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The fascinating effect of dehydrogenation on the charge transport properties of N-heteropentacene
(N-PEN) derivatives was systematically investigated through Marcus electron transfer theory coupled
with normal mode analysis distributed into internal coordinates for the reorganization energies and the
random walk simulation of charge diffusion constants. The calculated results show that
dehydrogenation of N-PEN derivatives will markedly increase the electron transfer integrals and
simultaneously decrease the energy levels of the lowest unoccupied molecular orbitals (LUMOs) as well
as the electron reorganization energies (4.), which provides a three-in-one advantage for improving the
electron transfer. The lower LUMO levels detected in the dehydrogenated N-PENs compared to the
hydrogenated ones can be inferred from their electronic structures, that is, the latter are formally
antiaromatic, having 2 more electrons than the former (aromatic 22 7 electron species). The reduced
reorganization energies of the dehydrogenated N-PENs could be intimately connected to the bonding
nature of the nitrogen atoms in the LUMOs. Upon the dehydrogenation of N-PENSs, the effective
intermolecular 7t-overlap in the LUMOs of the nearest-neighboring molecules is enhanced, and then
increased the electron transfer integrals. Interestingly, the transport parameters evaluated from the
band and hopping models both indicate intrinsic mobility for electron transfer in the dehydrogenated
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N-PENs. The dehydrogenation of N-PEN derivatives can, thus, be a useful strategy for preparing

n-type organic semiconductors.
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reorganization energies of TIPS-DHDAP-2p, TIPS-DHTAP-2p,
TIPS-DAP-2p and TIPS-TAP-2p calculated with B3LYP/6-31G* and
6-31 + G**, relative AIP, AEA, HOMO and LUMO energy levels of
all systems calculated at B3LYP/6-31G* level, the percentage
composition of the LUMO and HOMO for all systems in terms of
segments 1-3, the evolution trends in A, and A. obtained with BLYP,
B3LYP, PBEO and BHHLYP methods and 6-31G* basis set, the
molecular packings and dimer type pathways (D1 and D2) of systems
TIPS-DAP-1p and TIPS-DAP-1#, the relative energy curves of
DHTAP-2p (blue) and TIPS-DHTAP-2p (black) from 1D-parallel to
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and B3LYP-D (dotted line) functionals at 3-21G* level, and NBO
analysis of C—H-- 1 interactions in TIPS-DHTAP-2p with 1D-parallel
arrangement. See DOI: 10.1039/c2jm33039¢

Introduction

Organic semiconductors (OSC) are of great interest because of
their potential applications in electronic devices, including
organic field-effect transistors (OFETs),"* light-emitting
diodes,*® and photovoltaics.” In the past decade, most investi-
gations in this field have been devoted to p-type OSCs.'*'5
However, the development of n-type OSCs is hindered because of
the high injection barrier of electrons and the instability of
radical anions in the air.

The potential of nitrogen-rich heteroacenes as n-type semi-
conductors has been recently proposed both experimentally*®*®
and theoretically.?*** Chao* and Winkler** groups predicted
from their B3LYP calculations that the integration of more
nitrogen atoms into the pentacene (PEN) scaffold (at least 5) may
improve the electron affinity (EA) and facilitate electron transfer.
Miao’s group demonstrated that silylethynyl substituted N-het-
eropentacenes, TIPS-TAP-2p (Fig. 1), rank among the best per-
forming n-type semiconductors with field-effect mobilities up to
3.3cm? V™ !'s~!under vacuum.® Three factors, the high EA, small
electron reorganization energies (4.), and large electronic coupling
originating from dense 7t-stacking are considered to result in the
excellent electron transport of TIPS-TAP-2p.?>2* It has long been
recognized that strategies for molecular design to improve EA,
such as lateral substitution with electron-withdrawing groups,
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often incur an adverse increase in the reorganization energy. In
order to compare the performance of core substitution with imine
nitrogen to lateral substitution with electron-deficient groups
which are commonly used in the functionalization of n-type
semiconductors, we roughly estimated the A, of three PEN
derivatives, N4-PEN, O4-PEN, and F12-PEN. The number of
heteroatoms is selected based on the precondition that these PEN
derivatives have comparable EA values to those of the typical
n-type materials, naphthalene and perylenetetracarboxylic
diimides (NDI and PDI) (Scheme 1). The smallest A, of 171.3 meV
was predicted at B3LYP/6-31G* level for N4-PEN, which exhibits
optimal tradeoff between EA and 2.

