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Conductive fullerene (C60) units were designed to be arranged in one dimensional close contact by locally

organizing them with covalent bonds in a spatially constrained manner. Combined molecular dynamics

and quantum chemical calculations predicted that the intramolecular electronic interactions (i.e. charge

transport) between the pendant C60 units could be controlled by the length of the spacers linking the

C60 units and the polymer main chain. In this context, C60 side-chain polymers with high relative degrees

of polymerization up to 1220 and fullerene compositions up to 53% were synthesized by ruthenium

catalyzed ring-opening metathesis polymerization of the corresponding norbornene-functionalized

monomers. UV/vis absorption and photothermal deflection spectra corroborated the enhanced inter-

fullerene interactions along the polymer chains. The electron mobility measured for the thin film field-

effect transistor devices from the polymers was more than an order of magnitude higher than that from

the monomers, as a result of the stronger electronic coupling between the adjacent fullerene units

within the long polymer chains. This molecular design strategy represents a general approach to the

enhancement of charge transport properties of organic materials via covalent bond-based organization.
1 Introduction

The electronic and optoelectronic properties of organic semi-
conductors depend heavily on non-covalent intermolecular
interactions, which result in specic molecular arrangements,
crystal packing modes, and morphology in the solid state. Good
carrier mobility of an organic eld-effect transistor (OFET), for
example, can only be achieved1 when the molecular packing
mode favors maximized electronic coupling between adjacent
molecules. In this context, the knowledge of crystal engi-
neering2–4 and supramolecular chemistry5,6 has been applied
extensively in order to gain a better understanding of the
correlation between molecular structure, solid-state arrange-
ment, and electronic/optoelectronic properties. However, it is
still a challenge to control the intermolecular order in the solid
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state, which can be determined by many different factors such
as packing enthalpy and entropy, crystallization kinetics, and
metastable states.

One way to avoid the unpredictability of non-covalent
intermolecular interactions in organic semiconductors is to x
the conductive components using covalent bonds. In such a
case, the local arrangement of these components becomes an
intramolecular property that is governed by the chemical
constitution of covalent bonds, which is less sensitive to the
possible thermal uctuation or crystallization kinetics. For
example, DNA represents a prototype model in which long-
range charge transport along the p-stacked base pairs can be
promoted by the special arrangement of the backbone made of
sugars and phosphate groups joined by covalent ester bonds.7,8

Attempts had been made to organize conductive chromophores
along linear polymer chains9–12 and in some cases the corre-
sponding charge transport mobility was measured.13 However,
no enhancement of charge carrier mobility of such polymeric
systems has been reported, compared to the corresponding
monomer lm. There remains a challenge to achieve the close
intramolecular contact between the conductive units and to
maximize the electronic coupling between them using covalent
control. On the other hand, the organization of conductive units
into two-dimensional covalent organic frameworks has been
achieved.14–16 The reported charge carrier mobilities, however,
were from laser ash photolysis time-resolved microwave
J. Mater. Chem. C, 2013, 1, 5747–5755 | 5747
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conductivity measurements, on a scale of several nanometers
that may not be applicable to micro-scale OFETs.

In order to investigate the effects of covalent local organi-
zation of conductive components on the optical and electronic
properties, the polymer should have (i) high molecular weight
(MW) in order to maximize the charge transport from intra-
molecular contribution, (ii) no structural and chemical defects
in the repeating units, and (iii) a non-rigid backbone that
ensures good solubility and allows the pendant groups to
reorganize thermally for maximized intramolecular interac-
tions. In addition to the better processability and thermal
stability, for conductive polymers, a higher MW allows fewer
hops between polymer chains and sometimes gives better
connection between grains.17,18 Good solubility is an essential
property for solution-processed fabrication procedures. In this
context, we designed (Fig. 1) a buckminsterfullerene
(C60)-containing monomer terminated with a norbornene
group for ring-opening metathesis polymerization (ROMP),
leading to the corresponding brush-like polymer via a “gra
through” route. However, according to a similar work reported
in the literature,19 the poor solubility of the C60 polymer will be
a severe limiting factor to the MW. In this context, an essential
solubilizing group, either polystyrene or branched alkyl chain,
needs to be attached as the tail of the monomer. The poly-
styrene side-chain, in addition, provides the possibility of
direct visualization of the single polymer chain under atomic
force microscopy (AFM).20,21

