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tural dynamics and electronic
effects in an engineered assembly of pentacene in
a metal–organic framework†
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Charge carrier mobility is an important figure of merit to evaluate organic semiconductor (OSC)materials. In

aggregated OSCs, this quantity is determined by inter-chromophoric electronic and vibrational coupling.

These key parameters sensitively depend on structural properties, including the density of defects. We

have employed a new type of crystalline assembly strategy to engineer the arrangement of the OSC

pentacene in a structure not realized as crystals to date. Our approach is based on metal–organic

frameworks (MOFs), in which suitably substituted pentacenes act as ditopic linkers and assemble into

highly ordered p-stacks with long-range order. Layer-by-layer fabrication of the MOF yields arrays of

electronically coupled pentacene chains, running parallel to the substrate surface. Detailed

photophysical studies reveal strong, anisotropic inter-pentacene electronic coupling, leading to efficient

charge delocalization. Despite a high degree of structural order and pronounced dispersion of the 1D-

bands for the static arrangement, our experimental results demonstrate hopping-like charge transport

with an activation energy of 64 meV dominating the band transport over a wide range of temperatures.

A thorough combined quantum mechanical and molecular dynamics investigation identifies frustrated

localized rotations of the pentacene cores as the reason for the breakdown of band transport and paves

the way for a crystal engineering strategy of molecular OSCs that independently varies the arrangement

of the molecular cores and their vibrational degrees of freedom.
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Introduction

The determination of structure–property relationships in
organic semiconductors (OSCs), which are promising materials
for thin-lm organic eld-effect transistors,1–3 is oen
hampered by the lack of structural order. Aggregated OSC
materials are very oen amorphous or exhibit rather small
structural coherence lengths, resulting in high defect densities.
Charge carrier mobility, an important gure of merit of organic
semiconductors, is not only affected by the electronic coupling
between adjacent chromophores,4 but also by the coupling to
vibrations within the molecular aggregates.5–7 These dynamic
effects have emerged as a main bottleneck to improve the
mobility in stacked organic semiconductors.8 Nevertheless,
information on the interplay of these factors is scarce. In
addition, rational optimization is hampered by the fact that the
variations of the molecular core, aimed at the reduction of the
amplitudes of the most important vibrations, also changes the
crystal structure and the other relevant vibrational modes for
the semiconducting performance. It would therefore be of
interest to investigate structurally well-dened model systems
Chem. Sci., 2021, 12, 4477–4483 | 4477
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Scheme 1 Illustration of a pentacene (Pn)-based metal–organic
framework thin film fabrication scheme in a layer-by-layer fashion, and
the impact of linker-dynamics on the hole mobility.
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where planar, aromatic molecules are packed into crystalline
arrangements with a high degree of structural control and low
defect density. This can offer independent control over the
molecular arrangement and reduce the vibrational degrees of
freedom of the system.9–12

An interesting case is that of pentacene (Pn), an OSC with
charge carrier mobilities as high as those of amorphous silicon,
which features a highly rigid core. Although mobilities of bulk
Pn single crystals are fairly large, it has been speculated that
these values may be enhanced further when the relative orien-
tations of the aromatic plane are modied. Variation of side-
groups and growth conditions yields herringbone or cofacial
(brick-wall, slipped or cofacial) stacks of the aromatic cores with
variable charge carrier mobilities.13,14 Employing the existing
methods of Pn lm preparation, oen polycrystalline lms with
the coexistence of more than one crystalline phase are ob-
tained.15 As a result, establishing structure–property correla-
tions is not straightforward. In particular structural defects
hamper the determination of intrinsic properties. In the
previous works, charge carrier mobilities in condensed phases
of pentacene were observed to vary by one order of magnitude
depending on preparation conditions (see Table S1†).

