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C
rystalline 2D nanowires, nanofibers
(fibrils) of semiconducting polymers,
have attracted a great deal of recent

interest for optoelectronic applications such
as organic field-effect transistors1�4 and
solar cells.5�9 Perhaps themost well studied
are nanofibers of poly(3-hexylthiophene)
(P3HT),10�12 which are readily formed by
self-assembly (crystallization) in a marginal
solvent. The balance between inter- and
intrachain coupling strength shifts depend-
ing upon choice of polymer properties
(molecular weight, regioregularity) and
choice of solvent.13�15 The solution-based
assembly of these crystalline structures
opens new possibilities for controlled inter-
facing with n-type materials or surfaces,
removes the need for post deposition pro-
cessing of active layers (i.e., annealing), and
can give robust nanostructures of controlled

electronic properties.16�19 However, the in-
herent fragility of these nanowire assemblies
is a key limitation, as it makes transfer, mix-
ing, and resuspension in different solvents
problematic.
Recently, several groups have explored

chemical cross-linking as a means to gen-
erate mechanically robust, stable structures
for incorporation in solar and optoelectro-
nic devices.20�22 Polymer cross-linking has
been shown to stabilize power conversion
efficiencies by minimizing effects of phase-
separation in thermal annealing steps of
active-layer film preparation.23 For nano-
fibers, preserving the pristine aggregate
(π�π stacking) structure and associated
intermolecular coupling is seen as essential
for efficient long-range charge-transport.24,25

Recently, Park and Grey have shown how to
transfer J-aggregate nanofibers encapsulated
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ABSTRACT We show that mechanically and chemically robust functionalized poly-

(3-hexylthiophene) (P3HT) nanofibers can be made via chemical cross-linking. Dramatically

different photophysical properties are observed depending on the choice of functionalizing

moiety and cross-linking strategy. Starting with two different nanofiber families formed

from (a) P3HT-b-P3MT or (b) P3HT-b-P3ST diblock copolymers, cross-linking to form robust

nanowire structures was readily achieved by either a third-party cross-linking agent

(hexamethylene diisocyanate, HDI) which links methoxy side chains on the P3MT system,

or direct disulfide cross-link for the P3ST system. Although the nanofiber families have

similar gross structure (and almost identical pre-cross-linked absorption spectra), they have

completely different photophysics as signaled by ensemble and single nanofiber wavelength- and time-resolved photoluminescence as well as transient

absorption (visible and near-IR) probes. For the P3ST diblock nanofibers, excitonic coupling appears to be essentially unchanged before and after cross-linking.

In contrast, cross-linked P3MT nanofibers show photoluminescence similar in electronic origin, vibronic structure, and lifetime to unaggregated P3HT

molecules, e.g., dissolved in an inert polymer matrix, suggesting almost complete extinction of excitonic coupling. We hypothesize that the different

photophysical properties can be understood from structural perturbations resulting from the cross-linking: For the P3MT system, the DIC linker induces a high

degree of strain on the P3HT aggregate block, thus disrupting both intra- and interchain coupling. For the P3ST system, the spatial extent of the cross-linking is

approximately commensurate with the interlamellar spacing, resulting in a minimally perturbed aggregate structure.
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in amphiphilic copolymers for transfer/manipulation
in different solvent environments.26 Emrick and co-
workers showed that chemical cross-linking of diblock-
copolymer nanofibers formed in solution results in
mechanically robust, solvent-agile structures that can
be cast, resuspended, and/or mixed with a variety of
dopants for opto-electronic applications.20 Of specific
interest here is the extent to which cross-linking
perturbs the crystalline aggregate, and how different
cross-linking strategies might be used to tune elec-
tronic properties via programmed starting materials
and linking agents.
Here, we address the question of how different

