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ABSTRACT Combined Kelvin probe force microscopy and wavelength-resolved
photoluminescence measurements on individual pre- and post-cross-linked poly(3-
hexylthiophene)-b-poly(3-methyl alcohol thiophene) (P3HT-b-P3MT) nanofibers
have revealed striking differences in their optical and electronic properties driven
by structural perturbation of the crystalline aggregate nanofiber structures after
cross-linking. Chemical cross-linking from diblock copolymer P3HT-b-P3MT using a
hexamethylene diisocyanate cross-linker produces a variety of morphologies

including very small nanowires, nanofiber bundles, nanoribbons, and sheets, whose

relative abundance can be controlled by reaction time and cross-linker concentra-
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tion. While the different cross-linked morphologies have almost identical photophysical characteristics, KPFM measurements show that the surface

potential contrast, related to the work function of the sample, depends sensitively on nanostructure morphology related to chain-packing disorder.

KEYWORDS: Kelvin probe - P3HT - morphology - cross-linking - work function - polarization -
photoluminescence imaging and spectrum - electronic and optical properties

he search for high power conversion
Tefﬁciencies in organic solar energy

harvesting devices has produced
breathtaking advances in new materials
and processing techniques over the past
several years.' > One of the key device
figures of merit is the open-circuit voltage,
Voo, Which is directly related to electronic
properties of donor and acceptor in the
active layer, namely the difference between
the donor highest occupied molecular orbi-
tal (HOMO) and the acceptor lowest unoc-
cupied molecular orbital (LUMO) energy
levels. While considerable research effort
has focused on the design and synthesis of
new polymeric or small-molecule systems
with adjustable HOMO or LUMO levels,'”
comparatively little is known about how
different polymer chain packing motifs
(e.g., cofacial vs slip-stacked ordering) in
the aggregate affect local work functions
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in optoelectronic devices. Motivated by re-
cent theoretical studies on the effect of
wave function overlap in adjacent polymer
chains (and relationship to various geome-
trical parameters) on electronic properties of
polythiophene aggregates,® we investigated
the local surface potentials of P3HT nano-
scale aggregates formed by chemical cross-
linking via Kelvin probe force microscopy
(KPFM).

While there is an extensive literature on
photoluminescence probes of P3HT aggre-
gate structure in films,”~'" nanoparticles,'*~"”
and nanofibers,'® 2" there is relatively lim-
ited experimental information on electronic
properties correlated with different aggre-
gate motifs with distinct H or J or H/J
coupled systems.?>** Liscio and co-workers
used KPFM to probe charge transport
in graphene—P3HT blends,**?> as well as
nanofiber-like structures formed from
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dewetted P3HT films cast from chloroform,?® to probe
the modification of graphene electronic properties as
influenced by P3HT additives. Ginger and co-workers
have used both Kelvin probe and time-resolved electric
force imaging techniques to probe the connection
between electronic properties and local polymer mor-
phology in solar cells?” ~2° and photoinduced charge
transport.3® Here we address the question of how
packing order (disorder) in isolated nanostructures of
different morphology influences P3HT aggregate work
function. To this end, we carried out KPFM measure-
ments on P3HT nanofibers, which can yield precise
spatial maps of HOMO energies that can then be
correlated with structural order derived from spectro-
scopic measurements. We focus specifically on nano-
structures made by chemical cross-linking of pre-
formed crystalline aggregates of P3HT-b-P3MT diblock
copolymers that yield small nanowires, nanofiber bun-
dles, and clover-leaf-type nanosheets.?'