The appealing features of N-heteropentacenes (N-PENs) for
electron transport have stimulated great interest in the research
of novel synthetic routes?** and in the study of the structure—
property relationships at the molecular level.?>**3° An issue
which has long been underappreciated in this field is the hydro-
genation (reduction) of N-PENSs to their formally antiaromatic
congeners. Diazapentacene (DAP) and dihydrodiazapentacene
(DHDAP) are a redox interconvertible pair of N-PENSs, of which
the aromaticity and stability were recently explored by Wu
et al.*® Reduced 4nt DHDAP and the oxidized 4n + 2w DAP
counterpart are stable in air. Studies of silylethynyl substituted
N-heteroacenes'®'® have also found that both TIPS-DHDAP
and TIPS-DAP are stable in air and the former can be converted
to the latter by oxidization with MnO,. An interesting
phenomenon concerning these stable redox pairs noticed by us is
that the dehydrogenated forms always have better electron
transfer potential than the corresponding hydrogenated ones.
For example, the chlorinated dihydrodiazapentacene
(TCDAHP) acted as a p-type semiconductor when its film was
deposited on a PEN buffer layer, exhibiting a hole mobility of up
to 1.4 cm? V! 5714 In contrast, the dehydrogenated TCDAP
behaved as an n-type semiconductor in OFETs with a very high
electron mobility in the range of 2.50 t0 3.39 cm®> V"' s ' 2 Ina
similar way, the electron transport of the dehydrogenated TIPS-
TAP-2p and TIPS-DAP-2p, are also superior to those of the
corresponding hydrogenated TIPS-DHTAP-2p and TIPS-
DHDAP-2p (shown in Fig. 1), respectively.'® It is quite natural to
question why the simple hydrogen atom has such a wonderful
influence on the transport properties when it is attached to or
deleted from nitrogen atoms embedded in the PEN scaffold.
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Fig. 1 Molecular structures of the systems investigated.
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Scheme 1 The electron reorganization (A.) and adiabatic electron
affinity (AEA) calculated at B3LYP/6-31G* level. (The pink line and the
gray bar represent the A. and AEA values, respectively. The pink dashed
line and the height of the shadow indicate the value of A, and AEA for
PEN, respectively.)

Meanwhile, the introduction of silylethynyl groups to N-PENs
favors a close two-dimensional (2D) brickwork arrangement in
the solid state, such as TIPS-DHDAP-2p, TIPS-DAP-2p, and
TIPS-TAP-2p etc., on the condition that the substitution
matches roughly half the width of N-PENs. An exception to this
rule which was detected is the one-dimensional (1D) m-stacking
of TIPS-DHTAP-2p which has both forms of imine N, that is,
NH and N, in the PEN architecture. Is there any relationship
between the packing arrangement and the number or type of
nitrogen atoms in these N-PENSs derivatives?

The primary aim of our investigation is therefore to ascertain
what effect, if any, the dehydrogenation/hydrogenation of
N-PENs derivatives would have on their electronic structures,
packing motifs, and transport properties. To address these issues,
theoretical studies on a series of triisopropylsilylethynyl
substituted N-heteropentacenes (TIPS-N-PENs) depicted in
Fig. 1 are carried out. We systematically analyze how the vari-
ation in the electron—vibration coupling at the single molecular
level and the coupling integral estimated from the solid-sate
arrangement as a function of the nature and number of nitrogen
atoms affects the charge transport of TIPS-N-PENs. Consid-
ering the limited contribution of silylethynyl to the frontier
molecular orbitals (FMOs) and thus the carrier transfer, we take
N-PENs as the reference systems for their silylethynyl substituted
counterparts (TIPS-N-PENs) to further estimate whether the
properties of TIPS-N-PENs could be qualitatively predicted, to
some extent, from the relative “smaller size” N-PENSs. The results
clearly demonstrate that the electron transport of the N-PEN
derivatives can be simply modulated by the removal of hydrogen
atoms bonded to nitrogen atoms.

Theoretical methodology

To describe the charge-transport properties of the systems, the
incoherent hopping model was employed, in which charge can
transfer only between neighboring molecules. Each hopping step
has been considered as a nonadiabatic electron-transfer reaction
involving the self-exchange charge from a charged molecule to an
adjacent neutral one. The rate of charge transfer between
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neighboring molecules, k, can be expressed by the standard
Marcus equation®*** in terms of the reorganization energy A, the
transfer integral V, and the temperature 7 as:

4r? 1 A
A prexp(-— 1
h ks T eXp( 4y T) M

where & and kg are the Planck and Boltzmann constants. For a
fixed temperature, the large transfer rate can be attributed to the
maximal transfer integral and the minimal reorganization
energy.

The transfer integral V characterizes the strength of the elec-
tronic coupling between two adjacent molecules. It could be
obtained from the site-energy corrected method:*

1
V2 ——(em + €n)Smn
Vi = 2
m - s

mn

Here, €mn) = <¢m(n)|HI(Dm(n)>v Vﬁm = <(pm|H](pn>= and Smn =
(PmlS|Pn), Where @) is the frontier molecular orbital of the
isolated molecule m(n) in the dimer representation. Namely, for
hole transport, the highest occupied molecular orbital (HOMO)
should be plugged in. H and S are the dimer Hamiltonian and the
overlap matrices, respectively.

The reorganization energy A consists of contributions from the
inner reorganization energy A; and the external polarization
2.4 When the contributions due to the polarization of the
medium and to molecular vibrations are neglected,*>° the inner
reorganization energy is dominant and can be evaluated either
from the adiabatic potential-energy surfaces’*? or from the
normal-mode (NM) analysis.*** The latter approach provides a
useful way to understand how the reorganization energy is
distributed into the normal modes:

(@)

A= ZAI = Zh(JJ,‘S,‘, (3)
ki

Here, AQ; represents the displacement along normal mode (NM)
i between the equilibrium geometries of the neutral and charged
molecules, k; and w; are the corresponding force constants and
vibrational frequencies, and S; denotes the Huang-Rhys factor
measuring charge—phonon coupling strength.

