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Abstract: Phthalocyanines (Pcs) are commonly applied to advanced technologies such as optical limiting,
photodynamic therapy (PDT), organic field-effect transistors (OFETs), and organic photovoltaic (OPV)
devices, where they are used as the p-type layer. An approach to Pc structural diversity and the incorporation
of a functional group that allows fabrication of solvent resistant Pc nanostructures formed by using a newly
developed nanoimprint by melt processing (NIMP) technique, a variant of standard nanoimprint lithography
(NIL), is reported. Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), a click chemistry reaction,
serves as an approach to structural diversity in Pc macrocycles. We have prepared octaalkynyl Pc 1b and
have modified this Pc using the CuAAC reaction to yield four Pc derivatives 5a-5d with different peripheral
substituents on the macrocycle. One of these derivatives, 5c, has photo-cross-linkable cinnamate residues,
and we have demonstrated the fabrication of robust cross-linked photopatterned and imprinted nanostruc-
tures from this material.

Introduction

Phthalocyanines (Pcs) are commonly applied to advanced
technologies such as optical limiting,1 photodynamic therapy
(PDT),2 organic field-effect transistors (OFETs),3 and organic
photovoltaic (OPV) devices,4-6 where they are used as the
p-type layer. Critical to the performance of Pc materials in these
applications is the condensed phase morphology that they adopt
and the nanostructures into which they can be fabricated. Pc

solid state properties including self-association and interfacial
behavior are dependent on substituents on the periphery of the
chromophore.7 Extremely subtle structural variations in disk-
like chromophores can lead to dramatic and effective alteration
of their condensed phase organization, with a resultant effect
on the electronic interactions between adjacent molecules.8 To
study the influence of Pc structure on condensed phase
morphology, a library of different Pcs must be created to survey
the effects of structural alterations. However, while the extent
of structural variation of Pc materials to date is quite impres-
sive,9 there is a need for general methods of producing Pc
materials with structural diversity, especially with substituents
that will not readily survive the relatively harsh conditions of
Pc chromophore synthesis.10

Here we disclose an approach to Pc structural diversity based
on “click chemistry”.11 We have chosen the copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC)12 as an approach to
structural diversity in Pc macrocycles. A click chemistry
reaction, CuAAC has proven useful for the synthesis of novel
polymers and materials in many laboratories13 and is an ideal
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reaction for Pc modification due to its extremely high yields
and fidelity.14,15 Incorporation of alkyne functionalities on the
periphery of a Pc will facilitate alkyne-azide click chemistry,
allowing for a variety of high-functioning substituents to be used.
With this approach, a library of Pcs can be prepared from a
single Pc core. Modifying the Pc after the macrocycle has been
formed eliminates repeating the difficult, low-yielding cycliza-
tion step with every desired change in structure. We also
demonstrate herein the incorporation of a functional group that
allows fabrication of solvent resistant Pc nanostructures, formed
by using a newly developed nanoimprint by melt processing
(NIMP) technique, a variant of standard nanoimprint lithography
(NIL).16

Results and Discussion

Pc Modification by Click Chemistry. In designing a target
for a “clickable” Pc, it was necessary to incorporate multiple
terminal alkyne moieties on the Pc periphery while maintaining
good solubility in the typical organic solvents used for click
chemistry (e.g., DCM, THF, DMSO). We also sought to
minimize the synthetic steps needed to prepare the phthalonitrile
precursor to the Pc. The ready availability of dihydroxyphtha-
lonitrile 217 and the facile access to alkylated derivatives using
Williamson ether or Mitsunobu chemistry18 led us to posit
octaalkynyl 1b for our clickable Pc. In addition to the requisite
alkynyl moieties, the four methylene groups between each
alkyne moiety and the Pc ring would lend degrees of freedom
to the structure that may translate to good solubility.