We have recently shown that chemical cross-linking
of preformed P3HT crystalline aggregates generates
structurally robust nanostructures with tunable exci-
tonic coupling and nanostructure morphology.? Such
cross-linked materials in polymer active layers enhance
overall device stability and performance over time. In
this approach, we used a P3HT-b-P3MT diblock copo-
lymer combined with a hexamethylene diisocyanate
(HMD) cross-linking agent, which reacts with pendant
hydroxyl groups on adjacent polymer chains. An inter-
esting feature of the cross-linking of the P3HT-b-P3MT
system with HMD is that depending on the initial
aggregation state of the block copolymer, concentra-
tion of HMD, and reaction time, a wide variety of
different cross-linked morphologies can be seen. Low
HMD concentration and short reaction times favor
small, more or less uniform cross-linked nanofiber
structures, while higher HMD concentrations mostly
produce branched structures, nanofiber bundles, and
extended sheets.>' The physical strain induced by the
HMD cross-linker tends to disrupt the crystalline pack-
ing of the P3HT block aggregates, as evidenced by
photoluminescence and transient absorption studies,
indicating that most of the photophysical signatures of
ordered aggregation in the P3HT (ultrafast intrachain
exciton decay and interchain polaron absorption) are
strongly diminished after HMD cross-linking.>* For the
present work, the interesting feature of this approach is
that different nanoscale morphologies generated have
distinct polarization characteristics, suggesting differ-
ences in post-cross-linked structural order implying
different degrees of chain-packing disorder. As we
show, the electronic properties—specifically changes
in the frontier energy level location of the P3HT—
depend on nanostructure morphology (ribbons vs
extended sheets) even though their spectral properties
are virtually identical. Thus, combining KPFM and
photoluminescence studies provides access to
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otherwise hidden correlations between aggregation
state and electronic properties.

RESULTS

Figure 1 shows the bright-field and polarization
contrast images of a cross-linked bundle (a, b) and an
extended sheet linked to a small array of nanowires
(¢, d). The polarization contrast images (b and d) were
generated by raster-scanning a diffraction-limited ex-
citation spot (d ~ 1 um) across the sample while
rotating the excitation polarization through 2 radians
for each step. The z-value for each “pixel” of the
polarization contrast image was determined by M =
(Imax — Imin)/(Inax + Imin), Where Inayx and /i, were the
maximum and minimum photoluminescence intensity
values for each step. The nanofiber bundle shows a
fairly large variation of polarization contrast through-
out the structure, with highest contrast (near unity) at
the narrow neck (far right of the image). The discrete
nanowires linked to an extended sheet in Figure 1d
also show a high degree of polarization along almost
its entire length, while the interior region of the sheet is
almost completely unpolarized, indicating a random
orientation of polymer chains.

Figure Te shows photoluminescence spectra of iso-
lated cross-linked nanostructures (green marker),
along with emission spectra of isolated pre-cross-
linked nanofibers (red markers) and solvated P3HT-b-
P3MT polymers in chloroform (blue markers) for com-
parison. The solid-state PL spectra of isolated nano-
fibers and cross-linked nanostructures were obtained
following drop-casting on a clean coverglass from
chloroform/dichloromethane solution. Interestingly,
all different individual cross-linked morphologies have
virtually identical PL spectra. The emission spectra
were properly modeled by a single vibronic progres-
sion consisting of three Gaussian functions with energy
spacing varying over the range 170 (£5) meV. In this
model, the progression offset (0—0 peak position), the
amplitude of the 0—0 peak (and the higher vibronic
sidebands), and transition bandwidths (fwhm of each
Gaussians) were considered as adjustable parameters.
Low molecular weight (<25 kDa) P3HTs are known to form
nanofibers with extended chain conformation®® with
dominant interchain coupling as evidenced by 0—0/0—1
PL intensity ratios characteristic of H-type aggregates with
a PL origin located at 640 nm. Cross-linking results in a
dramatic change in nanofiber PL spectra; cross-linked
aggregates (green line) resemble the PL spectrum of
solvated P3HT-b-P3MT polymers (blue line) with 124 meV
origin red-shift. This is due to cross-linking-induced altera-
tion of molecular packing within the nanofibers, namely,
perturbed interchain coupling and increased torsional
disorder along the chain. The former results in a dimin-
ished interchain exciton coupling evidenced by an in-
crease in the 0—0/0—1 PL intensity ratio from 0.87 to 1.69
and the absence of spectral dilation in the sideband.®
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Figure 1. Bright-field (B/W) and polarization-contrast (color) optical images of a cross-linked nanofiber bundle (a, b) and
nanofibers linked to an extended sheet (c, d). In the right set of images, the color-coding corresponds to polarization
anisotropy: Red corresponds to a contrast parameter M = 1 (perfectly polarized), while blue corresponds to completely
unpolarized (M = 0). (e) PL spectra of solvated P3HT-b-P3MT polymers (blue markers), isolated cross-linked nanostructures
shown in a and c (green markers), and isolated crystalline nanofibers (red markers).

