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Abstract
Systematic changes in the exocyclic substiution of core phthalocyanine platform tune the
absorption properties to yield commercially viable dyes that function as the primary light
absorbers in organic bulk heterojunction solar cells. Blends of these complementary
phthalocyanines absorb a broader portion of the solar spectrum compared to a single dye, thereby
increasing solar cell performance. We correlate grazing incidence small angle x-ray scattering
structural data with solar cell performance to elucidate the role of nanomorphology of active
layers composed of blends of phthalocyanines and a fullerene derivative. A highly reproducible
device architecture is used to assure accuracy and is relevant to films for solar windows in urban
settings. We demonstrate that the number and structure of the exocyclic motifs dictate phase
formation, hierarchical organization, and nanostructure, thus can be employed to tailor active layer
morphology to enhance exciton dissociation and charge collection efficiencies in the photovoltaic
devices. These studies reveal that disordered films make better solar cells, short alkanes increase
the optical density of the active layer, and branched alkanes inhibit unproductive homogeneous
molecular alignment.

Introduction
Semi-transparent organic photovoltaic (OPV) devices have applications as functional
window coatings in urban settings where the surface area is greater on the sides of buildings
than the roofs, but have reduced efficiencies a prori because of the reduced optical density of
the active layer.1-5 OPV devices have drawn tremendous research interest for their potential
cost-effectiveness, lightweight flexible device form factors, and readily available
components with low toxicity.1, 2, 6-13 Many state-of-the-art OPV devices use a bulk
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heterojunction (BHJ) architecture, wherein an interpenetrating network of donor and
acceptor materials are in contact with an anode and a cathode.10, 14-16 In BHJ, a phase
separated bicontinuous donor-acceptor network with optimized inter-domain distances and
interfacial areas maximize exciton dissociation into free charge carriers and minimize charge
recombination.6, 17 Thus, the nanomorphology of the active layer is a key factor dictating
device performance.18-21 Small organic dye molecules show significant potential as efficient
donor components in OPV devices.10, 22-25 Phthalocyanines (Pc) are tetra-isoindole
macrocycles with absorptivity of >105 in the red region of the solar spectrum and photonic
properties that enable materials for OPV devices;25, 26 e.g. copper Pc,27 and a zinc Pc with a
C60 derivative in conducting polymers in the heterojunction.28-32 We previously
demonstrated that the HOMO-LUMO gap of Pc can be controlled by the number and
electronic properties of substituents on the periphery of a core Pc platform33 thereby tuning
the lowest energy Q absorption band λmax from ca. 650 nm to ca. 750 nm where there is a
high flux of solar photons.34-36

As part of an effort to develop semi-transparent OPV films for urban applications, we also
demonstrated that a blend of these commercially viable Pc with complimentary absorption
bands produces an active layer in a BHJ device that covers a broader swath of the solar
spectrum, and results in substantial improvements in efficiency over cells made of only one
Pc.33 Other blended devices, including some with fullerenes, display improvements in short
circuit current densities.12, 17, 37 The organization of the active layers of BHJ devices,38

evaporated CuPc on glass,39 and other device designs40-42 were evaluated by x-ray methods.
The present work uses grazing incidence small angle x-ray scattering (GISAXS) to
investigate the relationships between photovoltaic (PV) performance and the hierarchical
self-organization43-46 of the active layer in solution processed BHJ devices as controlled by
the structures of the Pc.

Herein, devices are produced from a blended solution of commercially viable Pc dyes with
absorption bands in the 600-800 nm range and a functionalized fullerene electron acceptor
incorporated into a simple and robust film that serves as a model for OPV coatings. The
performance of these devices is on par with current state-of-the-art Pc-based OPV.24 Using
thioalkanes with different chemical structures (Figure 1) produces a family of molecules that
are chemically compatible but yield nanofilms with marked morphological differences. We
avoided established strategies that increase OPV efficiency but compromise commercial
viability and/or reproducibility such as covalent linking of dyes,47 layering by thermal
evaporation to create more panchromatic devices,48, 49 and cell architectures that are
difficult to fabricate and quantitatively reproduce.22, 50-52 Other strategies that affect active
layer morphology have been studied.17, 53, 54