Here, we present a robust strategy to engineer the packing of
OSCs into highly ordered columns with strong electronic
coupling between the aromatic cores. The key rst step of the
approach is to equip the target OSC with two anchoring groups,
so as to yield ditopic linkers. These modied OSCs are then
coordinated to appropriate metal/metal-oxo nodes, to yield
metal–organic frameworks (MOFs) or porous coordination
polymers.16–18 MOFs exhibit a high degree of structural order
and modularity.16–18 A number of strategies to control the crys-
talline order, orientation, and defect concentration have been
developed.19,20 In the recent years, it has been possible to
preconceive OSC arrangements for a large variety of applica-
tions, including optoelectronics.21–26 Originally developed for
applications in gas storage and separation, MOF-based mate-
rials have found interest also with regard to other application
elds, based on properties like large electrical conductivities27

of the order of 103 S m�1, room temperature charge carrier
mobility28 as large as 220 cm2 V�1 s�1, and other interesting
properties like thermal activated delayed uorescence,29

emphasizing the emergent nature of MOF-based optoelectronic
materials.30–33

In the present work, we demonstrate the potential of the
MOF-based approach to create structurally-controlled 1D OSCs
based on Pn. The ditopic linker required for MOF synthesis was
fabricated by attaching two phenylcarboxylate groups to the Pn
(Scheme 1 and Fig. S1†). While in principle the availability of
such Pn-based linkers allows the realization of a multitude of
different types of MOFs (e.g. by using so-called layered pillar
structures34) we focused here on MOF-2,35 one of simplest
realizations of a MOF using ditopic linkers. Note, that because
the overall topology of MOF-2 is given by the bonding of the
carboxylate groups to either Zn2+ or Cu2+ dimers, crystal struc-
ture prediction methods can be applied in a straightforward
fashion.36
4478 | Chem. Sci., 2021, 12, 4477–4483
In this work, we have used a variant of MOF-2, in which the
6,13-substituted Pn-linker is connected to Zn-oxo-nodes
(Scheme 1) to form a crystalline, structure containing 1D
chains of Pn. Since the conventional, solvothermal synthesis of
MOF-2 yields polycrystalline powders, not well suited for high-
accuracy measurements of the mobility, we have used the
SURMOF (surface-anchored MOF) approach37 to fabricate
highly oriented MOF thin lms. We demonstrate in the
following that in SURMOF structure (Zn–Pn) the Pn units are
arranged in a parallel fashion with high crystalline order. As
evidenced by a thorough photophysical characterizations and
a density functional theory (DFT) analysis, this molecular
arrangement yields strong inter-Pn electronic coupling. Inter-
estingly, instead of the expected band-like charge transport, the
Zn–Pn SURMOFs exhibited an intrinsic hopping-like photo-
generated charge (hole) carrier mobility of �0.03 cm2 V�1 s�1 at
300 K with an activation energy of �64 meV. In the context of
a prevailing theory of charge transport, strong uctuations of
the intermolecular couplings oen play a key role and strongly
reduce the hypothetical, large mobility predicted for static
arrangements.7 Our theoretical results conrmed that transport
mechanism along the 1D Pn stacks is largely governed by
dynamic contributions (illustrated in Scheme 1), arising from
rotations of the Pn linkers around the 6,13-axis dened by the
two metal-coordinating carboxylate groups. This frustrated
rotation causes uctuations of the inter-Pn electronic coupling
and dynamic disorder, resulting in partial hole delocalization
and charge transport mechanism at the borderline between the
localized hopping and delocalized charge transport. With the
insights from the detailed static and dynamic quantum-
mechanical investigations, we identied key principles gov-
erning the charge carrier properties of such arrayed columns of
OSC compounds.
Results and discussion

Here, our SURMOF approach assembled Pn-based linkers into
arrayed 1D Pn-columns oriented parallel to the substrate. Such
monolithic MOF thin lms were deposited on functionalized
substrates using a layer-by-layer (lbl) liquid-phase epitaxy (LPE)
method.37 Using optimized synthesis conditions yield thin lms
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Absorption spectra of Pn-linker in solvated state (20 mM in
ethanol) and in SURMOF-2; (b) PL spectra of Zn–Pn thin film showing
two excited states, monomer (red) and excimer (blue).
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of high optical quality;38 any opacity resulting from light scat-
tered by domain boundaries or crystallites is almost completely
absent. SURMOFs can be grown with variable thickness and
reduced (compared to bulk synthesis methods) structural
defects; these properties are benecial for optical character-
izations and device-based optoelectronic applications.39 The
Zn–Pn SURMOFs used here were prepared by employing the lbl
spin-coating method using ethanolic solutions of Zn-acetate
and suitably designed Pn-linker. The latter was prepared in
a two-step procedure starting from 6,13-dichloropentacene40