Figure 2 shows the AFM and KPFM images of well-
separated P3HT-b-P3MT nanofibers (a and b) and
cross-linked nanostructures (c and d) on a piranha acid
treated cover glass. The color bar of KPFM images
displays the relative surface potential value of nano-
structures with respect to the cover glass, with a sur-
face potential contrast (SPC) value of 0.6 4= 0.05 eV, and
reveals a lower SPC value for cross-linked nanostruc-
tures compared with pre-cross-linked nanofibers. Nano-
fibers made from low molecular weight P3HT show
minimal chain entanglement or folding; TEM imaging
has shown 13 kDa nanofiber widths of 12—14 nm, in
good agreement with polymer contour length for this
molecular weight.?® Because of their small transverse
extent, these species allow for straightforward estima-
tion of the microscope point-spread function (PSF). In
AFM mode, transverse sections of pristine (non-cross-
linked) P3HT-b-P3MT nanofibers show a Gaussian pro-
file with a fwhm of ~35 nm, in good agreement with
expected convolution of a 15 nm step function (the
nominal nanofiber width) and ~20 nm tip radius. In
SPC imaging, the transverse section is broadened,
giving a fwhm in the SPC image of ~75 nm. The
topography image of cross-linked nanostructures,
Figure 2c, depicts a variety of different nanostructured
morphologies including single and bundled cross-
linked nanofibers as well as “clover-leaf” sheets. Their
corresponding KPFM image in Figure 2d shows spatial
variation of SPC values along the NF axis in cross-linked
fibers; higher SPC values are located in the center and
lower SPC values are located near the edges. The KPFM
image also shows that the “clover-leaf’ sheets have a
near-zero surface potential contrast.

Close inspection of branched cross-linked nanorib-
bons clearly shows SPC effects attributable to mor-
phology and distinct from thickness artifacts known to
influence SPC values of thin semiconducting samples
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Figure 2. Surface height and SPC images of low molecular
weight (13 kDa) P3HT-b-P3MT nanofibers (A, B) and cross-
linked P3HT-P3MT nanostructures.

on dielectric substrates.>® Figure 3 shows a closeup of
the SPC image for this branched nanoribbon along
with a section profile indicated by the solid yellow line
segment. The surface height section (red triangles)
shows that the nanoribbon thickness is almost iden-
tical for the two branches (4.2 nm), while the SPC differs
by about 50% (+25 mV for the upper branch compared
to 38 mV in the lower branch). Both branches have a
lateral extent that is large compared to the point
spread function of our microscope (75 nm), so this
effect is clearly not associated with any lateral (x—y)
artifactual averaging of sample and substrate SP
signals.

Figure 4 shows a 2D scatter plot of surface potential
and height of the two different cross-linked features,
ribbons (red circle) and sheets (blue circles), and pre-
cross-linked nanofibers (black circles). The scatter plot
illustrates an overall decrease in the surface potential
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Figure 3. Closeup SPCimage of branched cross-linked P3HT
nanoribbon. Surface height (red) and SPC values (blue) are
shown for the transverse section indicated by a yellow line.
The nanoribbon height is almost identical for the two
branches, while the SPC differs by ~50%.
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Figure 4. Scatter plots of measured SPC values relative to
glass for P3HT-b-P3MT crystalline nanofibers (black circles),
cross-linked nanoribbons (red circles), and extended cross-
linked sheets (blue circles).

