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Received 00th January 2012, Charge carrier mobility is an essential parameter providing control over the performance of
Accepted 00th January 2012 semiconductor devices fabricated using a variety of organic molecular materials. Recent
design strategies toward molecular materials have been directed at the substitution of
DOI: 10.1039/x0xx00000x . . . .
amorphous silicon-based semiconductors; accordingly, numerous measurement techniques
www.rsc.org/ have been designed and developed to probe the electronic conducting nature of organic
materials bearing extremely wide structural variations in comparison with inorganic and/or
metal-oxide semiconductor materials. The present perspective highlights the evaluation
methodologies of charge carrier mobility in organic materials, as well as the merits and
demerits of techniques examining the feasibility of organic molecules, crystals, and
supramolecular assemblies in semiconductor applications. Beyond the simple substitution
of amorphous silicon, we have attempted to address in this perspective the systematic use of
measurement techniques for future development of organic molecular semiconductors.

1. Introduction molecules as electronic conductive materials,'” their electronic

properties have been progressively reported upon as represented
Growing concern with respect to the environmental by several benchmark reports on charge transfer complexes for
compatibility of materials used in the field of electronics is organic electric conductors,” superconducting materials,*
leading to the enthusiastic pursuit of the discovery and electronic conductive plastics,’ the fabrication of devices such
development of conjugated organic molecules and their as transistors and light-emitting diodes, efc. In initial reports
assemblies as candidates for organic semiconductor materials. describing conductivity measurements of organic materials,
Since demonstrating the considerable potential of organic copper phthalocyanine exhibited a considerably high
conductivity of 10102 S ¢cm™' depending on temperature.®
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O=enu,+epu, , (1)

where n and p are the density of mobile electrons and holes in
the The
determining the electric conductivity of materials are the values
of mobility, y. and w, which are assessed primarily by the
measurement of the Hall effect (HE). Even in the case of
copper phthalocyanine, the presumed value of w;, reached up to

medium, respectively. principal parameters

10 cm? V! 57!, which was higher than the mobility of electrons
and holes in amorphous silicon.”® These pioneering works on
organic semiconductor molecules suggested their high potential
as candidates for semiconductor materials, substituting
inorganic and oxide semiconductors; however, major practical
applications of such materials have yet to be developed, even in

the 21st century.

In contrast to the dramatic enhancement in electrical
conductivity in organic materials as demonstrated by the
ground-breaking work on perylene—halogen complexes,” TTF—
TCNQ,? efc.—in some instances boosting the conductivity of
the materials from 107" S em™ to 10° S cm™'—the highest
value of mobility has left in the same order until very recently.
This may be due to the lower dynamic range of mobility
measurement systems not only for organic but also inorganic
and metal-oxide semiconductor materials. Starting with the HE
measurement, a variety of methods have been developed to
determine mobility values based on static and/or dynamic
electromagnetics, which have been used for the assessment of
organic semiconductor materials varying widely in chemical
structures in comparison with those of inorganic and metal
oxide semiconductor materials.

A breakthrough in charge carrier mobility was made by
the expansion in dimensionality of flat or curled graphite
materials, graphene, and carbon nanotubes.'®'? Especially, the
former displayed massless charge carriers (electrons) based on
Dirac’s band theory,13 leading to extremely high mobilities up
to 10°-10° em® V™' s, A practical target for charge carrier
mobility in organic conductor/semiconductor development has
been set in the range of u > 10° cm® V™' s™' for semiconductor

Journal Name

devices using Si/Ge-based semiconductor materials, 1-100 cm?
V' s7! for amorphous silicon replacement, and 0.01-10 cm? V-
' s' for photovoltaic applications. Depending on the
theoretical background of each application, each mobility
measurement technique has been developed with its own
dynamic ranges and sensitivities, which are suitable for the
materials used; as such, the derived mobility values have rarely
their respective
parameters determining the motion of charge carriers. In the
perspective, the advantages and
disadvantages of measurement techniques developed for

been comprehensively discussed with

present we  address
mobility assessment in organic semiconductors, and describe
comprehensive approaches to measuring the mobility and

effective mass of charge carriers in organic materials.

2. Mobility measurement techniques

The HE measurement has been used for both organic and
inorganic semiconductor materials toward the examination of
charge carrier mobility of thermally induced charge carriers
with sufficient dark current (with relatively low resistivity)
under an applied electric field. The mobility of charge carriers
can be estimated by the analysis of a magnetic field—induced
Hall voltage observed in a conductor with a “static” electrical
current. The “long-range translational” flow of charge carriers
is induced by an external voltage applied to the specimen; thus,
the HE measurement is one of the most reliable mobility
measurement methodologies based on “static” and “long-range
translational” movements of charge carriers in materials. With
this
measurement techniques based on “static”/“dynamic” and

in mind, we summarize briefly the principles of

“translational”/“local” motions.

Analysis of static, long-range translational motions

Schematic diagrams of measurements employing the Hall effect
(HE), space-charge-limited current (SCLC), and field-effect
The HE
measurement remains the first choice for mobility assessment

transistor (FET) device are given in Fig. 1.
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Fig. 1 Conceptual illustration of device structures used in direct current—
based analysis techniques of charge carrier mobility: (left to right) Hall
effect, space-charge-limited current, and field-effect transistor
measurements.

of materials with a high enough conductivity using a static
electrical current; the Hall coefficient (Ry) can be derived
simply from the Hall voltage (V) trace in the medium without
static current perturbation:'*

iB
Vi= Ry — ’ 2
where B, i, and d are the magnetic field, total static current (=
Jjdw, w is the width of the specimen), and thickness of the
The Hall coefficient, Ry, can be
expressed by the following expression with the terms . and uy:

specimen, respectively.

pu, —nu;

R, - .
" e(puy )

3

Thus, quantitative analysis of the Hall coefficient with a
modulated current density in the medium leads to the
simultaneous determination of electron and hole drift mobilities
as well as the charge carrier density. HE measurements are
often carried out under a high magnetic field at low
temperatures; the temperature dependence on Ry is used to
assess the activation energy for the long-range translational
motion of electrons or holes, as well as the Seebeck coefficient
of the materials, which also allows the major charge carrier
species to be assigned.

Organic conjugated molecules and their assemblies,
however, are generally intrinsic semiconductor materials with
relatively wide band gaps (Ey); thus, a small density of
thermally activated charge carriers can be expected without any
chemical dopants. The wide E, of an organic semiconductor
often leads to blocking contact for either electrons or holes,
with Ohmic contacts for the counter charge carriers, because
the work function of a metal electrode often takes the mid-value
of E,.
contact, the current density of the sandwich device consisting of

In the case of electron injection through the Ohmic

a metal-(Ohmic)-semiconductor-(blocking)-metal structure is
simply given by Ohm’s law as

J =neu.k, “)

under a low electric field and negligibly small density of
injected electrons in comparison with thermally activated
carriers. However, with an increasing electric field, the density
of electrons injected through the Ohmic contact promptly

This journal is © The Royal Society of Chemistry 2012
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overcomes that of the thermally activated carriers, and the
charge carriers dwell at the interface, resulting in space charges.
The presence of space charges at the interface reduces the
effective electric field at the interface and enhances the field in
the semiconductor bulk, giving rise to SCLC. Based on the
ballistic
travelling without scattering,'> the observed two-dimensional

Child-Langmuir-Schottky equation for electron

SCLC under an electric field £ applied between parallel plate
electrodes with an inter planar distance of d (V' = Ed) can be
given as

e
97 \'m d?

&)

where m is the mass of the carriers. Practically, eqn (5) was
developed to trace current under a lower electric field on the
assumption of a constant carrier mobility ¢ in condensed

matters, giving the Mott—Gurney law as follows:

. e ulV’
j==2, 6)
8d

Here, ¢ and ¢ represent relative and absolute permittivity,
respectively.'® By analysis of static j under a varying electric
field E, the value of mobility can be deduced directly as given
in eqn (5); the charge carrier species (electron or hole) is also
distinguished by the design of the Ohmic contacts of the SCLC
device.

Static-current analysis by FET device response is the
most widely used technique for assessment of organic
semiconductor materials with a discretely defined value of
mobility  (upgr). As an analogue of the metal-oxide
semiconductor (MOS)-FET deployed in
integrated electric circuits, an organic FET can evaluate charge

silicon-based
carrier mobility parallel to the substrate. Charge carriers are
injected from a source electrode and transported towards a drain
electrode, while the corresponding current is modulated using a
gate electrode voltage. Bottom-contact bottom-gate and top-
contact bottom-gate configurations are often used, as an organic
semiconducting layer can be easily deposited using a wet (e.g.,
spin-coating and edge-casting) or dry process (e.g. thermal
evaporation) on an insulating layer, which must be vigorously
cleaned and carefully modified by self-assembled monolayer
(SAM) formation. The charge carriers are presumed to reside
on a very thin layer (one or two molecules thick) of the
semiconducting layer, so that controlling energetic and
morphological ordering at the interface between the insulator or
SAM and semiconductor is of paramount importance to realize
a high performance device.