C60 represents an ideal conductive component22,23 for
demonstrating that enhanced intramolecular charge transport
can result in an overall increase in charge transport in the bulk
thin lm, based on the facts such as: (i) the isotropic spherical
p-electron surface of C60 makes the charge transport insensitive
to the precise C60 arrangements;24,25 (ii) C60-containing thin
lms are reported to have high electron mobility values;4,26,27

and (iii) C60 units are bulky in size with a van der Waals
diameter of �1.1 nm so that they can easily interact with each
other when in close proximity. The organization and assembly
of fullerene units using non-covalent forces have been well
documented in the literature.28 We hypothesize that the one-
dimensional covalent organization of C60 units along a linear
polymer, in which the repeating unit is spatially smaller than
Fig. 1 Cartoon representation of the covalent organization of C60 units by the
polymerization of a C60 containing monomer. The one-dimensionally organized
C60 units should in principle exert stronger electronic coupling with each other,
leading to improved intra-chain charge transport property compared to the
monomer.

5748 | J. Mater. Chem. C, 2013, 1, 5747–5755
the C60 unit, would conne them along the polymer chain with
close contact (Fig. 1). Given the fact that the peculiar features of
C60 are retained in most of its derivatives, such arrangements
would promote intramolecular fullerene interactions, which
could, in turn, result in fullerene-containing materials with
improved charge transport.
2 Result and discussion
2.1 Theoretical investigation of polymer design

In order to investigate the conformation of the proposed C60-
containing poly(norbornene) derivative and the packing mode
of the C60 units, molecular dynamics (MD) simulations were
performed on model molecules with 10 repeating units
(structure shown in Fig. 2, top) in an explicit toluene solvent.
The snapshots of congurations of polymers with three
different lengths of spacers [(CH2)m, with m ¼ 3, m ¼ 6, and m
¼ 12] obtained aer 20 ns of simulations are shown in Fig. 2.
The poly(norbornene) backbones are relatively rigid and
remain nearly linear during the simulation period [the
computed Debye–Waller factors (B-factors) of the backbones
and side-chain C60 groups are provided in the ESI†]. 2-Decyl-
tetradecanyl groups are exible and may either interact with
the C60 units or be exposed to the solvent, which leads to
increased solubility. As we hypothesized, the distances
between the C60 units on adjacent side-chains are dependent
on the length of the spacer. For m ¼ 3, the C60 units are
aligned in a more linear arrangement and each C60 is in close
proximity to the two adjacent C60 units on the side-chains. In
contrast, when m ¼ 6 or 12, the C60 units have more freedom
of movement due to the longer spacer. In both cases, the
fullerene units appeared to cluster on one side of the back-
bone, while on the other side the C60 units are separated into
two groups. The histograms of the inter-fullerene distances are
also shown in Fig. 2. For m ¼ 3, most of the inter-fullerene
distances are between 9 and 15 Å, while for m ¼ 6 and 12, there
are signicant populations of the inter-fullerene distances
between 15 and 25 Å. As a result, the average center-to-center
distance between adjacent C60 units increases while increasing
the length of alkyl spacers from m ¼ 3 to m ¼ 6 to m ¼ 12
(10.98 � 1.12, 11.49 � 0.81 and 12.39 � 1.27 Å, respectively).
According to previous computational studies on fullerene–
fullerene29 (with the lowest energy inter-fullerene distance
being 10.3 Å) and fullerene–p system30 (with the p–p distance
being 3.0 Å) interactions as well as crystallographic data on
fullerenes in the solid state31 (inter-fullerene distance 10.1 Å at
room temperature), strong van der Waals interactions between
the C60 units are expected at these distances.