We prepared octaalkynyl Pc 1b via phthalonitrile 4a or 4b,
both of which were prepared from dihydroxy phthalonitrile 217

by Mitsunobu coupling with either 3a19 or commercially
available 3b, respectively (Scheme 1). Linstead cyclization of
phthalonitrile 4a yielded TIPS-protected Pc 1a which was
subsequently fluoride-deprotected to provide target 1b (26%
from 4a). The TIPS groups were initially used to provide a
soluble precursor to the potentially poorly soluble 1b. However,
we discovered to our delight that 1b is readily soluble in a wide
range of organic solVents (e.g., CH2Cl2, CHCl3, THF, acetone,
EtOAc). Hence, 1b is also readily obtained by direct cyclization
of phthalonitrile 4b in 68% yield (Scheme 1). Both 1a and 1b
were successfully characterized by NMR, UV-vis spectroscopy,
mass spectrometry, and combustion analysis. The UV absorption
spectrum of both 1a and 1b (ca. 10 µM in CH2Cl2) were
consistent with reported spectra of nonaggregated Pcs20 with a
split Q-band at 702 and 668 nm, vibrational bands at 640 and
607 nm, and B-band at ca. 340 nm (Figure 1a). The GPC traces
of both 1a and 1b were indicative of monodisperse materials,

and the hydrodynamic size of TIPs-protected 1a was larger than
that of its deprotected analogue 1b (Figure 1b).

Octaalkynyl 1b is an effective platform for Pc chromophore
modification through click chemistry (Scheme 2). Among click
conditions surveyed, a combination of CuBr(PPh3)3 and Hunig’s
base in CH2Cl2 proved most effective. Using a ratio of 2 azide
to 1 alkyne equivalents under these conditions, a reaction time
at ambient temperature of 7 days was sufficient to provide
octatriazenyl Pcs 5a-d in high yield from 1b and azides 6a-d.
A greater than stoichiometric amount of CuBr(PPh3)3 was
necessary as the metalated CuPcs were obtained under these
conditions. We expect that metalation of 1b prior to click
chemistry will allow the use of catalytic amounts of Cu in the
preparation of Pc with other metal centers.14 Pcs 5a-d were
characterized by a combination of NMR, UV-vis spectroscopy,
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Scheme 1

Figure 1. (Left) UV absorption spectra of Pcs 1b (4.85 × 10-6 M) and 5c
(5.16 × 10-6 M) in DCM. (Right) GPC chromatograms of Pcs 1a, 1b, and
5a-5d in THF.
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mass spectrometry, and GPC. The absorption spectra of 5a-5d
confirmed the presence of the Cu in the macrocycles, evidenced
by the collapsed Q-band resonance at 682 nm (Figure 1a,
Supporting Information). The GPC traces of 5a-5b were
indicative of monodisperse materials, and the hydrodynamic
sizes of all derivatives were larger than those of the correspond-
ing starting material 1b (Figure 1b).

Micropatterning and Nanofabrication. This method of chro-
mophore modification allows the installation of functional
moieties for further manipulation. We demonstrate here both
the photopatterning of thin films and imprinting of robust
nanostructures using the photo-cross-linking of the cinnamate
residues installed onto Pc 5c by click chemistry. Nanostructures
of Pcs are of importance for advanced technology applications
such as OFETs and OPVs. The control of nanostructure
dimension is critical to surmounting the exciton bottleneck
problem in heterojunction-based OPVs.21 To date, OPVs have
only reached a maximum power conversion efficiency of ∼5%.6

With a target efficiency of 15-20%,4 both materials and device
design need to be dramatically improved. An increase in
efficiency is expected as feature sizes decrease to approach the
exciton diffusion length. In addition, exciton mobility is
dramatically affected by chromophore organization.8 The rapid
method of chromophore modification described above will allow
us to explore both of these aspects of OPV device design. The
feature sizes of the nanostructures presented herein approach
the exciton diffusion length for OPVs (ca. 20 nm22).

To first demonstrate the effectiveness of cross-linking the
cinnamate residues on 5c for producing robust condensed
structures, we prepared thin films (ca. 50 nm by ellipsometry)
of 5c by spin-casting from ca. 10-6 M CH2Cl2 solutions onto
quartz. The conditions necessary for successful cross-linking
of these films were investigated by subjecting them to irradiation
(λ ) 310 nm, 6 nm slits) using a 75 W Xe arc lamp. The solid

state [2 + 2] photodimerization of the cinnamate residues was
easily monitored by changes in the UV absorbance.23 Continu-
ous irradiation resulted in a decrease in the cinnamate peak in
the UV for 5c (37% overall decrease at 295 nm, λmax) after 95
min (Figure 2a). The decrease in cinnamate absorbance is most
likely due to both EfZ isomerization and [2 + 2] photodimer-
ization. Subsequent wet development (CH2Cl2 for 3 min)
resulted in negligible change in absorbance for the film of 5c,
indicating the formation of an insoluble cross-linked network
(Figure 2a).

