simi-
lar treatment based on the hopping mechanism, Zhu et al.
reproduced the mobility trend observed for aryl amines.!
As the calculated mobilities of nCN-T-PENT are one order
of magnitude larger than that of PDI-FCN,, nCN-T-PENT
materials should certainly be examined experimentally.
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Conclusion

In this study, we have proven that cyanation has a favorable
impact on the internal reorganization energy of several com-
monly employed molecular frameworks for organic semi-
conductors. A rationale based on molecular-orbital argu-
ments is provided: cyanation extends electron delocalization
in a nonbonding fashion. Fluorination also extends electron
delocalization, but in an antibonding fashion. Therefore, flu-
orination results in increased reorganization energies. For
the pentacene framework, we have found the 2-, 3-, 9-, and
10-terminal substitution positions are superior for reducing
A~. Evidence of the advantages of cyanation on molecular
packing and electronic coupling is provided by small cyanat-
ed acene compounds. For high performance n-type OFETs,
high EAs, large ¢~ values, and small A~ values are necessary.
Cyanation may help in all three aspects. Therefore, cyana-
tion bears multiple functions in terms of the molecular
design of n-type organic semiconductors. For molecule-
based organic semiconductors, high mobility and good sta-
bility are intensively sought-after goals. With a fundamental
understanding of the impacts of cyanation on different as-
pects, we provide the possibility for the design of superior
functional materials. The predicted good stability of several
nCN-PENT-n compounds and the high mobility of nCN-T-
PENT await experimental exploration. As the internal reor-
ganization energy is a fundamental property of molecules,
the insights gained from this study will benefit the design of
other systems in which electron or hole transfer is of impor-
tance.

Computational Methods

At very low temperature, the charge carriers are delocalized in the mate-
rials and the charge transport is a coherent band-like motion. In this
case, the charge mobility was determined by the bandwidths of the va-
lence (hole-transport) and conduction (electron-transport) bands.®) At
higher temperatures (and probably at room temperature), the charge car-
riers are localized, due to the interaction with molecular vibrations. In
this situation, the charge transport becomes a sequential electron hop-
ping-process between neighboring molecules that can be described by
Marcus electron-transfer theory.®*! According to Marcus theory, the
rate of the electron self-exchange process is expressed as shown in Equa-
tion (1).

kel :ﬁ

s o)
——texp| — 5= 1
h ik P\ 4k, T M)

The rate of this process governed by two key parameters: the reorganiza-
tion energy (4) due to geometric relaxation accompanying charge trans-
fer, and the electronic coupling (f) between the two molecules, dictated
largely by orbital overlap. The geometry optimization, frequency, and re-
organization energy were calculated at the density functional theory
(DFT) level using the B3LYP functional with 6-31G** basis sets; this
method has been employed widely for calculating reorganization energies
of charge-transport processes.””’ All 1 values were calculated by the
Gaussian 03 program without considering the external reorganization
energy.”® The calculated expectation values of the spin operator ($?) for
the open-shell ionic states are in the range of 0.7610-0.7705 at the
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UB3LYP/6-31G** level, deviating only slightly from the exact value of
0.75 for doublet electronic states.

For EA calculations, both B3LYP/6-31G** and B3LYP/6-31+G* levels
have been used. It has been shown that the latter level, although without
correction of the zero-point energy, can reproduce experimental EAs of
polycyclic aromatic hydrocarbons of different systems.>) We calculated
the EAs of 9-cyanoanthracene (CN-ANTH), 2-cyanonaphthalene, 1-tri-
fluoromethylbenzonitrile at this level (1.283, 0.626, and 0.701 eV, respec-
tively) and also found the values correspond to the experimental values
very well (1.271, 0.649, and 0.672 eV, respectively).

The electronic coupling () can be calculated directly from the spatial
overlap (Sgp), charge transfer integrals (Hgp), and site energies (Hgg,
Hyp). The electronic coupling, ¢, is given by Equation (2).

_ Hygp—Sgp(Hgr + Hpp) /2

t T—Se? 2)

All electronic couplings were performed using the Amsterdam density
functional (ADF) theory program,”! which has been used successfully
for calculating electronic coupling.”” The DZP basis set in ADF was
used and the local density functional VWNEY was employed in conjunc-
tion with the PW91 gradient corrections.!!

Once the electron transfer rate k. was obtained according to Equa-
tion (1), the diffusion coefficient D of charge carriers was estimated by
Equation (3), in which L is the effective length of electron transfer.

D = L%, /2 3)

The parameter L can be approximated by the center of mass distance
(Rcy) in a dimer. This allows us to evaluate the drift mobility of charge
from the Einstein relation,’ as given in Equation (4), in which e is the
electronic charge.

u=eD/kyT (4)

This method has been employed for the calculation of the charge carrier
mobility in n-stacked organic semiconductors.?’"3
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