Under an applied gate voltage (V,), the source-drain
current (/y) is increased sublinearly with the source-drain
voltage (V4) and in an ideal case, is saturated at high V4. This
14—V4 curve is termed an output curve and leveled up with
increasing V,. When Vjy is fixed in the saturation region, Iy
increases superlinearly with V,, showing a transfer curve
characteristic as given by

J. Name., 2012, 00, 1-3 | 3
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2
|Id|=2/_lC:AuFET(‘/g_Vth) > @)
where W is the channel width, C is capacitance (= &&/d, &:
dielectric constant in vacuum, &,: relative dielectric constant, d:
thickness of an insulator), L is the channel length, and Vy, is the
threshold voltage. The value of W should be much longer than
L to suppress the contribution of curvature current. By fitting
the experimental curve using eqn (7), both uggt and Vy, can be
evaluated. The ratio of maximum to minimum |/4 is the on—off
ratio, reflecting the charge-transport property and the extent of
dark current. It should be noted that FET can discern hole and
electron mobilities by applying (V; < 0 and V4 < 0) or (V>0
and V4 > 0), respectively, where the source and drain electrodes
need to be selected and fabricated in an appropriate manner.

Analysis of dynamic, long-range translational motions

Strategies used in HE and SCLC measurements have been well
developed and verified by mobility determinations for a wide
range of materials. However, these methodologies are
applicable to conductors and semiconductors with enough high-
charge carriers, and analysis is typically performed for the
“static” electric current with relatively (in some case,
extremely) high charge-carrier density; hence, analysis is
performed under the interaction of charge carriers themselves.
Analysis of electrical current also provides a statistical solution
for charge carrier mobility, and the motion of charge carriers
will not be traced directly by the measurements. Time-of-flight
(TOF) measurements have often been chosen for mobility
assessment in organic semiconductor materials, providing an
explicit definition of “mobility”. The plane-like charge carriers
are produced by photo-ionization of materials or injection from
a photocarrier-generating layer via laser-pulse irradiation, and
the translational motions of charge carriers toward a counter
electrode are promoted by the electric field applied to the
sandwiched structure. The most important advantages of the
TOF system are: 1) a direct trace of the dynamic motion of
charge carriers, and 2) the flight time of charge carriers as the
only requirement for mobility analysis. The latter secures the
high experimental reliability of TOF in mobility assessments;
however, it is essential that the geometry of the sandwich
device with flat surfaces is fixed, and the fabricated materials
are of high purity. The successful application of TOF
measurement for mobility assessment has led to a variety of
highly sophisticated formulations that are useful for the
determination of not only mobility but also quantitative analysis
of the drift-transporting mechanism and disorders/impurities
present in the media. The initial expression for TOF mobility
analysis is given by the Arrhenius activation mechanism as

modified by Gill,"”

ao—ﬂ\/f

T,E) =u,exp|—
w(T,E) = u,exp KT

®),
/T, =1/T-1/T,

4 | J. Name., 2012, 00, 1-3

which represents the combined form of thermally activated
hopping processes described by Arrhenius and the Poole—

Frenkel law.'®

The organic bulk materials, however, often
contain considerable amounts of impurities, disorders, and/or
defects, which disturb the long-range translational motion even
after careful purification of the materials. This leads to serious
deformation of the transient photocurrent trace observed in the
medium, and results in an inaccurate estimated mobility based
on eqn (8).

disordered structures, a disorder formalism was developed and
19,20

Taking into account the effects ascribed to the

successfully applied to the analysis of photocurrent traces.
Distributions in the energy levels of the hopping sites and
spatial distribution of the sites were parameterized into o; and
3, respectively, and the overall dependence of 4 on F and T
could be given by the following equation:"’

3kT kT

This formulation provides a powerful method for analysis of

w(T,E)= u,exp

the mechanisms of charge carrier transport with quantitative
estimates of disordered structures in the media. As given in eqn
(9), the actual values of mobility depend strongly on E and T,
suggesting that the value of charge carrier mobility is not
unique in case of dominance of the hopping transport in the
media.

Analysis of dynamic, local motions

The highly sophisticated analysis required for determination of
dynamic, long-range translational motion of charge carriers also
suggests its sensitivity to trap-release processes, which are
indispensable in promoting long-range translational motions of
charge carriers with the unidirectional applied E; accordingly,
the derived value of mobility is reflected strongly by the purity
of materials.

The short-range oscillating motion of charge carriers has
been often induced by the interaction between electromagnetic
waves and charge carriers. In an intrinsic semiconductor
material having a limited number of charge carriers with
negligible conductivity of o as in eqn (1), alternating electrical
and magnetic fields are given by Maxwell’s equations,

AE—i u € iE+‘u oE (10)
at m-m (:)tz m
0 0’

AB=—|u e —B+u oB 11
Py u, "o U, (11

>

where u, and ¢, ggy are magnetic permeability and
permittivity, respectively. On the assumption of a sinusoidal
function of the incident electromagnetic waves, the solution for

eqn (10) and eqn (11) is given by

E(r,t)=E(r)eXp(ia)t)’ (12)

This journal is © The Royal Society of Chemistry 2012
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and the electrical field of the waves is shown as

AE(r)=u, (an)—sma)2 )E(r) (13)
Thus, the complex dielectric constant of the medium with small
electrical conductivity is given as
.O
€ =, —1— (14)
w

>

and, by using &, the Maxwell equation is expressed simply as

AE(r)=£uma)2E(r) . (15)

This leads to a direct correlation with the complex dielectric
constant and conductivity of the materials; the value of charge
carrier mobility can be estimated quantitatively without using
electrodes through an independent evaluation of » and p in eqn
(1) by a precise analysis of the differential changes in the
complex dielectric constant, which is attributed to the transient
charge carriers injected into the materials. The derived value of
mobility can be also discussed in terms of an effective mass of
injected electrons or holes (m") as follows,

(16)

where 7 is the relaxation time of charge carriers in translational
motion. On the assumption of the time scale of the oscillating
motion—hence the turn-over time of a probing electromagnetic
wave being short enough relative to =—eqn (16) directly gives
an estimate of the effective mass of charge carriers.

Mobility measurement via the transient traces of
complex dielectric constants with a small amount of injected
charge carriers provides a great technical advantage as a non-
contact, non-destructive screening process without the need for
device fabrication. Unlike the above-described dynamic and

static measurements, however, electrical amplification
techniques are not applicable for the present measurement,
because of its “non-contact” nature without an electrical current
for amplification. Thus, the design of an electromagnetic wave
cavity to promote interactions with the injected charge carriers
plays a crucial role in the development of a highly sensitive
system with wide dynamic range for mobility measurements.
With an electromagnetic wave cavity of a certain Q
value (representing the microwave power loss in the cavity), the
electromagnetic waves stored in the cavity interact with the
transient charge carriers to continuously induce local oscillating
motions (as much as ~Q times); this leads to an extremely high
sensitivity to small changes in the complex dielectric constant
of the sample loaded in the cavity (Fig. 2). Nevertheless the
loss of electromagnetic waves in the cavity (A1/Q) cannot be
measured directly by inserting probes, and the only observable
value is the power (P,) of microwaves reflected from the cavity
The Q value can be further

divided into Q,, QO., and Qg corresponding to the microwave

and its transient changes (AP,).

interaction with the cavity inner walls, the coupling between the
cavity and waveguide, and the sample, respectively.21 The O,

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Illustration of electromagnetic waves in the cavity with an unloaded
Q value of Qy.

and Q. components remain constant during measurement of

microwave power loss, so these can be included in Q,. The

relationship between Q), Qs, and Q can be expressed as:
r_r.r a7
0 0 0O

The relationship between Qs, w,, and the resonance frequency
of the empty cavity, fo (= w/27), is expressed by:*>

Bo & (1
wO_.}rO 2Qs .

Electromagnetic waves passing through the sample give rise to

(18)

a decrease in the electric field and a phase shift, as indicated by
eqn (18), which causes a change in the Q value and resonant
frequency. The intensity of the microwaves reflected from the
cavity is expressed by eqn (19):

1
A ES CUO . (19)
r= i
(w—wo)—i(;U‘Q’)

The value of AP/P, is defined by the complex conjugation of
the reflectance:

2

Ao +(1)+1A1+A1
e ap \o) \20) 0 10) (9) .o

P %2+L2
(o) (e

In the case of Aw/wy ~ 0, eqn (20) can be approximated by a

linear function of (1/Qy),

*(a)
AP 0 \0

=————7 —4const
Eo(aw) (1Y
, 20

Then, the dielectric loss of electromagnetic waves from the

(21

sample with mobile charge carriers in the cavity (Al/Qs) is
revealed to be proportional to AP,/P,; hence, a non-contacting

J. Name., 2012, 00, 1-3 | 5
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and non-destructive measurement of conductivity can be
achieved by the precise trace of the electromagnetic wave using
dielectric spectroscopy.