To correlate the changes in nanomorphology of the active layer to device performance, we
have selected a simplified BHJ type solar cell architecture (Figure 2) which is easily
fabricated in open air and easily reproduced in different laboratories without requiring the
complex organic photovoltaic (OPV) architectures necessary for greater efficiencies.55-58

This architecture allows GISAXS studies to be correlated with higher precision device
characterization. Herein we demonstrate several key factors that improve device efficiency:
(a) short side chains on the PC increased the active layer optical density, (b) increasing
disorder in the films diminished domain size, and (c) diminishing the homogeneous
alignment decreased non-productive charge dislocation.

Materials and Methods
All solvents and reagents were purchased from Sigma-Aldrich and used without further
purification unless otherwise stated. Fullerene C60 (99.5%) was obtained from BuckyUSA.
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A Cary Bio-1 was used for UV-visible spectra, and an Asylum (MFP-3D, Asylum Research
Corp.) was used for atomic force microscopy (AFM) measurements. All syntheses, device
fabrications, and device measurements were performed multiple times by different
researchers.

All device samples (Figure 2) were prepared by first spin coating a PEDOT:PSS hole
conducting layer, in open air, approximately 55 nm thick onto a pre-cleaned 140 nm thick
indium tin oxide (ITO) coated glass substrate at 5,000 RPM from aqueous solution and
baked at 140 °C for 10 minutes. An active layer was deposited by spin coating at 700 RPM
for 45 seconds from toluene solutions of either an individual Pc derivative at 0.5% (w/w)
(Pc-4-C5, Pc-8-C5, Pc-4-C8, Pc-8-C8, Pc-4-C12, Pc-8-C12, see Figure 1 and Table 1) or a
blend of a four substituted, eight substituted, and tert-butyl Pc at relative ratios of 17:66:17
(w/w) at a total concentration of 0.25% (w/w) (Pc-C5 blend, Pc-C8 blend, Pc-C12 blend) to
form a 75 nm thick film as measured by AFM. In all cases the Pc were mixed with 30% (w/
w) of a pyridyl fullerene (PyC60)59, 60 (w/w) relative to the total dye content. These samples
were investigated by grazing-incidence x-ray diffraction. For PV device characterization,
∼40 nm thick fullerene (C60) and 70 nm thick aluminium top contacts were sequentially
deposited through a shadow mask (active device area: 3.14 mm2) in vacuum by thermal
evaporation on top of the active blend layer (Figure 2). Device performance parameters were
measured in open air.

Synchrotron x-ray scattering measurements were made at the National Synchrotron Light
Source. Data was collected at Beamline X6B using a Princeton Instruments CCD area
detector and at Beamline X9A with a MARCCD detector. At X6B, measurements were
made with an adjustable sample-detector distance of 16 to 50 cm, at wavelengths ranging
from 0.65 Å to 1.2 Å to survey possible order on length scales from 3 Å to 40 Å. First-order
diffraction peaks with d-spacings approximately 25-35 Å were the only ones detected for all
samples. Incidence angles of 0.07, 0.12 and 0.20 degrees were compared, and peak to
background ratios found to be similar. All X6B data shown have the following
configuration: detector distance 16 cm, wavelength 1.215 Å, and incident angle 0.12
degrees. At Beamline X9A measurements were made at a detector distance of 24.9 cm (+/−
2mm) at a wavelength of 0.89 Å providing an accessible q-range from 0.13-2.89 Å−1

corresponding to a length range of ca. 2-50 Å. Images taken using the X6B and X9A
Beamlines were calibrated using powder standards (alumina and/or silver behenate) and
analyzed using Datasqueeze [http://datasqueezesoftware.com] to integrate and plot the
scattered x-ray intensity versus momentum transfer q and azimuthal angle χ around the
incident beam direction. Fits from collected data sets were evaluated using FitYK [http://
fityk.nieto.pl/]. Gaussian line shapes were used to quantify the peaks and extract full width
at half maximum (FWHM) values.