To get better insight into the effect of chemical modification on
the reorganization process associated with carrier transport, the
normal-mode coordinates are expressed by linear combinations
of internal coordinates, and the total reorganization energy can
thus be projected onto the structural parameters (bond lengths,
bond angles, and dihedral angles).>

The drift mobility of hopping, u, can be evaluated from the
Einstein relation:

e 1im,wi<l(’)2>

D=—"_
kBT 2n t

n )

e
kT
where e is the electronic charge, n is the spatial dimensionality,
and / is the hopping distance; D is the diffusion coefficient,
simulated by random walk®”*® here. One molecule is arbitrarily
chosen as the starting point, and the charge is only allowed to
hop to the nearest neighbor molecules with a proba-
bilityP; = k;/ >_ k;, where i is the hopping path. At each step, a

random number r is uniformly generated between 0 and 1. If
Z{:_lPi<r = EfPi, the charge then goes to the neighbor in the jth
direction as the next position of the charge. Large numbers of
simulations (2000) are performed with each simulation time of
10 ps to get a converged diffusion constant. Normally, 2000
simulations can achieve an error within 5% which is already too
small to influence the numerical conclusions.°

As a comparison, the band model is also employed. In the
standard band-theory model, the group velocity v(k) of the
delocalized electron waves or hole waves is given by the gradient
of the band energy in k-space,

Wk) = V  E(k)Ih (6)

where E(k) is the band energy of the system, k is the wave vector,
and / = h/2w, where h is the Planck constant. In this equation,
the charge velocity is proportional to the slope of E(k), that is,
the larger the band dispersion is, the higher the mobility is.

Computational details

The equilibrium structures of the neutral and ionic states of 14
N-PENS derivatives were fully optimized with the B3LYP
functional®*? and the 6-31G* basis set®** using the Gaussian 09
program package.®® A more flexible basis set augmented with
additional diffuse and polarization functions (6-31 + G**)546¢
was also considered, which was proven by our previous study®’ to
be important for anionic species. On the basis of the optimized
geometries, the harmonic vibrational frequencies were deter-
mined by the analytical evaluation of the second derivative of the
energy with respect to nuclear displacement. The reorganization
energy was evaluated from the relevant points on the potential
energy surfaces (adiabatic potential-energy surfaces method), as
well as from the normal mode frequencies and vibronic coupling
constant in terms of internal coordinates within the framework
of Koopmans’ theorem approximation, according to the proce-
dure described in detail elsewhere (modified NM analysis).*® The
calculation of charge transfer integrals was performed with the
site-energy corrected method at PW91PW91/6-31G* level,®® and
the drift mobility was calculated based on the Marcus
equation.*3*

Meanwhile, to investigate the main directions of electron
transport, the electronic band-structure calculations were per-
formed with VASP®-"! using the PBE (Perdew—Burke-Ernzer-
hof) exchange-correlation functional” with a plane-wave
basis set, and integrations over the Brillouin zone were sampled
by4 x4 x2,8x6x5,4x4x2and4 x4 x 2 k-point meshes
for the systems TIPS-DHDAP-2p, TIPS-DHTAP-2p, TIPS-
DAP-2p and TIPS-TAP-2p, respectively, using the Monkhorst—
Pack scheme.”

Results and discussion
Choice of computational methods

Before exploring any correlation of the DFT results with the
molecular properties, the basis set and density functional
dependence should be examined. The neutral and ionic geomet-
rical structures of four selected systems TIPS-DHDAP-2p,
TIPS-DHTAP-2p, TIPS-DAP-2p, and TIPS-TAP-2p were
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optimized with B3LYP functionals at the 6-31G* and 6-31 + G**
levels. According to the calculations of the adiabatic potential
surfaces, the reorganization energies of the four systems are
collected in Table S1.t It can be seen that the polarization
functions on the hydrogen atoms and the diffuse functions on the
heavy atoms have negligible effects on the values of A. The
economical 6-31G* basis set is good enough for the estimation of
the reorganization energy and will be selected for the following
discussion.

Tt was recognized’7¢ that the DFT estimation of the reorga-
nization energy depends largely on the weight of exact Hartree—
Fock-like (HF-like) exchange. Four functionals with different
HF-like exchange, BLYP (0%), B3LYP (20%), PBEO (25%), and
BHHLYP (50%), were selected for the series of N-PENs systems
(Fig. S11). As is clearly visible, similar evolutions of A with the
number and position of imine N for the various density func-
tionals are observed, although both 2. and the hole reorganiza-
tion energy (A,) of all N-PENSs increases with the increasing
percentage of HF-like exchange. Among the standard func-
tionals used, B3LYP has been shown to provide an accurate
description of the relaxation processes for many oligoacenes and
oligothiophenes;?*7# as a result, the B3LYP functional with the
6-31G* basis set was chosen here for the calculations of the
geometrical and electrical structures of the N-PENSs derivatives.

Dehydrogenation effect on the FMOs

The ionization potential (IP) or HOMO level and the EA or
lowest unoccupied molecular orbital (LUMO) level are impor-
tant parameters for organic dyes used in electronic devices. A
good n-type conducting material is required to have a high EA or
low LUMO for reducing the charge injection barrier from the
contact cathode. The contour plots and energies of the HOMOs
and LUMOs for representative molecules are displayed in Fig. 2
and listed in Table S2.1 Since the inclusion of electronic corre-
lations, the Kohn-Sham LUMO energies fail to predict the EA,
as indicted in Table S2.1 However, both the EA and the negative
LUMO levels present a similar evolution as a function of the
number and position of nitrogen atoms. Several general trends in
Fig. 2 and Table S2} can be observed.