Application of this spectroscopic technique to determine
the conductivity of organic materials and mobility of charge
carriers therein was developed by the pioneering work of
Warman et al. at Delft University of Technology (Netherlands)
using electromagnetic waves in the range of 10-50 GHz

(rnicrowaves).ﬂ’25

This technique is referred to as pulse-
radiolysis time-resolved microwave conductivity (PR-TRMC),
as it generates transient charge carriers in the materials upon
exposure to a pulsed high-energy electron beam. Because of
the homogenous ionization of the primary component of the
medium, the density of the generated charge carriers can be
determined without performing other independent
measurements, allowing a direct evaluation of charge carrier
mobility from the accurate detection of dielectric loss. In
contrast, the authors have focused on a flash-photolysis TRMC
(FP-TRMC) utilizing exciton dissociation into charges as a
charge-carrier injection scheme.”*?® In the present FP-TRMC
system, as expressed in eqn (21), kinetic traces of AP, from a
resonant cavity can be monitored after prompt photocarrier
injection from a laser system with a time constant of ~10 ns,
leading to the dynamic observation of charge carrier species as
well as local motion.

One of the of the TRMC
measurement is its applicability to a wide range of sample
liquid, solution, film,
crystallite forms, efc., leading to speedy and stable evaluation
of the precise
fabrication and careful purification. In contrast, as given in eqn
(1) and eqn (14), TRMC traces give only conductivity

transients, where one cannot distinguish the contributions from

merits non-contact

morphologies including powder,

organic semiconductors without device

the local motions of electrons and holes, respectively. It is also
crucial to determine the density of injected charge carriers to
deduce the values of mobility; to address these issues, the
TRMC measurement has been often combined with transient
spectroscopy (TAS),N’31 which the
conductive chemical transients quantitatively using » and p in

absorption assigns

eqn (1) as a function of time.

Analysis of static, local motions

Another approach to quantitative evaluation of n and p in the
TRMC measurement is the field-induced injection of charge
a novel
electromagnetic wave—based measurement was developed
comprising field-induced TRMC (FI-TRMC) for evaluating
charge carrier mobility at the interface between insulators and

carriers through metal electrodes. Recently,

semiconductors without grain boundary effects.** A schematic
diagram of the FI-TRMC measurement system is displayed in
Fig. 3 with a typical microwave conductivity transient in
accordance with the transient current monitored by an external
circuit. From the viewpoint of practical applications of organic
semiconducting materials, the static conductive channels of
electrons or holes are always located at the interfaces of

6 | J. Name., 2012, 00, 1-3

Microwave
Source

MIS Device

—

Fig. 3 Schematic diagram of FI-TRMC measurement system. The MIS
device is loaded into the microwave cavity, and the transient current injected
into the device is monitored independently by an external electric circuit,
giving a reasonable estimate of charge carriers accumulated at
semiconductor—insulator interface.

Microwave

FET .
oy —> Oscilloscope

Insulator

Semiconductor

semiconductor—insulator, semiconductor—semiconductor,

and/or semiconductor—-metal materials.  Although metal—
insulator-semiconductor ~ (MIS) device fabrication is
indispensable in spectroscopic analysis, this FI-TRMC

measurement system involves charge-carrier accumulation at
insulator—semiconductor interfaces by applying a gate bias and
evaluation of carrier mobilities through non-contact microwave
probing, which potentially clarifies the local motion and
dynamics of charge carriers at any interfacial structures found
in practical devices such as FETs, organic light-emitting diodes
(OLEDs), organic photovoltaics (OPVs), efc.

Electromagnetic wave interaction with mobile charge
carriers in the cavity has also been discussed in terms of
electron spin resonance (ESR) spectroscopy. As demonstrated
in FI-TRMC measurements, MIS and FET devices have been
successfully loaded into the microwave cavity, allowing for
real-time monitoring of the direct current-based mobility of
the
Simultaneously, under a magnetic field, the paramagnetic

charge carriers by external electrical  circuit.
nature of charge carriers (radical cations (holes) and anions
(electrons)) permits measurement of their mobility by ESR
which leads to the
quantitative analysis of the number of spins and electronic
states of the excess electrons. The line width (AH) of the ESR

spectrum, which is ascribed to the injected charge carrier

spectroscopy via Zeeman splitting,

species, is proportional to the number of nuclear spins (n,) in
correlation with the carriers based on the random walk model as
follows:*>

AHO(An (nn)l/z i (22)

where A4, is the hyperfine coupling constant of the nuclear spins.
Eqn (22) gives the degree of charge-carrier migration as a
signature in the ESR spectrum, and an empirical relationship
between FET mobility and n allows us to estimate the presumed
value of mobility in simple FI-ESR
spectroscopy.

In the remainder of this perspective, we will highlight

the medium by

the recent representative outcomes of our research, in particular

This journal is © The Royal Society of Chemistry 2012
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for organic crystalline materials (Section 3) and small-
molecules-based soft materials (Section 4), especially those
featuring the mobility evaluations by means of FP-TRMC and
TAS of ESR
spectroscopy addressing charge-carrier transport phenomena

techniques. Finally, recent applications

will be discussed separately in Section 5.

3. Charge carrier mobility in TT-conjugated
molecular crystals

Semiconducting m-conjugated molecules are a pervasive class
of materials that show promise in providing flexible and bio-
compatible organic field-effect transistors (OFETs), which can
be manufactured by low-cost printing technologies.**’ Charge
carrier mobility, one of the most important parameters of OFET
devices, is susceptible to the complicated interplay between
disorder, and

molecular packing, morphology, impurities,

interface characteristics. ~When considering hole (electron)
transfer reactions among two identical molecules, its transfer

rate (k) is formulated by the Marcus theory, incorporating

follows:®

charge transfer integral (A}) and reorganization energy (4) as
Ar* e 1

h Jam AT ),
B

where A, kg, and T are the Planck constant, Boltzmann constant,

(23)

and absolute temperature, respectively. The values of AV and A
are characterized by the overlap of adjacent molecular orbitals
involved in the charge transport and relaxation energy of
species
coordinates, respectively. Maximizing A}V and minimizing A

charged and neutral in their respective atomic
lead to an increase in charge carrier mobility; thus, the use of
large and rigid m-planes such as acenes, heteroacenes, and
discotic arenes is a rational strategy to this end. Furthermore,
molecular orientation and distance are intimately associated
with AV, which is
interactions such as w—t, CH—m, hydrogen bonding, hydrophilic,

controlled by engineering various

and hydrophobic.

Pentacene is an acene composed of five fused benzenes
(Fig. 4), which exhibits small A, thermal evaporation without
decomposition, and environmental stability. Although the poor
resistance of pentacene to oxidation hinders its practical use, it
has served as a pilot scaffold in OFET devices, not only for
optimizing and understating the charge transport property, but
also facilitating the fabrication of solution-processable TIPS-
pentacene,”® n-type perfluoropentacene,” and m-extended
hexacene.*! The hole mobility of pentacene thin film has seen
an impressive advance from 0.1 cm® V' s' at the early

stages“p‘4 to 3-6 cm® V' s
45-47

via film processes and gate
insulator modifications, which has had great impact on
improved herringbone-packing ordering and tailoring of fine-
grain features. The highest mobility of pentacene has reached
the value predicted by the Marcus theory,*® demonstrating the

remarkable experimental progress of OFETs in the past decade.

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Chemical structures of representative mn-conjugated semiconducting
molecules.

In spite of the important electric properties of pentacene, it is
not readily amenable to evaluation of its photo-induced
conductivity. Therefore, we have only reported an FP-TRMC

's7! as the minimum intra-

charge carrier mobility of 0.7 cm? V-
grain value, using a high-energy photon source capable of
direct ionization.*” Recently, our novel FI-TRMC technique
revealed a hole mobility of 6.3 cm® V! s7',** matching the
highest FET value and corroborating that TRMC mobility is
relevant to charge transfer among adjacent molecules in
crystalline molecular semiconductors.

Other good examples of the correlation between Marcus
theory and TRMC studies are self-organized semiconducting
materials such as liquid crystals, nanotubes, nanowires, and
gels. The next section is directed towards overviewing TRMC
studies on these cutting-edge motifs. Compared with molecular
crystals, self-organized materials have a wider distribution of
molecular arrangement in terms of w—m distance, orientation,
and energetic landscape, owing to their “soft” natures.’