In order to further investigate the effect of the conned local
covalent organization on the charge transport properties in the
polymers, we proceeded to perform quantum chemical calcula-
tions on the electronic coupling between the C60 units. To
compare the magnitude of the transfer integrals for the polymer
with m ¼ 3 and m ¼ 12, we have extracted 100 groups of two
adjacent C60 units for snapshots taken every 200 fs from the 20ns
MD trajectories. The histograms for the absolute values of the
transfer integrals are shown in Fig. 3. Higher transfer integral is
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (Top) Structural formula of the model molecules studied in the MD simulation, with different spaces (CH2)m in between the poly(norbornene) backbones and
the C60 units. (Middle) The snapshots of structures withm¼ 3,m¼ 6, andm¼ 12 after 20 ns of MD simulations in an explicit toluene solvent. (Bottom) The histogram of
the distances between adjacent C60 units, calculated based on the centers of mass of each fullerene. Distances (in Å) between each pair of C60 units are shown in a
unique color (see ESI† for the color code).
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an indication of a better electronic coupling between molecules
and therefore a faster charge transfer. Whenm¼ 12, most of the
transfer integrals lied between 0 and 10 meV with a peak at the
lower end. In contrast, the transfer integrals for m ¼ 3 showed
much broader distribution where most of the transfer integrals
were between 10 and 20 meV. For the polymer with a shorter
spacer, the transfer integrals also extended to higher values up to
50 meV with a lower count at around 0 meV. Such a drastic
difference in transfer integrals demonstrates that the charge
transfer among the side-chain C60 units is heavily governed by
the conned covalent organization. A shorter spacer gives
stronger coupling between adjacent C60 units and hence better
charge transport characteristics in these side-chain polymers.
2.2 Synthesis and characterization

With the verication from MD simulation and quantum
chemical calculation, we proceeded to the syntheses of spatially
conned C60-pendant poly(norbornene) derivatives. Fullerene-
containing polymer materials32 have been popular synthetic
targets immediately aer the successful production of C60 in a
multi-gram scale.22 Aside from a few examples of main-chain
fullerene polymers reported33–35 in the literature, many side-
This journal is ª The Royal Society of Chemistry 2013
chain fullerene polymers were synthesized as pendant groups
on non-conjugated36–41 and conjugated polymer backbones.42

Moreover, fullerene units were also incorporated successfully
into cross-linked polymer matrices43,44 and three-dimensional
inorganic materials.45 In spite of these synthetic achievements,
most of the aforementioned polymers are limited in MW on
account of the marginal solubility of fullerene in common
organic solvents.46 Furthermore, because of the signicant
spatial hindrance of the spherical C60 units, it is challenging to
functionalize 100% of the side-chains with C60 units when using
a “gra to” approach, inducing defects on the side-chains hence
diminishing the intramolecular charge transport path. Instead,
the “gra through” approach we adopted in this work enables
100% side chain occupation by C60 units, hence leading to a
defect-free C60 polymer chain.

As outlined in Scheme 1, the synthesis started with the
amination of cis-5-norbornene-exo-2,3-dicarboxylic anhydride
by a,u-amino alcohols 1a–c with different carbon numbers m.
Since the length of the amino alcohol determines the distance
between the norbornene group and the fullerene unit, three
different amino alcohols with the alkyl spacer carbon numbers
m ¼ 3, 6 and 12 were employed. The resulting hydroxyl group-
terminated norbornene derivatives were subsequently treated
J. Mater. Chem. C, 2013, 1, 5747–5755 | 5749
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Fig. 3 Quantum chemistry calculation: calculated distribution of absolute values
of the transfer integralsbetweenapairofC60units in4d (m¼3, top) and4f (m¼12,
bottom), based on the corresponding 20 ns molecular dynamics trajectories.