The first important observation is that the LUMO energy
levels decrease markedly going from hydrogenated species to
their dehydrogenated congeners, while the opposite is true for the
HOMO levels in proceeding from the dehydrogenated forms to
the reduced ones. As can be seen from Fig. 2, replacing the CH
groups with NH fragments (“CH”/NH substitution) in the PEN
core (DHDAP-1p and DHDAP-2p) increases both the HOMO
and LUMO energy levels by about 0.05-0.32 and 0.86-1.12 eV,
respectively. DHDAP-1p, featuring two contrapuntal NH groups
at the terminal ring, presents the highest HOMO energy level
here, even larger than that of the p-type semiconductor PEN.
The “CH”/N substitution in the PEN framework (DAP-1p,
DAP-1¢, DAP-2p, and TAP-2p), however, leads to a stabilization
of 0.31-1.05 eV for the HOMOs and 0.37-0.97 eV for the
LUMOs. The DHD(T)AP series has 2 more electrons than the
227 electrons species, D(T)AP and PEN. From the hydrogenated
247t electron compounds to the dehydrogenated 227 electron
congeners, the LUMO levels are significantly reduced, indicating
an evident improvement in the ability for electron injection,
resulting from the dehydrogenation process. Inspection of the
wavefunctions provides a rationalization for the changes. The
LUMOs of D(T)APs, resembling that of PEN, have a large
orbital density over the four longitudinal C—C bonds of both the
terminal benzene rings and the nodal points on the center C
atoms, as well as between the C-N anti-bonds. Both PEN and
D(T)APs have two Clar six-membered benzenoid rings on either
side of the LUMO, while the DHD(T)APs only have one
terminal Clar ring away from the NH moieties. A general trend
exists that the more sextet rings in the orbital, the lower the
energy level.**®! Therefore, apart from the more electron-defi-
cient nature of N relative to NH or CH segments, the stabilized
LUMO levels of the dehydrogenated species benefit to some
extent from having two Clar rings instead of one in their corre-
sponding hydrogenated derivatives.

It is worth noting that the evolution of the FMO energy levels
of the TIPS-N-PENs retains the same trend as their parent
N-PENs going from the hydrogenated to the dehydrogenated
species, since the HOMOs and LUMOs of TIPS-N-PENSs are
very similar in character to those of N-PENs except for a few
contributions from alkynyl C=C. As illustrated in Fig. 2, for
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Fig. 2 Relative HOMO and LUMO energy levels of the systems investigated by the B3LYP/6-31G* method.
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example, the magnitudes of the stabilization in the HOMO or
LUMO from TIPS-DHDAP-1p to TIPS-DAP-1p mirror those
shown between DHDAP-1p and DAP-1p, suggesting the domi-
nant effect of N-PENs on the FMO energy levels.

Another interesting aspect of these energy diagrams concerns
the different sensitivities of the energy levels in the N-PENs
derivatives to the position of nitrogen atoms; that is, the HOMOs
of the hydrogenated species and the LUMOs of the dehydro-
genated ones are more sensitive to the location of N than their
corresponding LUMOs and HOMOs, respectively. When the
two nitrogen atoms move from the terminal ring (1p) to the
neighboring ring (2p), the HOMO energy can decrease by
0.53 eV, coupling with the nearly unchanged LUMO level for
TIPS-DHDAPs; while in TIPS-DAPs, the stabilization of the
LUMO level (0.44 eV) is larger than for the HOMO level
(0.36 eV). The dependence of the energy levels on the position of
the nitrogen substitution relies heavily on the distributions of the
FMOs in N-PENs derivatives (detailed in Table S37). In the case
of the dehydrogenated category, the segments containing N
contribute more to the LUMOs (31-52%) than to the HOMOs
(18-36%), and the situation becomes severe as the m-deficient
ring resides only on one side of the molecule. It is, thus,
reasonable that with more contributions from N in the LUMO,
the lower the energy level would be. The decrease for the LUMO
from DAP to TAP, in the progressive sequence of DAP-1¢ >
DAP-1p > DAP-2p > TAP-2p is just proportional to the
percentage of N, which increases in the order 7% < 15% < 25% <
36%. TIPS-TAP-2p containing four nitrogen atoms exhibits the
lowest LUMO energy of —3.78 eV among all the systems. As to
the DHDAP derivatives, we noticed an unsymmetrical distribu-
tion in the HOMOs (Table S31) with more contributions from
the first two rings containing NH (segment 1 68-85%) than the
last two benzenoid rings (segment 3 9-18%) and the HOMOs
have much larger coefficients at the nitrogen site in comparison
to the corresponding LUMOs. The different degree of nitrogen-
dependent HOMO and LUMO levels can, hence, be related to
the greater contribution of the nitrogen atoms to the HOMOs
(31-37%) than to the LUMOs (4-8%) in the hydrogenated
species. Such an unbalanced distribution in the FMOs of TIPS-
N-PENs provides an opportunity to independently adjust the
HOMO and LUMO levels at the same time.

By and large, either hydrogenation or dehydrogenation of the
N-PENs derivatives will lead to significant changes in the
distributions and energies of the FMOs, which will further
influence their transport properties.

Dehydrogenation effect on the reorganization energy

The reorganization energy term, A, describing the strength of the
local electron—phonon coupling, can be estimated as the sum of
the inner and external reorganization energy. Some recent
reports have shown that the external part (4,) could be quite
small and much smaller than the inner part for organic semi-
conductors, such as PEN, the A, of which was predicted to be
merely 0.002 eV based on a polarizable force field calculation.®
Therefore, the A, of PEN derivatives is neglected here and we
focus mainly on the intramolecular contributions to the local
coupling.

