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ABSTRACT: Photovoltaic devices incorporating perylene-substituted polyisocyanide materials have been
demonstrated, using blend systems with polythiophene- and polyfluorene-based conjugated polymers. Prototypical
structures with nominal (1:1) blend weight ratios of the polyisocyanide with poly(3-hexylthiophene) (P3HT) and
poly(9,9'-dioctylfluorene-co-bis(N,N'-(4-butylphenyl))-bis(N,N'-phenyl)- 1 ,4-phenyldiamine) (PFB) readily showed
an order of magnitude improvement in power conversion efficiency, as compared to analogous blend architectures
using a perylene (PDI) monomer, whereas the performance of strongly phase-separated F8BT (poly(9,9-
dioctylfluorene-co-benzothidiazole) blend devices showed no such improvement. We propose that the use of
polyisocyanide chains as a molecular template offers a method by which the morphology and connectivity of

photovoltaic blends can be modified and enhanced.

1. Introduction

Substituted polyisocyanopeptides' = are a recently developed
class of “supramolecular” materials, where chromophoric
moieties may be arranged in an ordered helical array around a
polymer template; this is reminiscent of many structures seen
in biological systems.* In particular, a number of recent
studies®~’ have reported perylene-substituted polyisoscyanides
(pery-PIC), consisting of perylene diimide (PDI) units, which
self-stack in a regular fashion around a rigid helical polyiso-
cyanopeptide (PIC) backbone, stabilized by hydrogen bonding
between peptide units. The perylene units are arranged into
chiral “helter-skelter” arrays, which do not form the kind of
crystalline molecular aggregates often seen with perylene
derivatives, but rather the units overlap continuously along the
chain.” The resulting polymer is highly rigid, with persistence
lengths of up to 76 nm."”~7 The chemical structure and bonding
structure of the pery-PIC material are shown in Figure la,b.
PDI (Figure 1c), and derivatives, are already well-studied as
n-type molecular semiconductors in organic photovoltaics.®

In this paper, we investigate the effect of the increased
ordering of the PDI units around a rigid polymer chain by direct
comparison of the performance of photovoltaic (PV) devices
containing blends of well-studied conjugated polymers (Figure
1d) with either molecular perylene molecules (PDI monomer)
or the polyisocyanide perylene polymers. The increased overlap
of the perylene units when ordered along a well-defined polymer
chain is expected to offer several advantages over the more
randomized orientation of a blend containing individual perylene
molecules. In addition to the highly efficient migrational energy
transfer observed in the pery-PIC system,’ it is also possible
that the high degree of ordering and electronic orbital overlap
along the rigid PIC backbone has an advantageous effect on
properties such as the conductivity and carrier mobility, as
recently investigated using thin-film transistor architectures.’
Improved excitonic interactions may increase the exciton
diffusion length, improving efficiency of charge separation
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before recombination, while improved carrier mobility would
improve the efficiency of charge transport to the electrodes in
a PV device.

Since the optimization of these processes is of general
applicability to the performance of all organic PVs,'? it is hoped
that it will be possible to apply this strategy of using “molecular
scaffold” architectures to arbitrary blend systems, improving
their performance within devices. Furthermore, the simple issue
of connectivity of the components, in terms of whether there is
a continuous conduction route from charge separation sites to
the electrodes, may also be of importance. Given these issues,
the possible advantages offered by the presence of the PIC chain
are manifold but potentially rather complex. Previous studies
have actually shown the negative effect of perylene aggregation
with enhanced order characteristics on energy transfer.® The
tendency of the perylene monomers to stack in 1D aggregates
resulted in perylene crystallization and consequently phase
separation, giving a decreased photovoltaic performance due
to the trapping of electrons in “unconnected” perylene domains.