Scheme 1 The synthetic scheme for the C60-containing brush-like polymers 4a–
d. These polymers differ from each other in the spacer lengths (m) and the
solubilizing groups (R), which are specified in the table box.

Table 1 Initiator ratio, molecular weight, polydispersity and TGA analysis of
polymers 4a–f

Entry
[M]/
[I]

Mn

(kg mol�1) PDI DPc

Theoretical
C60 content
(%)

Residual weight
at 550 �C
on TGA (%)

4a 800 1300a 1.9 1220 33.2 43.7
4b 800 770a 2.2 760 36.6 45.3
4c 400 370a 1.2 410 37.8 46.1
4d 400 160b 2.4 330 52.9 66.9
4f 400 249b 1.2 460 48.4 53.5

a Determined from GPC using THF as an eluent and polystyrene as the
standards. b Determined from GPC using chlorobenzene as an eluent
and polystyrene as the standard. c The size exclusion columns
underestimated the MW of C60 containing polymers. In this context,
the normalized DP values were calculated by dividing the GPC MW of
the polymer by the GPC MW of the monomer, in order to minimize
such underestimation on MW.
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with Meldrum's acid to give the corresponding malonic acids.
The solubilizing groups – either polystyrenes [Mn¼ 900 gmol�1,
polydispersity index (PDI)¼ 1.1] or branched alkyl chains –were
attached by carbodiimide-promoted acid-alcohol coupling
reactions to afford malonates 2a–f. The resulting malonates can
then undergo base-promoted Bingel cycloaddition47 reactions
with C60 to give the norbornene derived methanofullerenes 3a–
f. Aer extensive purication procedures, including column
chromatography, preparative gel permeation chromatography
(GPC) and re-precipitation, the pure 3a–f were ready to undergo
ROMP to give polymer products 4a–f. In order to obtain high-
MW products with controllable PDIs, the highly active fast-
initiating ruthenium catalyst (H2IMes)(pyr)2-(Cl)2RuCHPh48 was
5750 | J. Mater. Chem. C, 2013, 1, 5747–5755
selected for the polymerization. Since the [Ru] catalyst loading
was extremely low (<0.1% in weight) in the ROMP and was the
only reagent introduced during the reaction, the polymer
solutions were used as-prepared for characterization and device
testing directly without further purication.

According to analytical GPC characterization (Table 1), the
ROMP reactions proceeded quantitatively within 2 h. The
products were clean with moderate polydispersity (PDI # 2.4),
and nomonomer was detectable. TheMWs of the products were
controlled by the ratio of the monomer to the initiator ([M]/[I])
(Table 1). For example, the degree of polymerization (DP) of 4a
and 4b was 1220 and 760, respectively, when using [M]/[I]¼ 800.
In the case of 4c, d, and f, [M]/[I] ¼ 400 was used in the poly-
merization reaction, leading to DP ¼ 410, 330, and 460
respectively (see ESI† for GPC and thermogravimetric analysis).
The individual polymer chains were visualized directly in
intermittent contact mode AFM (see ESI†). The high degree of
polymerization rises the contour lengths of individual polymer
chains up to several hundred nanometers while the long poly-
styrene side-chains ensured the rigidity and a signicant height
of the polymer chains when lying down on the surface.21
2.3 Optical spectroscopic characterization