chemical cross-linking affects exciton coupling in
isolated nanofibers. We started with preformed crystal-
line nanofibers from two different copolymers of
similar molecular weight (15 kDa) and molar block
ratio (4:1 P3HT/P3XT monomer ratio) in solution: poly-
(3-hexylthiophene)-block-poly(3-methanolthiophene)
(P3HT-b-P3MT) and poly(3-hexylthiophene)-block-poly-
(3-hexylthioacetate thiophene) (P3HT-b-P3ST). P3HT-b-
P3MT nanofibers were cross-linked by addition of
hexylmethylene diisocyanate (HDI), while P3HT-b-P3ST
nanofibers were cross-linked via removal of the acetate
and oxidation to form disulfide bonds. For simplicity,
we identify each diblock copolymer nanofiber family by
their polymer functional group: hydroxyl nanofibers
(P3MT) and thiol nanofibers (P3ST).
Figure 1 shows monomer structures of the different

copolymers and cross-linking agents used in this study,
along with a schematic drawing of the corresponding
two cross-linked nanofiber families. Low molecular

weight polymers were chosen to minimize the possi-
bility of chain folding within the lamellar sheets that
occurs when polymer molecular weight exceeds the
critical value (typically about 20 kDa in nanofiber
structure).14,27,28 Therefore, P3MT and P3ST functional
blocks attached to the end of P3HT chains are unlikely
to be present in the fiber core, and only decorate its
exterior.6 Thus, cross-linking the nanofibers composed
of lower molecular weight polymer avoids potentially
deleterious defects associated with higher molecular
weight systems. Photoluminescence images of iso-
lated cross-linked P3MT nanofibers show that their
extended structure is maintained through the cross-
linking process (Figure 1D). In addition, it is unlikely
that the minority block of the copolymer has any
intrinsic effect on the electronic structure, as solution
phase measurements of absorption and emission
of solvated single diblock-copolymer chains show
virtually no change as compared to solvated pristine
P3HT, although the chemical modifications of the side
chains can be seen in IR absorption.
Interestingly, although the suspended-phase absorp-

tion spectra of both nanofiber families before and after
cross-linking are identical, the nanofiber photolumines-
cence spectra show a strong dependence on the choice
of linker and solvent, where the changes in the 0�0
origin and relative intensities of vibronic sidebands indi-
cate significant variations in exciton coupling. In the
cross-linked P3MT nanofibers, time-resolved photo-
luminescence reports the absence of a fast PL decay
component usually associated with crystallinity, in con-
trast to cross-linked P3ST nanofibers. The observed

Figure 1. (A) Chemical structures of P3HT-b-P3MT/P3ST diblock copolymers and hexylmethylene diisocyanate. (B) Structural
schematics of pre- andpost-cross-linked nanofibers. Purple bars indicate lamellar assembly of the P3HTblocks, while the blue
P3MT (P3ST) blocks participate in the cross-linking (yellow). (C) AFM surface height image of P3MT cross-linked nanofibers
showing different morphologies (wires, ribbons, and nanosheet “clover-leaf” structures). (D) Photoluminescence image of
dilute P3MT cross-linked nanofibers cast on glass.
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differences in photophysical properties between the
two cross-liked nanofiber families are mostly owing
to the size of the cross-linkage: In the case of P3MT,
the cross-linking group that connects polymer chains is
longer than the combined hexyl groups of the P3HT
structure. Therefore, the linker could reactwithmethoxy
groups on the P3MT block on either adjacent or non-
adjacent sheets, resulting in a combined “pushing” or
“pulling” on the P3HT blocks that disrupt the crystalline
packing, thereby weakening both intra- and interchain
exciton couplings. In contrast, for the P3ST system, the
spatial extent of the cross-linker is commensurate
with the interlamellar spacing, resulting in a mild (if
detectable) perturbation in the P3HT aggregate struc-
ture. Transient absorption measurements of ground-
state bleach recovery and polaron absorption (of parti-
cular interest in solar cell applications) also reveal the
lack of a polaron absorption band in cross-linked P3MT
nanofibers that might be due to interrupted exciton
coupling across the chain in π-stacks. These combined
results demonstrate both physical robustness and elec-
tronic tunability in this important class of nanoscale
electronic materials.