In this study the performance parameters of PV devices
containing blends of pery-PIC, with three other well-studied
semiconducting polymers (P3HT, PFB, and F8BT), was inves-
tigated. For comparison, we also study comparable blends using
the respective PDI analogue.'' Two of the three PV blend
systems (with p-type components P3HT and PFB) have shown
maximum power conversion efficiencies with the ordered pery-
PIC architecture increasing by at least 1 order of magnitude, as
compared to the PDI analogues, while the third blend system
(with notionally p-type component F8BT) shows no significant
enhancement in performance.

2. Experimental Section

Perylene-substituted polyisocyanide material (pery-PIC) was
synthesized at the University of Nijmegen, according to previously
reported protocols.’~” The particular batch used in these experi-
ments had a mean molecular weight of 9 x 10° g/mol, correspond-
ing to an inferred mean chain length of ~180 nm.

Regioregular poly(3-hexylthiophene) (P3HT) was purchased from
Plextronics (“Plexcore HP”, lot #05-10192). Poly(9,9'-dioctylfluo-
rene-co-bis(N,N'-(4-butylphenyl))-bis(N,N'-phenyl)-1,4-phenyl-
diamine) (PFB) and poly(9,9-dioctylfluorene-co-benzothidiazole)

0 2009 American Chemical Society

Published on Web 01/13/2009



2024 Foster et al.
) 0
i =
N |n S R—N
OY\ - ‘\
w (@) - °
1 =2
Oy N0 :
A : PFB
-
L5
07 "N"0

F8BT

Macromolecules, Vol. 42, No. 6, 2009

0.0 N—R (C)

R = CH(CgH13)2
C,Hg

(d)

N-@N@ﬁ

Hi,Cs  CgHiz

Catly P3HT

/ -\

S

n

Figure 1. (a) Chemical structure of the perylene-substituted polyisocyanide material (pery-PIC) described in this paper, with a schematic representation
of the resultant rigid, helical polymer shown in (b). (c) Shows the chemical structure of the perylene diimide (PDI) monomer used, while (d) gives

the chemical structures of the conjugated polymers P3HT, PFB, and F8BT.

Table 1. Key Characteristics of the Thin-Film Blends Used

in the Photovoltaic Devices Described in This Paper”

material/blend  thickness (nm) (by profilometry) mean roughness (by AFM),

nm photoluminescence (PL) efficiency, % PL quenching efficiency, %

pery-PIC only

pery-PIC/FS8BT 163.3 (£17.8) +36.1
pery-PIC/PFB 176.8 (£11.1) +273
pery-PIC/P3HT 171.5 (+£4.6) +13.6
PDI/FSBT 173.9 (£1.3) +15
PDI/PFB 164.3 (£2.0) +22
PDI/P3HT 199.0 (£15.2) +6.5

8.2

79 3.7
6.0 26.8
1.3 84.1

¢ Excitation was at 4 = 514 nm, in the PL measurements, so as to preferentially photoexcite the pery-PIC component.

(F8BT) were supplied by Cambridge Display Technology Ltd., UK.
The PFB was characterized as having molecular weights m, = 135K
and m, = 60K, polydispersity = 2.8, and quantum-yield efficiency
of 27%. The F8BT had m, = 147K, m, = 97K, polydispersity =
1.94, and quantum yield of 83%.

Bulk-heterojunction blend photovoltaic devices were fabricated
for these experiments, using an indium—tin oxide (ITO) anode and
a thermally evaporated aluminum cathode (Figure Sa, inset). The
anode was preplanarized with a thin layer of PEDOT:PSS (poly(3.,4-
ethylenedioxythiophene):poly(styrenesulfonate) from Cambridge
Display Technology Ltd.), which was baked in air at 150 °C for
30 min. The active layers of the devices were spin-coated from 12
mg/mL solutions of chloroform (HPLC anhydrous, Sigma Aldrich),
and components were blended so as to give equal weight frac-
tions; typical spinning parameters were 1000 rpm (acceleration
~50 rad/s?) for 60 s at room temperature. The active layer
thicknesses and roughness were determined using stylus profilo-
metry and atomic force microscopy, respectively (see Table 1). The
thermal evaporation of the Al cathode was performed under a
vacuum of 1 x 107° mbar, at a deposition rate of ~1 nm/s, to a
thickness of 100 nm. The devices were then “legged” to allow
electrical connection and encapsulated in glass using an epoxy resin
and hardener (Robnor Resins Ltd., UK), without the need for
additional thermal annealing (Figure 5b, inset). Typical device-
pixel areas after encapsulation were 1.5 x 4 mm.