Fig. 3 depicts the inner reorganization energy for hole (electron)
transfer, A, (4.), obtained from the adiabatic potential-energy
surfaces (AP) at the B3LYP/6-31G* level. It is clear that upon
going from hydrogenated DHD(T)APs to the aromatic D(T)APs,
the A, and A, decrease from 35-106 meV and 66-265 meV,
respectively. The prominent reduction in the reorganization
energies for the aromatic D(T)APs can be partially ascribed to the
larger delocalization degree of the FMOs compared to those of the
formally antiaromatic DHD(T)APs. There is general agreement
that the delocalization of the extra charge carrier over more
aromatic fragments can facilitate the drop in reorganization
energies. As stated above, both “CH”/NH and “CH”/N substi-
tution on the PEN framework can break its high symmetry and
decrease the delocalized nature of the FMOs in PEN from which
an electron is added or removed. The localized characteristics are
more larger in the FMOs for DHD(T)APs than for D(T)APs. It is
thus reasonable to detect smaller geometrical relaxations and
reorganization energies in D(T)APs than in DHD(T)APs on going
from neutral to ionic states.

Since the only discrepancy between the hydrogenated and
dehydrogenated species is the different bonding nature of the
nitrogen atoms, an essential source of the smaller A, especially for
the A, in the D(T)APs than in the DHD(T)APs may be connected
with the local bonding characters concerning the nitrogen atoms
which include lone pairs (LP), bonding, antibonding, and
nonbonding in the FMOs. The natural bond orbital (NBO)
method is employed to analysis the local bonding characters of N
in the HOMOs and LUMOs for the hydrogenated DHDAP-1p
and the aromatic DAP-1p, and DCP-2p (displayed in Fig. 4). The
nitrogen centers of DHDAP-1p feature some sp’ character sug-
gested by the slight bending of the NH bonds away from the
molecular plane. This hydrogenated molecule is a 247 species
and the lone pair electrons of the nitrogen atoms lie in the
molecular plane and could, therefore, participate in the 7 elec-
tron systems of the molecular backbone. As illustrated in the
FMOs of DHDAP-1p, the contribution of the LPy to the
HOMO and LUMO is 39% and 6%, respectively. When
the DHDAP-1p is dehydrogenated, increasing sp2 characters in
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Fig. 3 The reorganization energies evaluated from the adiabatic
potential-energy surface.
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Fig. 4 (a) The frontier molecular orbitals and nitrogen NBO lone pair (LPy) assignments of DHDAP-1p, DAP-1p and DCP-2p. (b) The LPy

components of the HOMOs of DHDAP-1p, DHDAP-2p and DHDAP-3p.

the nitrogen atoms are acquired in DAP-1p, which is an aromatic
227 species just like PEN, but has two hydrogen atoms absent at
the N sites. The lone pair electrons of the nitrogen atom in DAP-
1p are not part of the aromatic system and extend outwards
(along the y-axis), different from the delocalized LPy in
DHDAP-1p. The FMOs of DAP-1p contain 1(CN) characters
(5%) in the HOMO and 27% *(CN) in the LUMO. Adding a
carrier has more pronounced effects on DHDAP-1p than on
DAP-1p because a larger contribution to the geometrical relax-
ation is expected from the delocalized LPy than from the
bonding/antibonding CN. The variations of the C-N distances
(ACN) from the neutral to ionic molecules are consistent with
this picture. Taking hole transport as an example, the absolute
values of AC|N and AC,N for the DHDAP-1p are 0.020 and
0.016 A, respectively, larger than those for DAP-1p, ie., 0.006
and 0.011 A, respectively. Previous studies show that cyano
substitution has little effect on the reorganization energy.”® The
same is true in DCP-2p, which has the smallest A among all the N-
PENSs studied here. The contributions of the bonding 7w(CN)
components to the FMOs of DCP-2p are of the same order as
those of the antibonding w*(CN) part. The resultant nonbonding
characters of the cyano groups in the FMOs (shown in Fig. 4)
induce a ACN no more than 0.001 A during charge transfer and
thus the minimum 2 for DCP-2p. Therefore, the donation of the
nitrogen part to the reorganization energy roughly follows
the order: delocalized LPN > bonding or antibonding N >
nonbonding N.

Since the delocalized LPy is predicted to closely relate to the
large A values for the hydrogenated DHDAP systems, it is natural
to expected that the reorganization energies of the DHDAPs
could be readily tuned by changing the LPy components in the
FMGOs. A feasible strategy for this purpose is to alter the position
of the nitrogen atoms in the DHDAPs from end rings (DHDAP-
1p) to center rings (DHDAP-3p). It is clear in Fig. 4b that the A,
values reduced markedly with the decreasing LPN components in
the HOMOs going from DHDAP-1p to DHDAP-2p to DHDAP-
3p. The reorganization energies of the hydrogenated DHDAPs
are found to be sensitive to the location of -NH substitutions.
However, the A values of the dehydrogenated DAPs are almost
unaffected by the position of the nitrogen atoms. Given that it is
the w(CN)/m*(CN) instead of LPy involved in the FMOs of
DAPs, we might tentatively infer that the CN contribution to the
reorganization energy associated with the charge transfer is
limited in the DAPs.