of nanostructures through the cross-linking process.
The strongly diminished interchain coupling evi-
denced by wavelength- and time-resolved photolumi-
nescence imaging®? accompanies the reduction in the
SPC value. Examining cross-linking-induced changes in
the optical and electronic properties of P3HT nanofi-
bers illustrates a full picture through which structural
perturbation can be explained: interrupted lamellar
spacing in cross-linked aggregates disrupts interchain
coupling. This restricts the charge distributions mostly
to individual extended chains in cross-linked nanostruc-
tures, in lieu of the two-dimensional (intermolecular
and intramolecular) charge distribution seen in pre-
cross-linked nanofibers. As a result, despite being in
the aggregate, extended chains of cross-linked nano-
structures do not effectively interact with each other
and thus possess similar optical and electronic proper-
ties to isolated polymer chains. This is evident from their
30 nm blue-shifted PL origins (peaked at 610 nm)
and reduced relative SPC value from 96 + 30 meV in
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(non-cross-linked) nanofibers of similar molecular
weight to 28 + 8 meV in cross-linked nanoribbons.
From KPFM on evaporated gold substrates, we deter-
mined the work function of our Pt—Si probes to be
~5.5 eV. This value for the probe work function is consis-
tent with SPC measurements on the (borosilicate) glass
substrates of ca. 600 meV, whose work function is also
known from UPS to be 4.9—5.0 eV.3* This places the
nominal HOMO level of cross-linked nanoribbons at
about —4.872 eV. This value falls within the range of
reported HOMO energy level of solvated P3HT in tol-
uene and chloroform (between —4.8 and —5.2) deter-
mined from cyclic voltammetry measurements.>>¢ This
observation is consistent with recent work from Vanden
Bout and co-workers on the morphology dependence
on electronic properties of olighothiophene nano-
structures,’” where the decrease in the local contact
potential of nanostructures with different morphologies
is attributed to the increase in the amount of energetic
disorder in the aggregate. They showed that subtle
morphological changes in particle shape and molecular
packing result in redistribution of charges within or
between thiophene rings and accordingly change the
electronic and optical properties. Correlating optical and
electronic properties, they showed that the decrease in
the SPC of nanostructures is associated with a decrease
in interchain coupling strength. However, it is interest-
ing to note that even though all the different cross-
linked nanofeatures have identical optical properties
and equivalent PL spectral shape and decay dynamics,
the scatter plot reveals a morphology dependence of
their surface potential, equivalently effective HOMO
energy level. In fact, despite the spatial variation of
SPC along the nanoribbons, their SPC distribution is
distinguishable from that of cross-linked sheets. The
average relative SPC of cross-linked nanosheets was
determined to be about 25 meV less than that of
cross-linked nanoribbons, which is independent of the
surface height. The distinguishable electronic properties
of different cross-linked morphologies may be due to
subtle variation in their molecular packing densities that
are not reflected in their photoluminescence properties.
This indicates that their geometrical heterogeneity is
correlated to heterogeneity on the molecular packing
scale.

Recent theoretical work by Yamagata, Pochas, and
Spano on wave function overlap® between neighbor-
ing chromophores provides insight into a plausible
mechanism for these observations. In this work, the
authors considered effects of exciton wave function
overlap between adjacent polymer chains as a function
of thiophene ring registration in staggered and
eclipsed geometries in which one chain (considered
as an 8T oligomer) is translated with respect to another,
an effect that augments the usual Coulombic (through-
space) excitonic coupling. The result is an oscillatory
behavior in the transfer integrals for adjacent HOMO
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and LUMO wave functions (tyomos tLumo) as a function
of longitudinal shift; the value of tyomo relates directly
to the work function of the nanostructure. For the
extended cross-linked P3HT sheets, the polarization
contrast image shows almost complete depolarization,
implying a high degree of chain-packing disorder.
Within the wave function overlap (WFO) transfer inte-
gral picture, the net effect is presumably to average
over all shifts and orientations, thus reducing the
overall magnitude of the effect. Future work on KPFM
imaging of nanofibers of different molecular weight
(which show qualitatively different exciton coupling)
may help in definitive assignment of the mechanism
for morphology-dependent work functions observed
in this interesting class of photoactive materials.