The devices were tested at room temperature, under illumination
from a calibrated thermal white-light source and monochromator,
using a Keighley 195 DMM system parameter analyzer and a
Keighley 237 source measure unit. The illumination source was
focused down to a spot size of ~1 mm? Intensity dependence
measurements were taken using the same electrical apparatus, but
with illumination via a A = 525 nm LED connected to a calibrated
variable external power supply.

The tapping-mode atomic force micrographs described in this
paper were taken with a Veeco Nanoscope Illa instrument, operating
under ambient non-cleanroom conditions, using software version
5.12 rev. B.

For photoinduced absorption spectroscopy, the film samples were
placed under vacuum at room temperature and optically pumped
with a modulated 4 = 488 nm, continuous-wave Ar ion laser source,
at an excitation density of ~0.1 W/cm?, with the films having a
measured optical density of ~1.0 at this wavelength. The sample
is then probed for spectral features of photoinduced absorption,
using a white-light source and lock-in amplifier.

Normal-incidence UV —vis absorption measurements were made
using a Hewlett-Packard 8453 spectrophotometer. Photolumines-
cence (PL) measurements were taken using a 4 = 514 nm Ar ion
laser source of a few milliwatts intensity and a fiber-coupled CCD
spectrometer; quantitative PL efficiency measurements were pos-
sible with the use of a calibrated integrating sphere.'?

Ellipsometric measurements were made using a J.A. Woollam
M-2000 diode-array rotating compensator ellipsometer with a xenon
light source, over a wavelength range of 245—900 nm. Ellipsometry
measures the change in polarization of light as a function of incident
angle and wavelength for p (parallel) or s (senkrecht) polarized
light after reflection or transmission by the sample, with the optical
constants, n (refractive index) and k (extinction coefficient) being
determined using an optical model in which the parameters are
adjusted iteratively to give the best fit. Samples investigated in this
work were modeled using J.A. Woollam Co. WVase32 software,
which uses a Levenberg—Marquardt algorithm for fitting.

3. Results

Using previously reported protocols, as also described
in the Experimental Section, bulk-heterojunction blend devices
were fabricated for these experiments, using an indium—tin

8,10,13
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Figure 2. Tapping mode AFM images of ~1:1 weight ratio blends of pery-PIC with (a) P3HT, (c) PFB, and (e) F8BT, as spin-coated into thin films
from chloroform solution. The length (in microns) and height scales are as indicated. Corresponding 3-dimensional projections, at a viewing angle
of 30° from the substrate normal and with common height scales, are shown in (b), (d), and (f), respectively.

oxide (ITO) anode and a thermally evaporated aluminum
cathode (Figure 3a, inset). A key strategy was to produce devices
in which the optical cross section of the sensitizing component
(pery-PIC vs PDI) was as closely matched as reasonably
possible, based upon literature values of the extinction coef-
ficients of PDI and the other conjugated polymer components.'*
More detailed measurements of the active-layer thicknesses,
using a technique of stylus profilometry, are given in Table 1.
Previous studies of PDI/conjugated-polymer PV devices'? have
shown these 1:1 weight ratios to give near-optimal performance,
and while the device parameters are often seen to vary
considerably as a function of active layer thickness, the
measured values of thickness are also similar between the
comparative pery-PIC and PDI blends to within experimental
error and allowance for surface topography.