PV parameters of fabricated devices were measured from device current-voltage (I-V)
characteristics under simulated solar illumination. A custom-modified probe station
equipped with Agilent 4156C precision semiconductor parameter analyzer was used to
characterize dark and illuminated I-V characteristics, and an Oriel 9600 150 W solar
simulator with an AM1.5G filter was used for solar illumination with 100 mW/cm2 (1 SUN)
condition (calibrated by Oriel 70268 thermopile detector).

All dyes were synthesized by similar procedures with minor modifications to yield a library
of Pc having various degrees of peripheral thioalkane substitution, with tuned optical
properties (Table 1).33 All molecules, except for the tetra-tert-butyl Pc (ZnPc-4-TBu) which
was purchased from Aldrich and used as received, were fabricated from the same starting
material, zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadeca-fluoro-phthalocyaninato
zinc(II), (ZnPcF16), also obtained from Sigma.
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Device Architecture
The device architecture is depicted in Figure 2. Active layers were spin cast from toluene
solutions of either a single Pc, or a blend of multiple Pc, and a pyridyl functionalized
fullerene acceptor, PyC60. Contacts were then thermally evaporated. The degree of
substitution of the phthalocyanine is controlled by variation of reaction conditions:
temperature, duration, and solvent (see supporting information). The UV-visible absorption
spectrum allows for easy tracking of the degree of peripheral substitution on the core
ZnPcF16 platform by following the ca. 7 nm red shift of the strongly absorptive Q bands for
each electron withdrawing fluorine substituted by an electron donating thioalkane.33, 34 The
substitution occurs initially at the more reactive β positions of the starting ZnPcF16 (Figure
1), which has a strong absorption at 680 nm. Derivatives with one or two thioalkanes on the
β positions of each isoindole have optical bands centered at 707 nm and 735 nm,
respectively (Table 1). The acceptor, PyC60, was synthesized according to literature
procedures.59

We focus on readily available, cost effective, and scalable materials that can be incorporated
into simple devices with easily reproducible efficiencies. The layers are spin coated in
ambient atmosphere from non-halogenated solvents to produce a stable device from which
we can assess the effect of variations in active layer composition and nanomorphologies.
The active layer contains a blend of one or more Pc dye donors and PyC60, which serves as
an electron acceptor. The pyridyl moiety on the PyC60 acceptor can coordinate to the Zn(II)
center of the Pc molecules to facilitate charge transfer and exciton diffusion at the donor-
acceptor interface.61, 62 Though modifications of the fullerene diminish its effectiveness as
an electron acceptor, neither unfunctionalized C60 or the commonly used phenyl-C61-
butyric-acid-methyl ester (PCBM) work well in this device architecture because C60 is not
adequately soluble at the necessary concentration and PCBM creates poor quality cells that
phase separate upon annealing.

The facile chemistry on the ZnPcF16 allows tuning of the UV-visible spectra and formation
of chemically compatible and photonically complementary dyes with significant overlap of
the HOMO-LUMO gaps. Thus, a blend of these Pc dyes effectively uses a greater part of the
solar spectrum as evidenced by EQE measurements in our previous work (see supporting
information).33 The use of different thioalkanes preserves these chemical similarities and the
advantages of blending multiple dyes while allowing for controlled variation of hierarchical
organization and optical density (Figure 3). The shorter chains form films with greater
optical density because the alkanes occupy less surface area in the active layer and allow for
a higher packing density of the Pc cores.