(HBC)
et al. have

Gemini-shaped hexa-peri-hexabenzocoronene
amphiphiles developed by Fukushima and Aida
demonstrated self-assembly to form a coaxial nanotubular
structure consisting of a m-stacked HBC core (Fig. 5a and b).”!
Wide-angle X-ray diffractions (WAXD) using synchrotron
radiation clarified the precise conformation of HBC stacking in
the nanotube®® and allowed us to calculate hole mobility based
on the Marcus theory using the Amsterdam density functional
3435 The obtained
value was 4.8 cm” V™' s™ at room temperature (AV =115 meV
and A = 87 meV), which is almost equivalent to the FP-TRMC
mobility of 2-3 cm® V™! s7' (Fig. 5¢).>**” In contrast, a long-
range mobility estimated by OFET characterization®® or
analysis of charge recombination of FP-TRMC kinetics®’ was
on the order of 10 em? V™' s™'. This large gap is rationalized
by the incorporation of two charge-transport processes: intra-
tubular and inter-tubular hopping. The former is likely
dominated by AV and A of the HBC molecules, while the latter
is considerably affected by tubular outer-shell morphology.
Another noteworthy finding is that the mobilities in these two
processes are in a trade-off relationship; therefore, it is essential

(ADF) program® and reported methods.

J. Name., 2012, 00, 1-3 | 7
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Fig. 5 (a) Chemical structure of Gemini-shaped HBC. b) TEM image of
HBC nanotube. The scale bar indicates 200 nm. Reproduced with
permission from ref. 51. Copyright 2004 AAAS. (c) Comparison between
experimental mobility obtained by FP-TRMC (exptl) and that calculated by
Marcus theory (calc).

to improve the electrical connectivity among nanotubes without

disrupting  their pronounced local charge transport.
Technological improvements in this regard might include post-
modification to separate the formation processes of

nanostructure and smooth film, macroscopic alignment, and
dimensional control.

It should be mentioned that quantum effect associated
with the intramolecular reorganization energy leads to the
modification of semi-classical Marcus given by eqn (23). The
(MLJ) formalism is in the

Marcus-Levich-Jortner cast

following form.*®*

47?

A L3
h 4]d€Bj'classT;

where A 1S the classical contribution to the reorganization

(24

k

(_ (Agus + 110, )

4y, T

class

energy, S is the Huang-Rhys (HR) factor,’”®® w.g is the single
effective mode of frequency, and 7% is the reduced Planck
constant (4 = h/2m). The Ser and weg are associated with the
quantum description of the nonclassical degrees of freedom.
Negri et al. have applied the MLJ theorem to the perylene
bisimides®"*? and organic crystals,®® and they found a delicate
interplay of intra and intermolecular contributions to the charge
carrier propagation. The MLJ framework is important when @
is much larger than the thermal energy ApT,” suggesting that
controlling the intramolecular vibrational mode has a critical
impact on the modulation of charge transport process. Troisi
has pointed out that the hopping model is valid only when AV is
smaller than the half of 1.%* Since AV of hole in pentacene and
HBC nanotube are almost comparable to the respective A, the

simple hopping model of Marcus and MLJ models might be not

8 | J. Name., 2012, 00, 1-3

appropriate for describing the charge transport between the
neighboring two molecules. Nonetheless, macroscopic charge
transport is still often governed by the hopping process between
trapping sites as formulated by eqn (9).

A single crystal of a m-conjugated molecule is a superior
substrate for comprehensive study of its electrical properties, as
the trap density originating from structural defects and hopping
barriers among the grains are minimized, allowing direct
evaluation of the intrinsic charge carrier mobility. Surprisingly,
pentacene in its single crystalline form has demonstrated hole
mobility as high as 35 cm? V! s71,% far exceeding the Marcus
hopping rate and mobility in inorganic amorphous silicon.
Currently, the highest mobility of 43 cm® V™' s™' was achieved
in a rubrene single crystal OFET prepared by physical vapor
deposition®® (typical values range from 2 to 20 cm® V' s7) 57°
Despite the excellent transport properties of a m-conjugated
single crystal, practical issues still remain; namely, precise
control of patterning and rapid fabrication over a large substrate
area. To overcome this drawback, state-of-the-art technologies
such as blade casting, micro contact printing, and inkjet
printing have evolved as versatile methods for solution-
Notably, Takeya et al.
reported a high hole mobility of 5 ecm® V™' s! for alkyl end-
capped heteroacene, 2,7-dioctyl[1]benzothieno[3,2-
b][1]benzothiophene (Cg-BTBT, Fig. 4).”!
have developed an inkjet printing technique incorporating

processed single-crystal OFETs.

Hasegawa et al.

antisolvent  droplet-triggered  crystallization and have
demonstrated an impressive hole mobility of 31.3 cm® V! s
for Cg-BTBT.”

crystallization method to produce aligned single-crystalline

Bao er al. have utilized a droplet-pinned

ribbons of fullerene (Cgp) over a large area, demonstrating a
high electron mobility of 11 cm® V! s7'.7* These values are,
indeed, comparable or even higher than those of single crystals.
As for FP-TRMC measurements, a

adamantylidene derivative of La@Csg, showed an electron
-1 74-76

crystal of an
mobility over 10 cm® V' s in good accordance with the
crystalline Cgp ribbon. On the other hand, the sum of charge
carrier mobilities in single-crystal rubrene was 0.052 cm® V' s~
' (70% hole and 30% electron),”” much smaller than OFET
results. The discrepancy was discussed from the viewpoints of
frequency dependence, charge carrier density, efc., and is still
under debate. Regarding the observed exceptionally high
OFET mobility, Takeya et al. have performed investigations on
the Hall effect in a rubrene single crystal and elucidated that
hole transport follows the band conduction mechanism rather
than hopping, suggesting that the positive charge is delocalized
on multiple neighbouring molecules.”

Distinct anisotropic mobility along the respective axis is
The
microwave electric field in a resonant cavity is fixed, and thus,

another characteristic intrinsic to single crystals.
one can readily evaluate anisotropic TRMC mobility with high
angle resolution simply by rotating a crystal. A rubrene single
crystal showed an anisotropy of 2.3 (Fig. 6a),” in line with the
T.67687  Furthermore, FP-

TRMC is applicable to needle-like crystals and fibers, which

values of 2-3 as assessed by OFE

are difficult to access by conventional OFET configurations,

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 (a) Anisotropy measurement of rubrene single crystal by FP-TRMC.
The picture of crystals and crystalline structure are appended. Reproduced
with permission from ref. 77. Copyright 2008 Wiley-VCH Verlag GmbH &
Co. KGaA. (b) Anisotropy measurement of sumanene needle crystal by FP-
TRMC. Reproduced with permission from ref. 80. Copyright 2009
American Chemical Society.

e.g., 9.2 for a sumanene needle crystal (Fig. 6b)*°, 10 for a self-
assembled HBC nanotube.®’  The between
photoconductivity and amplified spontaneous emission (ASE)
is also an important feature toward exploiting the intriguing

correlation

optical features of single crystals,** e.g. lasing and light-
emitting devices. Feasibility of unprocessible crystalline
organic semiconductor materials can be also screened by the
non-contact technique, recently the electric
conducting nature of metal-organic-framework systems®**, 3D

. 85-87
mt-conjugated molecules, e

revealing

tc.

Together with the outstanding mobility and advances in
large area processing, m-conjugated molecular crystals have
occupied a notable posit ion in both practical application and
fundamental investigation of structure—property relationships.
For instance, crystalline domains in polymer—fullerene
photovoltaics play a key role in the formation of hierarchical

structures,® ensuring efficient charge separation and

transport. 8

4. Charge carrier mobility in supramolecular
soft materials

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 (a) Molecular structures of TTV4 and TTV5. Photographs of TTV4
gel in decane during heating and cooling. FP-TRMC transient conductivity
profiles (A, = 355 nm) of TTV4/PDI films prepared from (b) CHCI; and (c)
decane/CHCI; (1:1 v/v) solutions. The color represents weight fraction of
PDI relative to 100 wt% TTV4. Reproduced with permission from ref. 100.
Copyright 2010 American Chemical Society.

n-Conjugated molecules capable of self-assembly via
supramolecular interactions are promising materials for the
development of semiconducting nano-sized objects that
transport charge carriers unidirectionally over long distances.”®
%3 By taking advantage of the non-contact electrodeless method,
we can evaluate the charge carrier transport properties for such
supramolecular materials by using drop-cast or spin-coated
samples. In this section, we summarize recent reports of self-
assembling features and TRMC-based mobility evaluations
about supramolecular soft materials, including nanofibers,

nanotubes, insulated molecular wires, and liquid crystals.