It can be seen from the atomic force microscopy (AFM) images
in Figures 2 and 3 that the morphology of the pery-PIC and
PDI blends are very different. The pery-PIC macromolecules
tend to form large bundles, with phase separation on scales of
100s to 1000s of nanometers, which appear to lie in the plane
of the film. The height of the bundles is of the same order as
the film thickness (~100 nm), while their width is of the order
of hundreds of nanometers. The mean roughnesses of these
films, as measured by AFM, are given in Table 1. In contrast,
the PDI analogue blends show smaller features of the order of
tens of nanometers, with phase separation on a significantly
smaller scale (Figure 3), and some evidence of perylene
aggregation in the case of the PDI/P3HT blend. The presence
of the polyisocyanide chain hence drastically alters the morphol-
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Figure 3. Tapping mode AFM images of ~1:1 weight ratio blends of PDI monomer with (a) P3HT, (c) PFB, and (e) F8BT, as spin-coated into thin
films from chloroform. The length (in microns) and height scales are as indicated. Corresponding signal-phase plots are shown for clarity, in (b),

(d), and (f), respectively.

ogy, on which the transport properties are expected to strongly
depend.

Using such an approach, the effect on device performance
due to variation in the material phase separation and entropy
of mixing between the electron-donor material and the PIC can
also be studied. There is also a significant difference in behavior
between the pery-PIC blends with P3HT, PFB, and F8BT
(Figure 2). The P3HT blend shows phase separation on length
scales of ~100 nm, with some evidence of the pery-PIC forming
smaller bundles, which are well dispersed within the P3HT
phase, confirming earlier studies of this blend system.'” By
contrast, the F8BT blend shows a more complete phase
separation on length scales of microns, with the pery-PIC
forming more extended bundles, sometimes rising 100—200 nm
out of the plane of the film, giving a mean film roughness in

excess of £30 nm. The pery-PIC/PFB blend appears to show
characteristics which are intermediate between these two other
cases.

The encapsulated devices were tested at room temperature,
under illumination from a calibrated thermal white-light
source and monochromator, using an /—V parameter ana-
lyzer.®'* The external quantum efficiency (EQE) spectra of the
PV devices are given in Figure 4. The EQEs of <4% are
relatively low, as compared to state-of-the-art organic photo-
voltaics, but typical of many blend systems using perylene-based
materials.®'*!>1¢ It can be seen that the peak EQE with pery-
PIC is substantially higher than that with the PDI analogue in
the P3HT (2.7% compared to 1.0%) and PFB (3.6% compared
to 0.6%) blends, but smaller in the F8BT blends (0.6% com-
pared to 1.3%).
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Figure 4. External quantum efficiency (EQE) vs wavelength of
photovoltaic blends of pery-PIC with PFB (1:1.3 weight ratio), P3HT
(1:1), and F8BT (1:1), as indicated. For comparison, the EQE spectra
of analogous PDI blends are also shown (dashed lines). In the case of
PDI/F8BT, the position of the long-wavelength feature, absent in the
case of pery-PIC/F8BT, is indicated by an arrow.

Table 2. Representative Values for the Open-Circuit Voltage,
Short-Circuit Current, Fill Factor, and Maximum Extracted
Power for Each of the Pery-PIC and PDI Photovoltaic Blends
Studied, As Indicated”

]SC ISC VOC PlnaX
Voe (mA/ fill (uW/ (nW/

sample V) cm?) factor cm?)  cm?) €
PDI/P3HT 030 47 x 1074 0.21 0.141 29.6

pery-PIC/P3HT  0.19 4.8 x 107° 041 0912 3739 126

PDI/PFB 0.07 45x10™% 024 0.032 7.7
pery-PIC/PFB 042 64x10% 031 0.269 83.4 108
PDI/F8BT 027 6.6x10% 026 0.178 46.3

pery-PIC/F8BT  0.35 44 x10* 030 0.154 46.2 1.0

“ The relative enhancements (&) of the power extraction efficiencies
between analogous pery-PIC and PDI blends are also given. All devices
were tested under illumination of intensity ~0.1 mW/cm? and at the
wavelength of peak EQE performance. Device fill factors are defined as
per usual convention. Note that numerical values are quoted here without
errors for clarity. Variation between different pixels allows estimation of
the errors in EQE (measured here as 0.0—4.0%) as <0.15%, in I, (measured
here as 0—80 nA) as <2 nA, and in V,. (measured here as 0.0—0.5V) as
<0.02 V.

