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Abstract

Organic charge-transfer complexes are ordered combinations of charge-donating (D)
and charge-accepting (A) compounds. The proximity of the D and A units results in
a partial degree of ionicity and a band structure that is a hybrid of the parent com-
pounds, allowing the complex to exhibit interesting physical characteristics. These in-
clude metallicity, ambipolar semiconductivity, photoconductivity, ferroelectricity, and
more. The focus of this work is to identify several structure-function relationships in
charge-transfer complexes pertaining to organic field-effect transistors (OFETs). The
materials of focus in these studies are perylene- 7,7,8,8-tetracyanoquinodimethane
(perylene–TCNQ), dibenzotetrathiafulvalene–TCNQ (DBTTF–TCNQ), and stilbene–
F4TCNQ.

We found that the perylene–TCNQ crystallizes in three D:A ratios — 1:1, 2:1,
and 3:1. Single crystal X-ray diffraction revealed that each compound exhibits a
mixed-stack structure with slight differences in D/A overlap. Though the differences
are small, the charge-transfer was found to increase with increasing amount of donor.
Fabrication and measurement of OFETs revealed that the 1:1 crystal was n-type, the
2:1 was ambipolar, and the 3:1 was p-type. DBTTF-TCNQ grows in two 1:1 poly-
morphs, one of which, the α-polymorph, is known and the other, the β-polymorph,
was grown here for the first time. We found that the former exhibits a degree of charge
transfer of 0.5e, while the latter is nearly neutral. OFET measurements revealed that
with the same device structure, the α-polymorph is ambipolar with electron-dominant
transport, while the β-polymorph exhibits hole-dominant ambipolar transport. The
investigation of electrical properties of stilbene–F4TCNQ revealed that in this com-
plex, the transport is thermally activated above 235 K, and temperature independent
at low temperatures. The transition correlates with a freezing-in of orientational dis-
order caused by a mobile moiety on the donor. Together, these results provide insight
into the interplay between crystal structure, ionicity, and charge transport.
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Chapter 1

Introduction

The discovery of the organic metal TTF–TCNQ in 1973 led to an explosion of
research conducted on organic charge-transfer complexes. While these materials have
been studied intensely for several decades, the research was mostly aimed at the dis-
covery of materials with high room-temperature conductivity or high-temperature su-
perconductivity. Recently, attention has turned to technologically-relevant properties
of charge-transfer complexes, such as ambipolar transport, metallicity, photoconduc-
tivity, ferroelectricity, or magnetoresistance. This introduction chapter reviews the
growth, structure, and properties of charge-transfer complexes and underlines recent
progress in their application in organic devices. Their prospects in future applica-
tions are discussed, as well as the challenges yet to be overcome to understand the
fundamental parameters governing their operation.

This portion of the text is adapted from K. P. Goetz, D. Vermeuelen, M. E. Payne, C. Kloc, L.
E. McNeil, and O. D. Jurchescu, ”Charge-transfer complexes: new perspectives on an old class of
compounds”, J. Mater. Chem. C 2, 3065-3076 (2014)1

1



1.1 Introduction

Organic electronics is often regarded as a young field due to the recent emergence of

plastic electronics into the consumer market. While the past decade has seen a surge

of research attention towards these materials, they have been of interest to chemists

and physicists alike for over a century.2 In 1906 for example, Pochettino discov-

ered the photoconductive properties of anthracene,3 and in 1948 Eley discovered the

semiconducting properties of phthalocyanines.4 There now exists a wealth of publi-

cations on organic materials whose building blocks range in size from small molecules

to polymers and whose electrical properties range from insulating to superconduct-

ing.5–12 Of particular interest are the properties and processing of small-molecule

organic semiconductors for application in organic field-effect transistors (OFETs),

organic photovoltaic cells (OPVs), and organic light emitting diodes (OLEDs). Ex-

amples include rubrene, pentacene, tetrathiafulvalene, and their derivatives.5,13–22

While the electronic characteristics of these monomolecular compounds have reached

impressive values with hole mobility values greater than 10 cm2V−1s−1, electron mo-

bility values greater than 1 cm2V−1s−1, and solar cell efficiencies exceeding 10%,18–27

good performance alone is inadequate to address a large number of consumer appli-

cations. One barrier to their use is that these devices are often hybrids employing

one or more layers of inorganic material, most often as a metal contact. This is

problematic because inorganic metals can cause inefficient injection and high contact

resistances in devices. Though they are not used as frequently as their inorganic

counterparts, organic metal electrodes have several advantages. First, they can be

processed at relatively low temperatures, which makes them amenable to use with

flexible substrates. Second, several studies have shown that charge injection efficiency

is improved at the organic metal/organic interface as compared to the inorganic

metal/organic semiconductor interface. For example, the use of the organic metal

TTF–TCNQ (tetrathiafulvalene – 7,7,8,8-tetracyanoquinodimethane) was shown to

2



cause a drastic improvement in electron mobility in an organic semiconductor com-

pared to devices with either silver or gold contacts, even though the conductivity

of the organic metal is about three orders of magnitude lower than that of either

inorganic metal (Fig. 1.1).28 It was further shown that devices based on organic con-

tacts not only exhibit superior electrical properties such as lower contact resistance

and enhanced charge carrier mobilities, but the use of organic electrodes allows for

fine tunability of the metal Fermi energy as a result of the chemical versatility of

the organic molecules.29–34 These results suggest that manipulating organic/organic

interfaces is a robust way to improve device performance, as exemplified by the cur-

rent research efforts aimed towards the discovery of metallic organics.35 Examples

include poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), car-

bon nanotubes, and functionalized graphene.36–44

Besides modest device performance compared to inorganic semiconductors, an-

other limitation suffered by most monomolecular compounds studied to date is that

a majority of them are unipolar semiconductors, and in most cases they fall into the

Figure 1.1: Transfer characteristics of DBTTF-TCNQ SC-OFETs with the source
and drain electrodes composed of Au, Ag, and TTF-TCNQ. (Taken from Takahashi,
et al.28)

3



subset of p-type, or hole transporting, materials.6 This property is partially driven

by extrinsic factors, such as available and applicable contact metals or trapping of

one type of charge carrier due to structural imperfections.45,46 Ambipolar transport,

which implies simultaneous electron and hole transport, is relevant because it enables

the engineering of low-power complementary metal-oxide semiconductor (CMOS)-like

logic circuits. To fill in these voids — i.e. to create the possibility for all-organic high-

performance devices and to broaden the applicability of organic semiconductors —

many research groups have recently focused their attention on a class of compounds

that has been studied for several decades: organic charge-transfer (CT) compounds.

Charge-transfer complexes are combinations of charge-donating (D) and charge-

accepting (A) materials. While the parent compounds tend to be unipolar semicon-

ductors, the CT complex can have entirely different properties: it can be an ambipolar

semiconductor, a metal, or even a superconductor.2,47–54 Famous examples include

TTF–TCNQ, the first organic metal discovered in 1973, and ((TMSTF))2–PF6, the

organic superconductor made from donor tetramethyltetraselenafulvalene and accep-

tor hexafluorophosphate discovered in 1980.55,56 (Note that throughout this report,

all CT complexes will be named as donor–acceptor.) Historically, these compounds

created excitement because of predictions of high-temperature superconductivity or

high conductivity. In addition, their crystal structures provide an excellent platform

for theorists to verify ideas on one-dimensional systems, as these compounds can dis-

play quasi-one-dimensional structures with interesting phenomena, including charge

density waves or Peierls transitions.2,57

Several recent reports have caused a renewal of interest in CT complexes. These

focus on interesting properties that arise at the interface between donor and acceptor

single crystals that are not present in the individual parent compounds. For example,

a study by Alves, et al., shows that metallic conduction is exhibited at the interface

of a TCNQ single crystal and a TTF single crystal.58 A follow-up study by Mathis,

4



et al., suggested that this phenomenon occurs as a result of the adsorption of one

compound into the other and the subsequent formation of the CT salt TTF–TCNQ

at the interface rather than due to the physical contact between the D and A single

crystals.59 Additional interface studies highlight the potential for CT materials to be

employed in thermoelectric devices, as in the case of pentacene and F4TCNQ (here

thin-films were explored as opposed to single crystals), as well as their use as photo-

conductive materials, as in the case of rubrene and TCNQ,.60,61 Photoconductivity is

another property exhibited by several CT crystals that is of tremendous technological

interest. Tsutsumi, et al., demonstrated that several CT complexes yield hole and

electron photocurrents and the diffusion length of the photocurrent is directly depen-

dent on the size of the CT gap energy.62,63 Of further interest is the potential for

ferroelectric behavior in CT compounds. In the past, this was only demonstrated in

three different TTF-based CT compounds at cryogenic temperatures; recently, how-

ever, ferroelectricity was demonstrated in supramolecular CT complex networks under

ambient conditions, as well as in CT complexes that behave as quantum magnets.64–67

Other exotic properties recorded in CT systems include magnetoconductance, field

emission, photo-switching, and memory functions.68–72 They are thus an interesting

testing medium for fundamental concepts that are important to organic electronics,

such as charge transport and structure-function relationships. The novelty in the

more recent research on CT complexes is the attempt to characterize them with ap-

plications in mind, such as employing them as contact materials in various types of

organic devices or incorporating existing or novel CT complexes as the active metallic,

semiconducting, or insulating layer in devices.

5



1.2 General Characteristics of Charge-Transfer Com-

plexes

1.2.1 Donors and Acceptors

The choice of donor and acceptor and their organization within the CT crystal deter-

mine the electronic properties of the complex. The electronic coupling between the

highest occupied molecular orbital (HOMO) of the donor and the lowest unoccupied

molecular orbital (LUMO) of the acceptor molecules yields a partial degree of charge

transfer (q) between the two, which results in a ground state characterized by partial

ionicity, Dq+Aq−.73 (Note that in the literature this value is referred to as Z or ρ;

here we use q to avoid confusion when referring to electrical resistivity later in this

dissertation.) The value of q is dictated first and foremost by the ionization poten-

tial of the donor (ID) and the electron affinity of the acceptor (EA). Secondly, it is

dictated by the proximity of the D and A units within the crystal structure of the

CT complex, manifested in the Madelung constant. This is given by EM , and reflects

all of the electrostatic interactions of the long-range crystal structure. As discussed

later in this dissertation, changes in crystal structure while holding the components

constant cause changes in q, which are in turn responsible for the observed transport

properties. A neutral or quasi-neutral q is derived from a D:A combination charac-

terized by ID − EA � EM , and is characterized by q < 0.5. On the contrary, when

D:A combinations for ID − EA � EM are used, the resulting q is much greater and

a quasi-ionic (D+A−) or ionic charge transfer is obtained.

Several examples of donors and acceptors are listed in Fig. 1.2 with their chem-

ical structures and abbreviations. Aside from the relative energetics of the D and A

units, use of planar molecules is expected to enhance charge transfer.47 While each

of these characteristics is a strong identifier for a good choice of donor or acceptor,

they are not entirely sufficient to complete the picture either on their own or together.

A relation among the crystal structure, the degree of charge transfer, and the cor-

6



Figure 1.2: Skeletal structures for several materials typically used as donor or ac-
ceptor units. Donors are primarily aromatic hydrocarbons, while acceptors contain
electron withdrawing groups such as CN, fluorine, or oxygen.
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responding electrical properties is not yet established. TCNQ and TCNE serve as

excellent examples to highlight the limitations of the first quality. Initially synthe-

sized in 1962, TCNQ is the most extensively studied of the acceptors employed in CT

complexes.74 Its potential to form complexes was noted immediately; the synthesis

paper highlighted its vivid blue color when reduced to a radical-anion, and researchers

immediately followed up by employing it in CT complexes.74,75 Table I in the pa-

per by Melby, et al., notes the association constant for complexes of three different

donors each with TCNE and TCNQ; in two cases, this value is higher for TCNE, and

in one case, this value is higher for TCNQ, underlining the fact that there is more

to consider than just the electron affinity when searching for a good donor-acceptor

pair.75 As for planarity, several non-planar donors and/or acceptors have been shown

to form CT complexes, including fullerenes and related compounds, so this is not

always a limitation.76 What is important, however, is that the moieties of the donor

and acceptors responsible for charge transport are not sterically hindered, i.e. bulky

side groups do disrupt transport.

One of the most interesting concepts related to donor and acceptor choice is the

potential for band engineering. An illustration of this is shown in Fig. 1.3. Here the

donor and acceptor HOMO-LUMO energy levels are depicted in blue and red respec-

tively. The ID and EA are also shown. The CT complex will have a band structure

(shown in yellow) different from, but related to, those of the parent compounds. This

is easily observed when crystallizing a charge-transfer complex, as its formation is

accompanied by a vivid color change. Several theoretical studies have indicated that

the donor HOMO will have a larger contribution to the HOMO of the CT, whereas

the CT LUMO correlates to the acceptor LUMO.77,78 To exemplify this we included

the charge-densities corresponding to the conduction and valence bands of tetracene–

TCNQ in Fig. 1.3.77 The charge density of the conduction band is centered mostly

at the acceptor molecule and has the shape of the LUMO charge-density of a single
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Figure 1.3: The donor band structure (blue), acceptor band structure (red), and an
approximation of the CT band structure (yellow). The charge densities correspond-
ing to the HOMO and the LUMO bands for the tetracene–TCNQ CT complex are
included (adapted from Shokaryev, et al.77).

TCNQ molecule. Similarly, the valence band charge density is centered on the donor

molecule and has the shape of the HOMO of the tetracene molecule. This finding

can potentially enable researchers to tune a material’s properties depending on the

application where it is to be incorporated. As we will show later in this disserta-

tion, other factors, such as crystal structure, play an important role in determining

the electronic characteristics of the complex. To first order approximation, though,

knowledge of the parent compound energetics can allow CT materials to be designed

to be metals, ambipolar semiconductors, unipolar semiconductors, or insulators.

1.2.2 Crystal Structure

For a CT complex given by D(n):A(m), n and m are integers and can have any

value. For the 1:1 stoichiometry, two types of crystal structure predominate, as

shown in Fig. 1.4. The first, depicted in Fig. 1.4a, is the mixed-stack geometry.

Here, the donor and acceptor units alternate in the π-stacking direction as ...A-D-A-

9



Figure 1.4: Crystalline packing of 1:1 charge-transfer compounds for (a) mixed stack
and (b) segregated stack materials.

D...; examples of this crystal structure include Anthracene–PMDA, DBTTF–TCNQ,

pyrene–TCNQ, perylene–TCNQ, and many more.2,79–82 The second, depicted in Fig.

1.4b, is the segregated stack geometry. In this case, the donor and acceptor are each

π-stacked separately as ...A-A-A-A... and ...D-D-D-D...; an example of this is the

CT salt TTF–TCNQ.83 Of these two cases, the mixed-stack geometry occurs more

frequently. Interestingly, several D-A pairs can be grown in both stacking geometries.

This is the case for TMTSF–TCNQ, which forms a black segregated-stack metal or

a red mixed-stack semiconductor.84,85 Though there are generalities for each type

of stacking geometry — for example, segregated stacking is a necessity for (but not

an indicator of) room-temperature metallic conductivity — further study is needed

to elucidate any specific relationship between the structure of the crystal and the

electronic function. There are a few possible methods to evaluate this concept. First,

the degree of tilt of the donor-acceptor pairs with respect to the stacking axis is likely

10



to be correlated with both the degree of charge transfer and the conductivity of the

sample, as it is likely correlated with the coupling between the molecular orbitals of

the molecules. Second, the overlap between the charge-donating and charge-accepting

moieties of the parent compounds is also likely correlated with the degree of charge

transfer between donor and acceptor pairs. These methods and other empirical ones

have been suggested by Herbstein.47

More complex ratios, such as 2:1, 3:1, and 3:2, have been crystallized and studied,

although Herbsteins count in 2005 suggested that the 1:2 and 2:1 ratios make up

roughly 5% of all known CT compounds, while other ratios are even less common.47

In these cases, extra donor or acceptor molecules have been shown to exist either

within the stack (and, as a result, participate in the charge transfer process), or to

lie within the interstitial space between stacks. This is the case with the Perylene–

TCNQ system, which grows in 1:1, 2:1, and 3:1 stoichiometries.79,86,87 Here, the 1:1

ratio is a classic example of mixed stacking. In the case of the 2:1 ratio, an additional

perylene molecule lies in the interstitial space between stacks. This molecule does

not participate in the charge transfer. The 3:1 complex is simply the 2:1 with an

additional perylene molecule in the stack axis, such that it alternates D-D-A-D-D-A.

The growth and electrical characterization of this CT complex system will be detailed

further in Chapters 2 and 3.

Because the crystal structure determines the ultimate electronic properties of a

material, routes towards control of this feature are an important area of research.

As will be discussed in chapters 2 and 5 of this dissertation, polymorphism and stoi-

chiometry can be controlled by growth temperature and solvent choice. Interestingly,

Black, et al., have identified hydrogen bonding as a tool towards design control of

organic charge-transfer complexes. Here, knowing the nature of the hydrogen bonds

between the donor and acceptor units fixes stoichiometry and stack geometry, and

allows for tuning of the properties simply by tuning the size of the donor or acceptor

11



molecular core.88,89 Finally, control over crystal structure may be achieved through

the use of alkyl-chains that promote solubility in either the donor or acceptor unit.