(unlike the previous methodology by Yanai and co-workers41)
aer Suzuki coupling with (4-(methoxycarbonyl)phenyl)boronic
acid and subsequent hydrolysis under acidic conditions. The
overall yield was 29% (see ESI for synthesis details, Fig. S1†).
Aer fabrication of the Zn–Pn SURMOF, the crystalline frame-
work was analyzed using out- and in-plane X-ray diffraction
(XRD). The XRD patterns revealed the presence of a SURMOF-2
type structure42 with unit cell dimensions of a¼ b¼ 2.1 nm, c¼
0.58 nm and continuous, quasi-1D rows of stacked pentacene
cores along the [001] direction (c-axis), as illustrated in Fig. 1a
and b. In Fig. 1c, we illustrate that with this specic stacking,
the closest C–C distance among the Pn-linkers can be 0.38 nm,
enabling strong p–p interactions (predicted by the plane-wave
density functional theory (DFT) upon optimization of the Zn–
Pn unit cell; see ESI, Fig. S2–S4†).

The close proximity of the Pn linkers results in a strong inter-
Pn electronic coupling, as conrmed by the absorption and
emission spectra of Zn–Pn. Pn in the solvated state (20 mM in
ethanol) exhibited well-resolved vibronic feature in the
absorption spectrum with maximum �2.1 eV (Fig. 2a). In
contrast, aer aggregation into the Zn–Pn thin lm, we
observed that the absorption maximum is shied to lower
energy by 50 meV and that the vibronic intensities changed
substantially in comparison to that of the solvated Pn linker.
These experimental observations were consistent with theoret-
ical results. The calculated electronic spectra of the Pn-linker
assembly (using CAM-B3LYP functional with def2-TZVP basis
set) showed the change of the orbital energies and transition
orbital contributions upon excitation (Fig. S5 and S6†). On the
basis of these observations, we predict an aggregation-induced
Fig. 1 (a) 1D arrays of pentacene (in blue) in the predicted SURMOF-2
structure of Zn–Pn; (b) out-of-plane (blue) and in-plane (black) XRDs
of Zn–Pn, red-dotted lines are guides to the eye; (c) visualization of the
intra/intermolecular stacking interactions between the Pn fragments
of Zn–Pn (noncovalent interaction surface of isovalue 0.3 a.u. is
marked in green and red).

© 2021 The Author(s). Published by the Royal Society of Chemistry
lowering of the singlet–singlet transition energy by 35 meV in
the Zn–Pn assembly compared to its free state (Fig. S5,† calcu-
lated spectra). For a comparison, note that the calculated
singlet–singlet transition energy of the pristine Pn-herringbone
(bulk form of pentacene crystals) type packing appeared at
higher energy and featured different vibronic intensities,
compared to that of the 1D assembly in Zn–Pn (Fig. S5†).

The described modication of the electronic transition
energy in Zn–Pn is a result of the slipped parallel stacking. This
was also supported by photoluminescence (PL) spectra. Upon
excitation of Zn–Pn at 3.49 eV we observed two distinct emissive
states with maxima at 2.19 eV (life-time� 1 ns) and 1.93 eV (life-
time � 4 ns), suggesting monomer and excimer like features
(Fig. 2b and S7†).