The data in Figure 5 show the /—V characteristics under
illumination for pery-PIC/P3HT and pery-PIC/PFB blends,
together with the corresponding PDI devices. It is clear that
there are significant enhancements in performance, in terms of
both the device “fill factors” and the maximum extracted power.
By comparison, the pery-PIC/F8BT devices show no such
improvements from the PDI analogue case. A more general
comparison of the performance of PV devices using the pery-
PIC material, as compared to the analogous devices using PDI,
is displayed in Table 2. Taking all the pertinent parameters into
consideration, the enhancement factors in the power conversion
efficiency are calculated to be 12.6 and 10.8 in the cases of
P3HT and PFB, respectively, but there is little or no change
for FSBT. While there are no simple patterns emerging across
the different blend systems, the particularly large increase in
short-circuit current (/) in the case of P3HT suggests that the
overall improvement in performance is due to an increased
density of free charges, possibly due to the improved ordering
of perylene units at the heterojunction interfaces.'” By contrast,
the large increase in open-circuit voltage (V) in the case of
PFB is rather indicative of improved efficiency of geminate
charge separation and free-charge collection, possibly due to
better connectivity and carrier conductance in the pery-PIC
phase of the blend.

To further elucidate these issues, quantitative photolumi-
nescence (PL) efficiency measurements were made on the
samples; the relevant PL spectra are shown in Figure 6¢ and
the quantitative data in Table 1. Thin films of the pery-PIC
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Figure 5. Current—voltage characteristics of photovoltaic devices,
under conditions of peak EQE performance and illumintion intensity
~0.1 mW/cm?. (a) 1:1 blend of pery-PIC with P3HT (black line),
as compared to the analogous PDI/P3HT device (red). (b) 1:1 blend
of pery-PIC with PFB (black), as compared to the analogous PDI/
PFB device (red). A schematic of device structure and a photograph
of a final encapsulated device are shown as insets. (c) Open-circuit
voltages of pery-PIC/PFB and pery-PIC/P3HT photovoltaic devices,
as a function of excitation intensity, measured at the wavelength of
greatest EQE. The data obtained from a device containing only the
pery-PIC material are shown for reference. The square-root power
law dependence is clearly evident in these semilogarithmic plots
(i.e., Voc ~ a log{intensity}), with the extracted values of a all
being in the range of 0.48—0.51."8

material were found to have a PL efficiency of 8.2%, and
comparison of this value with those of the pery-PIC blends gives
some indication of the degree to which luminescence is
“quenched” due to charge separation. Quenching was found to
be most prevalent in the pery-PIC/P3HT blend and weakest in
the pery-PIC/F8BT blend; the lack of quenching in the latter
case being qualitatively evident in the fluorescence microscope
image of Figure 6d, which shows the intense PL from the F§BT
phase of this blend as compared to the darker phase-separated
pery-PIC bundles.

Finally, measuring V,. for each of the device systems as a
function of excitation intensity in the range of ~0.001—10 mW/
cm? (see Figure 5c), a square-root power law dependence was
observed in all cases, as might be expected when the principal
loss mechanism in the device is bimolecular recombination.'®
Interestingly, devices incorporating 1:1 weight blends of pery-
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Figure 6. (a) Absorbance spectra for ~100 nm thick films of 1:1 weight ratio pery-PIC/F8BT and PDI/F8BT blends. The arrow indicates the point
at which we observe reduced oscillator strength in the PDI/F8BT spectrum at around 4 = 590 nm. For comparison, representative absorption
spectra for thin films of F§BT, PDI, and pery-PIC are shown in (b). (c) Photoluminescence (PL) spectra of 1:1 weight ratio blends of thin-films of
all pery-PIC blends studied, together with that of a thin film of the pery-PIC material only. Excitation was at 4 = 514 nm, so as to preferentially
photoexcite the pery-PIC component. (d) A fluorescence microscope image (magnification x 100, N.A. = 0.8) of the pery-PIC/F8BT blend, under