In order to experimentally conrm the interaction between C60

molecules in polymers with different spacer lengths, we carried
out optical spectroscopic characterizations. When closely
packed to each other, fullerene molecules undergo intermo-
lecular charge transfer (CT) with their nearest neighbor. Such
CT interactions result24 in new absorption bands, centered
around 510 nm and 460 nm. They are, for example, present in
the thin lms of [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), but are suppressed when PCBM is diluted in a polymer
matrix.49 In this context, solution UV/vis absorption spectra
(Fig. 4a) of polymers 4a–c (with m ¼ 12, 6 and 3, respectively)
and monomer 3a were recorded. In order to probe only intra-
molecular interactions, dilute solutions (0.2 mg mL�1) in
toluene were employed for the solution experiments. The
solution UV/vis spectrum of monomer 3a showed a sharp peak
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) UV/vis spectra of 4a–c and 3a recorded in solutions (0.2 mg mL�1) in
toluene. (b) Photothermal deflection spectra of 4a–c and 3a in thin films that
were drop-cast onto quartz substrates (2% in polystyrene matrix).
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at 430 nm and a broad peak maximized at 490 nm, with two
distinctive dips on absorption (425 and 435 nm) before and
aer the peak at 430 nm. These characteristic absorption
features represent free methanofullerene derivatives in solu-
tion, similar to those reported for PCBM.50 The spectrum of 4a
(m¼ 12), however, showed the same absorption features but the
absorbance from 400 to 550 nm increased, making the peak at
430 nm less sharp compared to that of 3a. For 4b, a shorter
spacer (m ¼ 6) made the peak at 430 nm even broader. When 4c
(m ¼ 3) was measured, such a trend was most prominent and
the peak at 430 nm was almost indistinguishable, making the
spectrum of 4c to resemble that of a thin-lm of the C60 deriv-
ative, even though this case is for a dilute solution.49,51 More-
over, cyclic voltammetry measurement of the dilution solution
of the polymer showed a �50 mV increase in the electron
affinity compared to the corresponding monomer, corrobo-
rating52 the fact that the C60 units were in close contact with
each other along the polymer chain (see ESI†).

In order to test whether such a phenomenon retains in the
solid state, the absorption spectra of the thin lms of 4a–c (2%
by weight) dispersed in the polystyrene matrix were recorded
(Fig. 4b). Photothermal deection spectroscopy53 (PDS) was
employed to rule out any inuence of light scattering on the
solid-state optical absorption spectrum in the spectral region of
This journal is ª The Royal Society of Chemistry 2013
interest, as PDS is a technique insensitive to light scattering. It
was observed that the absorption increased in the spectral
region between 450 nm and 550 nm for the polymers, with the
same trend compared to solution UV/vis spectra, i.e., the poly-
mers with shorter spacer lengths exhibit stronger CT absorp-
tion, consistent with the shorter inter-fullerene distance in the
MD simulations. Considering the low concentration of the
polymer/monomer, we attribute such a trend to the increasing
probability of intramolecular C60–C60 interactions along the
polymer chain while decreasing the spacer length m, suggested
by the MD calculations described earlier.

Although a number of examples of the synthesis and char-
acterization of brush-type fullerene polymers have been repor-
ted29–33 in the literature, they did not demonstrate the property
of conned assembly of the fullerene units. The conventional
“gra to” synthetic approach, in which side-chain defects are
inevitable due to the increasing steric blocking of the graing
site as the reaction proceeds, limits the possibility of close
interaction between the side-chain fullerene units. This chal-
lenge was overcome herein by using the “gra through”
approach using a fullerene-containing monomer, to force a
100% occupation of C60 units on the side-chains even though
the resulting steric hindrance of the side-chains is signicant.
2.4 Thin lm processing and eld-effect transistors

To investigate the solid-state electronic properties of the
conned organized C60 units along the polymer chains, charge
carrier mobility of the thin lms formed by the polymers and
the corresponding monomers was measured. Smooth thin-
lms of the monomers 3a–f and the polymers 4a–f can be
readily formed on hydrophobic substrates by spin-casting. Both
the thin lms of the polymers and the monomers were smooth
and amorphous. For example, the mean roughness of a thin-
lm of 4d was measured by AFM to be 0.28 nm and that of its
monomer 3d was 0.24 nm. Grazing incidence X-ray diffraction
(GIXD) of the thin lms of 3d and 4d demonstrated that both
the lms are amorphous without any identiable crystalline
domain (see AFM and GIXD data in ESI†). It is noteworthy that if
the polymers 4a–f were precipitated out in a poor solvent such
as MeOH, the resulting solid cannot be re-dissolved in good
solvents. This phenomenon is likely a result of an extremely
slow dissolving process of the large C60-containing polymers,
even though the original solutions of 4a–f are thermodynami-
cally stable.54 Such a unique property is essential for sequential
solution-processed techniques because one can cast a thin lm
on top of the solvent-resistant lm without re-dissolving the
formerly casted thin-lm.55 Indeed, immersing the thin-lm of
4a–f covered substrates in solvents such as toluene, THF and o-
DCB for 24 h neither dissolve the polymer thin-lm nor change
the surface morphology.