Nanofibers

Nanofibers, as one of the most typical supramolecular materials,
are formed through the solvent-assisted nanofibrous assembly
of m-conjugated molecules. Several pioneering examples of
such electroactive nanowires were reported nearly a decade and
a half ago, many of which used n-conjugated aromatic motifs
combined with hydrogen-bonding units. For instance, mono-
and bithiophene derivatives with urea functionalities are known
to self-assemble into nanofibers, which display highly mobile
charge carriers in PR-TRMC.”* Longer linear m-conjugated
systems such as oligothiophene and oligo(p-phenylenevinylene)
carrying hydrogen-bonding units self-assemble into nanofibers
and further form organogels in a certain type of solvent.”>*° In
a recent typical Ajayaghosh reported
thienylenevinylene-based gelators that form organogels in
nonpolar solvents (Fig. 7).'°*'°" While a solution of TTV4 in
CHCl; (1.5 x 10 M) showed a n—n* absorption maximum at
501 nm, its Ay, was blue-shifted to 464 nm with a shoulder
band at 550 nm in decane, indicating a strong exciton coupling
due to the H-type aggregation of the constituent
thienylenevinylenes. A drop-cast film of TTV4 from
decane/CHCI; (1:1 v/v) showed transient conductivity upon

example, et al.

J. Name., 2012, 00, 1-3 | 9
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with permission from ref. 105. Copyright 2010 American Chemical Society.

photoirradiation, exhibiting a maximum value larger than that
from CHCI; solution. Furthermore, when a typical electron-
accepting species, N,N'-bis(2,5-di-tert-butylphenyl)-3,4,9,10-
perylenedicarboximide (PDI), was added into TTV4 solution,
its cast film exhibited much larger conductivity (@Y u)
depending on the doped PDI contents (Fig. 7b and c), which is
attributed to the photo-induced charge separation between
donor and acceptor to afford increased ¢ values. From the
characteristic transient absorption of PDI radical anion, the
mobility value (3 u) for TTV4 was evaluated as ~1.5 x 102 and
6.0 x 102 cm?> V! s! for the films from CHCIl; and
decane/CHCl;, respectively. The above results strongly
demonstrate the importance of the fibrous assembly on charge
carrier mobility and the utility of fibrous morphology in donor—
acceptor mixtures.

More complex dye assembly'®'% g

worthy of
investigation to clarify the relationship between supramolecular
structures and charge-carrier transport properties. Yagai ef al.
reported the formation of a multiple hydrogen bonding—
mediated “rosette” and linear assembly using perylenebisimide
and melamine-based molecules (Fig. 8).' PBl-appended
cyanuric acid (CAPBI) self-assembled into a rosette-type
macrocycle when complexed with M1 or M2 in 1:1
stoichiometry, which was followed by the formation of
nanofibers via m-stacking of PBI moieties. X-ray diffraction

(XRD) studies together with transmission electron microscopy

10 | J. Name., 2012, 00, 1-3
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Fig. 9 (a) Molecular structures of OT-PDI¢yyqrgg and OT-PDI¢yycpp- (b)
Proposed molecular packing geometries of the nanofiber of OT-PDI¢yy/reg
and microfiber of OT-PDI¢yycpp- (¢) FP-TRMC profiles (4, = 355 nm,
photon intensity = 1.2 x 10'® photons cm™). (d) Plots of changes in transient
absorption intensity (AOD) at 720 nm versus photon density. Reproduced
with permission from ref. 106. Copyright 2010 Wiley-VCH Verlag GmbH
& Co. KGaA
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Fig. 10 (a) Molecular structures of HBC, HBC-C4, and HBC-TNF. (b) Schematic drawing of a coassembled nanotube consisting of HBC and HBC-TNF.

(c) Schematic drawings of the formation of homotropic and coassembled nanotubes of HBC and HBC-Cg,.

(d) Plots of the maximum transient

photoconductivity (¢pZu),,.. of the coassembled nanotubes of HBC and HBC-TNF as a function of HBC-TNF content (4., = 355 nm, photon density = 4.7 x
10'° photons cm™). (e) Plots of ¢, (closed circles) estimated from TAS of HBC radical cation and 1D local charge carrier mobility Zu,;, (open triangles) as
a function of HBC-TNF content. (f) Lifetime (1/e) dependence on HBC-TNF content. (g) Plots of (¢pZu),., of the coassembled nanotubes of HBC and
HBC-Cg as a function of HBC-Cg, content (4., = 355 nm, photon density = 1.2 x 10'° photons cm™). (h) FP-TAS of a cast film of the coassembled nanotube
with HBC-Cg, content of 10%. (Inset) FP-TAS of a cast film of the homotropic nanotube of HBC. (i) Plots of Zu,, versus photon density. Reproduced with
permission from ref. 57 for (b), (d)—(f) and ref. 56 for (c), (g)—(i). Copyright 2011 American Chemical Society and 2009 National Academy of Sciences.

(TEM) and atomic force microscopy (AFM) observations
revealed that a well-defined hexagonal columnar (Coly)
structure was formed by solution casting of the fibrous
assemblies. Interestingly, upon thermal annealing at 200 °C,
CAPBI-M1 underwent a structural transition from Col,;, to the
thermodynamically more stable lamellar (Lam) structure, which
was thought to be mainly triggered by the crystallization of PBI
units. Of further interest, a CAPBI-M1 film adopting a Lam
structure showed, upon photoexcitation with a laser pulse, an
obvious transient conductivity (@Y ), exhibiting a maximum
value larger than that of a Col, film (Fig. 8c). Considering the
much smaller observed conductivity for CAPBI or M1 alone,
CAPBI and M1 in the assembly gave rise to an efficient photo-
induced charge separation and generation of mobile charge
carriers, which was clearly confirmed by monitoring the PBI
radical anion using TAS analysis (Fig. 8d). Given the carrier
generation efficiency values obtained by TAS (g) of 2.0 x 107
and 0.93 x 107 for the Lam and Col, films, respectively, the
sum of the mobility values (3 u) were evaluated as 0.25 and
0.20 cm® V' s, respectively. The observed difference in
semiconducting properties possibly originates from structural
dissimilarities; the Lam structure provides larger contact areas
between PBI and alcoxyphenyl moieties (Fig. 8a), which results
in higher photoinduced charge separation efficiencies.

This journal is © The Royal Society of Chemistry 2012

Aida et al
oligothiophene (OT)-perylenediimide (PDI) dyad molecules,
OT-PDI ¢y and OT-PDIcqyc12 (Fig. 9a), demonstrating the
fabrication of a donor—acceptor fibrous assembly in a more

Li, Fukushima, reported novel

controlled manner.'” Due to the site-specific introduction of
OT-PDIcizreg, upon
heating—cooling treatment in THF/MeOH, was shown to self-

hydrophobic and hydrophilic tails,

assemble into well-defined nanofibers with bicontinuous OT-
PDI arrays (Fig. 9b), as determined through TEM observation
and XRD analysis.
defined microfibers with lamellar structures involving OT-PDI

In sharp contrast, PDIcyyc12 formed ill-

contacts, as evidenced by absorption spectroscopy. Using FP-
TRMC and TAS methods similarly as described above, we
confirmed the larger conductivity (9> u) and carrier generation
efficiency (¢) for the nanofiber of OT-PDIcyyreg compared to
the microfiber of OT-PDIcyyc1z (Fig. 9¢ and d); these
observations suggest the efficient charge separation between
OT and PDI and subsequent carrier oscillation along OT/PDI
stacked arrays in OT-PDIcyyrrg, Whereas the fast charge
recombination may take place in OT-PDI¢yyc12 due to the
presence of the interdigitated OT/PDI structure.

Nanotubes

J. Name., 2012, 00, 1-3 | 11
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Nanotubes are nano-objects with greater structural definition
than nanofibers; as such, molecular design strategies to obtain
supramolecular nanotubes can be quite different from those
used for nanofibers. Although several examples of self-

assembled nanotubes from semiconducting m-electronic

: 107-110
systems have been reported in recent years,

pioneering
works containing detailed TRMC studies were demonstrated by
Fukushima, Aida et al.
they developed Gemini-shaped hexabenzocoronene (HBC)

amphiphiles (HBC; Fig. 10a) that self-assemble into well-
58,59

As described in the previous section,

defined nanotubular objects, whose walls consist of a
graphitic hole-transporting layer of n-stacked HBC and whose
inner and outer surfaces are covered by hydrophilic triethylene
glycol (TEG) chains. In their representative example, by taking
advantage of the TEG termini enabling easy functionalization,
they synthesized HBC amphiphiles HBC-Cg and HBC-TNF
carrying  the Coo
trinitrofluorenone (TNF), respectively (Fig. 10a).°*''' In
appropriate conditions, HBC-Cg and HBC-TNF also self-
assembled into bilayer-based nanotubes in a similar fashion as
with HBC. In addition, they could co-assemble with HBC over

a wide range of mixing molar ratios, resulting in a tunable
112

electron-acceptor  molecules and

acceptor density on the tubular surfaces. Our group has
analyzed in detail the carrier transporting properties along a
single nanotubular axis.** In an HBC/HBC-TNF co-assembled
nanotube system, the maximum transient conductivity (@Y £)max
increased as HBC-TNF content was increased up to 80% (Fig.
10d), mainly originating from the increasing HBC-TNF contact
allowing efficient photoinduced charge separation. However, a
further increase in HBC-TNF content caused a significant
decrease in conductivity derived from lower x values (Fig. 10e),
probably due to the poor structural integrity of the m-stacked
HBC arrays as evidenced by SEM and TEM observations. At
the same time, the lifetime of the photochemically generated
charge carriers became lower in the presence of an acceptor
(Fig.
recombination events.