Hydrocarbon Structure Dictates Hierarchical Order and Device Efficiency
Power conversion efficiencies depend on thioalkane chain length (Figure 4, Table 2). We
hypothesized that the use of the ZnPc-C12 Blend within the active layer displayed low
overall device power conversion efficiencies (PCE) due in part to the resistivity of the
device's active layer. In order to decrease the device resistance and simultaneously improve
optical density by packing more chromophores into the same thickness of the cast layer,
devices using ZnPc-C5 with short pentanethiol chains were evaluated. Devices made with a
ZnPc-C5 blend exhibited nearly a 100% increase in PCE compared with devices containing
the ZnPc-C12 blend, due in large part to a 60% increase in JSC, a 25% increase in VOC, and
a ∼40% decrease in device series resistance as determined from the tangential slope at VOC.
Devices with only ZnPc-4-C5 in the active layer displayed nearly identical RS but 20%
lower PCE because of reduced VOC and JSC compared to devices with the ZnPc-C5 blend.
Thus for a given ZnPc core system, the thioalkane length is the main factor that determines
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device RS rather than the number of attached thioalkanes. As discussed below, the
dependence of RS on the length of side thioalkane chain suggests that the molecular stacking
of Pc occurs parallel to the film plane.

Liquid Crystalline Domains
Pc have disk shaped structures that are about 1.5 nm in diameter and can form discotic liquid
crystal phases (DLC) when appended with long-chain alkanes.63-67 DLC can be induced to
arrange themselves into columns stacked parallel to the substrate (homogeneous alignment)
or perpendicular to the substrate (homeotropic alignment) as illustrated in Figure 5. DLC
exhibit excellent electron transfer along the columnar axis and are used in a variety of
widely deployed technologies such as LCD screens and OPV.63, 68, 69 A film of
homeotropically aligned, co-facially pi stacked Pc would be expected to rapidly transmit
charge perpendicularly to the substrate and could be expected to approach the ideal bulk
heterojunction architecture.2, 70-72

In the case of a homogeneously aligned film, x-ray scattering measurements with the
incident beam grazing the film surface exhibit hexagonal scattering patterns for well aligned
films. For intermolecular spacing a (on the order of the molecular disk diameter), the
spacing of diffracting planes d = a(√3/2), yields diffraction spots with momentum transfer q
= 2π/d, which is analyzed from the radial position of the diffracted beam. The six-fold
symmetry creates three spots above the film horizon, as shown in the diffraction pattern of
Pc-8-C12 (Figure 5c). The additional streak of intensity along the vertical axis arises from x-
rays reflecting from the smooth film surface, and the dark shadows are from the beam stop.
The magnitude of q and the width of the peak along q indicate the d-spacing and the
distribution of d-spacings of the molecular columns.

The azimuthal angle χ provides information about film alignment. Figure 5d shows a graph
of diffracted intensity, integrated over a small q interval at the diffracted peaks. The maxima
at 30°, 90°, and 150° confirm hexagonal symmetry and homogeneous alignment for Pc-8-
C12. The peak width in χ directly probes the orientations of the ordered grains. For
example, small domains may be present whose hexagonal stacks do not lie parallel to the
substrate, as depicted in Figure 5e. A distribution of crystalline regions will broaden the
peaks along the χ direction. If the collection of grains has isotropic orientation, a diffraction
ring with intensity independent of χ will be observed.

A range in q was surveyed to enable d-spacings from 3 Å to 40 Å to be detected for all
samples. No wide-angle peaks were observed, indicating insufficient diffraction contrast
from long-range-ordered columnar pi-stacking of the molecules in any orientation. Instead,
diffraction peaks were observed for columnar structures with hexagonal symmetry evident
only in the detector plane. Thus, all diffracting dye molecules are oriented homogenously
(Figure 5b, 5e).

Diffraction peaks were observed with q maxima ranging from 0.23 Å−1 to 0.33 Å−1,
corresponding to column layer spacings of 19 Å to 27 Å, or inter-column distances of 22 Å
to 31.5 Å, as expected for their molecular diameters with extended hydrocarbon chains of
varying length. For active layer films, the diffraction peaks exhibited variations in widths of
both q and χ among samples, and were never resolved into contributions from multiple
peaks. This observation suggests that the samples, including the blends, consist of no more
than one LC phase. In samples displaying the most order, sharp spots are observed at the
expected azimuthal angles indicative of a hexagonally packed homogeneously aligned
film.73 The peak corresponds to the (1,1) hexagonal column and indicates a center-to-center
distance of 30.9 Å for the C12 film that is consistent with the molecular diameter of 25-35 Å
with extended side chains.