Polymer 4d, f and their monomeric precursor 3d, f were
chosen for the fabrication of thin-lm transistors (TFT),
because of their highest C60 contents among 3a–f and 4a–f.56

Fig. 5 displays transfer (IDS vs. VGS) characteristics of OFETs
based on 4d, f and 3d, f annealed at 100 �C under nitrogen for
1 h, and the typical output (IDS vs. VDS) of device 4d at different
J. Mater. Chem. C, 2013, 1, 5747–5755 | 5751
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Fig. 5 (a) Transfer character of the OFET of 3d and 3f (monomers) as well as 4d
and 4f (polymers) as spin-cast thin films on BCB (10 nm) coated SiO2 (300 nm)/Si
substrates, with VDS ¼ 120 V; (b) output of the OFET of 4d.
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gate voltages. As shown in Fig. 5 and Table 2, both the polymers
and the monomers demonstrated characteristic n-type eld-
effects. In N2, the mobility of monomers 3d and 3f was
measured to be 6.8 � 10�6 and 3.2 � 10�6 cm2 V�1 s�1,
respectively. The mobility of the polymers, 4d and 4f, was
measured to be more than an order of magnitude higher (1.1 �
10�4 and 5.8 � 10�5 cm2 V�1 s�1, respectively).

Although the mobilities of these materials were much lower
compared to those of C60 derivatives such as PCBM, attributed
to the lower C60 content (48–53%), the TFT of 4d, f did exhibit a
higher eld-effect compared to that of monomers 3d, f. Not only
was the electron mobility higher by more than an order of
Table 2 Average mobility, on/off ratio, and threshold voltage for the OTFT
devices fabricated using 3d/f and 4d/f, measured in N2. All the devices were
measured right after each other on the same day within a few hours, with the
same solution-processing technique, and the same annealing process. Each of the
compounds had been tested on devices from at least two different batches, and
on 5 different channels of each batch. The results were within their standard
deviation listed below

Samples Mobility (cm2 V�1 s�1) On/off Vt

3d (6.8 � 2.2) � 10�6 160 63 � 2
4d (1.1 � 0.2) � 10�4 770 63 � 1
3f (3.2 � 1.0) � 10�6 70 60 � 3
4f (5.8 � 1.7) � 10�5 650 79 � 4

5752 | J. Mater. Chem. C, 2013, 1, 5747–5755
magnitude, but also the on/off ratio was signicantly larger.
Considering that the constitutional structures of the monomers
and their polymeric counterparts are highly analogous and the
micro-morphologies of the thin lms were both smooth and
amorphous, we attribute the difference in mobility to the
conned organization of C60 units in 4d, f, and possibly a higher
chance of interstrand charge hopping due to an increased
possibility of contacting between polymers, compared to the
corresponding monomers 3d, f. The conned arrangement of
C60 units along the long polymer chain in the thin lms of 4d
and 4f facilitated intra-polymer chain electron transport, while
such an advantage is not available in the thin lms of 3d and 3f.
Moreover, a higher charge carrier mobility was observed for 4d
with a shorter spacer than that of 4f with a longer spacer, in
agreement with the quantum chemical calculation results that
the intramolecular transfer integral in 4d is higher than that in
4f. The difference in mobility of 4d and 4f also indicated that
the improved intrachain charge transport was a dominant
factor for the improvement of charge transport in the polymers,
compared to the factor of improved interstrand charge hopping
between the polymer chains. However, in the long range at a
scale of the device channel length (�50 mm), the barriers for
charge carrier hopping between polymer chains in the thin lm
of the polymers were still the main limiting effect for the
charges to transport, restricted the enhancement of electron
mobility by having the intramolecular local conned arrange-
ment of conductive C60 units.