10f), which can be explained by frequent charge
Replacement of TNF by Cgo affords
electron transport pathways that are hardly formed in the HBC-
TNF system.
display n-type FET character as well as photovoltaic response.

In fact, HBC-Cg4 co-assembled nanotubes

The bulkiness of Cgy molecules results in an optimized transient
conductivity at an HBC-Cgy content of only 25% (Fig. 10g),
consistent with the case of the HBC/HBC-TNF co-assembly.
Worthy of note is that these co-assembled donor—acceptor
nanotubes exhibited very high mobility values of Yu = 2-3 cm?
V! s as assessed by TAS (Fig. 10h) in appropriate mixing
ratios (Fig. 10e and i), which is one of the best recorded among
carbon-based soft materials and almost the same as the
intersheet mobility in graphite.

Insulated molecular wires

Elaborate molecular design enables the development of

113-115

insulated molecular wires that have an ultimately well-

defined one-dimensional carrier transport pathway.  For

example, Sugiyasu, Takeuchi et al. reported self-threading

12 | J. Name., 2012, 00, 1-3
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Fig. 11 Synthetic approach toward self-threading polythiophene: a) second-
generation Grubbs catalyst, CH,Cl,, b) H,, Pd/C, CH,Cl,/MeOH, c) NBS,
CHCI/AcOH, d) [Ni(cod),], cod, bipy, toluene/DMF. “Cyclic side-chain”
(green area in the axial view) corresponds to a 22-membered ring in the case
of STB¢s. NBS = N-bromosuccinimide, DMF = N,N-dimethylformamide,
cod = 15-cyclooctadiene, bipy = 22'-bipyridine. Reproduced with
permission from ref. 117. Copyright 2012 Wiley-VCH Verlag GmbH & Co.
KGaA.

oligothiophenes and polythiophenes that are synthesized from
bithiophene monomers having cyclic insulating chains (Fig.
11)."'%1"%  Because of the well-designed cyclic side chains, the
polythiophene backbone cannot stack together, and instead
adopts a highly planar conformation with a large effective
conjugation length, as verified by absorption spectroscopy.
Namely, charge carriers, if generated, can transport only along
the main chains. In fact, soluble PSTBg, derivatives bearing
two dodecyl groups in one monomer unit, upon I, doping,
showed low conductivity (2 x 10> S c¢cm™) in a four-probe
measurement, probably due to the limited interchain transfer
integral of z-electrons. However, the intrachain hole mobility
of the soluble PSTBg was revealed to be 0.9 cm? V! 57!, as
evaluated by FP-TRMC.

Terao et al. reported polyrotaxane-based soluble
semiconducting molecular wires covered with insulating
permethylated a-cyclodextrins (a-CDs) (Fig. 12).!'9'2!

crystal

In a
structure of a model compound, the phenylene
ethynylene—-based =-system was clearly observed to be
accommodated within a-CD via host—guest interactions (Fig.
12a).

main chains, insulating effects on the hole-transporting event

In a typical case utilizing poly(phenylene ethynylene)

along the backbones were discovered by an FP-TRMC
12b and c).
measurements, the intrachain hole mobilities of PPE;, and

technique (Fig. In conjunction with TAS
PPE,, were found to be 0.7 and 0.2 cm® V' 57!, respectively.
The observed higher mobility suggests a smaller reorganization
energy, while the longer lifetime of charge carriers may
represent the suppression of interchain charge recombination,
both of which are realized by the insulating matrix coating.
Furthermore, they proposed a novel design principle addressing
the ideal orbital alignment for charge carrier hopping.122 Based
on the theory, they developed a novel PPE,;; system with a
zigzag main-chain configuration and confirmed that PPE,;

This journal is © The Royal Society of Chemistry 2012
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Fig. 12 (a) Molecular and crystal structure of a model rotaxane compound.
(b) Synthetic approach toward poly(p-phenylene ethynylene)-based IMWs: i)
PdCl,(PPh;),, Cul, K,CO;, iPrNH,, ii) H,0/MeOH, iii) Pd(OAc),, TXPTS,
Cul, K,CO;, H,0/MeOH. TXPTS = tris(2,4-dimethyl-5-
sulfophenyl)phosphine trisodium salt. (c) Conductivity transients observed
for a 2.3-pm thick cast film of PPE,, (red) and PPE;, (blue) (4. = 355 nm,
photon density = 7.3 x 10" photons cm ™). (d) Molecular structures of PPE,,
PPE,;, and PPE . Reproduced with permission from ref. 121 for (a)-(c)
and ref. 122 for (d). Copyright 2011 Wiley-VCH Verlag GmbH & Co.
KGaA and 2013 Macmillan Publishers Ltd.

showed a higher hole mobility of 2.1 cm? V' s (PPE: 0.7
cm? V' s7h). Surprisingly, when 10 phenylene ethynylene units
were employed as a repeating unit in the zigzag main chains
(PPEm10), the hole mobility reached up to 8.5 ecm®> V' 57!,
which is also supported by the theoretical study.

Liquid crystals

Thermotropic liquid crystals (LC) are a kind of bulk-phase
material displaying 1D (columnar phase) and 2D (smectic

123125 which provide directional charge

phase) formations,
carrier transport pathways since LC phases are organized via
supramolecular interactions among the constituent molecules.
Characterization of charge-carrier transport properties in LC
materials is often performed through TOF, SCLC, and FET
techniques,'?*'?® which analyses long-range carrier motions as
discussed in detail in Section 2. TRMC methods provide local-

scale carrier dynamics within intracolumnar or intralayer

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 (a) Molecular structures of triply-fused copper porphyrin dimers. (b)
FP-TRMC profiles of 2Py 4 (red) and 2Py, (black) films on a quartz (4., =
355 nm, photon density = 1.2 x 10'® photons cm™). (d) Differential
absorption spectra upon generation of the radical cation (red) in CH,Cl, and
anion (blue) in THF of 2P . (e) Normalized decay profiles of FP-TRMC
(red) and 620-nm transient absorption (green) of 2Py . (c) FP-TAS profiles
of 2P,y (Ax = 355 nm, photon density = 1.2-7.2 x 10'® photons cm™; from
light green to green). (f) Molecular structures of liquid crystalline triply-
fused zinc porphyrin oligomers 2P’,,, 3P,,, 4P,, and 5P,,. (g) FP-TRMC
profiles of 2P’ (purple), 3P, (green), 4P, (red) and 5P, (blue) films on a
quartz (A, = 355 nm, photon density = 0.9 x 10'® photons cm™?). (h)
Normalized profiles of TAS (solid) and differential absorption spectra upon
generation of the radical cations (dashed) of 3P, (green), 4P, (red) and
5P, (blue).

structures. In fact, after the discovery of fast electrical
conduction along the columnar axis,'”*"*® Warman e al.
demonstrated the mobility evaluation of LC materials by means
of PR-TRMC methods."*"'*?
many nonconventional discotic LC molecules and performed
FP-TRMC studies through collaborations with our groups.'**"
135 For example, they used triply-fused porphyrin oligomers as
extra-large tape-like me:sogens.136’138 Although both 2Py, and
2Py, decorated at their peripheries with hydrophobic or
hydrophilic chains, did not show any LC mesophase (Fig. 13a),
the site-specific modification by these two immiscible chains
allowed the dimeric core (2Ppjy) to self-assemble into a
rectangular columnar mesophase, induced by nano-segregation
of the two immiscible chains. As expected from the structural
differences, 2Py, forming one-dimensional columnar
structures, exhibited a much higher conductivity in FP-TRMC

Recently, Aida et al. reported

J. Name., 2012, 00, 1-3 | 13
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Fig. 14 (a) Molecular structures of triphenylene hexacarboxylic ester (TP)
(b) FP-TRMC profiles of a LC film of TP sandwiched by quartz plates at 25
°C, observed along parallel (blue) and perpendicular (red) directions to the
substrate surface. Reproduced with permission from ref. 141. Copyright
2012 Wiley-VCH Verlag GmbH & Co. KGaA.

(Fig. 13b). Of further interest, 2P,y showed a clear transient
absorption at around 620 nm (Fig. 13c) assignable to the
absorption of radical anion 2Py, which was confirmed by

chemical oxidation/reduction experiments in solution (Fig. 13d).