The solubilizing moieties exist at the periphery of the molecule, and do not partici-

pate in charge transfer or transport. They can, however, tune the separation of the

donor and acceptor molecules and create two-dimensional layered stacks that promote

charge-transport.90

1.3 Electronic Properties of CT Complexes

CT complexes vary in band gap from insulators to metals, and can even be su-

perconductors. Their temperature-dependent electrical properties are fundamentally

interesting, as several CT complexes exhibit such phenomena as metal-to-insulator

transitions, charge-density waves, and Peierls transitions; however, these primarily

occur at very low temperatures, well below the operating regimes of most applicable

devices. Here, we will limit the discussion to their room-temperature electrical prop-

erties. Their electrical conductivities are measured from several device geometries

(often by simply applying contacts perpendicular to the axis of measurement), and

range from less than 10−12 Ω
−1cm−1 for materials such as pyrene–TCNQ to approx-

imately 2000 Ω
−1cm−1 for HMTSF–TCNQ at room temperature.75,91 It should be

noted that the one-dimensional nature of the CT complex crystal structures results in

highly anisotropic electrical parameters.78 In TTF–TCNQ, this manifests itself as a

decrease from up to 650 Ω
−1cm−1 in the direction parallel to the stacks to 1 Ω

−1cm−1

in the direction perpendicular to the stacks.55 While high conductivity is important

for metals, a figure of merit for evaluating the performance of semiconductors is the

mobility of holes and electrons as it is directly proportional to the transconductance,

or switching capability, of the material. Experimentally, the mobility in CT complexes

was evaluated using a wide range of methods, however, we will limit the discussions
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in this report to the three most common methods — space-charge-limited current

(SCLC), time-of-flight (TOF), and organic field-effect transistor (OFET) measure-

ments. SCLC measurements make use of two contacts, and are useful for measuring

the bulk properties of unipolar compounds (in the case of ambipolar compounds, the

mobility will be a combination of hole and electron mobilites, and include a factor

for recombination of carriers).2 Coronene–TCNQ was studied by this method, and

was determined to have a mobility of 0.3 cm2V−1s−1.92 TOF is another two-contact

measurement, but can be used to extract a charge-carrier-specific mobility, and can

therefore be used on ambipolar materials. Anthracene–PMDA was studied by this

method, and was found to have an electron mobility of 0.15 cm2V−1s−1 parallel to

the stacking direction.93

With the increased interest towards technologically-relevant properties of CT com-

plexes, OFET measurements have emerged as a powerful tool to characterize such

materials. They also offer a different, comparative look at electronic properties of

CT salts, as they are much more dependent on surface properties than are the bulk-

dependent SCLC and TOF measurements. A study by Hasegawa, et al., was one of

the first to examine the use of a CT complex as the active layer in an OFET.94 Here,

BEDT-TTF–F2TCNQ (where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene)

was contacted with gold top contacts and a parylene-C top-gate dielectric and exhib-

ited hole and electron mobilities on the order of 10−3 at 40 K. More recent examples

of studies focused on OFETs based on CTs include the evaluation of microcrystals

nucleated from solution directly on the substrate; the materials of interest here are

based on the donor sulfur-bridged annulene and the acceptors TCNQ, DTTCNQ,

and fullerene. All were reported to exhibit ambipolar transport with a bottom-gate

(SiO2 or SiO2/OTS gate dielectric), top-contact (Au) structure, with the DTTCNQ-

based crystals achieving the highest performance at 0.54 cm2V−1s−1 for holes and

0.19 cm2V−1s−1 for electrons.76,95,96 We note that the OFET device structure, of
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which there are four (Fig. 1.5), can suppress the charge-carrier mobility of both

charge carriers. Both charge carriers are affected by the use of top-contacts, as the

evaporation of metals directly onto the organic semiconductor can cause damage at

the interface. This, however, is the only option when using organic metal electrodes,

as their rough evaporated surface is too rough for use as bottom-contacts. Dielectric

choice particularly affects electron transport — use of SiO2 reduces electron mobil-

ity, but can be passivated by the use of a self-assembled monolayer (SAM) such as

octyltrichlorosilane (OTS). This and the energetic relationship between the contacts

and active layer makes comparison between materials tricky. All four geometries have

been used to study CT complexes.

Figure 1.5: The four OFET device geometries: Bottom gate, bottom contact; Bot-
tom gate, top contact; Top gate, top contact; and Top gate, bottom contact.

DBTTF–TCNQ in particular has received quite a bit of recent research interest.

In 2005 it was reported to have an electron mobility of 1 cm2V−1s−1 when contacted

with TTF–TCNQ source and drain electrodes in an OFET configuration.28 When

contacted with gold electrodes, DBTTF–TCNQ was reported to be ambipolar, with

an electron mobility of 0.13 cm2V−1s−1 and a hole mobility of 0.04 cm2V−1s−1.97

One study in particular both highlights the ability to engineer electrical properties in

CT complexes, and leads into an interesting discussion on metallic behavior. Here,

DBTTF–TCNQ was contacted with six types of organic metal — TTF–TCNQ, TTF–
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Figure 1.6: Transfer characteristics of DBTTF–TCNQ single-crystal field effect
transistors with source and drain electrodes composed of (a) TTF–TCNQ, (b)
TTF–F1TCNQ, (c) TTF–F2TCNQ, (d) TSF–F1TCNQ, (e) TSF–F2TCNQ, and (f)
DBTTF–F4TCNQ. This figure is taken from Takahashi, et al.29

F1TCNQ, TTF–F2TCNQ, TSF–F1TCNQ, TSF–F2TCNQ, and DBTTF–F4TCNQ.29

As shown in Fig. 1.6, this enabled the electrical properties of the same organic semi-

conductor to be tuned from entirely n-type to ambipolar to p-type by shifting the

metal Fermi energy with respect to the semiconductor band energy. This parameter

was fine-tuned over a broad range, from the conduction-band edge of the semiconduc-

tor to its valence-band edge by varying the type and stoichiometry of the D and A

species forming the CT. The resulting device mobility was higher for the cases when

an ohmic contact was established (unipolar device operation, Fig. 1.6a, f) and was

diminished when ambipolar transport was reached because of the inherent charge in-

jection inefficiency correlated with the location of the metal Fermi level in the middle

of the semiconductor band gap. This study simultaneously highlights the contact-

dependent properties of semiconducting materials in OFET devices and the potential

for tunability of Fermi levels in organic metals. This finding is of critical importance

in organic device research, as establishing an ohmic contact to organic semiconductors

has proven a very challenging task.6,35,46,98,99 In summary, the OFET mobilities of

several CT complexes are summarized in Table 1.1. This list is likely not complete,

but includes many examples.

Comparison between the injection efficiencies at the organic metal/organic semi-
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conductor interface versus the inorganic metal/organic semiconductor interface were

not only done in combination with CT semiconductors, but also for the case of mono-

molecular crystals. When used to contact pentacene thin films, the contact resistance

of both top and bottom contacts was reported to be comparable to that of top con-

tact gold — about 10 kΩ cm — whereas the bottom-contact gold on pentacene was

reported to be 10 kΩ cm in the optimal case but on the order of 1000 kΩ cm in the

reproducible case.30,103

A further method for improving injection, the so-called “self-contact” method,

takes advantage of the metallic conducting layer formed at the interface of donor and

acceptor crystals,58 as well as the possibility that this property arises from diffusion

of one layer into the other.59 Here, devices are designed by evaporation of an acceptor

molecule through a shadow mask onto the already-formed donor molecule thin-film.

A post-evaporation annealing step allows for formation of the CT salt at the areas

where the acceptor contacts the donor, creating charge-transfer metal electrodes with

the donor molecule used as the active semiconducting layer. This method has proved

successful for donors TMTTF and HMTTF with the acceptor TCNQ, where devices

exhibited low contact resistances and high hole mobilities of 0.5 cm2V−1s−1 and 1

cm2V−1s−1 respectively.104,105 The self-contacting of HMTTF with TCNQ is shown

in Fig. 1.7 for both top (Fig. 1.7a) and bottom (1.7b) contact geometries, as well as

for an all-organic device (Fig. 1.7c).104 The versatility of this method is a topic of

great research interest, and it has recently proven possible to self-contact devices by

solution deposition methods.106

Similar to the small-molecule CT complexes outlined in this review, the poly-

meric semiconductors can be blended to achieve charge transfer between a D and A

species and tune physical properties by controlling this transfer. When compared

to conducting polymers such as PEDOT:PSS, CT complexes can exhibit the same

order of magnitude of conductivity (1000 Ω
−1cm−1), though the polymer exhibits a
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Figure 1.7: Self-contacting of HMTTF with TCNQ allows for organic metal
HMTTF-TCNQ to contact p-type active layer HMTTF. This is possible for (a) top-
contact OFETs, (b) bottom-contact OFETs, and (c) all-organic devices. This figure
is taken from Tamura, et al.104

lower sheet resistance in the extreme case (on the order of 100 Ω sq−1, whereas TTF–

TCNQ was reported to have a sheet resistance of 4000 Ω sq−1).31,103 The advantage

of polymers is their solution processability, which allows for reduced complexity in

processing. For this reason, they have been extensively used as contact materials in

molecular electronic devices, hole extraction layer (HEL) in organic photovoltaics, or

source-drain electrodes in FETs.6,38,40,107–109
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1.4 The Interplay Between Degree of Charge Trans-

fer and Electrical Properties

The degree of charge transfer from the donor to the acceptor is a defining feature

of CT complexes. Numerous physical properties are dependent on this parameter —

the lattice energy, conductivity, nature of a possible Peierls transition, and the type

of ESR spectrum are a few that are well known.47 Unfortunately, at the moment

this value is only determinable within a wide margin of error (roughly 0.1e) for

compounds containing only a few types of donor or acceptor; this is most often

TCNQ, but methods for determination of degree of charge transfer in TMPD and

TTF containing compounds have been discussed as well.47,84,110,111 Two methods

have been mostly employed to determine the degree of charge transfer. The first is

diffraction — this can be X-ray, diffuse X-ray or neutron scattering. Here, the bond

lengths of molecules are known to change as a function of the degree of charge transfer.

In the case of TCNQ, four specific bonds are measurably sensitive to the addition of

charge. These are shown in Fig. 1.8. Four empirical relations that we are aware of

have been reported for TCNQ, and one each for donors TTF and TMPD.47,84,110 The

relation most commonly used (though there is not much reason to use one over the

other) is shown in equation 1.1.

Figure 1.8: The TCNQ molecule is shown with bonds a, b, c, and d labeled. These
are measurably sensitive to the addition of charge on TCNQ and used in the calcu-
lation of degree of charge transfer.

q =
1

2

([
1− bCT − cCT

bN − cN

]
+

[
1− dCT − cCT

dN − cN

])
(1.1)
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Here, bond lengths b, c, and d in the CT crystal (e.g. bCT ) are compared to the neutral

case (N). In addition to evaluating bond length changes by diffraction, spectroscopic

studies (e.g. Raman or IR spectroscopy) can be used. Here the dependence of specific

stretching frequencies on moiety charge is assumed to be linear.111–113 In the case of

Raman spectroscopy, the frequency of the TCNQ ν4 mode, which is exocyclic C=C

stretching (i.e. the aromatic ring containing bonds a and b in Fig. 1.8) occurs at 1454

cm−1 in neutral TCNQ and 1395 cm−1 in ionic TCNQ; thus, measuring the frequency

of this mode in the CT complex of interest allows for calculation of q by equation

1.2.112

q = −0.0169 ∗ ν4 + 24.6 (1.2)

Similarly, shifts in the IR active C≡N stretching mode, ω0, can be used to calculate

q via equation 1.3.111

q = −ω0

44
+

2227

44
(1.3)

Inconsistencies noted between different proposed methods show that there is a clear

need for both increased accuracy of determination of this value, as well as a need for

methods to evaluate a wider array of compounds.

A review by Torrance has suggested that the Coulombic interactions within the

crystal account for the broad range of electrical properties reported in CT complexes.

In this band picture, large Coulombic energies compared to the bandwidth of the

solid localize the charges and a Mott insulator state is obtained.49,114 When this

energy is on the order of the bandwidth, the complex can become metallic. Later the

same author identified the dependence of conductivity in organic semiconductors and

metals on the reduction potential of the cation. Additional theoretical calculations,

however, have shown that the relationship between charge transfer and the donor ion-

ization potential and acceptor electron affinity is non-monotonic.115 The example of

BEDT-TTF–TCNQ highlights the problems with this type of categorization further.
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Figure 1.9: Mixed and segregated-stack BEDT-TTF–TCNQ. The former is a semi-
conductor with a low degree of charge transfer and conductivity, while the latter is a
metal with a mid-range degree of charge-transfer and metallic conductivity.

It is known to exhibit two 1:1 polymorphs — one that is a mixed-stack semiconductor

and another that is a segregated-stack metal — but while the energetics of the donor

and acceptor remain constant, the properties are remarkably different.84 The crystal

structure, degree of charge transfer, and conductivity are shown for each polymorph

of this complex in Fig. 1.9. For this reason, we plot the conductivity (σ) of D:A CT

complexes as a function of the degree of charge transfer, q. This plot is shown in Fig.

1.10, with Table 1.2 listing the conductivities and degrees of charge transfer in line

with the compound. In the case where the degree of charge transfer was not reported,

we estimated it by the method of Flandrois, et al., using the crystal structure avail-

able in the literature. We observe that the value of q gives rise to large differences in

the measured conductivities. Two distinct groups can be identified in this graph: at

low and high values of q, the materials are electrically insulators or semiconductors

(low conductivity, σ). At intermediate q, in a small window highlighted by a red circle

and corresponding to 0.5 < q < 0.74, the CT complexes exhibit metallic properties.

The exception to this is phenazine–TCNQ (W); here, the mixed-stack crystal struc-

ture (Fig. 1.4a) prohibits metallic conductivity, even if an optimal q is present. All
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other crystals within this category show segregated stacking (Fig. 1.4b). Note that

these metals convert to insulators at low temperatures via a metal insulator phase

transition.

Figure 1.10: The conductivity of several CT complexes versus the degree of charge
transfer. Values are tabulated in Table X. The red circle indicates metallic complexes
(all exhibit segregated stacking), which lie between 0.5e < q < 0.75e.

CT Complex q σ (Ω
−1cm−1)

A DTE–TCNQ 0.003(110,116) 2 x 10−8(116)

B STB–TCNQ 0.063(110,116 2 x 10−10(116)

C DTT–TCNQ 0.03(110,116 1 x 10−6(116)

D TMS–TCNQ 0.075(110,116 2 x 10−9(116)

E Anthracene–TCNQ 0.12(110,117 1 x 10−11(75)

F Naphthalene–TCNQ 0.075(110,118 3 x 10−12(119)

G BEDT-TTF–TCNQ (insulator) 0.2(120 1 x 10−6(120–123 )

H Coronene–TCNQ 0.3(92) 1 x 10−8(92)
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CT Complex q σ (Ω
−1cm−1)

I pyrene–TCNQ 0.3(80,110) 1 x 10−12(75)

J BMDTP–TCNQ (insulator) 0.31(124) 3.7 x 10−6(124)

K Perylene–TCNQ 0.46(77) 1 x 10−6(75)

L DBTTF–TCNQ 0.47(125) 1 x 10−6(126)

M TMTSF–DMTCNQ 0.5(127) 1 x 102(128)

N BEDT-TTF–TCNQ 0.5(129) 1 x 101(121)

O TTF–TCNQ 0.59(130) 7 x 102(55)

P TMTSF–TCNQ (metal) 0.6(84) 1.2 x 103(131)

Q NMP–TCNQ 0.62(111) 3 x 102(132)

R TSF–TCNQ 0.63(133) 8 x 102(134)

S BMDTP–TCNQ (metal) 0.71(124) 1.1 x 102(124)

T TMTTF–TCNQ 0.71(84) 4 x 102(135)

U HMTTF–TCNQ 0.72(136) 4 x 102(137)

V HMTSF–TCNQ 0.74(132) 2 x 103(91)

W Phenazine–TCNQ 0.75(110,138) 3 x 10−9(119)

X TMTSF–CF3TCNQ 1(139) 1.2 x 10−5(139)

Y TTF–CF3TCNQ 1(139) 1.5 x 10−6(139)

Z HMTTF–CF3TCNQ 1(139) 1 x 10−7(139)

AA TMTTF–CF3TCNQ 1(139) 1 x 10−8(139)

BB OMTTF–CF3TCNQ 1(139) 1 x 10−8(139)

CC TMPD–CF3TCNQ 1(139) 1 x 10−8(139)

DD Me2P–CF3TCNQ 1(139) 1 x 10−8(139)

Table 1.2: The compounds corresponding to Fig. 1.10, listed with their degree of
charge transfer (q), conductivity (σ), and respective references. In the case that the
crystal structure was reported but not a degree of charge transfer, it was calculated
based on the method by Flandrois, et al.110
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This plot highlights several important features of CT complexes. First, it is

clear that segregated stacking is necessary for metallic conductivity. Second, an op-

timal ionicity correlates with metallic conductivity. This lies somewhere between

completely neutral and completely ionized because both extremes localize available

charge carriers. Simultaneously, this plot implies areas of need when classifying and

understanding charge-transfer complexes. The plot is relatively scattered, primar-

ily because of the empirical nature of the methods available to determine q and the

sample-dependent nature of the conductivity. Other reasons for error in this plot may

originate from the fact that we reported the maximum value for conductivity found in

the literature, but depending on the crystal orientation (anisotropy in electrical prop-

erties), the type of crystal growth technique and unknown factors such as impurity

concentration, a given CT complex can exhibit conductivities ranging over a few or-

ders of magnitude. Unavoidable experimentation artifacts, such as contact resistance,

also diminish the conductivity from the intrinsic value of the crystal. Therefore, in

order to improve this plot and thus our understanding of the relationship between

charge-transfer and properties, methods for accurately determining both q and σ need

to be improved.

1.5 Outlook and Outline of This Thesis

In summary, CT complexes have been studied for several decades as a result of the

rich physical properties that they display and the intriguing fundamental questions

that they raise. With the emergence of organic electronics into consumer applica-

tions in more recent years, a large number of materials from this class have begun to

be applied in devices such as field-effect transistors, and have demonstrated proper-

ties that cannot be provided by monomolecular compounds. They have tremendous
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potential to serve as ambipolar semiconductors, and while their mobilities are cur-

rently somewhat low (likely as a combination of processing limitations as well contact

injection barriers), they provide a versatile approach to precisely control hole and

electron injection and transport by band engineering. Metallic CT complexes have

demonstrated their ability to serve as superior electrode materials, with tunable Fermi

energies. More in-depth study of this concept and its application in conjunction with

other organic semiconductors may provide a solution for one of the most difficult

bottlenecks in organic device research: establishing efficient contacts. In addition,

CT complexes are beginning to be of interest in emerging concepts, such as high

temperature ferroelectric materials or biomaterials.52,67 With regard to the latter,

they may prove useful as sensors, and there is the additional concept that charge

transfer is not only limited to the electron, but can also include proton transfer. This

opens the door to investigation of a wide array of biologically relevant molecules,

such as amino acids, and even DNA.52 Further progress is necessary in several areas.

First, only a limited amount of information is available relating the structure of CT

complexes to their properties. Further analysis of donor-acceptor overlap, stacking

structure, spacing, and degree of charge transfer between the donor and acceptor

molecules could yield much insight into the structure-function relationship of these

materials and ultimately a rational design of CT complexes with electrical properties

ranging from insulating to metallic. At the same time, development of less-complex

processing methods for such materials is desired in order for them to be able to sustain

low-cost fabrication of organic devices. With a few exceptions, most CT crystals are

fabricated using methods which are only applicable for low-yield device production.