In the TIPS-N-PENSs, the variations of the reorganization
energy going from the hydrogenated species to the

dehydrogenated ones parallel those for the N-PENSs, though the
values of A are larger for the TIPS-N-PENSs than for the N-PENs
because of the additional contribution from the TIPS moiety as a
charge carrier passing through the molecule. In TIPS-DHDAP,
for example, dehydrogenation on the NH site evidently decreases
the A. and A, by 219 and 117 meV, respectively, and the corre-
sponding values are quite similar for DHDAP, ie., 248 and
106 meV. It is of great interest to question if we can qualitatively
evaluate the relative reorganization energy for different TIPS-N-
PENs by making reference to their corresponding N-PENs. To
address this issue, the reorganization energies for hole transfer
are decomposed into the contributions of each vibrational mode
and further projected onto the internal coordinates for DHDAP-
2p, DAP-2p, and their derivatives with alkyne substituents,
TIPS-DHDAP-2p and TIPS-DAP-2p (shown in Fig. 5). It is
found that the contributions to the reorganization energy asso-
ciated with the formation of a positive polaron for TIPS-
DHDAP-2p and TIPS-DAP-2p mainly come from their parent
aromatic parts, DHDAP-2p and DAP-2p, respectively; while the
TIPS components are small, only 36%, in both cases. More
precisely, most of the A, originates from the relaxation of bond
lengths at the same position for both TIPS-(DH)DAP-2p and
(DH)DAP-2p. The predicted contribution of the bond lengths in
TIPS-DHDAP-2p follows the order C-Nj (15.92%) > C,-C,
(6.26%), consistent with the observations in DHDAP-2p, C-Nj3
(24.79%) > C1—C; (11.12%). As far as TIPS-DAP-2p and DAP-
2p are concerned, the largest contribution is from the bond
length C;—Cg (12.48% and 15.07%) coupled with 8.25% and
2.87% from N-Cy.

Dehydrogenation effect on the intermolecular electronic coupling

Charge transport in organic semiconductors is highly sensitive to
the relative orientations of the adjacent molecules and the
distribution of their FMOs.#*# Therefore, the intermolecular
charge transfer integrals (V) of the TIPS-N-PEN systems studied
here are analyzed in terms of the molecular packing and the
shape of the FMOs to reach a deeper understanding of the
influence of nitrogen centers on the nature of the charge transfer.
Starting from the crystal structures reported,'®'%¢ we selected
the nearest-neighbor pairs of TIPS-N-PENSs (shown in Fig. 6 and
Fig. S21) and calculated the V" value based on the site-energy
corrected method using the PW91PW91 functional. Since the
sign of V arising from the phase of the orbitals has no impact on
the evaluation of the charge mobility,*” the magnitude of V is
only shown as absolute values.
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Oligoacenes usually crystallize into herringbone packing
arrangements in the solid state, which is not optimal for inter-
molecular m-orbital overlap. Functionalization of PEN with
rigid alkynyl spacers can facilitate m-stacking with a favorable

two-dimensional brickwork arrangement.®® As in the case of this
work, either hydrogenated TIPS-DHDAP-2p or dehydrogenated
species, TIPS-DAP-1p, TIPS-DAP-1¢, TIPS-DAP-2p, and
TIPS-TAP-2p, adopt 2D-stacking with two types of close
m-packing dimers, D1 and D2, in their crystalline structures.
While system TIPS-DHTAP-2p having hydrogenated and
dehydrogenated nitrogen atoms simultaneously in the molecular
backbone is arranged with 1D-stacking with only one type of
m-dimer, D1. It is interesting to note that the relative orientation
of the two molecules within the dimers D1 or D2 for all systems is
nearly the same, not only in the 7t---7v distance but also in the
relative shifts along the molecular axes. The primary difference
between dimer D1 and D2 lies in the spatial overlap between the
PEN backbones along the molecular long axis, i.e., two benze-
noid rings superpositioned in the former and only one in the
latter. As a consequence of the larger intermolecular overlap in
dimer D1 than in D2 for each system, relatively high electronic
couplings could be expected in D1. In most instances, the largest
transfer integrals for either holes (V7,) or electrons (V) are really
observed in D1 with the second largest ones in D2.

It is noticed that the electron couplings of D1 for hydrogenated
and dehydrogenated TIPS-N-PENs differ much from each other,
despite their quite similar intermolecular orientations. A general
trend is observed that, from the hydrogenated to the dehydro-
genated species, the hole transfer integrals of D1 decreased
dramatically, while the opposite trend is found for the electron
transfer integrals. As shown in Fig. 6, the V, of D1 increases in the
order: TIPS-DHDAP-2p (20.8 meV) < TIPS-DHTAP-2p
(21.5 meV) < TIPS-DAP-2p (99 meV) < TIPS-TAP-2p
(101 meV), and the decrease of V}, follows TIPS-DHDAP-2p
(68.5 meV) > TIPS-DHTAP-2p (23.0 meV) > TIPS-DAP-2p (2.9
meV) > TIPS-TAP-2p (0.06 meV). A similar variation of the
transfer integrals is also observed in D2. For example, the V4, (V)
of TIPS-DHDAP-2p in D2 is 41.3 meV (34.1 meV), much larger
(smaller) than that of the corresponding dehydrogenated TIPS-
DAP-2p (V, = 1.6 meV, V., = 46.2 meV). These results indicate
that merely concentrating on the spatial superposition without
consideration of the distribution of the FMOs cannot lead to an
accurate estimation of the electronic coupling. Both the increase
of the V. and the decrease of the V7, in the m-stacking dimers D1
and D2 going from the hydrogenated species to the dehydro-
genated ones can be connected with the characteristics of the
FMOs mentioned above, that is to say, either “CH”/N or “CH”/
NH substitution in the PEN framework will break the balanced
distribution of FMOs. For the dehydrogenated species, terminal
rings containing N involved in the intermolecular overlap
contribute more to the LUMO than to the HOMO, and the
reverse is true for the hydrogenated congeners. Therefore, the
dropinthe V', of D1 from TIPS-DHDAP-2p to TIPS-TAP-2p can
be simply related to the HOMO orbital overlap between adjacent
conjugated molecules, which decreases in the order 42.5% < 40.5%
<30.1% < 21.5% (shown in Fig. 6¢); and the increase in the V; of
D1 from TIPS-DHDAP-2p to TIPS-TAP-2p is, to some extent,
proportional to the improved percentage of the LUMO orbital
overlap of the 7t dimer. Furthermore, the patterns of the FMOs in
the dehydrogenated species also facilitate more effective coupling
between the LUMOs than the HOMOs, because the nodal planes
basically lie parallel to the short axis for the LUMOs, but parallel
to both the long and short axes for the HOMOs.*
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systems. The zero of the energy scale is set as the Fermi level.