Considering the fact that the kinetic profiles of TRMC and TAS
(at 620 nm) signals are in agreement (Fig. 13e), the charge
carrier species of 2P,y was found to be the electron (¢, = 0.2
cm? V! s7!), whereas almost all other reported monomeric
porphyrins behaved as hole-transporting materials. A few years
later, they disclosed the
columnar liquid crystalline 2Pgy.

hole-transporting properties of
The substitution pattern of
the peripheral chains barely changed the intrinsic m-electronic
properties of the dimeric porphyrin core, but transformed the n-
clarified by UV-vis
spectroscopy. Thus, they proposed that the observed difference

stacking geometry, as absorption
in polarity of the charge carriers originates from the different
orbital overlaps within w-stacked columns; in fact, a theoretical
prediction has been made in relation to this possibility.'**!4
Thereafter, by screening various substitution patterns, they
found that two-to-five mer Zn complexes, if having an optimum
number of long alkyl chains in proper positions (2P’z,, 3Pz,,
4Py, and 5Py,), could form LC materials (Fig. 13f), where the
transient conductivity in TRMC becomes larger as the core size
is enlarged (Fig. 13g).
hole is the dominant charge carrier species (u, = 0.02 cm® V™!

In this series, they concluded that the

s! for 5Pz,), since TAS experiments adequately explain their
spectral the of the
corresponding radical cation species (Fig. 13h).

similarity with absorption bands

Although TRMC-based techniques, in principle, provide
nanometer-scale mobilities, we can evaluate the anisotropy in
carrier transport directions in macroscopically-aligned
LCs. 4142 Aida et al. reported a novel
triphenylene-based columnar LC molecule (TP),

hexagonal columns were observed to have high homeotropic
141

Fukushima,
whose

alignment on/between a large variety of substrates (Fig. 14a).
When sandwiched between two quartz plates and allowed to
cool from the isotropic phase to 25 °C, TP perfectly aligned
homeotropically with large domains, as confirmed by polarized
optical microscopy. By changing the insertion direction of the
sandwiched LC sample in the cavity as well as the excitation-
laser direction in FP-TRMC, we can selectively monitor charge
carrier transport phenomena along the electric field of the

14 | J. Name., 2012, 00, 1-3
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Fig. 15 (a) Molecular structures of anion receptors R1 and R2 and their
anion-binding mode. Structures of cation modules C1* and C2*. (b)
Schematic illustrations of charge-by-charge and charge-segregated
assemblies. (c) Formation of planar anionic species through complexation of
planar anion receptors with halide ions. (d) FP-TRMC profiles of R1-CI™—
C2* (black) and R2-:CI'—C1* (red) (4., = 355 nm, photon density = 0.9 x 10
photons cm™) and schematic illustration of their hexagonal columnar
structures. Reproduced with permission from ref. 143 for (b), (c) and ref.
147 for (d). Copyright 2013 The Royal Society of Chemistry and 2013
American Chemical Society.

microwave. In fact, the above macroscopically oriented TP
film displayed highly anisotropic conductivity profiles (Fig.
14b).

experimental verification of such a relationship between

As demonstrated here, we can easily carry out the

macroscopic structure and charge carrier mobility by using the
FP-TRMC system.

Maeda et al anion-responsive
structural motif consisting of boron complexes of 1,3-

reported a novel

dipyrrolyl-1,3-propanediones (Fig. 15a), and proposed “charge-

by-charge assembly” and “charge-segregated assembly”

This journal is © The Royal Society of Chemistry 2012
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concepts (Fig. 15 b)."**'* Upon complexation with chloride
ion, the receptor undergoes a structural transition into a
negatively-charged planar species (Fig. 15¢) and mainly forms
the charge-by-charge assembly with the corresponding counter
cations via electrostatic interactions. When functionalized with
long alkyl tails at the periphery of the receptor, such an
assembly affords thermotropic columnar LC materials in their

145,146
condensed phases. ™

However, evidence of charge-
segregated assembly was sometimes observed in particular
cases. For example, they prepared anion receptors R1 and R2
as well as quaternary ammonium chloride salt derivatives with
long alkyl chains (C1-Cl" and C2"-Cl) and attempted
complexations between them.'”’ As a result, they found that
R2-CI'-C1" and R1-CI —C2" successfully formed a columnar
LC material with receptor-anion complexes, in which the
former contains charge-segregated assemblies while the latter
consists (Fig. 15d), as

evidenced by the stacking periodicity observed in XRD

of charge-by-charge assemblies

experiments. This supramolecular structural difference resulted
in a high contrast in charge carrier transporting properties,
clearly demonstrated by FP-TRMC measurements (Fig. 15d).
After estimation of ¢ values using a direct current method, %%
TRMC mobility values were determined as Y = 0.2 and 0.05
cm® V!5 for R2:CI'=C1" and R1-CI—C2", respectively.

the combination of FP-TRMC and TAS
techniques is quite effective for evaluating charge carrier

Overall,

mobility in molecular materials including single crystals,
polycrystals, gels, liquid crystals, and other soft materials. As
summarized above, TRMC results often reflect the structural
differences on both a nanoscopic and macroscopic scale, thus
representing a powerful tool for investigating the structural—
conductivity relationship in solid-state materials.

5. Electron spin resonance as a probe of
charge-carrier transporting phenomena

In the previous sections, we introduced studies on charge
transport properties using TRMC methods.  Alternatively,
electron spin resonance (ESR), one of the most common
microwave spectroscopic methods, has also been used for

150
for decades,
151,152

studying electrically conductive materials
particularly in the fields of inorganic semiconductors and
conductive 153-156 ESR  spectroscopy has

characteristic features in common with the TRMC method as

polymers.

follows: 1) non-contact measurements are performed using
microwaves as a probe; 2) microscopic information about spins
(or charge carriers for the TRMC method) can be obtained; 3)
the techniques are widely applicable to the characterization of
solid materials independent of their morphology. By using
ESR spectroscopy, we can directly observe polarons, a
paramagnetic charge carrier species that play an important role
in electric conduction phenomena. In this section, we introduce
recent applications of ESR for studies of carrier transport

properties of organic materials.

This journal is © The Royal Society of Chemistry 2012
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Fig. 16 (a) Structure of undoped pentacene thin-film transistor (TFTs) and
the magnetic field geometries. @ is the angle made by the device film and the
static magnetic field. (b) Transfer characteristic (solid line) and field-effect
mobility u (dotted line) of undoped pentacene TFT at Vp = -1 V. (c) The
number of spins (Mg, solid circle) and the line width (AB,;, open circle)
estimated from the field-induced ESR spectra. The solid line represents the
estimation of carrier number by the electrostatic capacitance. The second
right-hand axis shows .. Reproduced with permission from ref. 159.
Copyright 2008 the American Physical Society.

ESR of field-induced polarons in organic devices

Marumoto et al**"*"'*® and Matsui er al.>*'®! applied ESR
methods to investigate the motions of gate-induced charge
carriers in organic field-effect devices. Fig. 16a shows a typical
setting for the field-induced ESR (FI-ESR) measurement of
organic FET devices. The target device is fabricated on a slim
substrate and inserted in a quartz glass tube, which is then
installed in an ESR spectrometer. Applying the gate voltage
(V) leads to an ESR signal derived from the field-induced
charge carriers (polarons) at the insulator—semiconductor
The spectral shape of the FI-ESR contains a large
amount of microscopic information about the polarons in the

interface.

device: the number of polarons, the nuclear environment
around the polarons, the orientations of the molecules in the
crystal, etc. In particular, the line width of the ESR spectrum is
highly important because the spatial extent of the delocalized
spins and/or motion of the spins in the materials directly affects
the line width. The fast diffusion of polarons in the materials
makes the line width narrower (motional narrowing).162 The
motional narrowing effects were clearly observed in both
pentacene polycrystalline film transistors'> and rubrene single-
crystal transistors;'*® these results were analyzed based on the
multiple trap-and-release (MTR) transport mechanism, which
postulates that the charge carriers are hopping from trap to trap.
The average times at traps were estimated to be 0.7-2 ns (for
the polycrystalline pentacene FET, Fig. 16¢) and ~60 ps (for the
rubrene single-crystal FET after SAM treatment), which is
consistent with the fact that the mobility of the rubrene FET is
higher than that of the pentacene FET. Matsui

extensively investigated the energetic landscape of trap sites in
60

et al.
pentacene thin-film transistors at low temperatures.'® From

the line width analyses using eqn (22), they concluded that
there exist three kinds of traps composed of localized wave

J. Name., 2012, 00, 1-3 | 15
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a)

Fig. 17 (a) Donor—acceptor COF (Dzapc-Anpi-COF). Donor and acceptor
units are shown in red and blue, respectively. (b) Illustration of a 2 x 2 cell
of the 0.8 A slipped stacked COFs and photochemical events. Reproduced
with permission from ref. 168. Copyright 2013 Wiley-VCH Verlag GmbH
& KGaA.
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Fig 18 (a) Counter plots of the TR-ESR spectrum of the solid-state COF at
280 K. The transverse and longitudinal axes denote time and magnetic field,
respectively. The normal axis is the TR-ESR intensity. The negative and
positive signs of signal intensity indicate the absorption and emission of the
microwaves, respectively. (b) Time slice of the TR-ESR spectrum at 7= 1.5
us. The green line is the curve calculated based on the Lorentz function. (c)
Time profile of the curve calculated based on the exponential function @ =
aexp[-#/tcs]. Reproduced with permission from ref. 168. Copyright 2013
Wiley-VCH Verlag GmbH & KGaA.

functions spanning around 1.5, 5, and 6—20 molecules. Using
diagrammatic Monte Carlo (DMC) calculations for the Holstein
model,'® they evaluated the binding energies of these traps to

be 140 meV, 22 meV and 5-15 meV, respectively.