Transition to methods that allow high-throughput deposition is urgently needed and

much of the present research efforts are aimed towards that aim.21,140,141

The aim of this dissertation reflects some of the discussion in section 1.4 on the

relationship between the degree of charge transfer and electrical properties. We have
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grown single crystals of three different crystal systems: Perylene–TCNQ, Stilbene–

F4TCNQ, and DBTTF–TCNQ. Prior to our discussion of these complexes, the general

principles of crystal growth of CT complexes will be discussed, as well as consider-

ations in measuring the electrical characteristics of ambipolar materials. We find

that the Perylene–TCNQ system grows in three different D:A polymorphs — 1:1,

2:1, and 3:1, all displaying different transport properties and different degrees of

charge transfer. The Stilbene–F4TCNQ complex grows in a 1:1 crystal and exhibits a

temperature-dependent librational mode that affects the electrical characteristics and

the degree of charge transfer. The DBTTF–TCNQ system is found to grow in two

polymorphs, the first of which, the α-polymorph, is known and has been discussed

extensively in this chapter. The second polymorph is previously unreported will be

called the β-polymorph. Though these complexes are both mixed-stack ambipolar

semiconductors in the same device structure, they exhibit slightly different transport

properties and very different values of q. Together, these systems provide insight into

the structure-function relationships in organic charge-transfer complexes.
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Chapter 2

Crystal Growth of Organic
Charge-Transfer Complexes

The electronic properties and device functionality of a charge-transfer complex —
or any solid — are a result of its structure, which is in turn a function of growth
conditions. The details of the growth may strongly impact the crystal’s structure
and quality, as well as its appearance, size, roughness, and more. Single crystals are
most appropriate for fundamental studies, such as those in this thesis, where their
nearly defect-free nature allows them to reveal the intrinsic properties of the material.
In this work we discuss the growth of perylene–TCNQ in various stoichiometries
as well as DBTTF–TCNQ polymorphs by physical vapor transport. For stilbene–
F4TCNQ, crystals were grown by solution methods. Solution growth was also used in
an exploratory search for CT complexes with atypical acceptors (for example PDIF-
CN2). Solution-deposited crystals and either vapor- or solution-deposited thin-films
are innately more useful in device fabrication than single crystals; therefore, efforts
in the research community to adapt CT complexes to high-throughput processing are
discussed and reviewed here.
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2.1 Introduction

The method of crystal growth for charge-transfer complexes is important to take into

consideration as it can have an enormous impact on stoichiometry, crystal structure,

size, appearance, and roughness, and therefore on the compound’s electronic perfor-

mance and applicability. Single crystals are best for fundamental studies as they are

low in defects and perform closer to the intrinsic capabilities of the material.1–3 For

this reason, the studies included in this thesis were performed on single crystals grown

by either solution or vapor methods. Through physical vapor transport (PVT), we

were able to grow Perylene–TCNQ in three donor-to-acceptor (D:A) stoichiometries

— 1:1, 2:1, and 3:1.4,5 In addition, we were able to grow DBTTF–TCNQ in two

polymorphs, one of which is the same structure as that in the literature6,7 and the

other of which is new. The stilbene–F4TCNQ complex was grown by solution meth-

ods, as the varying vapor pressures of the donor and acceptor did not lend themselves

to growth from the gas phase. While such single crystals exhibit the highest possi-

ble performance, their use in devices is limited by their time-consuming growth and

technically difficult fabrication procedures. To take full advantage of the processing

power of organic materials, solution-deposited thin-films are desired — they can be

processed at room temperature and ambient pressure, and are amenable to large-area

deposition techniques. This chapter will therefore also include a brief discussion of

thin-film growth of organic CT complexes.
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2.2 Single Crystal Growth of Charge-Transfer Com-

plexes

2.2.1 Solution Growth

The general method for solution growth is a seemingly simple three step process:

the donor and acceptor are dissolved individually in either the same or in different

solvents, the solutions are supersaturated and mixed at elevated temperatures, and

slow cooling allows CT crystals form. In practice, however, each step can be compli-

cated, starting with the choice of solvent. Here, relative solubilities of the donor and

the acceptor in a given solvent (or two) will determine the stoichiometric outcome of

the crystal. This is apparent for the Perylene–TCNQ system, where the 1:1 complex

grows when the donor and acceptor are dissolved in solvents such as toluene, but the

3:1 complex grows when benzene is used. As Hu, et al., discuss, this is possibly due

to the fact that the 1:1 complex is less soluble than the 3:1 in toluene, whereas the re-

verse is true with benzene.5 Dissolving equimolar amounts of Perylene and TCNQ in

a 5:1 volumetric ratio of benzene to acetonitrile results in the 1:1 ratio, however. This

indicates that subtle changes in solution composition drastically change the resulting

crystals.8

The beauty (and intriguing physics) of these complexes is evident in the mixing

phase of the crystal growth. As mentioned in chapter one, the formation of the

charge-transfer complex results in a smaller, hybrid band structure that is primarily

comprised of the donor HOMO and the acceptor LUMO. Thus, mixing a transparent

donor and a transparent acceptor immediately results in a color change. In the case

of pyrene or anthracene when complexed with pyromellitic dianhydride (PMDA), a

transparent donor and acceptor mix to form vivid orange complexes. Anthracene,

PMDA, and the CT complex crystals are shown in Fig. 2.1.

Depending on the solubility of the complex, the crystals may quickly precipitate

out of solution at the point of mixing. The resulting crystals are typically rough, and
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Figure 2.1: The color change upon CT formation. Anthracene and PMDA crystals
are transparent, while the CT crystals are orange.

unsuitable for device fabrication. Thus, it is important to heat the solvent to ensure

saturation. Slow-cooling then allows for slow formation of the complex and, ideally,

highly ordered single crystals. Based on observation, the crystal morphology of 1:1

complexes is more needle-like and the m:n complexes are more sheet-like or block-like,

as in the case of 1:1 versus 3:1 Perylene–TCNQ.5 Solvent-growth was possible for all

crystals mentioned in this thesis except the 2:1 Perylene–TCNQ complex and the

β-DBTTF–TCNQ, which have only been grown from the vapor phase.

2.2.2 Vapor Growth

Crystal growth from the vapor phase has several advantages. First, the lack of sol-

vents involved in the growth process means that the crystals can achieve higher purity.

Second, the resulting crystals are often thinner, flatter, and more plate-like than when

they are grown from solvent. This is true even in the case of the 1:1 complexes, which

tend to be needle-like when grown from solution. If the crystals remain needle-like

when grown by vapor, they still possess smoother surfaces resulting from prolonged

growth in a clean environment. Such crystals are ideal for organic field-effect tran-

sistors because the smooth, thin, flexible crystals can be electrostatically adhered to

a dielectric, reducing the charge scattering effects that would have occurred in the

presence of a rougher surface.9

To grow single crystals from the gas phase, either vacuum sublimation or physical
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vapor transport (PVT) can be used.10,11 To accomplish the former, a clean quartz

growth tube with one end sealed and the other end attached to a vacuum pump is

placed in a temperature gradient. Fig. 2.2 depicts the furnaces used at Wake Forest

University. As is shown, small tubes can be placed inside the larger one to avoid the

need to break the growth tube. Heating the clean, empty tubes to a temperature well

above the crystal growing temperature (usually 350 ◦C) with an inert gas flowing

or under vacuum prior to placing the starting material ensures that the tube is suffi-

ciently clean.12 The CT crystals can be grown either by co-sublimation of the parent

compounds, or by the growth of the binary CT crystal from solution followed by

its sublimation. For the co-sublimation approach, powders of the donor and acceptor

molecules are placed at temperatures such that their sublimation rates will be compa-

Figure 2.2: The vapor growth furnaces used at Wake Forest University. Graphs
show the variation in temperature from the left to right sides of the furnace. Furnace
1 has shallower temperature gradient than Furnace 2.

44



rable, and convection currents cause the sublimed materials to recrystallize in a cooler

region of the temperature gradient. For PVT, the only difference is that an inert gas

at ambient pressure carries the sublimed material to a cooler recrystallization zone

near the end of the tube.13–16 Because the process takes place at ambient pressure,

a higher temperature is necessary to sublimate the materials. The typical outcome

of this method is that there will be a section in the growth tube where only crystals

of the donor compound will form, sections of different CT stoichiometries (when ap-

plicable), and a section of only the acceptor crystals. For example, perylene-TCNQ

grows in the order of perylene, followed by the 1:1 complex, the 2:1, and the 3:1,

and then TCNQ (Fig. 2.3). Some mixing of the zones will occur. In the case that

the vapor pressures of the donor and acceptor are roughly the same, the CT already

formed from solution can be sublimed to re-grow the crystal from a vapor phase. This

works for DBTTF–TCNQ, Pyrene–PMDA, and Anthracene–PMDA, for example. In

the case that the vapor pressures of the donor and acceptor are extremely different,

vapor growth may not be possible. This is the case with STB–F4TCNQ, where the

stilbene begins to sublimate around 100 ◦C but F4TCNQ grows at 220 ◦C.

Experience has shown that the bulk crystalline morphology is dependent on the

Figure 2.3: The result of growing Perylene–TCNQ by PVT. Yellow crystals are
either perylene or TCNQ, while darker crystals are the CT complex in either 1:1, 2:1,
or 3:1 stoichiometry. The 1:1 complex is needle-like and dark blue-green, while the
2:1 and 3:1 complexes are both green platelets.
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dimensions of the growth tubes and the nature of the temperature gradient. In the

case of rubrene, for example, some groups have had success growing thin, flexible

crystals within a half-hour of reaching the growth temperature.17 Such fast growth

has not been possible on the furnaces at Wake Forest University. While this fact

often goes unpublished, anecdotally, this phenomenon is likely due to differences in

the steepness of the temperature gradient (with a very steep gradient allows for fast

growth), as tube sizes are comparable in this particular instance. For the furnaces used

in this thesis (Fig. 2.2), both are set to use 30 inch ( 76 cm) long tubes with a 22 mm

inner diameter. As it can be seen, Furnace 2 has a steeper temperature gradient than

Furnace 1. The impact of temperature gradient on crystal growth is especially notable

when growing DBTTF–TCNQ. Here, using the same starting material and growing

temperature with an argon flow of 150 mL/min, the α-polymorph grows to higher

yield in Furnace 2 than Furnace 1. The reverse is true for the β-polymorph. This

is because the α-polymorph crystallizes at a lower temperature (room temperature-

45 ◦C) than the β-polymorph (40-65 ◦C), and can reach its crystallization zone in a

much shorter distance in Furnace 2 than in Furnace 1.

2.3 Crystals of Novel Organic Charge-Transfer Com-

plexes

A majority of the studies on charge-transfer complexes made use of the acceptor

TCNQ and its fluorinated derivatives, such as F4TCNQ. It has been shown, however,

that materials such as C60 and pyromellitic-dianhydride (PMDA) can also be used

as electron acceptors. In the case of the former, at least one device study has been

published.18 In the case of the latter, most literature has focused on the crystal

growth of these complexes,19–28 with several spectroscopic studies being published

on anthracene–PMDA.29 Though no device studies are known at this point in time,
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theoretical calculations indicate that PMDA-containing complexes may exhibit high

electron and hole mobilities.30 Another potential candidate for an electron acceptor

is the n-type material PDIF-CN2 (N,N-bis(n-alkyl)-(1,7 and 1,6)-dicyanoperylene-

3,4;9,10-bis(dicarboximide)) (Fig. 2.5a), which has been shown to have an electron

mobility of up to 6 cm2V−1s−1in single crystals.31 This compound is of interest

because its large, planar aromatic backbone can promote charge-transfer, and the

electron-withdrawing fluorine side-chains are off-set enough to not prohibit complex

formation.

The backbone of PDIF-CN2 is based on perylene. Therefore, perylene and sev-

eral smaller aromatic compounds that typically exhibit the tendency to donate an

electron were chosen to for CT complexes with this acceptor. Though we noted a

color change upon mixing a perylene solution with the acceptor, indicating the for-

mation of a complex, the crystals that precipitated were too small to collect structure

information or make devices. Vapor growth was attempted but was unsuccessful.

Greater success was attained with donors anthracene and pyrene when crystallized

from chlorobenzene or dichlorobenzene. Crystals of anthracene, PDIF-CN2, and the

CT complex are shown in Fig. 2.4. As it can be seen, anthracene is transparent,

PDIF-CN2 is red-orange, and the resulting CT crystal is green. Pyrene–PDIF-CN2

is also green. Preliminary crystal structures of these complexes are shown in Fig.

Figure 2.4: Anthracene crystals are transparent, PDIF-CN2 crystals are red-orange
(picture taken from Molinari, et al.31), and the complex is green. Pyrene-PDIF-CN2

is also green.
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2.5 and Fig. 2.6, though we caution that these are only refined to a value of R =

20%. As is evident in reflectance measurements which will be discussed in chapter 3,

this is due to the inherent disorder present in these complexes that has not yet been

overcome by crystal growth methods.

Figure 2.5: Anthracene-PDIF-CN2 skeletal and crystal structures. (a) The skeletal
structure of the acceptor, PDIF-CN2. (b) The skeletal structure of the donor, an-
thracene. (c) The preliminary crystal structure of the mixed-stack CT complex. (d)
The donor-acceptor overlap of the mixed-stack CT complex.

Figure 2.6: Pyrene-PDIF-CN2 skeletal and crystal structures. (a) The skeletal
structure of the donor, pryene. The skeletal structure of the acceptor is shown in Fig.
2.5a. (b) The preliminary crystal structure of the mixed-stack CT complex. (c) The
donor-acceptor overlap of the mixed-stack CT complex, showing disorder.
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2.4 Thin-Film Growth of Organic Charge-Transfer

Complexes

Although single crystals are preferable for fundamental studies of organic materials

because they offer increased access to the intrinsic properties of the material, many ap-

plications of CT materials necessitate their growth in a thin-film form. These are typi-

cally polycrystalline in nature and exhibit diminished performance when compared to

single crystals, but are compatible with high-throughput growth methods and in some

cases low-temperature processing. Thin-films are most often encountered for organic

metals which are patterned to contact organic semiconductors (either monomolecular

or binary). In this case, the metallic film can be grown directly onto a single crystal or

semiconducting thin film to be used as a top contact. Bottom-contact structures are

not favorable as the surface of the organic metal contact is rough. The method most

widely employed to fabricate electrodes of organic metallic films is thermal evapora-

tion under vacuum, primarily because of the reduced solubility characteristics of CTs,

which precludes solution processability. When the sublimation temperatures of the D

and A materials are comparable, the powders are mixed in one crucible and simulta-

neous direct thermal evaporation is performed. This method was used for complexes

like TTF–TCNQ, TTF–F1TCNQ, TTF–F2TCNQ, TSF–F1TCNQ, TSF–F2TCNQ,

and HMTTF–TCNQ.13,14,32–35 For D/A combinations that exhibit significant differ-

ences in the sublimation temperatures, as is the case of DBTTF–F4TCNQ complex,

two-source thermal evaporation is employed.14 Several strategies were introduced

recently to allow deposition of organic metallic electrodes using solution-based ap-

proaches and reduce the complexity of processing. Most notable is double-shot inkjet

printing, which relies on deposition of device electrodes by printing the D and A

inks on identical spots using an inkjet printer equipped with double heads, followed

by rapid liquid intermixing which results in the instantaneous formation of the CT

complexes. This method was successfully adopted for fabrication of TTF–TCNQ,
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TTF–F1TCNQ, TTF–F2TCNQ, TSF–F1TCNQ, and TSF–F2TCNQ contacts with

conductivities approaching those obtained in vacuum-deposited films of the same

compounds.36,37 Efforts to grow thin-films of the active layer are a current area of

research.

2.5 Summary

In summary, the method of crystal growth and specifics of the crystal growth ap-

paratus can have a direct impact on the resulting crystal structure of the complex.

In particular, varying solvents can lead to varying stoichiometries, as is the case for

Perylene–TCNQ. Within the PVT process, the steepness of the temperature gradi-

ent can lead to varying prevalence of one polymorph over another, as is the case for

DBTTF–TCNQ. Attempts to explore the use of non-TCNQ materials as electron ac-

ceptors yielded some success with n-type material PDIF-CN2; this crystallized with

donors antrhacene and pyrene. Further work will be needed to grow disorder-free crys-

tals of this complex system. All growth methods used in this thesis are summarized

in Tables 2.1 and 2.2.
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Chapter 3

Electrical Characterization of
Organic Charge-Transfer
Complexes

Determination of the charge-carrier mobility (or mobilities, in the case of ambipolar
materials) is an important topic in the field of organic electronics. Here we discuss
the calculation of mobility by space-charge-limited current (SCLC) measurements
and organic field-effect transistor measurements (OFET). The former is a two con-
tact measurement best suited for unipolar materials, while the latter is suitable for
both unipolar and ambipolar materials. We compare the results of each type of mea-
surement for an ambipolar material, α-DBTTF–TCNQ. We also use this analysis to
discuss the optoelectronic properties of several CT crystal systems — the Perylene–
TCNQ system, of which the 2:1 D:A ratio is novel, and two materials based on the
acceptor PDIF-CN2.
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3.1 Introduction

The charge-carrier mobility (µ) of an organic semiconductor is often regarded as a

figure-of-merit for the material. This is due to its direct correspondence with switching

speed when the material is used as the active layer in an organic field-effect transistor

(OFET). Several methods are commonly used to determine the charge-carrier mo-

bility in organic materials, with time-of-flight, space-charge-limited-current (SCLC),

and OFET measurements being the most common. In this thesis, materials are char-

acterized by the latter two methods — SCLC and OFET measurements. In addition

to being relevant to technological applications, OFETs are preferable for mobility ex-

traction because they provide a clear distinction between hole and electron transport.

This type of characterization was used in this thesis for DBTTF–TCNQ polymorphs

(Chapter 5), Perylene–TCNQ crystals (Chapter 3), and Pyrene–PDIF-CN2 (Chapter

3). OFET fabrication is only possible, however, for single crystals with at least one

smooth surface. The metal-insulator-metal structures necessary for SCLC analysis,

on the other hand, can be fabricated with crystals of any size or shape. In this work,

for example, the solution-grown STB–F4TCNQ crystal surfaces were too rough for

the fabrication of OFETs; therefore, SCLC measurements were used. The disadvan-

tage, though, is that the Mott-Gurney model derived to explain the dependence of

current on voltage depends on several factors, including trap densities and type of

charge-carrier (electrons, holes, or both). In the case that the latter concept is not

clear for a particular material, errors can arise, as discussed in section 3.4.

This chapter has two main objectives. First, the calculation of mobility by SCLC

and OFET methods will be described. Second, we will include measurements on

several materials systems containing novel CT crystals. These measurements were

either not published or were part of a large collaboration of which I was not the lead

author.
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Figure 3.1: Metal-insulator-metal device structures. The sandwich structure is
shown in (a), with L representing the distance between the contacts. The planar
structure is shown in (b), with L representing the distance between the contacts and
t representing the thickness of the channel.