UV/blue excitation. The approximate area of the image is 130 x 100 um.
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Figure 7. Room temperature photoinduced absorption (PIA) spectra,
showing fractional change in transmission vs wavelength, for thin films
of 1:1 weight ratio blends of pery-PIC with P3HT (blue), PFB (black),
and F8BT (red). The inset shows the X channel (in phase) and Y
channel (quadrature) PIA spectra for the pery-PIC/P3HT blend, when
using a signal-modulation frequency of 225 Hz. Photoexcitation was
at A = 488 nm in all cases.

PIC in an inert polystyrene matrix were also shown to exhibit
a small open-circuit voltage at higher excitation intensities; the
exact nature of charge generation and separation in this system
is under further investigation.'®-*

4. Discussion: Poor Performance of Pery-PIC/F§BT
Blend Devices

Our results are also interesting in the context of recent work
on PDI-based PV devices,'® where F8BT blends were observed
to out-perform blends of other notionally p-type semiconducting
polymers such as PFB. While the driving force for charge
separation depends on many other issues as well as energetics,

this was somewhat surprising, given the accepted values of
electron affinity and ionization energy for these materials (2.3
eV/5.1 eV for PFB, 3.5 eV/5.9 eV for F8BT), as compared to
that of PDI (3.8 eV/6.1 eV).*""*

In order to gain further insight into the photophysical
differences between blends, photoinduced absorption spectros-
copy (PIA) was performed on identical thin films to those used
for devices (Figure 7). Quasi-steady-state PIA experiments were
carried out under vacuum and at room temperature, following
widely reported methods®* (see Experimental Section). In the
case of pery-PIC/P3HT, we see very strong signals of perylene
anion species®* between 1 = 650 and 800 nm, reaffirming
the general (perylene) /(p-type)™ photovoltaic action of these
blends. Similarly, for the pery-PIC/PFB there is a discernible
photoinduced absorption feature at ~700 nm. No such features
are seen, however, for the pery-PIC/F8BT blend in this
wavelength range, indicating that either (a) the recombination
of charges is very rapid, so that they cannot be seen by this
steady state experiment, or (b) the densities of interfacial charge
generation are very much lower. Hence, these direct measure-
ments of the charged states in the blends are strongly consistent
with the earlier discussion of PL quenching effects due to
interfacial charge separation.

Further work is in progress to make detailed lifetime
measurements of the ionized states observed in these PIA
experiments, with the goal of better understanding the dynamics
of charge separation and recombination in pery-PIC-based
photovoltaic blends.

It should be noted that the pronounced long-wavelength
shoulder at around 500—550 nm in the action spectrum of PDI/
F8BT devices is absent in the case of pery-PIC/F8BT (see Figure
4). This long-wavelength feature however is present in the
UV —vis absorption spectra of pery-PIC/FS§BT and PDI/F8BT
blends (Figure 6a). The same absorption feature has also been
observed in blends of low PDI loadings (~0.3 wt %) in inert
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Figure 8. Thin-film ellipsometry studies using ~1:1 weight ratio blends
of (a) pery-PIC/F8BT and (b) PDI/FSBT. The in-plane and out-of-
plane optical constants (N = n + ik) are as indicated.