RESULTS AND DISCUSSION

Figure 2 shows the steady state suspended-phase
UV�vis absorption and solid-state photoluminescence
spectra of P3MT and P3ST diblock copolymer nano-
fibers before and after cross-linking. Both diblock
copolymer nanofibers have absorption spectra similar
to pristine P3HT nanofibers of similar molecular weight
(Supporting Information, Figure S2). Prior to cross-
linking, the 0�0/0�1 intensity ratios in absorption
are characteristic of a weakly coupled H-aggregate
(J0≈þ20 meV).30 In photoluminescence, the emission
spectrum for the P3ST system is essentially unchanged
before and after cross-linking, indicating a minimal
structural perturbation of the aggregate structure.
In contrast, the emission spectra from P3MT nanofibers
change dramatically after cross-linking. The polymer
chain packing structure appears significantly altered,
as evidenced by a change in the 0�0/0�1 intensity
ratios from about 1 to 1.4 and a blue shift of∼40 nm in
the spectral origin. It should be also noted that the
apparent electronic origin at 610 nm for the cross-
linked P3MT nanofibers is significantly lower in energy
than the corresponding electronic origin of solvated
P3HT chains (580 nm), but higher in energy than that in
the aggregated film (650 nm). This shift is comparable
to that observed for single P3HT chains suspended in
a thin film of UHMW polyethylene,33 despite being in
a dense physical aggregate of several hundred nano-
meters-micrometers in length.
The line shape of the emission spectrum of cross-

linked P3MT nanofibers introduces the question of
whether interrupted aggregation has changed the
dominant chromophore coupling from H to J-type, or

simply eliminated any H-type aggregate by perturbing
interchain communication. In the latter case, the inter-
chain excitonic coupling would be weakened by the
change in the spacing between adjacent polymer chains
followed by an increase in the torsional disorder which
would cause the PL spectral line shape to look like
a J-type aggregate with a much smaller stokes shift.
On the other hand, cross-linking has a negligible effect
on the steady state spectra of diblock copolymer P3ST
nanofibers, leading us to conclude that cross-linking by
oxidation of thiols to disulfide bonds generates minimal
structural perturbation and instead locks in the highly
aggregated nanofiber structure without causing major
interruption in interchain electronic communication.
In the H/J aggregate model, this observed increase

in the 0�0 peaks for the P3MT nanofibers implies that
the intrachain bandwidth is now larger relative to the
interchain bandwidth.31,32 The observed increase in
the PL intensity is also likely a result of a relatively larger
reduction in the interchain coupling, consistent with
the blueshift in the origin luminescence. If the inter-
chain coupling is reduced, then the spectral separation
between the higher-energy absorbing state and the
lower-energy emitting state caused by interchain cou-
pling is also reduced, causing a blue shift in the emitting
state as the band narrows. This picture is also consistent
with the observed reduction in the Stokes shift
upon cross-linking. While intrachain disorder is likely
increased (in the P3MT system) due to a disruption in
π-stacking, these measurements show that the asso-
ciated reduction in the intrachain bandwidth is smaller

than the reduction in the interchain bandwidth.
Figure 3 shows a comparison of time-resolved PL

from the two families of pre- and post-cross-linked
diblock copolymer nanofibers. One of themost striking