3.2 Space-Charge-Limited Current

The SCLC method is a two-contact current-voltage measurement.1 The optimal

device structure for this technique is the sandwich structure; it allows for current

injection on the same crystal axis along which the electric field is induced by the ap-

plication of voltage (Fig. 3.1a). The electric field is large and homogenous throughout

the sample. With most organic crystals, however, the axis of interest is the π-stacking

direction. This is typically the fast-growth direction of the crystal, making a sand-

wich structure along π-stack axis difficult to achieve. In this case, a pseudo-planar

structure can be fabricated (Fig. 3.1b). Here, the potential difference applied via

the planar contacts causes the electric field to have some non-direct elements, ne-

cessitating the consideration of both the channel geometry and the anisotropy of the

conductivity. In the case that the anisotropy is large and the ratio between the length

(L) of the channel and thickness (t) of the crystal (L/t) is low, the Mott-Gurney law

is applicable to the current-voltage relationship.2 As L/t increases, however, the so-

called Geurst model is valid.3,4 For pentacene single crystals, a cross-over from one

regime to the other was shown, with the Mott-Gurney law being valid for L/t < 15

and the Geurst law for L/t > 250.5 For CT complexes, the electrical anisotropy is

high, meaning the crossover will take place at higher values of L/t. For example,

the conductivity of DBTTF–TCNQ varies as 2 : 30 : 1 for σa : σb : σc, with the
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b-axis being the stack axis of the crystal.6 Thus, only the Mott-Gurney law will be

considered here.

3.2.1 Low-Voltage Regime

If the work function of the metal electrodes matches either the HOMO or LUMO of

the semiconductor, they provide an Ohmic contact, and there is no injection barrier

(i.e. Schottky barrier). In this case, assuming unipolar injection, (hole- or electron-

only conduction), the low-voltage current regime follows the drift-diffusion equation,

as shown for holes in eq. 3.1.

J = −qµpp
dV

dx
− qDp

dp

dx
(3.1)

Here, −qµppdVdx is the drift component of the equation, and the current varies as a

function of electric field. Variables in this equation are q, which is elementary charge,

µp, which is the hole mobility, p, which is the hole concentration, and E = dV
dx

, which

is the electric field (assumed to vary uniformly from one electrode to the other). The

latter part of the equation represents the diffusion component, where current varies

as a function of carrier concentration ( dp
dx

). The mobility is given by the Einstein

relation, Dp = µpkT

q
, where k is Boltzmann’s constant and T is temperature. Though

there is some indication that diffusion provides a non-trivial contribution to current,7

in most cases it is significantly smaller than the drift component and can therefore

be ignored, leaving the current to consist of only the drift component (eq. 3.2).

J = qµppE (3.2)

Thus, knowledge of the charge-carrier mobility allows for calculation of the carrier

concentration or vice-versa.
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3.2.2 Space-charge-limited Current

At higher voltages, the density of injected carriers is high and the semiconductor is

locally charged. This limits the current, hence this current-voltage regime is called

“space-charge-limited”. As opposed to the Ohmic regime, where current is linear

with respect to voltage (J ∝ V ), the current has quadratic dependence on voltage

(J ∝ V 2). The formal relationship between them — i.e. the Mott-Gurney law — is

derived below. First, consider that all injected charges are free, such that the charge

density is given by ρ(x) = qp(x). As with the Ohmic regime, diffusion currents are

disregarded, and

J = qµpp(x)E(x). (3.3)

The Poisson equation then becomes

dE(x)

dx
=
ρ(x)

εrε0

=
qp(x)

εrε0

, (3.4)

where εr is the relative permittivity of the semiconductor and ε0 is the vacuum per-

mittivity. Solving this for charge-carrier density (p(x)) and substituting it into 3.3

yields

J =
1

2
µpεrε0

dE2(x)

dx
. (3.5)

Integration over x from 0 to x with the assumption that E(0) = 0 gives a solution of

E(x) =

√
2Jx

µpεrε0

. (3.6)

Finally, integration of the electric field (V (x) = −
∫
E(x′)dx′) yields the voltage of

the channel. Imposing the boundary conditions implied by the measurement such

that V (0) = V and V (L) = 0 (i.e. the grounded electrode) and solving for J gives
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the well-known Mott-Gurney Law for SCLC conductivity:8,9

J =
9

8
µpεrε0Θ

V 2

L3
. (3.7)

The factor of Θ is the ratio of free to total charge carriers, and is added to account for

trapping. It is typically estimated to be one, lowering the value for mobility. Several

assumptions have been made to arrive at this current-voltage relation:

1. The transport is unipolar. Thus, only one type of charge-carrier contributes to

the current — either holes or electrons, but not both.

2. All charges are injected, and the material has no intrinsic free charges.

3. Charge-carrier mobility (µp) and dielectric constant (εrε0) are constant through-

out the sample.

4. The electric field at the charge-injecting electrode is zero.

5. Diffusion current is neglected.

6. The metal injecting and collecting electrodes provide an Ohmic contact to the

semiconductor.

In summary, the current at low voltages behaves according to Ohm’s law, while

the current at higher voltages behaves according to the Mott-Gurney law. This is

shown in Fig. 3.2. The crossover from one regime into the other can be understood

if both types of current are considered present at all voltages. Then, the current can

be divided as |JΩ � JSCLC |JΩ = JSCLC |JΩ � JSCLC |. The crossover-voltage (VΩ)

can be found as shown in equation 3.9.

qpµp
V

d
=

9

8
εrε0µp

V 2

L3
(3.8)
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Figure 3.2: Current-voltage characteristics of a unipolar semiconductor with Ohmic
contacts. The black regime is Ohmic, while the red regime varies as the Mott-Gurney
Law.

VΩ =
8

9

qpL2

εrε0

.. (3.9)

If the device does not break down first due to high voltage, increasing V past the

SCLC regime will result in the filling of all traps, and a sudden increase of several

orders of magnitude in current will occur. This current regime also has a quadratic

voltage dependence.

3.3 Ambipolar Organic Field-Effect Transistors

Charge-carrier mobilty can also be calculated based on the current-voltage charac-

teristics of OFETS following the gradual-channel approximation as derived for in-

organic metal-oxide-semiconductor field-effect transistors (MOSFETs).10 The use of

this approximation for ambipolar transistors has been thoroughly discussed by several

researchers;11–13 therefore, we only give an overview here. A bottom-gate, bottom-

contact OFET is show in Fig. 3.3, with the channel length labeled as L and the

channel width labeled as W . This device is operated by applying a potential dif-

ference between the gate and source (VGS) as well as between the drain and source
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Figure 3.3: Organic Field-Effect Transistor Schematic

(VDS) such that the source is grounded. The current in the channel is described by

Ohm’s law, described here for electrons (for now, we assume unipolar electron-only

operation):

J = qµenE. (3.10)

Here, µe is electron mobility, n is the electron density at the accumulation layer formed

during operation, q is elementary charge, and E is electric field. The value for n is

determined by the capacitance of the dielectric (Ci) and the effective voltage, which is

the gate voltage (VG) less the threshold voltage for the particular charge carrier (VTh,e)

and the voltage at a particular position in the channel(V (x)) (VG − VTh,e − V (x)).

Thus, n(x) = Ci(VG − VTh,e − V (x))/qt, where t is the accumulation layer thickness.

Given the definition of current density J = I/Wt (referencing Fig. 3.3 for W) and

the definition of the electric field E = dV/dx, equation 3.10 becomes

I(x)dx = WµeCi(VG − VTh,e − V (x))dV. (3.11)

Integration of this equation over the length of the channel under the assumption that

the potential varies linearly from source — x = 0 and V (0) = 0 — to drain — x = L

and V (L) = VDS — yields

ID,lin =
W

L
µe,linCi

(
(VG − VTh,e)VD −

V 2
D

2

)
. (3.12)
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If the drain voltage is considerably smaller than the gate voltage, the quadratic term

can be disregarded and

ID,lin =
W

L
µe,linCi(VG − VTh,e)VD. (3.13)

This is the linear regime of the device operation, where ID ∝ VG. In this regime, the

accumulation layer is roughly constant from the source to the drain; this is depicted

in Fig. 3.4a, and is true for VD < VG−VTh,e. At VG < VTh,e the unipolar device is off,

and no current flows. As VG increases and eventually VD = (VG − VTh,e), the channel

pinches off at the drain electrode due to the opposing charges between the two (3.4b).

Beyond this point, as VG continues to increase, the current remains constant as the

pinch-off point moves further towards the middle of the device (3.4c). This is the

saturation regime and the current here is given by

ID,sat =
W

2L
µe,satCi(VG − VTh,e)2. (3.14)

When the bandgap of an organic semiconductor is small enough that the same

type of source/drain electrode metal allows for injection of both holes and electrons,

or if different metals are used for the two contacts — one hole-injecting and the other

electron-injecting — the device is ambipolar. To understand the charge-transport in

this case, first consider that there are now two threshold voltages — one for electrons

(VTh,e) that is usually positive and one for holes (VTh,h) that is usually negative.

Now, for VD < (VG − VTh,e), the device exhibits unipolar, linear electron transport,

just as in the discussion above. This process is depicted in Fig. 3.5, for the device

with the red channel. As VD approaches VG − VTh,e and eventually comes to equal

it (VD = VG − VTh,e), the electron current saturates, again as it did in the above

discussion (Fig. 3.5, cyan channel). The threshold voltage for holes is close enough
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Figure 3.4: A qualitative depiction of the accumulation layer. The channel at low
drain voltages (the linear regime) is shown in (a), the pinch-off point is shown in (b),
and the saturation regime is shown in (c). This figure was inspired by Zaumseil, et
al.12

to that for electrons, though that further increases in VD cause holes to be injected

from the opposite electrode, and the current is now a sum of the saturated hole

and saturated electron currents (i.e. both are pinched-off at a point between the

electrodes, as in Fig. 3.5, purple). Quantitatively, the current in the linear electron

transport regime is given by equation 3.12 and the current in the saturated electron

transport regime is given by equation 3.14. The linear hole current, then, is

ID,lin =
W

L
µh,linCi

(
(VG − VTh,h)VD −

V 2
D

2

)
, (3.15)
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and the saturation current is

ID,sat =
W

2L
µh,satCi(VG − VTh,h − VD)2. (3.16)

Note that this is reverse hole-only operation and is true for positive VG — hence the

dependence on drain voltage. If the device were biased such that VG were negative,

the current would be independent of the drain voltage, as it is for electrons in equation

3.14. The ambipolar current, then, is a sum of the saturation current for each charge

carrier:

ID,sat =
W

2L
µh,satCi(VG − VTh,h − VD)2 +

W

2L
µe,satCi(VG − VTh,e)2. (3.17)

These equations were developed with several assumptions, the most obvious being

the assumption of a linear electric field across the channel. This is most certainly not

the case.14 In addition, the hole and electron mobilities may not be constant with

increasing drain voltage, which would cause further deviation from the model. These

and other considerations are taken into account by Smits, et al., and Kang, et al.11,13
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Figure 3.5: Ambipolar OFET operation. The graph in (a) shows the transport
features, with the red current being linear electron transport, the cyan current being
saturated electron transport, and the purple current being ambipolar transport. The
graph in (b) shows the transfer features, with the orange current being linear hole
current and the green current being saturated hole current. The other colors are the
same as in (a). This plot was developed for a device with equal hole and electron
mobilities, VTh,e = 5V , and VTh,h = −5V . The graphs were inspired by Kang, et al.13

The accumulation layers for the condition shown in the transport plot are depicted
in the devices to the right.
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3.4 Comparison of Mobility Calculation by SCLC

and OFET Measurements for an Ambipolar

CT Complex

A concluding point to take from sections 3.2 and 3.3 is that OFET analysis allows for

easy determination of hole versus electron transport in the case of an ambipolar device,

whereas SCLC measurements are suitable for unipolar materials. In the case that an

SCLC measurement is performed on an ambipolar material, however, it may not be

evident that the model fails, as the current may still follow the power law depicted

in Fig. 3.2. The material α-DBTTF–TCNQ lends itself to this discussion. OFETs

based on single crystals of this material were fabricated in the top-gate, bottom-

contact structure, with a 650 nm Parylene-N gate dielectric, and Ti/Au source and

drain electrodes (5nm,e-beam/45nm,thermal evaporation). The gate electrode was

gold. The resulting current dependences on drain voltage and gate voltage are shown

in Fig. 3.6a and b respectively. Analysis of these by the discussion given in section 3.3

yielded charge-carrier mobilities of µe = 0.15 cm2V−1s−1 and µh = 0.008 cm2V−1s−1.

Using this same device but leaving the gate electrode at a floating potential allowed

us to measure the two-contact current-voltage dependence as discussed in section 3.2.

Figure 3.6: Transport (a) and transfer (b) plots for a DBTTF-TCNQ single crystal.
The drain voltage in (b) is VD = 60V .
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These results are shown in Fig. 3.7. As it can be seen, current density closely follows

the power law described previously, despite the fact that two charge-carriers were

present in the OFET measurement. Use of the Mott-Gurney law then yields an

absurdly high mobility of 85 cm2V−1s−1(estimating the thickness of the crystal to be

1 µm, with L = 100 µm and W = 90 µm). In fact, in other samples, a mobility

upwards of 200 cm2V−1s−1 was calculated. Several methods of reasoning may apply

towards understanding this measurement. First, as Kao and Hwang discuss,15 the

current for two injected carriers where one is significantly larger than the other may

go as equation 3.18, where the effective mobility is simply the larger of the two.

J =
9

8
µeffεrε0

V 2

L3
(3.18)

In the case of this crystal, the electron mobility is one order of magnitude larger

than the hole mobility. Furthermore, the transport plot in Fig. 3.6 indicates that

the electron injection occurs with no barrier (otherwise the low-voltage regime would

Figure 3.7: SCLC curve for a DBTTF-TCNQ single crystal. The low-voltage regime
appears to be Ohmic with a slope of 1, while the high-voltage regime exhibits J ∝ V 2.
The mobility calculated based on the Mott-Gurney law is 85 cm2V−1s−1.
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be non-linear). Given a bandgap of about 0.8 eV,16 if there is no barrier present for

electrons, there is likely a non-trivial barrier present for hole injection. The electron

mobility, then, would be 85 cm2V−1s−1, while the hole mobility could only be mea-

sured by the use of an electron blocking layer or contacts with a work function close

to the HOMO of DBTTF–TCNQ. If this is the case, the question of why the electron

mobility is three orders of magnitude larger in the bulk (Mott-Gurney) case than

in the OFET case must be explained. Indeed, significantly more scattering events

take place at the OFET dielectric/semiconductor interface than in the bulk crystal,

which would imply that a lower mobilty is expected. It is not possible, however,

that this phenomenon can explain the three order-of-magnitude observed difference

between the FET and SCLC mobilities. Therefore, we looked into other possible

explanations.

In the case of both electrons and holes being present, the current in the channel is

not only dependent on the applied bias, but also on recombination events that occur

in the bulk of the crystal. This is discussed by Pope and Swenburg.2 Here, they

consider that the drift current is now given by equation 3.19:

J = qE(µhpf + µenf ), (3.19)

where pf and nf are the densities of free holes and electrons respectively. Derivation

of a current-voltage dependence again starts with the use of Poisson’s equation, as in

section 3.2. The final result, however, is one of about 300 equations; thus we will not

present the full derivation here. A possible relationship is given by equation 3.20:

J = 1.31εrε0

[
(µeµh)(µh + µe)

µ0

]1/2
V 2

L3
, (3.20)

where µ0 is the recombination mobility, given in terms of the velocity (v) and scat-
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tering cross-sections (s) of the charge carriers such that

µ0 =
εrε0vs

2q
. (3.21)

An estimation of µ0 based on equation 3.20, the hole and electron mobilities from

OFET measurements, and ε = 3 (a typical value for organic semiconductors), yields a

value of µ0 = 2x10−9 cm2V−1s−1. Further measurements are planned towards relating

this value with the physical processes taking place in this material. Although, as

we discussed previously, the gold contacts appear to be Ohmic for electrons, the

band-bendings in the space-charge accumulation regime would be large enough for

holes to overcome the energetic barrier to injection, explaining their presence in the

measurement. This result is promising, but needs further analysis.

In summary, obeying the power law alone is not enough reason to employ the

Mott-Gurney law to determine a value for mobility. Further analysis of the sample

in question is needed to understand the results.

3.5 Charge-Transport in Novel Organic Charge-

Transfer Complexes

3.5.1 Perylene–TCNQ in Three D:A Stoichiometries

Following our discussion of the device physics of mobility calculation, in this section

we present results on novel CT crystals systems that were not included in a stand-

alone chapter. As discussed in Chapter 2, the CT complex Perylene–TCNQ can

be grown in three different D:A ratios. The ratios are 1:1, 2:1, and 3:1. The 1:1

and 3:1 ratios were reported previously; the 2:1 ratio had not been reported prior to

2014.17–20 Crystals of each of these stoichiometries and their corresponding structures

as determined by X-ray diffraction (XRD) are shown in Fig. 3.8. As it can be seen,
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Figure 3.8: Crystals and structures of the Perylene–TCNQ CT complex system.
The 1:1 complex grows as green-blue needles, and exhibits classic mixed-stack D/A
organization. The 2:1 complex grows as green, elongated platelets and exhibits a
mixed-stack structure with an extra donor molecule in the stack. The 3:1 complex
grows as green platelets or blocks, and exhibits a structure similar to the 2:1 complex
but with an additional molecule in the interstitial space between D/A stacks.

the crystals exhibit mixed-stack D/A organization; the differences are that the 2:1

complex has an additional donor molecule in the interstitial stack space, and the 3:1

complex has an additional donor molecule in the stack axis.

Electrical measurements were performed by preparing OFETs from the crystals

(Fig. 3.8). Several device architectures were fabricated for each crystal stoichiometry;

the combination that yielded the best performance will be discussed. The 2:1 and

3:1 crystals were flat, thin platelets, and were therefore amenable to a pre-fabricated

bottom-gate bottom-contact OFET geometry. Here, highly n-doped Si wafers were

employed as the gate electrode, with 200-nm thermally-oxidized SiO2 as the gate

dielectric. Gold source and drain contacts (60 nm, with a 10 nm Ti adhesion layer)

were defined by photolithography and deposited by e-beam evaporation. These test
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beds were cleaned for 10 min in a hot acetone bath and 10 min in a hot isopropanol

bath. This was followed by 10 min in a UV Ozone cleaner and a thorough rinse

with DI water. After cleaning, crystals were laminated by hand on the surface of

the test beds, adhering electrostatically to the dielectric surface. The 1:1 crystals

grew as needles and were too thick to laminate, so a bottom-gate top-contact OFET

geometry was employed instead of the bottom-gate bottom-contact geometry used

for the platelets. A similar structure was also tested for the case of the 2:1 complex.