CONCLUSIONS

KPFM measurements have revealed an interesting
dependence of surface potential contrast with P3HT

METHODS/EXPERIMENTAL

Kelvin probe force microscopy is a scanning probe technique
that measures the local surface potential contrast between a
metalized cantilever tip and sample.®®**' The tip—sample
interaction generates a contact (surface) potential difference
approximately given by V= (1/e)(¢1 — ¢,), where e s the charge
constant and ¢4, ¢, are the work functions of the tip and sample,
respectively.3 In our imaging mode, the SPC is measured by
applying an ac voltage and dc offset to the cantilever tip to
generate an oscillating electrostatic force between the tip and
the sample. This feedback loop provides a dc offset potential to
match the surface potential that minimizes the electrostatic
interaction between the tip and sample; it is the dc input that is
recorded as the measured surface potential contrast. KPFM
imaging can yield quantitative information on the energy
location of the sample's HOMO if the work function of the tip
is known.>*'*2 The most convenient way to achieve this is to
image a sample with a well-characterized work function such as
single-layer graphene (¢ = 4.77 eV),** multilayer graphene, >4
or a metal surface such as gold.3®

KPFM measurements were made with an Asylum Research
AFM (model MFP-3D); MFP3D software was used to run the
Kelvin probe module. All measurements were made in non-
contact tapping mode, under ambient atmospheric conditions.
The AFM probes were platinum/iridium-coated silicon (ANSCM-PT)
used as supplied by App Nano. As typical for electrostatic force
measurements, KPFM imaging employs trace and retrace line
scans: the first obtains topography information; then a retrace
over the same line scan maintaining a constant height above
the sample surface gives SPC information. All imaging experi-
ments used a 50 nm initial lift height (adjusted in the Nap mode
settings in the MFP3D software); depending on the overlap
between the trace and retrace scan lines of the surface potential
image, the lift height was reduced to about 10—20 nm above
the van der Waals attractive regime (typically 10—30 nm from
the substrate). Scan rates were lowered to ~0.2 Hz to improve
the resolution of the CPD images by allowing the cantilever to
settle on an accurate surface potential value.

Crystalline P3HT-b-P3MT diblock copolymer nanofibers pre-
pared from low molecular weight (13 kDa, 1.2 PDI) with high
regioregularity (~98%) were made by adding dichloromethane
(DCM) to the well-dissolved P3HT in chloroform (CF) (2 mg/mL)
for final 7:1 volume ratios of DCM to CF and left at 0 °C in the
dark overnight3' The crystalline core of the diblock copolymer
nanofibers is composed mostly of the P3HT block, where the
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nanostructure morphology. In comparing SPC for di-
block copolymer crystalline nanofibers and cross-
linked structures of different morphology, we found
that the work function of crystalline nanofibers in-
creases by 70 meV (4.80 to 4.87 eV) upon cross-linking.
Correlating optical and electronic properties of nano-
structures before and after cross-linking indicates that
the cross-link-induced molecular structure perturba-
tion reduces interchain coupling strength and increases
torsional disorder. The SPC of cross-linked structures
depends on morphology as well as spatial location
within a given nanostructure, providing additional in-
sight into the mechanism of nanostructure growth and
internal microstructure after cross-linking. Polarized lu-
minescence studies combined with models of exciton
coupling with slip-stacked P3HT suggest that the phy-
sical origin of morphological dependence in SPC derives
from thiophene ring mis-alignment in lamellar stacks
that perturb the HOMO energy.

P3MT block mostly decorates the nanofiber exterior.>'*2 Cross-
linked P3HT-b-P3MT nanostructures were fabricated from di-
block copolymer nanofibers by adding freshly distilled anhy-
drous triethylamine (1 mL) and hexamethylene diisocyanate
(0.1 mL) to the nanofiber solution and stirring it at room
temperature in the dark for 12 h.3' The cross-linked nanostruc-
tures in mixed CF/DCM were used directly or isolated by cen-
trifugation at 1000 rpm for 10 min followed by removal of the
solvent by pipet and resuspending them in the desired solvent.
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