Figure 2. Normalized steady state absorption and emission
spectra of (A) P3ST NFs and (B) P3MT NFs before (black) and
after (red) cross-linking. Note the significant 40 nm blue
shift on the PL spectrum of the cross-linked P3MT nano-
fiberswith respect to0�0origins of P3MTnanofibers despite
their almost identical absorption spectra.
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features of the time-resolved photoluminescence of
the P3MT cross-linked system is the complete absence
of the fast PL decay component, suggestive of disrup-
tion of crystalline packing in the nanostructure. In this
case, the PL kinetics closely resemble that of isolated
P3HT chains in chloroform solution or regiorandom
P3HT despite physical aggregation into dense bundles
of nanofibers. For the cross-linked P3ST nanofibers, a
minimal effect on the fast PL decay transient indicates yet
again that there is no significant change in intermolecular
coupling upon cross-linking. The observed slight de-
crease in lifetime at very short times might reveal a small
increase or a subtle change in electronic coupling.
A fast PL decay component is regarded as one of the

characteristic signatures of highly ordered pristine P3HT
aggregates and nanofibers, however the mechanism(s)
underlying this process remain unclear.33�37 In previous
measurements in our laboratory, we observed that the
fast PL decay was highly polarized along the crystal-
lographic c-axis (transverse to the nanofiber long axis),

suggestive of a correlation with a high degree of intra-
chain order in these systems.35 This is supported by
measurements on high molecular-weight P3HT nano-
fibers formed via a thermal crystallization in toluene,
which show PL spectra characteristic of J-aggregates
as a result of their emission and absorption spectra,
which display this extremely fast decay mechanism.36

Thus, we conclude that the disappearance of the fast
decay component in the P3MT cross-linked nanofibers
is likely a consequence of the interruption of interchain
order.33,34

To further understand the nature of nanofiber struc-
tural perturbation driven by diisocyanate linking,
we conducted transient absorption measurements
on P3MT nanofibers before and after cross-linking
(Figure 4A). Before cross-linking, the transient absorp-
tion spectrum consists mainly of a strong ground-state
bleach (400�600 nm), along with a broad polaron ab-
sorption band centered at 650 nm. This polaron-related
absorption band appears to be a generic feature of
conjugated polymers and was originally posited to be a
SOMO f LUMO transition unique to conjugated poly-
mers that stack into lamellar crystals, with a correspond-
ing HOMO-1 f HOMO transition in the infrared.38�40

Illuminatingwork byNoone andGinger suggests that this
feature may be due to electroabsorption rather than true
polaron absorption.7 Interestingly, after cross-linking, this
polaronabsorptionbanddisappears completely, replaced
with a weak bleach band; this new band is most likely
stimulated emission, given its energy relative to the
overlaid PL spectrum. The complete disappearance of
the polaron absorption band after cross-linking may be
explained by the fluence-specific transient absorption
kinetics (Figure 4B). Cross-linking slows the decay kinetics
and reduces the effect of pump fluence. At higher pump
fluences, excited states are known to either interact and
annihilate or form free charges or polarons.41 We con-
clude that the reduction of intermolecular coupling as a
result of cross-linking P3MT nanofibers reduces exciton�
exciton interaction by confining the exciton to single
chains, or perhaps even single chromophores. As a result,

Figure 3. PL Decay traces from 15 kDa P3ST (upper) and
P3MT (lower) diblock-copolymer NFs before (black) and
after (red) cross-linking. Note the disappearance of the fast
decay component for the P3MT system after cross-linking.

Figure 4. (A) Transient absorption spectra of pre- (black) and post-cross-linked (red) P3MT nanofibers. Horizontal solid line
indicates zero TA value. Note the disappearance of the polaron-associated absorption (650 nm) after cross-linking. (B)
Ground-state bleach (GSB) kinetic traces of pre- and post-cross-linked P3MT nanofibers as a function of increasing pump
fluence (7, 235, and 525 μJ before cross-linking; 15, 65, and 900 μJ after cross-linking. λProbe = 550 nm). The GSB for pre-cross-
linked NFs shows a strong sensitivity to pump fluence (black), while the post-cross-linked NFs are essentially unaffected (red).
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even at extremely high pump fluence (nearly 1 mJ/cm2)
there is onlyweakexciton�excitonannihilation, aprocess
that appears to have a fluence threshold of ≈10�2