Here, the crystals were placed on heavily-doped Si wafers (the gate electrode) with

200 nm of thermally-oxidized SiO2 for the gate dielectric (cleaned in the same way

as the previous substrates), and Ag epoxy was painted as the source and drain top

contacts on the crystals.

The samples were electrically characterized in air at room temperature using an

Agilent 4155C Semiconductor Parameter Analyzer. All crystals were evaluated for

both electron and hole transport. The charge-carrier mobility of the transistors was

calculated as described in the section 3.3. As can be observed from the transfer curves

depicted in Fig. 3.9, we found that the electrical properties of the perylene–TCNQ

charge-transfer compounds were strongly dependent on stoichiometry. The 1:1 crys-

tals (in this particular example, L = 160 µm and W = 60 µm) exhibited an electron

mobility of µe = 1.2 x 10−3 cm2V−1s−1 when measured in air, with no detectable

Figure 3.9: Current-voltage characteristics for the Perylene–TCNQ crystal system.
The 1:1 crystals were n-type, the 2:1 crystals were ambipolar, and the 3:1 crystals
where p-type.
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activity for hole transport. The 2:1 crystals (device dimensions L = 100 m, W = 275

m) displayed ambipolar charge transport characteristics, with similar electron and

hole mobilities: µe = 2.9 x 10−5 cm2V−1s−1and µh = 7.4 x 10−5 cm2V−1s−1. Note

that P2T1 exhibited balanced transport but lower mobilities when Au contacts were

used (µe = 2.1 x 10−7 cm2V−1s−1and µh = 7.5 x 10−7 cm2V−1s−1), probably be-

cause of contact resistance and lamination imperfections. Unfortunately, the limited

number of available P2T1 crystals precluded extensive device optimization. The 3:1

crystal (device dimensions L = 80 m, W = 65 m) exhibited a hole mobility of µh

= 5.5 x 10−5 cm2V−1s−1and no electron conduction. With the exception of the 2:1

crystals the mobilities reported here are representative values for each stoichiometry

and were measured in several crystals. Interestingly, the degree of charge-transfer

(q) changes as a function of stoichiometry. The 1:1 complex appeared almost neutral

with q = 0.01 as measured by the method of Flandrois, et al.21 The 2:1 complex

demonstrated q = 0.12, and the 3:1 complex was almost double the 2:1 at q = 0.23.

Values calculated from Raman spectroscopy were comparable.19

3.5.2 Anthracene and Pyrene with Acceptor PDIF-CN2

The crystal growth of CT complexes Anthracene–PDIF-CN2 and Pyrene–PDIF-CN2

was discussed in Chapter 2. Here, we discuss the optoelectronic properties of each

complex. Due to the novelty of these complexes, we were interested in obtaining

information about their electronic structures. This could be done through the use

of optical reflectance. Here, a combined grating monochromator and Cassegrain-

type microscope was used to shine light on the crystal surface ranging in photon

energy from about 1 eV to about 3 eV — i.e. infrared through violet light. The

measured reflected light increases in intensity as the energy approaches that of the

material bandgap, allowing us to estimate the HOMO-LUMO gap of the complex.
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Figure 3.10: Optical reflectance of Anthracene (bottom) and Pyrene–PDIF-CN2

(top). The black lines correspond to incident light polarized such that the spectra is
maximized, while the red lines correspond to the minimum spectra.

The results for both complexes are shown in Fig. 3.10 for light polarized so that

the reflectance is maximized (black, parallel to the long crystal axis) and minimized

(red, parallel to the short crystal axis). As it can be seen, the charge-transfer band

for each complex is approximately 1.5 eV. For comparison, the charge-transfer band

of DBTTF–TCNQ, is roughly half this value at 0.8 eV.16 This somewhat large value

indicates that ambipolar transistors will not be easily fabricated from these materials.

Interestingly, the peak does not extinguish as the polarization is rotated through the

crystal axis. As discussed in Chapter 1, the bandgap of a CT complex is the energetic

gap between the donor HOMO and the acceptor LUMO to first-order approximation.

Thus, the corresponding transition should be observed only in the stack-axis direction,

and not perpendicular to it, as we see here. This result indicates that there is likely

disorder present in the crystals. Calculation of the transfer integrals along the stack

axis and from stack to stack agree with this assumption. As shown in Fig. 3.11, for
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Figure 3.11: Transfer integrals parallel to (t1) and perpendicular to (t2) the D/A
stack axis in anthracene–PDIF-CN2.

Anthracene–PDIF-CN2, the transfer integral is about 25 times higher in the direction

of the D/A stacks than perpendicular to it. Results were similar for Pyrene–PDIF-

CN2.

We attempted to fabricate OFETs based on these materials, and succeeded for

Pyrene–PDIF-CN2. These results are shown in Fig. 3.12. The current in these

devices is low; this can be due to large contact resistances, as suggested by the

transport graph, or related to the large amount of disorder implied by the reflectance

spectra. The estimated mobility is 10−4 cm2V−1s−1. Thus, while the novelty of the

complexes makes them interesting, their resulting optoelectronic properties suggest

that they are not strong candidates for OFETs.

3.6 Summary

In summary, we described the calculation of charge-carrier mobility for two-contact

metal-insulator-metal samples by SCLC measurements and for unipolar and ambipo-

lar semiconductors through the use of OFETs. The former will be used in the follow-

ing chapter to assess the temperature-dependent electrical characteristics of the CT

complex STB–F4TCNQ. The latter will be used to compare polymorphs of the CT
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Figure 3.12: The transfer (left) and transport (right) properties of Pyrene–PDIF-
CN2, showing low electron currents.

complex DBTTF–TCNQ in Chapter 5, as the crystals were amenable to OFET fab-

rication. We were also able to fabricate OFETs of the Perylene–TCNQ CT complex

system, and found that the transport properties varied from n-type, to ambipolar, to

p-type with the addition of donor. Finally, we discussed the optoelectronic properties

of Anthracene and Pyrene–PDIFCN2 and found that the crystals were dominated

by disorder. This does not, however, rule out perylene-diimide-based molecules as

electron acceptors in other CT crystals.
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Chapter 4

The Effect of Librational Motion
on Charge Transport in
Stilbene–F4TCNQ

The crystalline structure of organic materials dictates their physical properties,
but while significant research is geared towards understanding structure-property
relationships in such materials, the details remain unclear. Many organic crystals
exhibit transitions in their electrical properties as a function of temperature. One
example is the 1:1 charge-transfer complex trans-stilbene–2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane. Here we show that the mobility and resistivity of this
material undergo a transition from being thermally activated at temperatures above
235 K to being temperature independent at low temperatures. On the basis of our
experimental and theoretical results, we attribute this behavior to the presence of a
glass-like transition and the accompanied freezing-in of orientational disorder of the
stilbene molecule.

This portion of the text is adapted from K. P. Goetz, A. Fonari, D. Vermeulen, P. Hu, H. Jiang,
P. J. Diemer, J.W. Ward, M. E. Payne, C. S. Day, C. Kloc, V. Coropceanu, L. E. McNeil, and
O. D. Jurchescu. “Freezing in orientational disorder induces crossover from thermally-activated
to temperature-independent transport in organic semiconductors, Nature Communications 5, 5642
(2014). The author was responsible for or participated in the crystal growth, electrical characteri-
zation, structural characterization, combining all parts of the project, and writing the manuscript.1
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4.1 Introduction

Charge-transfer complexes are often subject to phase transitions as a function of

temperature and pressure, resulting in changes in structre and/or electrical properties

at a critical temperature or pressure. Examples include metal-insulator transitions,

neutral-ionic transitions, Peierls transitions, and transitions to a ferroelectric state.2–11

This chapter discusses the effect of thermally-induced static and dynamic structural

modifications on the electronic and electrical properties of the CT complex composed

of the donor trans-stilbene (STB) (Fig. 4.1a, Fig. 4.1b) and the acceptor 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) (Fig. 4.1c, Fig. 4.1d) by

using a combined experimental and theoretical approach. This binary crystal grows

in a 1:1 ratio, crystallizes in a mixed-stack array along the a-axis, and will be referred

to as STB–F4TCNQ (Fig. 4.1e, Fig. 4.1f).

We have discovered that STB–F4TCNQ exhibits a crossover from temperature-

independent to thermally-activated charge transport near 235 K. Similar transi-

tions have been observed recently in a series of semiconducting polymers12,13 and in

the small-molecule organic semiconductor 6,13-bis-triisopropyl-silylethynyl pentacene

(TIPS-pentacene).14,15 In STB–F4TCNQ, by combining a previous thermodynamic

study on this system16 with our X-ray diffraction (XRD) and optical measurements,

we are able to attribute the observed behavior to a glass-like transition. (Here, the

term “glass-like transition” is adopted for a crystalline solid with some degrees of

freedom frozen-in, as described in detail in other reports.17–23) This transition does

not distort the crystal lattice, but is accompanied by the freezing in of orientational

disorder related to the torsional oscillation (libration) of the double bond connect-

ing the C7 and C7a carbons in the STB molecule (Fig. 4.1a). Below the transi-

tion temperature the librational motion is not sufficiently strong to mediate transi-

tions between the states of different orientations. Librational motion is ubiquitous
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Figure 4.1: (a) The donor stilbene skeletal structure with the atoms labeled to
corresponde with the crystallographic structure. (b) An optical image of a stilbene
single crystal. (c) The skeletal structure of the acceptor F4TCNQ with bond lengths
relevant to the calculation of degree of charge transfer (q) labeled. (d) An optical
image of F4TCNQ crystals. (e) The CT complex STB–F4TCNQ crystal structure that
exhibits mixed stacking in the a direction. (f) An optical image of the STB-F4TCNQ
crystal.

in organic semiconductors, and was predicted to localize charge carriers in organic

crystals.24 While it was recently measured in TIPS-pentacene by thermal diffuse

electron scattering, this motion has been difficult to connect with experimental ob-

servations of a materials electronic properties.25 We find that this librational motion

and temperature-dependent phase transition is also present in neat stilbene crystals

and another stilbene-based CT complex. Our results provide direct insight into the

effect of libration on electrical properties of organic molecular crystals, and show

that its change in amplitude can result in a crossover from thermally-activated to a

temperature-independent charge transport.

83



4.2 Methods

4.2.1 Crystal Growth

The physical vapor transport crystal growth method was employed to grow single

crystals when possible, as discussed in chapter 2.26,27 This method was successful for

the growth of F4TCNQ (Fig. 4.1d), TCNQ, and stilbene single crystals (Fig. 4.1b).

Here, the commercial F4TCNQ (J&K Scientific or Sigma Aldrich) was heated to 220

◦C under Argon flow. Platelet-like, yellow single crystals of a few millimeters in size

formed in a quartz tube at the place where the temperature abruptly fell from 220 ◦C

to room temperature. TCNQ similarly grew at 200 ◦C, and stilbene grew at 120 ◦C.

The vapor pressures of the donor and acceptor were too different to grow the STB–

F4TCNQ crystals from the gas phase, so they were grown from solution instead. A few

mg of trans-Stilbene (Sigma Aldrich) and F4TCNQ were weighed separately so that

their molar masses were approximately 1:1. Each was dissolved in hot acetonitrile.

The solutions were mixed and loosely covered to allow for slow solvent evaporation.

Small, green, needle-like crystals of the 1:1 CT complex (Fig. 4.1f) formed after one-

two days. The crystals were washed with acetonitrile and filtered prior to use. We

confirmed the structures of F4TCNQ and STB–F4TCNQ using single-crystal XRD

measurements.28

4.2.2 Structure Determination

Multiple datasets for single crystals of F4TCNQ and STB–F4TCNQ were collected

over a temperature range from 123 K to 297 K. Crystals of F4TCNQ are orthorhombic,

group Pbca with Z=4; crystals of STB–F4TCNQ are monoclinic, space group P21/n

(an alternate setting of P21/c) with Z= 2 (formula units). A full-hemisphere of

diffracted intensities (2424 total 20-, 30- or 40-second frames with an ω scan width of

0.30◦) was measured for each dataset using graphite-monochromated MoKᾱ radiation
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(λ = 0.71073 Å) on a Bruker APEX CCD Single Crystal Diffraction System. X-rays

were provided by a fine-focus sealed x-ray tube operated at 50 kV and 30 mA. Lattice

constants were determined with the Bruker APEX2 software package and integrated

reflection intensities having 2θ (MoKᾱ) ≤ 60.00◦ were produced for each dataset.

The structures were solved using “direct methods” techniques and all stages of

weighted full-matrix least-squares refinement were conducted using F2
o data with the

SHELXTL software package.29 The resulting structural parameters for all datasets

were refined to convergence using counter-weighted full-matrix least squares tech-

niques and structural models which incorporated anisotropic thermal parameters for

all non-hydrogen atoms. In STB–F4TCNQ, ring hydrogen atoms were included in the

structural model as fixed atoms (using idealized sp2- hybridized geometry and C-H

bond lengths of 0.93 – 0.95 Å) “riding” on their respective carbon atoms. The hydro-

gen atom on the ethylene group was located from a difference Fourier map and was

refined as an independent isotropic atom. The isotropic thermal parameters for the

ring hydrogen atoms were fixed at a value 1.2 times the equivalent isotropic thermal

parameter of the carbon atom to which they are covalently bonded. For the F4TCNQ

and STB–F4TCNQ structures, totals of 91 and 158 parameters, respectively, were re-

fined using no restraints. Difference electron density contour maps (Fo – Fc) were

generated using the Bruker program XP. Probability ellipsoid plots are included in

Fig. 4.2.

4.2.3 Sample Fabrication and Electrical Characterization

Carbon paste (IPA base, Ted Pella) was painted on both ends of the long axis of

the crystals to form an in-plane measurement structure. The crystals were placed

on clean Si/SiO2 to provide good electrical insulation. Current-voltage characteris-

tics were measured in vacuum (10−6 Torr) and in the dark using an Agilent 4155C

Semiconductor Parameter Analyzer. Current was measured while decreasing the tem-
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Figure 4.2: Thermal ellipsoid plots of STB–F4TCNQ.

perature at 0.5 K/min; measurements were taken every 10 K outside the region of the

phase transition and with higher resolution around the phase transition. The crystals

were stable through multiple rounds of measurement. Neat STB and STB–TCNQ

crystals were prone to disintegration at atmospheric pressure and room temperature

— the stilbene molecule is volatile and leaves the lattice even in the case of the CT

crystal. Therefore, these crystals were cooled as soon as possible and measurements

were taken while heating. The STB–F4TCNQ crystal is not prone to this.

4.2.4 IR and Raman Spectroscopy

Infrared absorption measurements were made using a Nicolet Nexus 670 FTIR spec-

trometer with a spectral range of 400-4000 cm−1. The small size of the crystals

86



made single-crystal measurements impractical, so STB–F4TCNQ crystals were lightly

crushed together and placed on a copper TEM grid with 54 micron grid-hole size.

Temperature-dependent measurements were made using an MMR Technologies Joule-

Thomson refrigerator over the temperature range 80-300 K.

Temperature-dependent Raman measurements were carried out with an excita-

tion wavelength of 532 nm using an MMR Technologies Joule-Thomson refrigerator

over the temperature range 80-300 K. The needle-shaped crystals were placed on

the cooling stage and held in place with a speck of vacuum grease. Very low laser

powers were used (0.5 mW over a 10 µm spot) because the crystals are sensitive to

laser-induced damage.

4.2.5 Computational Methodology

Geometry optimizations of the crystal structures of STB–F4TCNQ at different tem-

peratures were performed at the B3LYP/6-31G level of theory. During the optimiza-

tions, the unit cell parameters were kept fixed at the experimental values. A uniform

6x8x4 Monkhorst-Pack k-point grid was employed. Effective masses were obtained

by diagonalizing the inverse effective mass tensor. Energy derivatives with respect

to the k-point that form the tensor were evaluated using the finite-difference method

with 0.01 Bohr−1 step. The -point phonon modes were obtained using the finite-

difference method with a 0.003 Åatomic displacement step. These calculations were

carried out using the CRYSTAL09 package.30 Transfer integrals (electronic couplings)

between the HOMO of stilbene and the LUMO of F4TCNQ were calculated at the

B3LYP/6-31G(d,p) level using a fragment orbital approach in combination with a

basis set orthogonalization procedure31 as implemented in the development version

of the NWChem package.32
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4.3 Results

4.3.1 Electrical Properties

We evaluate the electrical properties of the STB–F4TCNQ crystals by space-charge-

limited current (SCLC) measurements, as described in Chapter 3. Although more

than five crystals have been studied, we report here the results from one representative

sample. The resistivity (ρ) is calculated from the ohmic region of the I-V curve (Fig.

4.3). The mobility (µ) is determined from the Mott-Gurney law, shown in equation

4.1, in the region where the current density, JSCLC , is proportional to V 2:

JSCLC =
9

8
µεε0θ

V 2

L3
(4.1)

Here, ε is the relative permittivity of the semiconductor (approximated to be 3),

ε0 is the permittivity of free space, and θ is the ratio of free charge carriers to total

charge carriers (estimated to be 1, so the resulting mobility is a low estimation). As

seen in Fig. 4.3, the proportionality of J to V validates our use of both Ohms law and

Figure 4.3: Current-voltage characteristics of STB–F4TCNQ contacted with two
electrodes at 300 K. The slope in the low-voltage region is 0.85 and the slope in the
high-voltage region is 2.01.
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the Mott-Gurney Law. The value of L/t (where L is the channel length and t is the

thickness of the crystal) lies in the range 10-30, which is sufficiently low to validate

our use of the Mott-Gurney law instead of the Guerst law.33

Figure 4.4 shows the resistivity (blue, right axis) and mobility (black, left axis) of

STB–F4TCNQ as a function of temperature. The resistivity and the mobility each

independently exhibit an inflection point around T = 235 K. In the high-temperature

region (T > 235 K), labeled I, the resistivity decreases with increasing temperature

and the mobility is thermally activated with an activation energy EA = 0.17 eV.

At low temperatures (T < 235 K), marked by region II, the charge transport is

temperature independent. Interestingly, Saito and coworkers discovered a signature

for a thermodynamic transition near the same temperature by measuring the heat

capacity of STB–F4TCNQ as a function of temperature.16 It is therefore plausible to

assume that both the change in electrical properties and the phase transition occur

as a result of the same mechanism.