Considering the fact that the Pn linkers are within the 1D
columns running along the [001] direction (parallel to the
substrate), we expected that the electronic coupling of the
aromatic cores should lead to a strongly anisotropic delocal-
ization of charge. To study the consequences of such a delocal-
ization, we investigated the photoconductivity of the Zn–Pn thin
lm at different temperatures. We have used ash-photolysis
time-resolved microwave conductivity (FP-TRMC) system
coupled with transient absorption spectroscopy (TAS) to esti-
mate the mobility at 300 K (see Experimental section in the
ESI†). In this regard, monolithic Zn–Pn thin lm having high
light penetration depth and homogeneity possesses a clear
advantage in comparison to the conventional MOF powders. At
300 K upon excitation at 3.49 eV, Zn–Pn exhibited a transient
photoconductivity (4Sm), where 4 and Sm correspond to the
charge-carrier generation quantum yields and the charge-
carrier mobilities, respectively (Fig. 3). To estimate the charge
carrier (Pn cation) generation efficiency (4) of the Zn–Pn, tran-
sient absorption spectra at excitation 3.49 eV was measured
(Fig. S8 and S9†). Fig. S9† illustrates the photobleaching of the
Pn cation radical, and the estimated charge carrier efficiency (4)
amounted to 1.02� 10�3 (at 300 K). Using these parameters, the
intrinsic photogenerated charge (hole) carrier mobility is esti-
mated to be 0.03 cm2 V�1 s�1 at 300 K. This value compares well
with other MOF-based semiconductors (porphyrin � 0.001–
0.004 cm2 V�1 s�1,24 tetrathiafulvalene � 0.2 cm2 V�1 s�1 (ref.
43)). These data demonstrated that the packing of Pn in MOF–
Pn is a robust structure engineering strategy, which leads to
stacks with strong coupling with high static mobilities and
which offers sufficient variability of tuning the precise
Chem. Sci., 2021, 12, 4477–4483 | 4479
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Fig. 3 Temperature dependent FP-TRMC plot for Zn–Pn thin film;
inset: FP-TRMC profile of Zn–Pn SURMOF-2 upon photoexcitation at
355 nm, at 300 K. The photon density is 8.9 � 1015 photons per cm2.
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arrangement without affecting the overall stacking motif. To get
an insight of the hole mobility pathway, we have carried out
temperature dependent FP-TRMC (Fig. S10 and S11†). A
decrease in photoconductivity was observed upon lowering the
temperature, suggest a thermally activated process with an
activation energy of �64 meV, clearly suggesting a hopping like
charge transport in Zn–Pn (Fig. 3, S10 and S11†).

The presence of hopping transport is somewhat surprising.
Considering the well-dened, close proximity packing of Pn in
the Zn–Pn SURMOF, we expected facile band-like transport, as
also indicated by a rst set of static DFT calculations (see ESI,
Fig. S12†). Since the high structural order of the Zn–Pn SUR-
MOFs allowed to exclude extrinsic contributions from contam-
inations or defects, we felt that the dominance of hopping over
band transport effects must be an intrinsic property of this
system. In order to unravel the reasons for this surprising
nding, we subjected the system to a more thorough theoretical
analysis by employing the semiclassical Marcus theory of
hopping charge transport.44–46 The electronic coupling elements
between the Pn linkers were calculated using the ab initio
Quantum Patch method (with B3LYP/def2-TZVP) based on
Fig. 4 (a) Overlay of the Pn-linker nuclear displacements in the
SURMOF frommolecular dynamics simulations at 300 K, (b) change of
the electronic coupling between the Pn-linkers in Zn–Pn (upper
panel); change of the closest intermolecular C–C distance (middle
panel) and out-of-plane distortions of the pentacene fragment of the
linker (bottom panel).

4480 | Chem. Sci., 2021, 12, 4477–4483
molecular orbitals47–49 using the periodic SURMOF structure
optimized with PBE+D3 in VASP50 (version 5.4.1). The electronic
coupling of the highest occupied molecular orbitals (HOMO) in
the Pn stacking direction (i.e. along [001], as shown in Fig. 1)
was found to be of 34 meV, resulting in the hole mobility of
�2.13 cm2 V�1 s�1 at 300 K (along other directions, coupling is
weak and consequently mobility is very low). In the case of
mobility >1 cm2 V�1 s�1, time scale of charge transport and
relaxation process are similar51–53 and hence hopping transport
alone cannot be adequate to explain the observed mobility in
the Zn–Pn.

To address the transport mechanism, we applied a multi-
scale computational scheme, which simulates the direct prop-
agation of charge carriers using the time-dependent
Schrödinger equation, coupled to the classical motion of
nuclei.54,55 In agreement with the results fromMarcus theory, we
nd a mobility of 1.98 cm2 V�1 s�1, although the charge is
delocalized over 2 Pn linkers, on average (Table S4†). The
mobility increases steadily from 150 to 350 K (Fig. S16†), in
accordance with the experimental nding, which is a feature of
Marcus-like transport. Evidently, in Zn–Pn the charge transport
mechanism is at the borderline between the localized hopping
and delocalized charge transport, and the transition is
depending on the temperature/localized dynamics.