mJ/cm2 in high intermolecular-couplingP3HT aggregates
(i.e., un-cross-linked nanofibers).42,43 Under these experi-
mental conditions, intermolecular interaction is reduced
and exciton diffusion is limited, factors that would cer-
tainly hinder effective charge separation at the donor/
acceptor interface and should be avoided to maximize
solar cell efficiency.Wedonote that thefluences involved
in the transient absorption measurements (as well as
time-resolved photoluminescence) are many orders of
magnitude higher than normal solar illumination, even
with intense concentration.
Figure 5A shows the solid-state photoluminescence

spectra of P3MT nanofibers before cross-linking
(in 1:7 CHCl3/DCM), after cross-linking (in 1:7CHCl3/DCM),
and after cross-linking with solvent exchanged for
chloroform (a good solvent for P3HT). Resuspend-
ing non-cross-linked diblock copolymer nanofibers
in chloroform dissolves the nanofiber completely,
returning the emission to a 580 nm electronic origin.
In contrast, PL spectra of cross-linked P3MT nanofibers
show not only that aggregation remains in chloroform,
but also that suspension in a chloroform bath and sub-
sequent recasting into a thin film causes an increase
in planarity relative to suspension in chloroform�
dichloromethane mixed solvent (1:7 volume ratio)
evidenced by a 20 nm red shift of the PL electronic
origin. We believe this structural relaxation is caused
by relief of strain imposed originally by cross-linking of
nonadjacent block copolymer molecules. Suspension
in a good solvent (like chloroform) may allow indivi-
dual chains to move within the constraints of their
cross-linking towards a thermodynamically more fa-
vorable shape, which results in a longer mean con-
jugation length and resultant spectral red shift in PL.
This effect indicates that the structure within the cross-
linked system can still be manipulated by postproces-
sing, without dissolving the aggregate entirely. This is
consistent with the picture of the cross-linked aggre-
gate as a systemmechanically constrained only on one

edge (the P3MT block side), while the rest of the
polymer retains mobility. This view is supported by
observation of the absorption spectrum of suspended
cross-linked P3MT nanofibers in chloroform, as it shows
a strong amorphous component (450 nm) despite few
or no free polymer molecules in solution, as the liquid
phase of the solvent around the cross-linked fiber
bundles remains completely colorless (Supporting In-
formation, Figure S3). Time-resolved PL transients of
cross-linked P3MT show that this 'solvent-annealing'
process reintroduces some level of interchain aggrega-
tion, as the fast component of the decay is restored
almost completely (Figure 5B).
Finally, it is useful to try to reconcile the combined

spectral and time-resolved data with a structural pic-
ture of the two different cross-linked nanofiber fam-
ilies. The photophysical data clearly indicate a strongly
perturbed aggregate structure for the cross-linked
P3MT nanofibers, and a minimally perturbed structure
for the P3ST nanofibers. We believe the fundamental
structural differences derive from the nature of cross-
linking: The 'third-party' ICN cross-linker accesses
primarily methoxy groups on the exterior of the nano-
fiber. The length of the external ICN linker is such that
it favors binding across lamellar sheets, thus function-
ing as kind of an 'alligator-clip'. For binding between
adjacent sheets, the physical size of the linker stresses
the sheets apart, while for binding between non-
adjacent sheets, there is a pulling effect further distort-
ing the aggregate structure. Grey and co-workers
observed similar structural perturbations on single
nanofibers by applying high pressure, which exerts
a torque on the chain ends thus disrupting the
J-aggregation.36 For the P3ST system, the nature of
the cross-linker facilitates almost exclusive linkage
between adjacent lamellar sheets, where the length
of the cross-linkage is approximately commensurate
with the (unperturbed) lamellar spacing.