As mentioned earlier, the as-prepared polymer solution can
be used to cast thin lms right aer the polymerization is
completed; the thin lms become insoluble once dried. In order
to test the stability of the solvent resistant thin lm, the TFT
device of 4d was tested in air, before and aer soaking it in
toluene, giving average electron mobilities of 8.5 � 10�5 and
3.8 � 10�5 cm2 V�1 s�1 (see ESI†). The mobility decreased only
slightly even aer soaking in toluene for 24 h. The retention of
the electron transport ability of 4d makes these polymers
interesting for solution-processing of solar cells or doped
conductors that require solvent resistance.55 For example, they
could serve as the interface layer in solution-processed solar
cells. Because of their excellent solvent resistance and highly
amorphousmorphology, such polymer thin lms allow layer-by-
layer processing on top of them without the issue of re-dis-
solving. Meanwhile, as a very thin interface layer, the moderate
mobility should be sufficient to accommodate the current
density of organic solar cells.
3 Conclusion

In summary, the synthesis ofhighpolymerswith close packingof
C60 side-chains was achieved by using the highly efficient [Ru]
catalyzed ROMP reactions. Experiments and molecular
dynamics calculations demonstrated that the fullerene units
were conned along the polymer backbone and were forced to
interact with one another. The length of the spacer linking the
C60 unit and the poly(norbornene) backbone can be tuned, in
order to govern the inter-fullerene interactions: a longer spacer
gives more space for the side chain to relax so that the C60 units
This journal is ª The Royal Society of Chemistry 2013
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cankeepdistance fromeachother; a shorter spacer forces theC60

unit to be attached closely to the main chain, increasing the
inter-fullerene interactions. Such intramolecular C60 interac-
tions enhanced the corresponding electronic coupling, calcu-
lated by quantum chemistry methods. The measured electron
mobility of the polymer thin-lms was found to bemore than an
order of magnitude higher than that of the corresponding
monomer. This work demonstrates improved charge transport
in a bulk organic material through enhanced intramolecular
charge transport by means of one-dimensional covalent organi-
zation. Because the inter-chromophore distance as well as the
degree and phase of p-overlapping are the key parameters in
determining the charge transport mechanism of organic semi-
conductors (thenewly suggested “band-like” charge transport vs.
the classical charge hopping mechanism57,58), the ability to
control these parameters using covalent bonds provides an
important method to study these mechanisms systematically.
This design strategy for the regulation of electronic behavior of
organic conductive components would also apply to non-
fullerene systems.10,13 It can also be further coupled with the
strategy of side-chain tuning, which helps to decrease the
interchain transport, to capitalize the overall enhancement of
charge transport in bulk. Moreover, these polymer thin lms
showed excellent solvent resistance as a result of their high
molecular weight despite their high solubility, making them
potentially interesting in solution-processed device fabrications.
4 Experimental
Molecular dynamics simulations

Molecular dynamics simulations were performed using AMBER
11 (ref. 59) and the general AMBER force eld (GAFF)60,61 for
polymers with three different lengths of spacers, m ¼ 3 (4d),
m¼ 6 (4e), andm¼ 12 (4f). The 2-decyl-tetradecanyl solubilizing
group, which is less computationally demanding than the
polystyrene side chain, was used in the simulations for all
polymers. The starting structure was constructed with a trans-
isotactic backbone with 10 repeating monomers for each poly-
mer, ve on each side of the backbone. The distance between
the centers of adjacent C60 is 9.54 Å (with a surface–surface
distance of 2.4 Å) in the starting geometry. (For references and
details regarding the computational methods, see ESI.†)
Synthesis of polymers 4a–f