Figure 4.4: The temperature dependence of the electrical characteristics of STB–
F4TCNQ. The regions here are divided into I, where the transport is activated, and
II, where the charge transport is temperature independent. Right axis, in blue: re-
sistivity; left axis, in black: mobility.
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4.3.2 Crystal Structure and Electronic Structure Calcula-

tions

To determine the nature of the transition, we first evaluate the crystal structure of the

CT complex as a function of temperature using X-ray diffraction. The temperature

dependence of the lattice parameters of STB–F4TCNQ is plotted in Fig. 4.5a. At

all investigated temperatures, the system crystallizes in the monoclinic space group

P21/n with two STB molecules and two F4TCNQ molecules per unit cell, each located

at an inversion center. The unit cell varies by the expected linear thermal expansion;

1.1% along all three unit cell axes and 3.1% for the total unit cell volume, with no

evidence of the presence of a structural phase transition. Subsequently, based on the

temperature-dependent structures, we have performed band structure calculations

and evaluated the effective masses for both holes and electrons. The results are

shown in Fig. 4.5b.

Our calculations indicate that charge carriers have small effective masses only

along the stacking directions, and that both hole and electron effective masses increase

Figure 4.5: The temperature dependence features of the CT complex lattice. (a)The
temperature dependence of the lattice parameters of STB–F4TCNQ. The lattice ex-
pansion is approximately linear with temperature. (b) The temperature dependence
of the smallest component of the effective masses of holes and electrons as derived
from band-structure calculations using the lattice parameters.
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systematically with the increase in temperature. This dependence is consistent with

the linear thermal expansion of the crystal. As the cell parameters increase, the

distance between the STB and F4TCNQ molecules also increases. Consequently, the

calculations suggest that the transfer integral (tHL) from the HOMO (highest occupied

molecular orbital) of STB to the LUMO (lowest unoccupied molecular orbital) of the

neighboring F4TCNQ molecule decreases, resulting in an increase in the effective

mass of both holes and electrons. Thus, the temperature dependence of the transfer

integrals and effective masses derived from the static structure are not able to provide

an explanation for the features observed at T = 235 K in the electrical measurements.

4.3.3 Structure and Thermodynamics

Stilbene and related compounds have been the subject of intense research scrutiny

for a number of years. In particular, static and dynamical disorder are known to play

a significant role in the structure and properties of stilbene-containing compounds.

Single-crystal XRD measurements of neat STB and the CT complex STB–TCNQ

show that the STB molecule can adopt two orientations that are related to one an-

other by a two-fold rotation about the longest molecular axis.34–36 Librational motion

can responsible for inter-conversion between these two conformers and can be viewed

as a rotation of the central C=C stilbene moiety at fixed orientation of the benzene

rings relative to the crystal lattice and is referred to as a pedal-like (crankshaft)

motion (Fig. 4.6). In the neat STB crystal, this motion results in an orientational

disorder.37,38 Variable-temperature structural studies indicate that this disorder is

dynamic — i.e. conformational inter-conversion is temperature dependent (and as a

result the conformer populations are also), with the occupancy factor of the minor,

energetically-unfavorable conformer, decreasing as the temperature is lowered.34,37–39

Below 170 K the pedal motion becomes inactive and thus the conformational disor-

der does not undergo any significant changes. The quantity of the minor conformer
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Figure 4.6: The librational motion in stilbene that may cause interconversion be-
tween conformers.

present at low temperatures can be increased by increasing the cooling rate, but al-

ways remains very low (< 10% for flash-cooled crystals and < 5% for slow cooled

crystals). Freezing of the conformational changes generates thermodynamic non-

equilibrium states that persist below the transition temperature and represents a

signature of a glass-like transition. The anomaly observed in calorimetry measure-

ments at 170 K in STB was therefore attributed to this glass-like transition due to the

freezing of the crankshaft motion.23 It is important to note that the potential energy

along the torsional coordinate connecting the two conformers of the stilbene molecules

can be described by a double-well potential. The ensemble of systems described by

such energy potentials are well-known models for glasses.40,41

In addition to these observations in neat STB, thermodynamic transitions are also

found in calorimetry measurements of CT complexes of STB: near 250 K in STB–

TCNQ and near 240 K in STB–F4TCNQ.16 The transitions are similar in shape to

that seen in neat stilbene and are therefore interpreted to be caused by the freezing of
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crankshaft motion; however, these materials have not been reported to exhibit tem-

perature dependent changes in conformer populations as stilbene does. In the CT

complexes, while the C=C bond undergoes a similar librational motion, a quantitative

analysis of the conformational inter-conversion was impossible under regular labora-

tory conditions. Our temperature-dependent STB–F4TCNQ structure determination

indicates that the disorder is low and the population of the minor conformer is below

5% at all temperatures, as show in Fig. 4.7, a plot of the thermal ellipsoids in the CT

crystal modeled with and without disorder. Our results are in agreement with Saito

et al.who concluded based on the heat capacity measurements that while there is

disorder present in STB–F4TCNQ, the population of the misoriented STB molecules

is less than 10%, even at room temperature.16 The lack of significant changes in the

crystal structure as the system passes through the transition temperature coupled

with the stepped-like feature in the heat capacity measurements are clear signatures

of a glass-type transition17,18 As a result, we believe that the mechanism for the ob-

served transition in the transport properties of STB-F4TCNQ crystal is related to the

transition into a glassy crystal, where the constituent STB molecules exhibit freezing

of the orientational disorder and the thermal equilibrium is no longer attained. In

addition, the existence of a glass-like transition is supported by a significant thermal

history dependence which is also observed in our measurements.

Figure 4.7: Thermal ellipsoids for STB–F4TCNQ modeled with and without disor-
der.
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Interestingly, the Fourier maps do show a qualitative difference in electron density

surrounding the C=C bond below vs above the transition. At 143 K, below the

transition temperature (Fig. 4.8a), the density appears constant throughout the

molecule, with a slight excess of charge density around the center ethylene bond,

suggesting the presence of the minor conformer. Above the transition, at 253 K (Fig.

4.8b), the density shows a signature of the increasing torsional motion of this bond,

in agreement with our observations described below.

We gained further understanding of the dynamics of the central C=C bond in

STB by analyzing its change in length as a function of temperature. It is known

that this bond can show apparent shrinking as a result of disorder or large-amplitude

torsional motion.39 In the present case the C7=C7a (Fig. 4.1a) bond length gradually

decreases with increasing temperature once the amplitude of the libration becomes

large. Specifically, this bond length lies between the standard ethylene bond length

of 1.34 Åand the fully-conjugated benzene bond length of 1.39 Åat low temperatures,

Figure 4.8: Fourier difference maps above and below the transition temperature
T=235K. (a) The Fourier difference map calculated for a temperature in region II
(143K). (b) The Fourier difference map calculated in region I (253K). These show
a redistribution of charge density around C7 and C7a. Positive contour lines were
calculated at intervals of 0.05 Å
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and it shortens to 1.322(6) Åat 273 K (Fig. 4.9a). Sato, et al., reports a further

shortened bond length of 1.315(4) Åat 293 K, also included in 4.9a.28 Fig. 4.9b

shows a schematic of the librational motion, with the C=C bond able to rotate above

and below the plane created by the benzene rings. The calculations of the Γ-point

phonons indicate that there are two vibrational modes with frequencies of 279 cm−1

(Fig. 4.9c) and 285 cm−1 (Fig. 4.9d) related to the libration of the STB bridge.

As seen in Fig. 4.9c, and d, the benzene rings are not involved in these modes –

i.e. these librations occur along the crankshaft trajectory. Assuming that the bond

modification is due to librational motion, the root-mean-square libration amplitude,

ϕ, can be obtained from the bond shortening by means of equation 4.2:39

ϕ = cos−1

(
robs
rSTB

)
(4.2)

Here (see the inset in Fig. 4.9a) robs is the apparently shortened stilbene C7=C7a

length as observed by diffraction, and rSTB is the expected C=C distance. Our calcu-

lations show that below the transition temperature the libration is small, reaching the

Figure 4.9: Libration of the C7=C7a stilbene bond in STB–F4TCNQ. (a) The
C7=C7a bond length is given as a function of temperature with the libration
schematic as an inset. The error bars were calculated based on the standard de-
viation of the bond lengths. (b) The oscillation of the C7 and C7a atoms above and
below the plane formed by the benzene rings. (c) The eigendisplacements of the 279
cm−1 phonon mode. (d) The eigendisplacements of the 285 cm−1 phonon mode. Only
one DA complex from the unit cell is shown.
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detection limit, whereas above the transition it has an amplitude of approximately

10◦, with the change taking place gradually, as the temperature is increased. This

result shows a quantitative analysis of the temperature-dependent libration in organic

crystals and supports the conclusion that the amplitude of this motion can directly

affect charge transport in this class of materials.

In addition to its effect on electrical properties of the STB–F4TCNQ crystals, li-

bration significantly affects the partial degree of charge transfer (q) between the donor

and acceptor molecules. In general, in organic CT complexes the lattice expansion

that occurs with increasing temperature yields larger intermolecular distances be-

tween the donor and acceptor species, resulting in weaker interactions between them

and thus a lower q. The consequent decrease in tHL as described above is expected

to lead to a decrease in the amount of charge transfer from STB to F4TCNQ in the

ground state. Indeed, the lattice parameters and tHL follow the conventional trend;

however, XRD, Raman and IR spectroscopy indicate an increase in q with increas-

ing temperature, as described below. Similar to its unfluorinated analogue, TCNQ,

the bonds in F4TCNQ are sensitive to the value of q, allowing us to estimate this

value based on bond lengths and vibrational frequencies. Thus for our estimation of

q from XRD measurements, we adapted the method reported for TCNQ-containing

CT materials.42 The bond lengths a and c (Fig. 4.1a) expand with increasing degree

of charge transfer, while the bond lengths b and d shrink. The value for q can be

calculated when these bond lengths are compared to neutral F4TCNQ, as in equation

4.3:

q =
1

2

([
1− bCT − cCT

bN − cN

]
+

[
1− dCT − cCT

dN − cN

])
(4.3)

Here, bond lengths with the subscript CT correspond to those of the acceptor

within the CT complex STB–F4TCNQ, while the bond lengths with subscripts of

N correspond to neutral F4TCNQ. Note that bond lengths for the neutral and CT
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F4TCNQ are compared at the same temperature so that thermal expansion does not

affect the value for q. In Fig. 4.10 we plot the results as a function of temperature,

in black. Even though the structural changes follow the conventional behavior in

which the lattice expands with temperature, q nevertheless increases with temperature

and mirrors the changes in the libration of the C7=C7a bond. This suggests that

the libration increases the coupling between the donor and acceptor units and is

responsible for the observed increase in q, in spite of the expansion of the unit cell.

As Fig. 4.10 shows, q ≈ 0 for T < 235 K, where the libration is reduced in amplitude.

As the temperature increases and the system passes through the transition, q increases

to about 0.1e.

This conclusion is also supported by our calculations of the degree of charge trans-

fer using optical measurements (Fig. 4.10, in grey). It is known both experimentally

and theoretically that, as for TCNQ, the frequencies of vibrations of the cyano groups

Figure 4.10: Degree of charge transfer (q) as a function of temperature. Values
are derived from bond lengths (black, squares) and IR mode B1u (grey, triangles).
All measurements show an increase in degree of charge transfer as a function of
temperature. The error bars were calculated based on the standard deviation of the
bond lengths.
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of F4TCNQ vary linearly with the degree of charge transfer q.43–45 There are four

cyano-group vibrations; two are Raman active (Ag and B3g) and two are infrared

active (B1u and B2u), with only the Ag mode (2225 cm−1) and the B1u mode (2227

cm−1) being experiementally observed. The atoms in motion in these two vibrational

modes are in close proximity to the surrounding molecules and may therefore be sen-

sitive to the crystalline environment as well as to the degree of charge transfer.44

The shift in frequency of the B1u mode between the F4TCNQ neutral molecule and

anion is 34 cm−1 whereas the shift in frequency of the Ag mode is only 6 cm−1.44

Therefore, we use only the B1u mode for the determination of the degree of charge

transfer, shown in Fig. 4.10. The temperature dependence of q as determined from

the optical measurements shows the same behavior as was determined from the XRD,

although the values are somewhat smaller. The charge transfer is negligible at low

temperatures and increases with temperature to a value not larger than 0.1 at room

temperature, in agreement with the XRD results. The Raman measurements of the

Ag mode agree with this finding.

4.4 Discussion

The observed increase in q with the increase of libration amplitude can be explained

in terms of non-local (Peierls) electron-phonon coupling, which is the dependence

of the transfer integrals on the displacements of the phonon modes.46 The transfer

integral, tHL computed as a function of the phonon displacements of the librational

modes discussed above is shown in Fig. 4.11. For small phonon displacements,

tHL shows the expected linear behavior.47 However, for larger displacements, such

as those expected above the transition temperature, tHL exhibits a significant non-

linear increase. Therefore, the increase in the transfer integrals due to these librations

surpasses the decrease related to the thermal expansion, leading to an overall increase

98



Figure 4.11: Transfer integral dependence on the phonon displacements. The results
for the 285 and 279 cm−1 modes are indicated by black squares and red circles,
respectively; the phonon displacements, Q, are given in dimensionless units.

of the tHL and, consequently, of the q with the increase in temperature. Our model

thus aligns very well with the experimental observations.

With a better understanding of the dynamics of the librational motion as a func-

tion of temperature, we are now able to describe the mechanism that can explain the

evolution of the electrical properties of the STB–F4TCNQ crystals. One possible ex-

planation for the crossover from tunneling (and therefore temperature independence)

at low temperatures to activated charge transport at higher temperatures invokes

interaction with local electron-phonon coupling (modulation of the site energies by

vibrations), known as the Holstein small polaron model.46,48 The Holstein polaron

binding energy (Epol) of 0.14 eV estimated for STB–F4TCNQ in our previous study,

however, results in an activation energy of (Ea) of 0.07 eV (Ea = Epol/2) which is

significantly smaller than the observed activation energy of 0.17 eV.49 We note that

the above estimation of the Epol and Ea is based on the coupling with intra-molecular

vibrations only, i.e. the contribution due to the electron-phonon interactions with
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intermolecular vibrations (lattice phonons) is neglected. Although the latter contri-

bution to Holstein polaron binding energy in single-component systems is believed to

be small, it may be different in the case of charge-transfer complexes. Therefore while

we cannot rule it out, we do not have at this point clear evidence that would support

the implication of the Holstein-type electron phonon coupling in the explanation of

the observed crossover from temperature-independent to activated transport. A sec-

ond possible explanation for the crossover could be related to the non-local electron-

phonon coupling. This interaction can lead to an increase of the transfer integrals

and subsequently to an enhancement of the transport properties (phonon-assisted).50

At the same time, the Peierls-type coupling is a source of dynamical disorder and

thus of charge localization.24 If the former effect, which increases the mobility, were

to dominate at high temperature, and the latter effect, which decreases the mobility,

were to dominate at low temperatures, a crossover in the temperature dependence of

the transport could result. Previous studies49 indicate that the Peierls-type polaron

binding energy in STB–F4TCNQ is smaller by an order of magnitude than the elec-

tronic coupling, and it is also much smaller than the experimental activation energy

observed for the mobility. Therefore, we believe that the Peierls electron-phonon

interaction is not the cause of the observed temperature dependence of the transport.

We suggest that the observed transport behavior is due to the double-well po-

tential related to the librational motion of the center STB ethylene bond, which is

also responsible for the glass-like transition in STB–F4TCNQ. At temperatures be-

low the transition, the temperature-independent structural disorder is frozen in and

the transport can take place only via tunneling of this manifold, therefore being

temperature-independent. At higher temperatures, when inter-conversion motion is

fast, a transition to temperature-activated hopping transport occurs. This proposed

model is also supported by the measurements performed on analog compounds which

exhibit orientational disorder at low temperatures: for both STB and STB–TCNQ we
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Figure 4.12: Current value at 100V (normalized to the room temperature value)
as a function of temperature for compounds related to STB–F4TCNQ. (a) The tem-
perature profile for neat trans-stilbene. (b) The temperature profile for CT complex
STB–TCNQ. (c) The temperature profile for neat TCNQ.

observe a clear transition from a temperature-independent to activated transport at

the same temperature where the glass-transition occurs (Fig. 4.12a,b). The transition

is absent in TCNQ crystals(Fig. 4.12c).

4.5 Conclusions

In conclusion, we show that the electrical properties of STB–F4TCNQ undergo a

crossover from thermally-activated at high temperatures to temperature-independent

below T = 235 K. We attribute these changes to the presence of a glass-like tran-

sition, where a significant amount or orientational disorder of the STB molecule is

frozen in at low temperature upon reducing in amplitude of the libration of a molec-

ular moiety within this molecule. When the libration is large, the structural disorder

resulting from it yields a thermally-activated charge transport. At low temperatures,

the transport is temperature-independent and proceeds via tunneling between the

states created by the available conformers that generate the static orientational dis-

order. This transition has further implications within the class of organic charge

transfer complexes, as it affects the degree of charge transfer. These findings provide

important insight into the effects that molecular dynamics — a ubiquitous feature in

organic molecular materials — have on charge transport.
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Trouw, R. Fernández-Perea, H. Löwen, and H. E. Fischer. Rotational freezing
in plastic crystals: a model system for investigating the dynamics of the glass
transition. Journal of Physics: Condensed Matter, 12:391–397, 2000.

[23] K. Saito, Y. Yamamura, K. Kikuchi, and I. Ikemoto. Glass transition due to freez-
ing of intramolecular motion: Crystalline trans-azobenzene and trans-stilbene.
Journal of Physics and Chemistry of Solids, 56(6):849–857, 1995.

103



[24] A. Troisi and G. Orlandi. Charge-transport regime of crystalline organic semicon-
ductors: Diffusion limited by thermal off-diagonal electronic disorder. Physical
Review Letters, 96(8):086601, 2006.

[25] A. S. Eggeman, S. Illig, A. Troisi, H. Sirringhaus, and P. A. Midgley. Measure-
ment of molecular motion in organic semiconductors by thermal diffuse electron
scattering. Nature Materials, 12(11):1045–1049, 2013.

[26] R. A. Laudise, C. Kloc, P. G. Simpkins, and T. Siegrist. Physical vapor growth
of organic semiconductors. Journal of Crystal Growth, 187:449–454, 1998.

[27] A. J. C. Buurma, O. D. Jurchescu, I. Shokaryev, J. Baas, A. Meetsma, G. A.
de Wijs, R. A. de Groot, and T. T. M. Palstra. Crystal growth, structure, and
electronic band structure of TetraceneTCNQ. The Journal of Physical Chemistry
C, 111(8):3486–3489, 2007.

[28] A. Sato, M. Okada, K. Saito, and M. Sorai. The charge-transfer complex trans-
STB-TCNQF4. Acta Crystallographica Section C, C57:564–565, 2001.