polystyrene."?> Well-ordered perylene stacks (crystalline ag-
gregates) in these particular PDI/F8BT blends can be ruled out,
as there is no indication of their spectral signature at 1 = 590
nm in the UV—vis absorption spectra,'® nor is there any strong
evidence of such aggregates in the AFM studies (Figure 3c).
The observed increase in the spectral width of the absorption
band around 500—550 nm in the pery-PIC/F8BT blend is
commensurate with a slight increase in the oscillator strength
of the 590 nm spectral region. It is suggested that the F8BT
phase can efficiently solubilize the perylene (PDI) but not the
pery-PIC component, which would also offer explanation of
why the action spectra of the two systems are different in the
spectral region of 500—550 nm. It is clear from the morphology
of the pery-PIC blends (Figure 2) that the nanoscale domains
observed in self-organized films of the free PDI monomer,*>°
which might allow a solubilization of PDI in the more crystalline
F8BT, are suppressed. Optimized packing of the pery-PIC
aggregates and the relatively large length scales of phase
separation (Figure 2e) allow excitons to localize and to
deactivate within the pery-PIC moieties without reaching the
interfaces with F8BT. As a result, this spectral region is not
participating in the action spectra. Furthermore, these are
interesting findings as they suggest that exciton trapping, but
not carrier trapping, is the principal mechanism responsible for
the low EQEs obtained from this system.

The fact that the arrangement of the perylene moieties
around the PIC template is found to positively influence the
performance of devices based on crystalline P3HT, but not
the devices based on crystalline F8BT, suggests that apart
from suppressing PDI aggregation there is also an issue
regarding the orientation of the perylene moieties with respect
to the plane of the device substrate. The AFM studies in
Figures 2 and 3 do not allow a complete understanding of such
orientational effects, and the lack of long-range crystallinity in
the pery-PIC films would make X-ray diffraction studies difficult
to attain and interpret. However, we were able to obtain
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ellipsometric studies®” of the pery-PIC/FSBT and PDI/F8BT
blends (see Figure 8). The optical constants (refractive index n
and extinction coefficient k) could be fitted continuously and
consistently as a function of wavelength for these particular thin
films.

For the pery-PIC/F8BT blend, there are differences be-
tween the in-plane and out-of-plane results, with the k
component due to the low-energy pery-PIC absorption peak
being substantially blue-shifted in the out-of-plane case
(A = 532 nm, as compared to 4 = 538 nm in-plane). This
would be consistent with the PIC chain lying predominantly
in an in-plane orientation relative to the substrate, with the
red shift in absorption due to exciton delocalization along
chains®’ being most prevalent in the in-plane direction. In the
PDI/FS8BT control film, there is no such effect. The long
wavelength (transparent) in-plane/out-of-plane birefringence is
also very much smaller (<0.1) for the PDI/F8BT blend relative
to the pery-PIC/F8BT (~0.2). Commensurately, the birefrin-
gence at the F8BT absorption peak is also reduced from 0.36
to ~0.20; there are similar changes in the dichroism of the k
components.

We propose that the physical interpretation of this is that the
rigid F8BT segments have a greater tendency to lie in plane in
the pery-PIC blend, possibly due to the much greater degree of
phase separation, as evidenced in Figure 2. This could be another
underlying reason for the poor efficiency of photoinduced charge
transfer process; as the pery-PIC tends to lie in plane, the
perylene groups will tend to be orientated in an orthogonal
direction to the in-plane F8BT dipoles.®

5. Conclusions

In conclusion, photovoltaic blend devices incorporating
perylene-substituted polyisocyanide materials have been dem-
onstrated to show an order of magnitude improvement in power
conversion efficiency, as compared to analogous blend archi-
tectures using a perylene (PDI) monomer. Given the ubiquitous
nature of the chemical synthesis techniques involved, we
anticipate that the use of polyisocyanide chains as a molecular
template may soon be extended to state-of-the-art photovoltaic
materials, such as the polythiophene/fullerene systems.? The
fact that pery-PIC moiety is found to positively influence the
performance of devices based on crystalline P3HT but not the
devices based on crystalline F8BT suggests that optimal
orientation of the perylene moieties with respect to the plane
of the device substrate is also an important factor. Bearing this
in mind, future work will also involve the use of techniques
aimed at achieving ordering of substituted polyisocyanide
strands on the mesoscale, in order to give optimized geometries
for charge collection in PV devices. This might include the use
of suitable attachment chemistry to grow rigid “brushes”%*'
of the material out of the plane of one or both electrodes.
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