In a glovebox, the [Ru] catalystwasdissolved indegassed toluene in
a vial tomake a catalyst stock solution (1mgmL�1). 3a–fwere also
dissolved in degassed toluene to make a reaction solution
(30mgmL�1) in a vial usingamagnetic stirringbar. To the reaction
solution was added the corresponding amount of catalyst solution
while stirring. The reaction was allowed to proceed for 2 h before
being transferred out of the glovebox. The mixture was stirred
open to the air for another 30 min and then sealed for storage.
Atomic force microscopy

AFM images were taken on a Multimode atomic force micro-
scope (Veeco). By spin-coating (5000 rpm) a diluted solution of
This journal is ª The Royal Society of Chemistry 2013
4b or 4c (0.01 mg mL�1) in 1,2-dichlorobenzene onto a freshly
split mica substrate, the polymer can be deposited onto the
surface without severe aggregation and the individual polymer
chain can be identied in intermittent contact mode (light
tapping regime).

Photothermal deection spectroscopy

4a–c or 3a andpolystyrene (MW¼ 40 kgmol�1) were dissolved in
toluene at a ratio of 1 : 50 to form a blend solution (10mgmL�1).
The thin lm samples for PDS measurement were prepared by
drop casting these solutions onto quartz substrates. PDS
measures the local heating of the sample caused by the absorp-
tion of monochromatic light and subsequent non-radiative
decay. For weakly absorbing samples the PDS-signal is propor-
tional to the absorption coefficient of thematerial andprovides a
scatter free method of measuring its wavelength dependence.

In our home-built setup, the light of a Xe lamp passes
through a Newport Oriel cornerstone 260¼ m monochromator
and is focused onto the sample. The light beam (pump) is
chopped at a frequency of 3.333 Hz, creating a periodic heating,
causing a thermal wave to propagate in the sample and into the
surrounding medium. The sample is immersed in per-
uorohexane (C6F14, 3M Fluorinert FC-72), which has a strongly
temperature dependent index of refraction. This index of
refraction change is probed by a HeNe laser (633 nm), of which
the deection is detected by a position sensitive Si detector
connected to a Stanford research system SR830 lock-in ampli-
er. At the same time, the intensity of the incident mono-
chromatic pump beam is measured by a pyroelectric detector
connected to a second lock-in amplier. Dividing the two
signals from the lock-ins yields the PDS absorption spectrum.

Quantum chemistry calculations

The transfer integrals for the LUMO orbitals were calculated
within the dimer approximation at the B3LYP/6-31G(d) level of
theory as implemented in the Q-Chem 3.2 quantum chemistry
package. Although the 6-31G(d) basis is known to underesti-
mate the strength of the couplings, it has been shown that the
qualitatively correct results were obtained at this level of theory.
The solubilizing groups and the spacers to the polymer back-
bone are replaced by methyl groups to reduce the size of the
system. (See ESI† for references and the detailed structure used
for the calculations.)

Thin lm transistors

The SiO2 dielectric surface (300 nm thick) of a heavily n-doped
silicon wafer was covered with a 10 nm thick lm of a cross-
linked bisbenzocyclobutene (BCB) layer. A thin lm of 3d, 3f, 4d
or 4f was deposited on top of the BCB treated substrate by spin-
coating a polymer solution in toluene (10 mg mL�1) at
1000 rpm for 60 s. The lm thicknesses were all within the
range of 44 � 2 nm. Au source/drain electrodes (W ¼ 1000 mm,
L ¼ 50 mm) were used to measure the electrical performance.
The average eld-effect mobilities were calculated from the
transfer characteristics of more than 5 devices in the saturation
region (VDS ¼ 100–120 V).
J. Mater. Chem. C, 2013, 1, 5747–5755 | 5753
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