[29] G. M. Sheldrick. A short history of SHELX. Acta Crystallographica Section A,
64(1):112–122, 2007.

[30] R. Dovesi, R. Orlando, B. Civalleri, C. Roetti, V. R. Saunders, and C. M.
Zicovich-Wilson. CRYSTAL: a computational tool for the ab initio study of the
electronic properties of crystals. Zeitschrift fur Kristallographie, 220:571–573,
2005.

[31] E. F. Valeev, V. Coropceanu, D. A. da Silva Filho, S. Salman, and J.-L. Brédas.
Effect of electronic polarization on chrage-transport parameters in molecular
organic semiconductors. Journal of the American Chemical Society, 128(8):9882–
9886, 2006.

[32] M. Valiev, E. J. Bylaska, N. Govind, K. Kowalski, T. P. Straatsma, H. J. J.
Van Dam, D. Wang, J. Nieplocha, E. Apra, T. L. Windus, and W. A. De Jong.
NWChem: A comprehensive and scalable open-source solution for large scale
molecular simulations. Computer Physics Communications, 181(9):1477–1489,
2010.

[33] O. D. Jurchescu and T. T. M. Palstra. Crossover from one- to two-dimensional
space-charge-limited conduction in pentacene single crystals. Applied Physics
Letters, 88(12):122101, 2006.

[34] J. A. Bouwstra, A. Schouten, and J. Kroon. Structural studies of the sys-
tem trans-azobenzene/trans-stilbene. II. A reinvestigation of the disorder in the
crystal structure of trans-stilbene, C14H12. Acta Crystallographica Section C,
40(3):428–431, 1984.

[35] J. Bernstein and K. Mirsky. Order and disorder in molecular crystals: trans-
stilbene. Acta Crystallographica Section A, 34:161–165, 1978.

104



[36] D. Zobel and G. Ruban. The structures of some charge-transfer complexes con-
taining TCNQ as acceptor and their electrical anisotropy. Acta Crystallographica
Section B, 39:638–645, 1983.

[37] J. Harada and K. Ogawa. Invisible but common motion in organic crystals: a
pedal motion in stilbenes and azobenzenes. Journal of the American Chemical
Society, 123(44):10884–10888, 2001.

[38] J. Harada and K. Ogawa. Pedal motion in crystals. Chemical Society Reviews,
38:2244–2252, 2009.

[39] K. Ogawa, T. Sano, S. Yoshimura, Y. Takeuchi, and K. Toriumi. Molecular
structure and intramolecular motion of (E)-stilbenes in crystals. An interpreta-
tion of the unusually short ethylene bond. Journal of the American Chemical
Society, 28:1041–1051, 1992.

[40] P. W. Anderson, B. I. Halperin, and C. M. Varma. Anomalous low-temperature
thermal properties of glasses and spin glasses. Philosophical Magazine, 25(1):1–9,
1972.

[41] W. A. Phillips. Tunneling states and the low-temperature thermal expansion of
glasses. Journal of Low Temperature Physics, 11(5-6):757–763, 1973.

[42] S. Flandrois and D. Chasseau. Longueurs de liaison et transfert de charge dans
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Chapter 5

The Effect of Polymorphism on
Charge Transport in the
Charge-Transfer Complex
DBTTF-TCNQ

The organic charge-transfer (CT) complex dibenzotetrathiafulvalene – 7,7,8,8-
tetra-cyanoquinodimethane (DBTTF–TCNQ) is found to crystallize in two poly-
morphs when grown by physical vapor transport: the known α-polymorph and a
new structure, the β-polymorph. Structural and elemental analysis via selected area
electron diffraction (SAED), X-ray photoelectron spectroscopy (XPS), and polarized
IR spectroscopy reveal that the complexes have the same stoichiometry with a 1:1
donor:acceptor ratio, but exhibit different unit cells. Though the structural differ-
ences are small, they result in significant differences in the optoelectronic properties
of the crystals, as observed in our experiments and electronic-structure calculations.
Raman spectroscopy shows that the α-polymorph has a degree of charge transfer of
about 0.5e while the β-polymorph is nearly neutral. Organic field-effect transistors
fabricated on these crystals reveal that in the same device structure both polymorphs
show ambipolar charge transport, but the α-polymorph exhibits electron-dominant
transport while the β-polymorph is hole-dominant. Together, these measurements
imply that the transport features result from differing donor-acceptor overlap and
consequential varying in frontier molecular orbital mixing, as suggested theoretically
for charge-transfer complexes.

This portion of the text is adapted from K. P. Goetz, Junya Tsutsumi, Sujitra Pookpanratana,
Jihua Chen, Nathan S. Corbin, Rakesh K. Behera, Veaceslav Coropceanu, Curt A. Richter, Christina
A. Hacker, Tatsuo Hasegawa, and Oana D. Jurchescu. The author of this dissertation is responsible
for or participated in the crystal growth, structural characterization by Raman, IR, and UV-Vis
absorption spectroscopies, and electrical characterization. She fabricated all samples for SAED,
UPS, and XPS. In preparation (2016).1
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5.1 Introduction

The crystal structure of organic crystalline solids is mediated by the interplay be-

tween van der Waals interactions and dipoles or multipoles (either permanent or

induced).2 Because of the weak energies of these interactions, variations in growth

conditions can result in polymorphism, where the crystal constituents are the same

but the crystal structure is different. This is the case for several monomolecular com-

pounds, such as 5,11-bis(triethylsilylethynyl) anthradithiophene (TES-ADT), where

the structure is dictated by the type of solvent used for crystallization.3 Rubrene, one

of the highest performance materials, grows in several polymorphs,4,5 two of which

can be tuned based on the pressure of the sublimation chamber when grown from a

gas phase.6–8 Other examples include pentacene, TMS-DBC (7,14bis((trimethylsilyl)

ethynyl)dibenzo [b,def]-chrysene), DBTTF (dibenzotetrathiafulvalene), and related

DTTTF (dithiophene-tetrathiafulvalene).9–13 When electrical measurements are per-

formed on these materials, large differences in charge-transport characteristics are

often observed. In the case of TMS-DBC, for example, the red needle-like poly-

morph that exhibits a one-dimensional π-stacked crystal structure has a hole mo-

bility on the order of 10−3 cm2V−1s−1, whereas the yellow polymorph that exhibits

two-dimensional π-stacking has a hole mobility on the order of 1 cm2V−1s−1. Several

theoretical studies have shed some light on why the electronic properties vary with

crystal structure. For example, the energy splitting between the HOMO and LUMO

levels for pentacene was shown to modulate based on the overlap or separation be-

tween to units in the π-stacking direction. This is important because the energy

splitting is directly related to the transfer integral, which is in turn directly related

to the hole and electron mobility.14

Although charge transport in most CT complexes is thought to take place by a

superexchange mechanism as opposed to directly as in monomolecular compounds,15

polymorphism is also known to result in varying electrical characteristics in these two-
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component systems. Interestingly, it also results in changes in the charge transfered

from donor to acceptor (q).16,17 As noted in the introductory chapter to this thesis,

this value is governed by the difference between the ionization potential of the donor

(ID) and the electron affinity of the acceptor (EA) in relation to the Madelung energy

(EM) of the crystal. A neutral or quasi-neutral q is derived from a D:A combination

characterized by ID − EA � EM , and is characterized by q < 0.5, whereas ID −

EA � EM results in quasi-ionic or ionic charge transfer. In the case of polymorphs,

where the D and A units remain constant, changing the crystal structure is entirely

responsible for any resulting changes in q. Such is the case with BEDT-TTF–TCNQ

(where BEDT-TTF is the donor bis(ethylenedithio)-tetrathiafulvalene and TCNQ

is the acceptor 7,7,8,8-tetracyanoquinodimethane). This complex has two metallic

phases, both exhibiting a room-temperature electrical conductivity of 10 Ω
−1cm−1:

one crystallizes in a triclinic (β) segregated-stack structure and has a degree of charge

transfer of 0.5e (where e is the elementary charge),18–20 while the other crystallizes in a

triclinic (β) segregated-stack structure and is characterized by a 0.74e degree of charge

transfer.21,22 In contrast, its monoclinic, mixed-stack structure is a semiconductor

with seven orders of magnitude lower conductivity and a degree of charge transfer of

q = 0.1e.23

While the differences are clear in the case of segregated-stacked metals versus

mixed-stack semiconductors, studies on different phases of mixed-stack crystals where

the D and A units alternate are much less common. Here, we study the effect of poly-

morphism on the electrical properties in mixed-stack CT complexes by examining two

polymorphs of the CT complex dibenzotetrathiafulvalene 7,7,8,8-tetracyanoquino-

dimethane (DBTTF–TCNQ) (Fig. 5.1a, 5.1b). We will refer to the known, triclinic

polymorph as the α-polymorph.24–26 Crystals of this structure adopt a rectangular

shape (Fig. 5.1c), whereas the crystals of the new, previously-unreported polymorph

(which we will call the β-polymorph), are elliptical in shape (Fig. 5.1d). The thin
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Figure 5.1: Crystalline polymorphs of DBTTF–TCNQ. (a) The skeletal structure
of the donor dibenzotetrathiafulvalene. (b) The skeletal structure of the acceptor
TCNQ. (c) An α-DBTTF–TCNQ crystal. (d) A β-DBTTF–TCNQ crystal.

nature of the β-crystals made it impossible to completely determine its structure by

X-ray diffraction (XRD). Therefore, a combination of selected area electron diffraction

(SAED), IR and UV-vis absorption spectroscopies was used to confirm the structure

of the α-polymorph and estimate the structure of the new polymorph. DFT calcu-

lations allowed us to further refine this crystal structure and compare features of its

electronic structure to those of the α-polymorph.15

To evaluate the optoelectronic properties of the two polymorphs we incorporated

their single crystals in organic field-effect transistors (OFETs). We observed that

the differences between the two systems are very subtle, both exhibiting ambipolar-

semiconducting electrical properties with gold source/drain contacts. The α-polymorph

shows superior electron transport while, in contrast, the β-polymorph exhibits hole

dominant transport. Raman spectroscopy suggests that the degree of charge transfer

between the D and A molecules in the α-polymorph approaches q = 0.5e, whereas

the β-polymorph is almost neutral, with q = 0.1e. Our in-depth investigations of the

structural, optical, and electronic properties of DBTTF–TCNQ crystals provide con-
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clusive evidence of the impact of crystalline packing on the properties of mixed-stack

CT complexes and validate the theoretical calculations which predict that the charge

transport can lose its balanced nature if other orbitals besides the donor HOMO and

the acceptor LUMO participate in charge transport.17 We propose that the more

favorable charge transport pathway for holes in β-DBTTF-TCNQ compared to the

α-polymorph is a consequence of varying frontier orbital mixing between the two

polymorphs.

5.2 Experiment and Results

5.2.1 Structural Characterization of DBTTF–TCNQ

Crystals of α and β-DBTTF–TCNQ were grown as discussed in chapter 2 of this

thesis. The crystal structure of the α-polymorph was confirmed by X-ray diffrac-

tion (XRD). The obtained unit cell parameters coincide with the previously reported

ones25 with a = 7.7576 Å, b = 8.3622 Å, c = 10.40 Å, α = 72.14◦, β= 109.77◦, and γ=

110.19◦. The β-polymorph crystals were extremely thin, and even synchrotron XRD

measurements were unsuccessful in determining their structure. Therefore, a com-

bination of SAED, IR spectroscopy, XPS, optical absorbance, and DFT calculations

was used to determine the unit cell and orientation of the bulk crystal, evaluate the

D:A ratio, and to estimate the crystal structure. SAED experiments were performed

in a Zeiss Libra 120 transmission electron microscope at 120kV using a LaB6 filament

and low electron dose conditions. Al (111) of 0.234 nm d spacing was used as the elec-

tron diffraction calibration standard. The SAED results for the two DBTTF–TCNQ

polymorphs are shown in Fig. 5.2, where the unit cell parameters are also listed. We

note that the parameters for the α-polymorph differ slightly from those previously

reported for DBTTF–TCNQ,25,26 possibly due to differences in crystal growth condi-

tions, but they are very similar to the triclinic unit cell reported by Kobayashi, et al.,
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Figure 5.2: SAED patterns for the α-DBTTF–TCNQ (left) and β-DBTTF-TCNQ
single crystals. Measured lattice parameters are listed below the corresponding pat-
terns, with α-DBTTF–TCNQ showing a 124 ◦ alpha angle and β-DBTTF–TCNQ
exhibiting a 90◦ alpha angle.

where the space-group is with b = 0.828 nm, c = 0.773 nm, and α = 110.03◦. SAED

measurements on microrods of DBTTF-TCNQ showed a unit cell structure similar

to the α-polymorph discussed here.27 In contrast, the β-polymorph has a unit cell

of monoclinic symmetry at a minimum, as it exhibits one unit cell angle of 90◦ with

lattice parameters found to be b = 0.997 nm and c = 0.652 nm.

X-ray photoelectron spectroscopy (XPS) identifies and quantifies the chemical

composition of the crystals, and can also provide information about the degree of

charge transfer between the donor and acceptor in the complex, as we will show in

the next section. XPS measurements were performed in a commercial instrument

(base pressure 1 x 10−9 Torr or better) equipped with a hemispherical electron en-

ergy analyzer and monochromatized Al Kα photons (1486.6 eV). Spectral fitting

was performed to identify the different states in which the S atoms exist. For the

β-DBTTF–TCNQ, the S 2p fits were performed by using one pair of Voigt line-

shapes for the 2p3/2 and 2p1/2, fixing the spin orbit area ratio (2p3/2:2p1/2 as 2:1),

and coupling the Gaussian widths. Due to the complicated S 2p spectral shape of
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the α-DBTTF–TCNQ, three pairs of Voigt lineshapes were used while coupling the

Gaussian and Lorentzian widths, fixing the area ratio (2:1), and fixing the spin-orbit

splitting as 1.14 eV (determined from the fit of β-DBTTF–TCNQ). It was necessary

to use three different chemical environments as it was clear that using one or two

chemical environments poorly described the spectrum. The N 1s spectrum of both

polymorphs were deconvoluted by coupling the Gaussian widths, while the Lorentzian

widths were allowed to vary to account for the different electronic states. Crystals of

both polymorphs were laminated onto gold substrates and contacted to the substrate

using silver epoxy.

In this study, we are able to use the S 2p spectra to represent features of the donor

moiety because DBTTF is sulfur-containing and TCNQ is not (Fig. 5.3a). Similarly,

the N1s spectrum is representative of the acceptor (Fig. 5.3b). Relative sulfur and

nitrogen content was estimated by XPS by using the S 2s and N 1s photoemission

Figure 5.3: XPS for α-DBTTF–TCNQ (top) and β-DBTTF–TCNQ (bottom). The
S 2p spectra are shown in (a), and the N 1s spectra are shown in (b). Data (open-
circles) and spectral fits (as solid lines) of neutral and CT moietties as well as the
shake-up satellite are shown. The horizontal aroow line in (b) indicate the estimation
of the HOMO-LUMO transition, in the presence of a core-hole, of the TCNQ moiety
in each polymorph.
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(PES) lines and correcting by the photoionization cross sections and spectrometer

transmission function. The sulfur fraction, [S]/([S]+[N]), of each polymorph is 0.56

± 0.1 for the α-crystals and 0.59 ± 0.1 for the β-crystals. Within experimental error,

this result confirms that each polymorph has a 1:1 donor-to-acceptor ratio. While the

α-polymorph is known to have a 1:1 ratio from X-ray diffraction, this finding is not

trivial, as we have shown that different D:A ratios can be obtained for other systems

by tuning the growth conditions.28

In order to align the crystals such that we access the D/A charge-transfer stack

in our electrical measurements, we measured the optical absorbance of each crystal

type between 0.5 eV and 3.0 eV (near IR to near UV) by using a combined grating

monochromator and Cassegrain-type microscope. The results are shown in Fig. 5.4.

In these spectra, a charge-transfer band is present around 0.7 eV for each crystal type.

This band exhibits high intensity when the incident light is polarized in the direction

of the stack axis (i.e. the direction of charge-transfer), and negligible intensity when

light is polarized perpendicularly to the stack axis. We concluded that the stack axis

Figure 5.4: The optical absorbance of the α–DBTTF-TCNQ (black) and β-
DBTTF–TCNQ (blue). The charge-transfer peak of the former peaks at 0.78 eV
while the latter peaks at 0.73 eV.
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is the long crystal axis of the α-polymorph, in agreement with a previous report,29

and the short axis of the elliptical β-polymorph.

Polarized IR spectroscopy was applied to each crystal using a Thermofisher Sci-

entific continuum IR microscope equipped with an iS50R FT-IR spectrometer. The

anisotropies of the spectra were measured by polarizing the incident light with a

wire-grid polarizer. For the spectral assignment, key vibrations were simulated by

using GAUSSIAN 09 with the 6-31G(d) basis set at the B3LYP level. The results

are shown in Fig. 5.5. The anisotropy of the spectra shown in this figure points

to another key difference between the two polymorphs. For the α-polymorph, the

observation of the vibrations labeled c, d, e, and f, which are each parallel to the

long axes of the molecular DBTTF and TCNQ, indicates that these axes are oriented

parallel to the surface of the crystal. The out-of-plane C-H stretching of the DBTTF

molecule (vibration a), which is perpendicular to the molecular plane, shows strong

anisotropy and is most pronounced when the light is polarized along the long axis of

the bulk crystal surface. Vibrations e and f, and stretching on the TCNQ molecule

respectively, occur in plane and have a transition moment parallel to the molecular

long axis. They are strongest when the light is polarized parallel to the short axis

of the bulk crystal. Together, a, e, and f show that the molecular CT stack axis is

parallel to the long axis of the crystal, in agreement with the absorption data. The

β-polymorph, on the other hand, shows strong anisotropy in the vibration labeled b,

and weak intensity in all directions for vibrations c, d, e, f, and g. This indicates that

the short molecular axis of the DBTTF and TCNQ is parallel to the bulk crystal

surface, and the stack axis is parallel to the short axis of the crystal, confirming our

optical absorbance measurements.

DFT calculations were performed on each crystal polymorph to further optimize

the structure. The α-polymorph was optimized at the PBE30/6-31G level with lattice

parameters fixed at experimental values using CRYSTAL14 . For the β-polymorph,
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Figure 5.5: IR spectra for each type of crystal, polarized along both the long and
short axes. Vibrations a-g are identified within the spectra, and pictured at the right.
CN stretching (f) frequency shifts with respect to TCNQ charge.

lattice parameters obtained from SAED were fully optimized at the PBE30/6-31G

level with a semi-empirical dispersion correction. This correction is based on Grimmes

D2 model,30 but uses standard van der Waals radii as reported by Bondi31 with the

exception of hydrogen.32 A summary of D and A molecular orientation within the

single crystals of each polymorphs, as well as with respect to the crystal edge parallel

to the substrate, as obtained by combining the above mentioned measurements is

included in Fig. 5.6.