CONCLUSIONS

We have shown by a variety of photophysical met-
rics that by controlling the size of the cross-linking

Figure 5. Solvent dependence on (A) room temperature normalized emission spectra, and (B) PL decay dynamics of cross-
linked P3MT nanofibers. PL spectra and decay curves from pre-cross-linked NFs are shown in black; post-cross-linked
suspended in 1:7 chloroform/dichloromethane (light red crosses), and chloroform (dark red triangles).
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agent relative to alkyl side chain length, exciton cou-
pling in P3HT nanofibers can be controlled, either by
including a relatively large linker, which reduces inter-
chain coupling, or alternatively using a linker of com-
parable length to the lamellar spacingwhichminimally
perturbs the aggregate structure. We are currently ex-
ploring the use of intermediate-length linkers to reliably
induce more subtle changes in coupling, rather than the
gross differences reported above. The ability to lock
conjugatedpolymer structures of interest in photovoltaic
devices before or during the mixing of donor and
acceptor (or multiple donor, etc.) without compromising
nanostructure integrity represents a new and poten-
tially useful tool for optimizing solar cell performance.

This cross-linking process removes the need for all
structures to be kinetically stable at every step during
device fabrication, which may include immersion in
several solvents, thermal annealing, and bombard-
ment by reactive metal vapor for electrode deposi-
tion. We have also shown that the structures formed
via cross-linking can be 'programmed' with particular
levels of strain-induced disorder, and subsequently
annealed via facile solvent processing. This may be
useful for engineering cascades of aggregates with-
out resorting to complicated chemical synthetic pro-
cedures, or modification of the surface or particular
parts of the device with the introduction of small
amount of solvent.

SYNTHESIS AND MATERIALS

P3HT-b-P3MT Fibrils. The diblock copolymer P3HT-b-P3MT
was synthesized as previously reported.20 The block copolymer
used in these experiments had a molar ratio of 4:1 P3HT/
P3MT (determined by 1H NMR spectroscopy), Mn = 14 kDa, and
PDI = 1.44. The fibrils were prepared as previously reported. In
brief, the block copolymer (10 mg) was dissolved in ACS grade
chloroform (1 mL) and gently sonicated and heated to 30 �C
for 1 h. The solution was then passed through a syringe filter
(0.45 μm) into a clean vial, and 7 mL of dichloromethane was
added to induce fibrilization. The solution was left in the dark,
undisturbed, for 24 h after which 5 mL of the deep purple,
opaque solution was added to 800 mL of dichloromethane.
Freshly distilled anhydrous triethylamine (1 mL) and hexa-
methylene diisocyanate (0.1 mL) were then added, and the clear,
purple solution was stirred at room temperature in the dark
for 12 h. After this time, the deep purple fibrils were floating in the
solution, and the solvent was clear. The fibrils were used directly,
or isolated by centrifugation at 1000 rpm for 10 min to float the
fibrils and removal of the solvent by pipet. The isolated fibrils
were then resuspended in the desired solvent.

P3HT-b-P3ST Fibrils. P3HT-b-P3ST was synthesized as pre-
viously reported. The block copolymer used in these experi-
ments had a molar ratio of 4:1 P3HT/P3ST (determined by 1H
NMR spectroscopy), Mn = 15.4 kDa, and PDI = 1.28. Fibrils of
P3HT-b-P3ST were prepared by charging a vial with a stir bar,
the block copolymer (5 mg), and anisole (10 mL), then sealing
with a Teflon-coated cap and heating to 80 �C in an oil bath until
the solution turned bright orange and all polymerwas dissolved
(approximately 20 min). The heat was then turned off and the
oil bath allowed to cool to room temperature after which
the vial was removed and placed in a cold room (4 �C) for 8 h.
The solution became dark purple and slightly viscous during
this time. The fibril solution was diluted with 550 mL of anisole,
diethylamine (10 mL, 2.0 M in tetrahydrofuran) was added, and
the solution was stirred in the dark for 12 h. After this time, the
solution was used as prepared without further processing.
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