Jurow et al. Page 5

J Mater Chem A Mater Energy Sustain. Author manuscript; available in PMC 2014 February 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Improving Device Performance by Frustrating Homogenous Order
Our previously work with the ZnPc-C12 Blend system demonstrated that the inclusion of a
small percentage of ZnPc-4-TBu into a Pc mixture resulted in an increase in PCE which far
exceeded the gain expected solely from the increased spectral coverage.33 Because of the
impact active layer nanostructure has on the photonic properties of these films, GISAXS
measurements were made on devices to examine the effects of both the incorporation of the
ZnPc-4-TBu and the inclusion of dyes with different thioalkane side chains.

Films of ZnPc-8-C12 and ZnPc-4-C12 with PyC60 were found to exhibit homogeneous
packing, with diffraction patterns similar to that shown in figure 5c (compare Figures 6 and
7). This observation is consistent with Pc molecules bearing long hydrocarbon chains
stacking into liquid crystalline phases.63-65, 74-76 Charge transport in the normal direction in
films with homogeneous alignment (Figure 5b) is intrinsically inhibited by charge hopping
across insulating side chains. Since the efficiency of inter-column charge hopping depends
on the distance between macrocycle edges, the improved efficiencies observed in devices
made from films containing domains of homogeneously aligned ZnPc-C5 arise from the
shorter inter-column distances in addition to the increased optical cross sections.

The ZnPc-C8 dyes with branched thioalkanes improved theoptical cross section (Figure 3)
relative to the Pc-C12 systems, but diminished the PV performance compared to the other
devices. The absence of diffraction indicates a lack of uniformly ordered regions in the
ZnPc-C8/PyC60 active layer, resulting in an increase of RS by nearly twofold, and a ∼35%
decrease in JSC, because of exciton recombination and poor charge collection.

Incorporating dyes with shorter alkyl chains increases the inter-domain conductivity
between homogenously packed columns and also deters the formation of a homogenous
mesophase. Blending with ZnPc-4-TBu diminishes homogenous LC order in the same
fashion and results in increased device efficiency. X-ray data (Figure 7) indicates that Pc
with fewer and shorter side chains form films with less of the unfavorable homogeneous
ordering observed in the Pc-C12 dye systems. GISAXS data from both ZnPc-4-C5 and
ZnPc-8-C5 films exhibit a diffuse halo, centered at q=0.31 Å−1 (a=23 Å). With 5% (w/w)
ZnPc-4-TBu in the ZnPc-4-C5 and ZnPc-8-C5 films, no diffraction patterns are observed,
indicating a complete disruption of repeating regions of homogenous order.

The ZnPc-C8 films exhibited narrower q peak widths than those with ZnPc-C5, though still
broader than the ZnPc-C12 films. Diffraction patterns for ZnPc-C8 suggest that the branched
alkanes allow for somewhat better side chain melting, liquid crystallinity, and blending with
acceptor than the C5 dye (Figure 6, 7). Both an increased degree of alkyl substitution and an
increased chain length result in larger regions of homogeneously ordered molecules that
negatively impacted PV efficiencies.

The homogeneous alignment of the Pc arises from the greater affinity of the appended
alkanes for the PDOT:PSS surface than the macrocycle core.77, 78 The lack of second order
diffraction peaks implies that the domains of homogeneously packed molecules are small,
likely because the 70 nm layers contain non- periodic interruptions in molecular
arrangements caused by roughness in the PEDOT layer. Broadening of these peaks into
halos and rings arises from a randomization in the orientation of the ordered regions. At
wide scattering angles no other information, such as a d-spacing corresponding to a pi-
stacking length, is observed.