Clearly, by only considering static contributions, we cannot
explain the presence of hopping-like charge transport in this
highly ordered system. Consequently, we explicitly considered
the dynamic motion of the aromatic rings of Pn linker origi-
nating from frustrated rotations around the center axis. The
occurrence of dynamic phenomena in MOF structures is
common,56–59 but has not yet been discussed in connection with
charge transport phenomena. We applied a molecular
dynamics simulation to understand the local, structural
dynamics in Zn–Pn. We observed that molecular motions are
prominent in Zn–Pn, as illustrated in Fig. 4a and b. In
comparison, a pristine pentacene crystal (without having metal
anchoring Ph–COOH group, see ESI†) is more rigid (Fig. S14
and S15†). The highly dynamic localized motion of the Pn linker
in Zn–Pn yields strong uctuations of the electronic coupling
(standard deviation of 27 meV, see Fig. 4b) of the order of the
average coupling of 30 meV, which results in more localized
states. As a consequence, in these 1D stacks band-transport is
suppressed (partial charge carrier delocalization over two
molecules) and the motion of charge carriers is dominated by
hopping. The coherence factor (a measure for the impact of the
nuclear uctuations on the transport)60 for the Zn–Pn was
estimated to be 0.55, while the corresponding value for bulk
pentacene amounts to 0.85. Therefore, the local structural
dynamics in the 1D chains of Zn–Pn contribute decisively to the
observed charge transport.

Conclusions

A new, MOF-based approach has been introduced to allow
crystal engineering of columnar arrays of OSC compounds. In
a rst, pentacene-based example, a thorough photophysical
characterization and subsequent temperature dependent
© 2021 The Author(s). Published by the Royal Society of Chemistry
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charge carrier mobility experiments revealed, surprisingly,
a hopping-like transport, with an activation energy of �64 meV.
A detailed study based on both, experiment and theory, has
allowed identifying the separate contributions to charge carrier
mobility and conrmed that the uctuations of the organic
molecules in the context of their crystal packing are a parameter
of key importance. The intrinsic rotational motion of the (rigid)
pentacene linkers, strongly suppresses charge delocalization
along the p-stacked pentacene, yielding to delocalization over
two neighboring linkers, suggesting the charge transport
mechanism in this MOF at the borderline between the localized
hopping (dominant at room temperature) and delocalized
charge transport. Our data shows that in this, rst, pentacene-
based example of a MOF-based OSC material, the relative uc-
tuations result in a coherence parameter of 0.55, reecting
signicantly larger dynamical uctuations of the electronic
coupling than prevalent in conventional high mobility organic
semiconductors. Since these uctuations do not originate from
the rigid pentacene core, but are mostly a result of the exible
anchoring of the linker in the molecular framework, this MOF-
based approach thus opens up the perspective of modifying the
mechanical coupling of the OSC moieties (e.g. by introducing
stiff side groups) independently of the electronic coupling of the
OSC cores. As we have shown in the prior work,36 modication
of the non-functional part of the MOF-linker permits in silico
crystal engineering of the structural properties of MOFs. This
will allow reducing the uctuations of the MOF framework,
while at the same time maintaining the favourable stacking of
the OSC cores, thus resulting in a substantial enhancement of
charge carrier mobilities.
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C. Wöll, Defects as Color Centers: The Apparent Color of
Metal–Organic Frameworks Containing Cu2+-Based Paddle-
Wheel Units, ACS Appl. Mater. Interfaces, 2017, 9, 37463–
37467.

21 V. Stavila, A. A. Talin and M. D. Allendorf, MOF-based
electronic and opto-electronic devices, Chem. Soc. Rev.,
2014, 43, 5994–6010.

22 M. Oldenburg, A. Turshatov, D. Busko, S. Wollgarten,
M. Adams, N. Baroni, A. Welle, E. Redel, C. Wöll,
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