Time-resolved ESR as a probe of charge dynamics

Photoconduction has attracted much attention in relation to the
recent remarkable developments in organic photovoltaic (OPV)
devices.'® In this context, understanding the mechanism of
photo-induced electron transfer from the donor—acceptor
interface is highly important for achieving high-performance
OPYV devices. During the first stage of photo-induced electron
transfer, a charge-separate (CS) state composed of a radical
cation of the donor (D™") and a radical anion of the acceptor
(A™) could be generated; therefore, an ESR-based method
would be a strong investigative tool for this process.'¢>'%

Time-resolved ESR (TR-ESR),'®” one of the established ESR

16 | J. Name., 2012, 00, 1-3

methods, can probe the radical pair generated by a laser flash,
which may provide insight into the dynamics of the primary

process.
This method was applied to the photoinduced electron
transfer process in a donor—acceptor covalent organic

framework (COF) consisting of zinc phthalocyanine (ZnPc) and
naphthalene diimide (NDI) as the electron donor and acceptor,
respectively (Fig. 17).'%!
a periodically ordered bicontinuous heterojunction structure and

The donor—acceptor COFs consist of

self-sorted donor and acceptor columnar arrays with well-

defined intervals on the nanometer scale.!®?

This nanoscopic
segregation morphology forms a broad interface for charge
separation and provides ambipolar pathways for charge
collection, ideal characteristics for OPV devices. Fig. 18 shows
the TR-ESR spectrum of the donor—acceptor COF at 700 nm
excitation. Prior to the laser flash, the sample was ESR-silent
over the entire magnetic range (Fig. 18a, < 0 us). After the
laser flash, the TR-ESR signal rapidly increased as a result of a
prompt charge separation (Fig. 18a) and exhibited an increase
up to t = 1.5 us followed by slow decay. The TR-ESR signal at
t =
Lorentzian with a g value of 2.0059 and a narrow spectral width
of 0.75 mT (Fig. 18b). The narrow spectral width of the COF is

consistent with a weak magnetic dipolar interaction between

1.5 us was reproduced with a single emission-type

two spins, as they are separately delocalized over donor and
The time-profiles of the TR-ESR signals
(@) were reproduced by an exponential function,

acceptor columns.

D = aexp (—t/tcs), (25)

where «, f, and 7cs are the proportional factor, time, and
lifetime, respectively; the 7cg values of the COFs at 280 K and
80 K were determined to be 1.8 us and 1500 us, respectively
(Fig. 18c). These long lifetimes indicate that the aligned
bicontinuous  m-columns enable long-distance charge
delocalization and exceptional long-term charge retention. The
quantitative analysis of charge carrier mobility in the COF
their

suggesting the promotion of highly conducting

systems was also nanometer scale

170,171

reported as
motion,
pathways along the m-columns via their strong stacking nature.

Evaluation of intramolecular conductance by ESR

Conjugated molecular wires are attracting interest in the field of
molecular electronics, making it important to clarify the intra-
chain mobility of these wires. However, it is generally difficult
to measure the conductivity of a single molecule or a polymer
with the
exception of nano-gap electrodes or a break-junction technique

chain by conventional device -characterization,

with a scanning tunnelling microscope (STM). Using the FP-
TRMC method, our group has measured the intra-chain charge
carrier mobility of conjugated polymers dispersed in an
insulating matrix'’? and novel polymers encapsulated by cyclic

side chains''® or permethylated o-cyclodextrin,'!®!?2
Meanwhile, Matsuda et al. proposed a unique approach to
evaluate intra-molecular conductance with ESR.'*'™ The

conductive property of a molecular wire is characterized by the

This journal is © The Royal Society of Chemistry 2012
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Fig. 19 (left) X-band ESR spectra measured at room temperature for OPE4-
7. (right) Molecular structures of OPE4-7. Reproduced with permission
from ref. 174. Copyright 2013 American Chemical Society.

decay constant 8 of electron tunnelling, which is defined
according to the following equation:

G = Gy exp(—BD).

where G is the conductance of the molecule, / is the molecular

(26)

length, and Gy is the contact conductance. Not only does the
conductance of the molecule decay exponentially according to
eqn (26), but also the rate constant of electron transfer (k)
and exchange interaction (J)'’®!'”" between radical spins.
Matsuda et al. 173.177 178

determined the decay constant of the exchange interaction

experimentally and theoretically
between radical spins of neutral radicals placed at the two ends
of a m-conjugated wire. In these studies, they synthesized rod-
like oligo(p-phenylene) (OP)'" oligo(p-phenylene
ethynylene) (OPE)174 molecules having different lengths, which

and

were substituted with nitronyl nitroxide radicals at the two ends
(Fig. 19). A magnetically independent nitronyl nitroxide shows
a 5-line ESR spectrum with a 7.5 G line spacing resulting from
two identical nitrogen atoms. When two nitronyl nitroxides are
magnetically coupled with a larger exchange interaction than
the hyperfine coupling constants, the diradical gives a nine-line
If the exchange
interaction is smaller than the hyperfine coupling in the

ESR spectrum with a 3.7 G spacing.

diradical, two nitronyl nitroxide radicals are magnetically
independent and show a spectrum identical to the nitronyl
nitroxide monoradical. In the intermediate situations, the
spectrum shows further splitting, which could be reproduced by
ESR Fig. 19 the of ESR

measurements of the OPE wires consisting of four to seven p-

simulations. shows results
phenylene ethynylene (PE) units in dichloromethane solution.
The shortest one (OPE4) showed a nine-line ESR spectrum,
meaning that the exchange interaction is larger than the
hyperfine coupling constant. The ESR spectra of OPES5 and
OPE6 showed 15 lines. The OPE7 showed a five-line ESR
spectrum, which means that the exchange interaction in OPE7
From the ESR

simulations, the values of the exchange interaction J of these

is smaller than the hyperfine coupling constant.

wires were estimated, and the decay constant S of the OPE
wires were calculated to be 0.39 A™!, in good agreement with
the reported decay constant 8 from the molecular conductance
(0.20-0.34 A™)'8" and reported theoretical values (0.19—
0.27 A™).!82183 The decay constant 8 of the OP wires was also
calculated to be 0.51 = 0.01 A™' by the same method,'”
suggesting that the OPE wires have better conductive properties

This journal is © The Royal Society of Chemistry 2012
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than the OP wires. As a characteristic feature of this method,
the B value obtained by this ESR method reflects a pure
tunnelling electron exchange and there is no participation of the
hopping electron transfer, which is expected to appear in longer
molecules such as OPE derivatives with more than three OPE

units.!”®

Concluding remarks

their
potentially contain an excessive amount of

Organic molecular materials and supramolecular
assemblies
impurities, structural defects, and/or boundaries, which often
perturb charge-carrier transport phenomena under an applied
static electric field. The structural variation found in organic
than that in

semiconductor materials, suggesting the necessity of rapid

materials is substantially wider inorganic
techniques to screen materials for their mobility values in order
to assess their feasibility as semiconductors.

Static and dynamic electric current analyses provide
charge carrier mobilities as well as perturbing factors, and
reflect their predicted performances in device fabrication.
Dynamic analysis with electromagnetic waves allows us to
derive the potentials of these materials with rapid protocols,
which is advantageous in the primary assessment of organic
semiconductor candidates with wide structural variation.
TRMC and ESR measurements probe the local motion of
charge carriers, revealing the effective mass of the charge
carrier species and the feasibility of molecular systems toward
HE and TOF elucidate the

translational motion of charge carriers as well as principal

“molecular scale” electronics.

“thermal” effects on the transport, which may assist in

providing control over disordering processes, clarifying
dominant processes, and allow for devices functional at room
FET and SCLC measurements address the

primary interfacial events in charge carrier transport. Combined

temperature.

protocols based on the sophisticated and well-established
techniques of HE, TOF, SCLC, FET, TRMC, ESR, efc. will be
anticipated to play a key role in organic semiconductor
development to substitute Si, compounds, and metal-oxide
semiconductor materials. The presumed value of mobility in
organic semiconductors, some of which have shown high
enough values to substitute amorphous Si semiconductors, was
already reported in the middle of the 20th century, and
We believe that the

present-day concerted measurements of charge carrier mobility

remained as “presumed over 60 years.”

toward their optimization and substitution of traditional
semiconductor materials for organic materials, some of which
have been described here, will open the new era of organic
electronics.
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