Since blends of Pc can exhibit enhanced performance relative to the individual dyes, studies
were done to discern whether the dye molecules segregated into domains or mixed well on a
molecular level. The organization of a film of ZnPc-C12 blend was compared to films of the
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individual C12 dyes alone. The GISAXS data from the blended films shows no clear
evidence indicating the formation of domains composed of one of the dyes. The ZnPc-8-C12
film exhibits a bright, narrow diffraction peak, and the blends exhibit diffuse bands (Figure
6). This is consistent with earlier AFM friction studies and the notion that the dyes are
chemically similar (Table 1).

The inclusion of 17% ZnPc-4-TBu into a mixture of ZnPc-4-C12 and ZnPc-8-C12 dyes
increased the PCE by nearly 50%. A separate set of samples consisting of Pc-8-C12 blended
with different ratios of ZnPc-4-TBu were prepared to quantify the effect of the latter on the
morphology of the films and PCE. A blurred halo is observed in the GISAXS indicating the
inclusion of the ZnPc-4-TBu disrupts the otherwise homogeneously ordered regions of the
ZnPc-8-C12 in the film or reorients ordered sections of dyes into random directions (Figure
8). This induced disorder contributes substantially toward the improvement in solar cell
efficiency in the blended devices relative to the cells composed solely of the individual dyes.
Taken together, it is likely that the devices made from the individual dyes feature large
regions of Pc molecules oriented parallel to the surface thereby inhibiting charge migration
to the electrodes, and allowing rates of geminate and intermolecular charge recombination to
compete with rates of exciton diffusion to a requisite interface. A small percentage of
ZnPc-4-TBu is sufficient to frustrate homogeneous alignment.

The concept that long range homogenous order is detrimental to device efficiencies is also
supported by the near elimination of any detectable PCE upon annealing. The multiple peaks
at various q values as well as the diffuse halos observed in the diffraction images suggest
that annealing induces substantial phase separation of the device components (Figure 9).
AFM data collected of the annealed films after the collection of the x-ray images shows
phase separated finger-like domains on the order of 100 nm high (Figure 9).