Based on the evaluation of A and V, the drift mobilities of holes
and electrons, i.e., u, and u., were estimated at 300 K from eqn
(1) and (5) for all TIPS-N-PENs studied here. The calculated
results are listed in Table 1 with the available experimental data.
It is clear from the experimental and theoretical results that the
electron mobilities of TIPS-N-PENSs are largely improved upon
dehydrogenation. The measured electron mobility for dehydro-
genated TIPS-TAP-2p is up to 3.3 cm® V~! s7!, while devices
fabricated from hydrogenated TIPS-N-PENs don’t show any n-
type behavior. The electron mobility of the dehydrogenated
species is predicted to increase by about 1 to 3 orders of
magnitude over the hydrogenated ones.

In order to further understand the anisotropic charge trans-
port in crystals, the band structures of the systems TIPS-DH-
DAP-2p, TIPS-DHTAP-2p, TIPS-DAP-2p and TIPS-TAP-2p
(Fig. 6d) were also examined. The conduction and valence bands
of the four systems do not possess degenerate character due to
the presence of only one molecule in their primitive unit cells. The
paths with a big transfer integral are all along the directions with
large dispersions in the valence band (VB) and conduction band
(CB). As shown in Fig. 6d, for TIPS-DHTAP-2p, the strongest
VB and CB dispersions both occur in the I'X subzone,

corresponding to the a-axis (D1 direction) in real space, and the
biggest dispersions in the VB and CB are almost the same, sug-
gesting its ambipolar transport potential. As to the systems
TIPS-DHDAP-2p, TIPS-DAP-2p, and TIPS-TAP-2p, their
largest VBs and CBs disperse asymmetrically in the XT sections,
i.e., the ab-plane in real space, indicating the possibility of 2D
charge transfer for either holes or electrons. Hole transport is
preferred in the system TIPS-DHDAP-2p, because the biggest

Table1 The calculated” and experimental? mobility (cm? V™! s™1) of the
systems investigated

system e i e’ pn”
TIPS-DHDAP-2p 1.149 x 107! 3.119 x 10° 0.02-0.07
TIPS-DHTAP-2p 4.480 x 1072 2.162 x 107!

TIPS-DAP-1p 7.145 x 10°  3.446 x 107! 0.3-1.2
TIPS-DAP-1¢ 7.441 x 10°  5.766 x 107" 0.15 0.11
TIPS-DAP-2p 5.565 x 10°  1.153 x 1072 24 x 10™* 0.02-0.05
TIPS-TAP-2p 4994 % 10°  6.652 x 107> 1.0-3.3

“ The average mobility calculated with the diffusion constant D simulated
by random walk. ® Experimental values from ref. 18, 19 and 86.
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dispersion in the CB is smaller than that in the VB. However, in
the systems TIPS-DAP-2p and TIPS-TAP-2p, the strongly
dispersive CB and the flat VBs in all directions suggest their
capability for electron transport. Importantly, upon dehydro-
genation of TIPS-N-PENSs, similar variations in the charge
transfer from holes to electrons is also predicted from their
electronic band structures.

Comparing the crystal structures of these TIPS-N-PENs
systems, an interesting phenomenon attracting our attention is
that only TIPS-DHTAP-2p (having both N and NH centers in
the molecular architecture) presents 1D m-stacking, while the
others (containing either N or NH segments) favor a close 2D
brickwork arrangement. Since the charge transfer is closely
related to the packing motif, it is particularly important here to
ascertain what effect, if any, the type of nitrogen centers
would have on the stacking of TIPS-N-PEN. In this sense, the
1D-parallel TIPS-DHTAP-2p was artificially transformed into a
2D-brick arrangement to understand the driving forces of the
aromatic stacking interactions in the 1D TIPS-DHTAP-2p. Two
classical intermolecular orientations are inset in Fig. 7. The first
one is a 1D-parallel cluster involving 5 molecules selected from
the crystal structures of TIPS-DHTAP-2p. The second one is the
2D-brick cluster, which is built from a 1D-parallel cluster with
three molecules fixed (shown in grey wireframe) and the
remaining two molecules (shown in black tube) displaced along
the longitudinal axis by an amount r. The unrelaxed potential
energy surface (UPES) of TIPS-DHTAP-2p as a function of r is
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Fig. 7 The relative energy curves of DHTAP-2p (blue) and TIPS-
DHTAP-2p (black) from 1D-parallel to 2D-brick arrangement at
wB97XD/3-21G* level.