5.2.2 Degree of Charge Transfer

Charge transfer complexes are characterized by partial ionicity. Organic metals fall

in the 0.5e–0.75e range, although having such degree of charge transfer does not

guarantee metallicity.33 Techniques to quantify the degree of charge transfer exploit
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Figure 5.6: Molecular orientation of DBTTF and TCNQ with respect to the crystal
surface, and long and bulk crystal axes. The xy plane is drawn as a guide, and is
oriented to the crystal face. The α-polymorph crystal structure is used here, while
the β-polymorph is approximated based on spectroscopy and DFT.

the change in the bond lengths and vibration frequencies of the acceptor/donor as a

result of the partial addition/loss of charge. In this study we determined the degree of

charge-transfer via Raman spectroscopy by evaluating the dependence of the TCNQ

ν4 (exocyclic C=C stretching) vibration frequency on the surrounding charge.34 The

measurements were performed using a Renishaw inVia Raman microscope with a 532

nm excitation laser polarized along different crystal axes. The results are shown in

Fig. 5.7. The α-polymorph exhibited a shift to 1426 cm−1 in our measurements,

corresponding to a degree of charge transfer of 0.5e. This is in agreement with the

value reported in the literature based on IR spectroscopy. The β-polymorph appears

more neutral, showing a very modest shift to 1448 cm−1, which corresponds to q =

0.13e.

XPS provides a complementary measurement to detect elements in different elec-

tronic states, but it only probes the first 5-10 nm of the crystal surface. As shown

in Fig. 5.3a, the spectral shapes of the DBTTF in the α and β structures have
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Figure 5.7: The Raman spectrum for each polymorph from 1000 to 1500 cm−1

pronounced differences. The S atoms in the α-polymorph display a shoulder from

165-166 eV and show higher intensity at 164.5 eV when compared to the β-DBTTF–

TCNQ polymorph. To understand the spectra of the polymorphs, the spectra were

deconvoluted and we applied the methods used by Medjanik, et al35 for spectral as-

signment. The states of the sulfur atoms here are adequately described by two pairs of

lineshapes, which suggests that the atoms detected at the surface of the α-polymorph

are in two different chemical (or electronic) environments one charge-transfer state

and one neutral. In contrast, the S 2p spectrum of the β-DBTTF–TCNQ shows that

the S atoms are in one chemical (or electronic) state. The single state present in the

β-DBTTF–TCNQ spectrum is assigned to neutral DBTTF and this indicates that

the degree of CT at the surface of the crystal is zero. The fraction of charged DBTTF

molecules in the α-polymorph based on the fitted results of the S 2p spectrum is 0.31

± 0.02. While we cannot confidently report q based on this measurement, it is clear

that the α-polymorph contains more charged S atoms than the β-polymorph. The
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N 1s spectra for the polymorphs also convey the differences between the two types

of crystal, and are shown in Fig. 5.3b. The α-polymorph is described by three line-

shapes: one centered at 398.6 eV, one centered at 399.6 eV, and one centered at 402.0

eV. Similar to the studies focusing on TTF–TCNQ36 and F4TCNQ,37 we assign the

low-binding-energy feature at 398.6 eV as the TCNQ moiety within the CT complex

that does undergo CT and the high-binding-energy feature at 399.6 eV as the TCNQ

moiety that does not undergo CT. The N 1s spectrum of the β-DBTTF–TCNQ dis-

plays a prominent peak at 399.2 eV, and a less intense, broad peak at 401.8 eV. This

spectrum is very similar to earlier reports of TCNQ,38 and we assign the main peak as

the direct N 1s photoemission of electrons in the TCNQ moiety of the CT crystal while

the broad feature is assigned as a shake-up satellite feature. The fraction of charged

TCNQ in the same polymorph is estimated from the fit results in Fig. 5.3b as (0.23

± 0.02). The fraction of DBTTF molecules that undergo CT is greater than TCNQ

within the α-DBTTF–TCNQ polymorph. This provides structural insight into the

localization of the charge within the α-DBTTF–TCNQ polymorph, where a greater

amount of charge is near the thiophene group relative to the cyano group. The XPS

results also provide additional evidence of the different electronic structures between

the two polymorphs, where CT is detected at the surface in the α-DBTTF–TCNQ

structure and not in the β-DBTTF–TCNQ.

The complementary measurements described in this section confirm that the α-

polymorph exhibits a high degree of charge transfer of 0.5e, while the β-polymorph

is nearly neutral. Such a difference results from the shift in the molecular overlap of

the donor and acceptor molecules, in agreement with the theoretical work suggesting

that q, similar to charge carrier mobility, depends on the molecular overlap.16
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5.2.3 Charge Transport in DBTTF–TCNQ Polymorphs

In this section we present the effect of the differences in the crystal structure and

partial ionicity on the charge transport in this material system. We measured the

electrical characteristics of the two DBTTF–TCNQ polymorphs by fabricating sin-

gle crystal OFETs of the top-gate, bottom-contact design. The device structure is

included as an inset in Fig. 5.8a. At least 30 crystals of each polymorph were investi-

gated and all measurements were performed in the D/A stack direction. To fabricate

the field-effect transistors, source/drain electrodes (5 nm Ti/45 nm Au) were pat-

terned by photolithography and deposited by e-beam evaporation on a 200 nm SiO2

substrate that served the role of an insulating substrate. Following cleaning with hot

acetone, hot isopropanol, and a UV/ozone treatment, the crystals were laminated by

hand onto the substrate as they were thin enough to stick by electrostatic adhesion.

The crystals were aligned with the contacts so that the charge-transfer stack axis was

directed across the OFET channel. To achieve the top-gate configuration, 300-750

nm N-parylene (εr = 2.65, thickness determined from capacitance measurements) was

deposited onto the crystals following a procedure described elsewhere,39,40 and silver

(60 nm) was thermally evaporated to act as a gate contact. Electrical properties were

measured in air and in the dark by using an Agilent 4155C semiconductor parameter

analyzer.

Current-voltage (I-V) characteristics are shown for a typical device in Fig. 5.8 for

the α-polymorph and Fig. 5.9 for the β-polymorph. Here, panels (a) and (b) show the

transfer characteristics (the evolution of the drain current (ID) with the gate-source

voltage (VDS)), when positive (a) or negative (b) source-drain bias (VDS) is applied

and the device operates in saturation mode (VDS = ±60 V). The left axis shows the

square root of ID, and the hole and electron mobilities, µh and µe, were calculated

from the slope of these plots by using standard procedures.41–43 The right axis, in blue,

shows ID on a logarithmic scale. The effects of a sweeping VDS on the ID for different
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applied VGS, namely the output characteristics, are shown in panels c and d. The

non-linear behavior of the low VDS region of the output characteristics originates from

the injection barriers between the metal contacts and the semiconductor materials,

which are inherent in ambipolar FET devices.

Ambipolar transport is observed in both polymorphs, but the differences between

hole and electron enhancement are clear. In the α-polymorph the electron transport

is dominant, with the average electron mobility µeα = 0.4 ± 0.2 cm2V−1s−1being one

order of magnitude greater than the average hole mobility in the same crystals, µhα

= 0.04 ± 0.02 cm2V−1s−1. These results are in agreement with those reported pre-

Figure 5.8: Electrical characteristics for α-DBTTF–TCNQ, with the device struc-
ture shown as an inset of plot (a). The channel geometry is L/W = 0.85. The transfer
characteristics for negative drain voltage are shown in (a) and for positive drain volt-
age in (b), with the black axis showing the square root of the drain current versus the
voltage and the blue axis shoing a log-scale plot of the drain current versus voltage.
The output characteristics for the α-polymorph are shown for negative and positive
gate voltage in (c) and (d) respectively, indicating electron-favored transport.
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Figure 5.9: Electrical characteristics for the β-polymorph. The channel geometry
is L/W = 0.75. The transfer characteristics for negative drain voltage are shown
in (a) and for positive drain voltage in (b). Panels (c) and (d) show the output
characteristics for the β-polymorph.

viously for solution-grown microrods of the α-polymorph DBTTF–TCNQ on similar

contacts, though the electron mobility in our devices is slightly higher.27 This is to be

expected, as the use of SiO2 in earlier reports inhibits electron transport.44 We note,

however, that another study showed only electron transport in the α-polymorph, with

a similar device structure, but at much lower applied voltages (linear regime of device

operation).45 We believe hole transport is observed in our studies because the devices

are biased at higher drain voltages. The β-polymorph also shows ambipolar behavior

but favors hole transport with mobilities of µhβ = 0.1 ± 0.07 cm2V−1s−1and µeβ =

0.03 ± 0.02 cm2V−1s−1, as shown in Fig. 5.9. These trends are consistent for all the

crystals we investigated in this study.
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5.3 Discussion

It is well known that the differences in crystal structure that are inherent in poly-

morphs result in modifications in the band structures and physical properties.10,46

This has been measured, for example, in thin films of diindenoperylene by a com-

bination of UPS, IPES (inverted photoemission spectroscopy), low-energy electron

diffraction (LEED), and XPS.47 In order to understand the differences induced in

the band structure of the DBTTF–TCNQ polymorphs, we performed both UV-Vis-

NIR absorption spectroscopy (Fig. 5.4) and UPS measurements (Fig. 5.10). UPS

Figure 5.10: UPS spectra of the HOMO region for the α-polymorph (top) and
the β-polymorph (bottom) with respect to the Fermi energy (EF). The data of the
polymorphs (open circles) are shown after subtracting the background contribution
from the Au substrate, and a fit of one Gaussian lineshape (red line) is used to
estimate the center of the HOMO. The dashed line is a guide to the eye for the small,
but measurable shift of the HOMO between the two polymorphs.
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measurements were performed in the same XPS vacuum system stated previously by

using an He discharge lamp (21.2 eV) as the excitation source and applying a -5 V

bias to the sample to clear the work function of the spectrometer. The energy scale

was calibrated by measuring the Fermi step in a bare Au sample. In each spectrum

(Fig. 5.10), the background contribution from the Au was removed in order to clearly

resolve the HOMO feature (open circles). Finally, one Gaussian lineshape was used

to estimate the center of the HOMO (solid red line). The optical absorption measure-

ments show that the α-polymorph CT band peaks at 0.78 eV, while the β-polymorph

peaks at 0.73 eV. Each of these absorption bands results from the CT excitations

from the HOMO level of the DBTTF to the LUMO level of TCNQ and thus provide

an estimate for the band-gap of each DBTTF–TCNQ polymorph, suggesting a nar-

rower value for the β-polymorph. These results demonstrate that (1) polymorphism

in molecular crystals results in changes in HOMO/LUMO levels which may impact

charge injection, and (2) the band-gap formation of the CT salt is more complex

than simply mixing the levels of the donor and acceptor species. Based on the UPS

results, we find a HOMO shift with respect to the Fermi energy level of 1.03 ± 0.07

eV for the α-polymorph and 1.10 ± 0.05 eV for the β-polymorph, which implies that

the different polymorphs have different hole-injection barriers when contacted to Au

source/drain electrodes. While we cannot unambiguously quantify the difference in

HOMO between the two structures because the standard deviations in these mea-

surements are of similar magnitude to the energy shift value (∆EHOMO = 0.07eV),

the UPS measurements suggest that the shift is present. Such a small shift, however,

is not sufficient to explain the differences observed in charge transport, as it can be

overcome by band bending.

The existence of distinct unit cells implies that the molecular overlap between the

donor (DBTTF) and the acceptor (TCNQ) is different between the two polymorphs

(see Fig. 5.6). Calculations and experimental work previously performed on mono-
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Figure 5.11: Band structure and density of states for the α- (left) and β-polymorphs
(right) of DBTTF–TCNQ. The points of high symmetry in the first Brillouin zone
are labeled as follows: Γ = (0,0,0), X = (0.5,0,0), Y = (0,0.5,0), Z = (0,0,0.5), A =
(0.5,0.5,0), B = (0.5,0,0.5), C = (0,0.5,0.5), D = (0.5,0.5,0.5).

molecular crystals show that very small changes in the intermolecular overlap of the

adjacent organic semiconductor molecules can yield dramatic changes in intermolec-

ular electronic coupling, which directly impact charge transport properties.14,48,49 In

order to evaluate this effect in CT complexes, in parallel to our experimental mea-

surements aimed at understanding the electronic structure of the polymorphs, we per-

formed DFT calculations on the known α-structure and the estimated β-structure.

Transfer integrals for the α- and β- polymorphs were calculated by extracting the

monomer, dimer, or trimer geometries from the optimized crystal and running at the

B3LYP/6-31G level in Gaussian09. These results are presented in Fig. 5.11. The

transfer integrals were found to be approximately equal for the hole and electron

transport in α-polymorph, with the value for holes (th = 87 meV ) slightly higher

than that of electrons (te = 73 meV), in agreement with previous report.15 The β-

polymorph transfer integrals were also found to be approximately equal, with th =

8 meV and te = 19 eV. These results suggest a more efficient charge transport in

the α-polymorph, in agreement with our experimental results. In addition, they also

point to an intrinsic balanced transport in both polymorphs, i.e. similar mobilities
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for electrons and holes in each type of crystal. In devices, however, the presence of

extrinsic factors such as the injection barriers formed at the metal/semiconductor

interface or polarization at the semiconductor/dielectric interface may, and indeed

have, led to different results. Takahashi, et al., showed that in OFETs fabricated

on the α-polymorph,45,50 electron-only transport, ambipolar transport, and hole-only

transport can be achieved by selecting source-drain electrodes of different work func-

tions. Since we used the same type of metal (gold) to contact both polymorphs in

the present study, contact choice alone did not cause the differences we observed. A

possible reason for the unbalanced electrical properties of the two crystalline struc-

tures may be related to their different responses to the presence of the trap states and

defects, as we have demonstrated for another system.10 A more significant contribu-

tion to these differences was suggested by a recent theoretical study, which showed17

that the effect of molecular overlap on electronic coupling in CTs is not necessarily

mirrored for holes and electrons — i.e, their transfer integrals and therefore their mo-

bilities, do not increase and decrease simultaneously. Consequently, the bulk material

may exhibit primarily hole, primarily electron, or ambipolar transport, depending on

the strength of interactions of molecular orbitals participating in charge transport.

For example, if the electronic coupling is dominated by the interaction between the

donor HOMO and the acceptor LUMO, balanced electron/hole transport is expected.

Otherwise, electron or hole dominant transport, or even unipolar transport may be

achieved. In addition, the shifts in molecular overlap are also expected to induce

modulation of q, as proposed by Sini, et al.,16 and confirmed here experimentally.

The higher degree of charge transfer observed in the α-DBTTF–TCNQ suggests a

higher crystal binding energy in the α-polymorph than the β-polymorph, as these

two features are directly related.51 Therefore, we attribute the differences in trans-

port — electron-favored transport in the α-polymorph and hole-favored transport in

the β-polymorph — to different D/A electronic coupling and the presence of different
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degrees of charge transfer between the D and A species, both caused by differences

in the D/A overlap.

5.4 Conclusions

In conclusion, we discovered a new polymorph of the charge transfer complex DBTTF–

TCNQ, which we refer to as the β-polymorph. The existence of two distinct crystalline

structures with the same D/A ratio provides us with a unique system for the study

of the impact of the donor-acceptor interactions on the optoelectronic properties of

organic charge transfer complexes. We find that the α-polymorph shows a large de-

gree of charge transfer between the constituent molecules of about 0.5e, while in the

β-polymorph the charge transfer is weak, quantified by a degree of charge transfer of

about 0.1e. Interestingly, while both crystals exhibit ambipolar transport, electron-

transport dominates in the α-polymorph, whereas hole-dominant charge transport

is observed in the β-polymorph. The changes in the electronic structure as a result

of different crystalline structures are minimal, as determined by UPS. We conclude

that the differences detected in the electrical properties are a result of the interplay

between the effect of the varying degree of charge transfer and electronic coupling

between the donor and acceptor. These differences likely result in a variance in the

molecular orbitals contributing to transport due to differing band structures between

the two polymorphs.
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Chapter 6

Summary

In summary, the three crystal systems presented in this dissertation illustrate some

of the structure-fucntion relationships of mixed-stack organic charge-transfer com-

plexes. The perylene–TCNQ system grows in three D:A stoichiometries, with the

1:1 exhibiting n-type transport, the 2:1 exhibit ambipolar transport, and the 3:1

exhibiting p-type transport in similar device structures. The degree of charge trans-

fer increases from approximately 0 to 0.1 to 0.2 for the 1:1, 2:1, and 3:1 respectively.

The stilbene–F4TCNQ complex exhibits temperature-dependent charge transport and

charge transfer that is associated with the freezing-in of a librational moiety within

the donor molecule. Above the glass transition, charge transport is thermally ac-

tivated and the degree of charge transfer is 0.1, but below, the charge transport is

temperature independent and the degree of charge transfer is neutral. Finally, the

DBTTF–TCNQ polymorphs demonstrate how small changes in molecular overlap

without changing D:A ratio can impact charge transport and charge transfer. The

α-polymorph exhibits electron-favored ambipolar transport and a degree of charge

transfer of 0.5, while the β-polymorphs exhibits hole-favored ambipolar transport

and a degree of charge transfer of 0.1.

Together, these systems simultaneously verify some of the theoretical models in

place for organic materials while highlighting challenges yet to be overcome. The

stilbene–F4TCNQ system shows how librational modes can affect transport. These
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are present in all materials, but especially come into play with the so-called ”greasy

groups”, or the functional groups bonded to an aromatic backbone to solubilize the

molecule. The DBTTF–TCNQ system shows how crystals containing the same D and

A constituents can demonstrate different electrical properties based on subtle shifts

in molecular arrangement. Still lacking, however, is an agreement between theory

and experiment on the exact nature of charge transport in these materials. Each of

these materials was predicted to show ambipolar transport along the stack axis, with

low effective masses for both holes and electrons. The experimental measurements,

however, did not correlate well with predictions. Part of this stems from the lack

of perfect crystals in nature, while theoretical predictions are based on defect-free

structures. In addition, the need for metal contacts to measure a given material adds

an extrinsic factor to the transport properties, increasing the difficulty in comparing

experiment and theory. Future experiments should seek to bridge the gap between

model and measurement, possibly by developing methods to incorporate disorder in

the case of the former and by developing contact-less measurements in the case of

the former. Such work would be a step towards making the dream of material design

with predictable properties a reality.
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