Conclusion
Blended dye systems have clear advantages.29 Devices using dye blends made from a core
Pc platform display remarkable improvement in photovoltaic efficiency of these semi-
transparent functional coatings upon the integration of a small percentage of ZnPc-4-TBu
because it disrupts the unfavorable homogenous packing of the dye molecules in the active
layer.79 The use of a core Pc platform also assures significant overlap of the HOMO-LUMO
gaps of the dyes in the active layer, thereby facilitating charge transport.33 Shorter side chain
substituents such as ZnPc-C5 reduce both the film resistivity and the liquid crystalline
character of the dyes, while increasing the optical density of the active layer. Many groups
are investigating liquid crystalline molecules to serve as donors in organic bulk
heterojunction solar cell devices.63, 65, 74, 80 Homeotropically aligned systems of dyes with
interdigitated domains of electron acceptors may be a good architecture for BHJ active
layers;1 however, difficulty in producing homeotropic packing remains an obstacle. The
detrimental effect on cell performance resulting from the necessary alkyl substitution
required to induce liquid crystallinity in Pc suggests that different methods of self-
organization into favorable nanoarchitectures are needed. Understanding the effect of
ZnPc-4-TBu in the ZnPc-C12 dye system, and the differences in nanostructure of films
containing the three different thioalkane side chains, disorder may be a better design
principle for devices with blended active layers. Further investigations will explore the
effect of substitution with conducting side chains as well as their effect on morphology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Compounds used, see Table 1 for specific reaction conditions.
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Figure 2.
A scheme of the device architecture; see abstract for picture. Samples for x-ray studies
followed the same preparation excluding the C60 and Al electrodes. The evaporated C60
provides a better contact between the aluminum and active layer.
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Figure 3.
UV-visible absorption spectrum of 70 nm films spin coated from equimolar solutions:
ZnPc-4-C5 (dotted line); ZnPc-4-C8 (solid line); ZnPc-4-C12 (dashed line).
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Figure 4.
Current-voltage characteristics of solar cells under 1 sun AM 1.5G conditions. All devices
contain 30% (w/w) PyC60 unless otherwise stated.
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Figure 5.
(a) Homeotropically aligned columns of Pc molecules; (b) homogeneously aligned
hexagonally packed columns, characterized by column spacing a and layer spacing d =
a√3/2; (c) representative GISAXS pattern of ZnPc-8-C12 showing diffraction peaks from the
six fold-symmetric column layer planes. The azimuthal angle χ is referenced from a
horizontal axis; (d) x-ray intensity integrated through a small q range containing the Bragg
peaks as a function of χ highlighting the 60° separation between peaks. Near χ =90°,
flattened minima and irregular peak shape are due to transmission blocked by the beam stop;
(e) depiction of variation in packed-column orientation which causes diffracted peaks to
broaden in the χ direction.
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Figure 6.
Comparisonof GISAXS data for the alkylated ZnPc. ▾=ZnPc-4-TBu, •=ZnPc-4-C12,
○=ZnPc-8-C12, ∇= blend of ZnPc-4-C12: ZnPc-8-C12: ZnPc-4-TBu (17:66:17 by weight).
Top: plots of intensity versus q in the region where diffraction spots corresponding to a
hexagonal lattice appear. A diffraction ring is present in all samples except ZnPc-4-TBu.
Bottom: plot of intensity versus χ.
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Figure 7.
Integrated GISAXS diffraction peak intensities for selected –C8 and –C12 films; ▪=ZnPc-4-
C8, □=ZnPc-8-C8, •=ZnPc-4-C12, ○=ZnPc-8-C12; Top: intensity versus q with χ
integrated from 34.5-77.2; Bottom: Intensity versus χ with q integrated +/− 0.04 Å−1 about
the center position determined from fits in the top panel. All films contain 30% PyC60 by
weight.
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Figure 8.
Diminished LC order is shown by the increase of the FWHM of Gaussian fits to plots of the
intensity versus χ integrated from q = 0 - 0.231 Å−1 as the weight % of ZnPc-4-TBu
increases in devices fabricated from 17:66 by weight blends of ZnPc-4-C12: ZnPc-8-C12.
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Figure 9.
(a) False color image of diffraction pattern of the ZnPc-8-C12 after annealing at 140°; (b) χ-
integrated intensity versus q prior to (○) and following the anneal (◆), showing the
segregation into two LC phases with distinct column layer spacings; (c) AFM height image
of an annealed sample of ZnPc-8-C12 showing dendritic regions not observed prior to
anneal; (d) AFM height trace along line indicated in (c).
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Table 1

Compounds, reaction conditions, and strongest electronic absorption band. Use of the term “Pc-N-Cx Blend”
where N is either 4 or 8and x is 12, 8, 5, or TBu, indicating the degree of substiution and alkane, respectively,
ZnPc-4-TBu at 17:17:17 (w/w).

Compounda Substituentb # of thioalkanes UV-visible λmax (nm) Reaction conditionsc

ZnPc-4-C12 • R or R'=1-dodecanethiol 4 – 6 708 K2CO3, stir 24 h at RT in THF

ZnPc-8-C12 ○ R=R'=1-dodecanethiol 8 – 10 736 K2CO3, stir 8 h in refluxing THF

ZnPc-4-C5 ▴ R or R'=1-pentanethiol 3 – 5 708 K2CO3, stir 2 h at 50 C in THF

ZnPc-8-C5 ▵ R=R'=1-pentanethiol 8 – 10 733 K2CO3, stir 3h in refluxing THF

ZnPc-4-C8 ▪ R or R'=2-ethyl-1-hexanethiol 4 – 6 711 K2CO3, stir 24 h at 50 C in THF

ZnPc-8-C8 □ R=R'= 2-ethyl-1-hexanethiol 8 – 10 726 K2CO3, stir 2 h in refluxing DMF

ZnPc-4-TBu ▼ tert-butyl 4 680 Sigma-Aldrich

a
The middle number indicates degree of substitution, the symbols are used in the GISAXS data plots.

b
The major component; lesser amounts of other substitutionproducts are indicated in MALDI mass spectrometry and the range indicated in column

3.The α positions are substituted when there are >8 substiutions.

c
All reaction used 100-fold excess thiol.
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