calculated using the dispersion-corrected wB97XD, B97D, or
B3LYP-D exchange-correlation functionals and the 3-21G*
basis set (shown in Fig S31). These three functionals including
the empirical dispersion which have been reported to treat van
der Waals interactions more accurately than other func-
tionals.®>*3 Tt is clear that the three methods show quite similar
energy-evolution trends, and the molecular cluster of TIPS-
DHTAP-2p prefers 1D-parallel over 2D-brick arrangements.
However, we cannot know if the relatively stable 1D packing
comes from the 7---7t or CH:---7 interactions. To assess the role
of 7t-- -7t interactions in the 1D motif, we also evaluate the UPES
of DHTAP-2p at the same levels with cluster models referencing
those of TIPS-DHTAP-2p. The three methods all indicate that a
2D-brick motif in DHTAP-2p is more stable than the 1D
arrangement. Comparing the results of TIPS-DHTAP-2p and
DHTAP-2p, we may tentatively ascribe the 1D-parallel structure
in TIPS-DHTAP-2p to vigorous CH-- - interactions since much
stronger 7t-- -7 interactions are obtained in the 2D packing than
in the 1D arrangement.

Based on the unrelaxed geometry, the UPES only provides a
rough estimation of the driving force of 1D-packing of TIPS-
DHTAP-2p. To verify our assumption, two cluster models of
TIPS-DHTAP-2p with 1D- and 2D-packing were fully optimized
with the wB97XD/3-21G* method, and the BSSE-corrected
bonding energies (Fig. 8b) between three fixed molecules and two
moved molecules were evaluated at the same level. The results of
the calculation lead to an estimated binding energy of —40.3 kcal
mol~! for the 1D-parallel arrangement, larger than that for
the 2D-brick model by 14 kcal mol~!. This points again to the
C-H---m interaction dependent 1D-packing in the system TIPS-
DHTAP-2p.

The intense C—H---7 interactions in TIPS-DHTAP-2p can be
connected with the type of substituted nitrogen atoms. As illus-
trated in Fig. 8a, the “CH”/N or “CH”/NH substitution in the
PEN framework will change the electron density distribution of
PEN. In the system DHDAP-2p, the location of the rings con-
taining NH groups is electron-deficient, while for TAP-2p, the
ring containing N centers is electron-rich. When both “CH”/N
and “CH”/NH substitutions simultaneously exist in the PEN
architecture, as in the case of DHTAP-2p, increased intra-
molecular charge transfer will accumulate more negative charge
at the N sites. Thus, for the TIPS-DHTAP-2p crystal, strong
C-H-- 7 interactions can be obtained via electrostatic attraction
between the positive TIPS group and the negative CN edges. This
dominating C-H-- -7t interaction in the 1D-stacking architecture
is illustrated in Fig. S41 from NBO analysis and identified by

-
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1D-parallel -
(-40.3) (-25.9)

2D-brick

Fig.8 (a) The electrostatic potential maps of DHDAP-2p, DHTAP-2p, and TAP-2p calculated by the B3LYP/6-31G* method. (b) The BSSE-corrected
bonding energy of TIPS-DHTAP-2p in 1D-parallel and 2D-brick arrangement calculated at wB97XD/3-21G* level.
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looking at the shortest intermolecular contacts presented in the
TIPS-DHTAP-2p crystal structure.

Conclusion

For the design of electron transfer materials, a low LUMO level
(high electron affinity), a small molecular reorganization energy
and large intermolecular charge transfer integrals are necessary.
In this work, we demonstrate that the dehydrogenation of
N-PENs derivatives presents an integrated three-in-one advan-
tage for transforming p-type semiconductors to n-type. First,
the dehydrogenation of N-PENs lowers the LUMO levels by at
least 1 eV, which can facilitate electron injection. We found that
for such systems, the LUMO level is more sensitive to the
location of N than the HOMO since the segments containing N
contribute more to the LUMO than to the HOMO. This
provides an opportunity to adjust the LUMO level, independent
of the HOMO level. Secondly, the dehydrogenated systems have
smaller charge reorganization energies than their hydrogenated
congeners, which is attributed to the different bonding nature of
the nitrogen atoms, as analyzed from modified normal mode
analysis and NBO. The contribution of the nitrogen segments to
the reorganization energy follows the order: delocalized LPy
(existing in hydrogenated systems) > bonding or antibonding N
(existing in dehydrogenated systems) > nonbonding N (existing
in cyanated systems). The reorganization energies of the
hydrogenated N-PENs are found to be sensitive to the location
of -NH substitutions, while the values of A for dehydrogenated
N-PENs are almost unaffected by the position of nitrogen
atoms.

Lastly, from the hydrogenated to the dehydrogenated species,
the electron transfer integrals of 7t-dimers increase dramatically.
The relatively large electron transfer integrals in the latter come
from the increased LUMO overlap of the 7 dimer. The calcu-
lations also reveal that when both types of imine N, (NH and N)
coexist in the molecular backbone, the TIPS-N-PENs favor a 1D
T-stacking over a close 2D brickwork arrangement as a result of
the improved intermolecular C-H---7 interactions. Band struc-
ture calculations also predict larger dispersion in the VB than in
the CB for the dehydrogenated TIPS-N-PENSs, which is consis-
tent with the dimer calculations. In conclusion, our theoretical
study provides deeper insight into the relationship between single
molecular structure and the charge transport properties of
N-PENs derivatives at the molecular level, which is helpful for
the design of materials with a large electron mobility prior to
chemical synthesis.
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