Using the conditions for effective cross-linking determined
above, we next produced features from these thin films with
pattern sizes in the 30 µm range and characterized them by
fluorescence microscopy and AFM. Films with ca. 30 µm feature
sizes were produced by irradiation (310 nm for 150 min) of a
film masked with a transmission electron microscopy (TEM)
copper grid (500 mesh) and subsequent wet development in
CH2Cl2. Patterns of 5c visualized under a fluorescence micro-
scope (495 ( 10 nm excitation; 620 ( 90 nm emission filter)
exhibited resolved features with sharp edges (see Supporting
Information). These positive tone images have dark areas with
no emissive material and light areas of patterned 5c with the
dimensions of the pattern of the copper grid pattern used as a
mask. AFM images (Figure 2b) of the patterned thin film
confirmed the feature dimensions (30 µm × 30 µm) as well as
the thickness (ca. 50 nm). The similar thickness of the films
before and after cross-linking and wet development is evidence
of complete polymerization of the pendant cinnamate residues.

Significantly smaller feature sizes were effected in the surface
of a thin film of 5c using a simple but highly efficient technique
(NIMP) developed to create nanoarchitectures (Figure 3a). The
fundamental difference between NIMP and conventional nan-
imprinting lithography (NIL) processes is that NIMP starts from
a melted material, whereas NIL starts with a spin coated film.
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Scheme 2

Figure 2. (a) UV absorption spectra of a spin-cast film of 5c before and
after irradiation and wet development. (b) Fluorescence microscopy image
of patterned, cross-linked thin films of Pc 5c (495 ( 10 nm excitation and
620 ( 90 nm emission filter). (c and d) AFM image (full images in
Supporting Information) of patterned Pc 5c showing 30 µm square features
in a 50 nm thin-film.
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In NIL, a spin-coated film of a high molecular weight polymer
is used as the printing medium. This film is heated to in general
60-100 °C above the glass transition temperature (Tg) of the
polymer, and the highly viscous polymer is shaped by pressing
the hard mold into it under high pressure. The mold is removed
once the polymer is cooled below its glass transition temper-
ature. In NIMP, by contrast, a relatively low molecular weight
material is melted on the substrate with no prefabrication of a
thin film. Hence, the required pressure for the imprinting process
is much lower (about an order of magnitude) in NIMP compared
to NIL since the viscosity of the melt is much lower. Due to
the low viscosity and small wetting angle of a completely melted
material on a silicon (mold) surface, highly efficient nanopatterns
can be readily imprinted by the NIMP process. An added
advantage of NIMP over NIL is that material loss can be
minimized if the required amount of the sample and the
thickness are optimized. We have found NIMP to be extremely
reliable in printing versatile nanostructures not only for solar
cells but also for nanoelectronic and nanophotonic devices, as
the technique enables nanoimprinting of the active material
without breaking vacuum conditions during the device fabrica-
tion process.

High resolution e-beam lithography and inductively coupled
plasma reactive ion etching were used to make a silicon mold
having a square lattice pattern of circular holes. The diameter,
depth, and pitch of the patterned holes were approximately 40,

90, and 100 nm, respectively. The size of the mold was ∼1 ×
1 in2, and the size of the patterned area was 3 × 3 mm2. In the
imprinting step, ∼5 mg of 5c were heated just above its melting
temperature (∼70 °C) on a glass substrate (1 × 1 in2). The mold
was then pressed against the sample at a pressure less than 1
bar and held there until the sample cooled to ambient temper-
ature. High mobility and low magnitude of wall slip at the
melted sample/silicon interface enable us to directly imprint the
nanostructures with high fidelity. After cooling, the glass
substrate was released carefully from the mold without damaging
the printed structure. A high resolution scanning electron
microscopy image of nanopatterned 5c (Figure 3b) shows
nanostructures with an average diameter of 40 ( 5 nm and a
height of 80-100 nm in a periodic array of cubic structures
(with several squares of 0.5 mm × 0.5 mm area each). Cross-
linking of the cinnamate residues by irradiating the surface with
300 nm light results in patterned nanostructures that are resistant
to dissolution in chlorinated solvents (CH2Cl2, CHCl3), which
should allow subsequent wet processing steps to be performed.
Figure 3c shows the SEM image of the nanostructures after
cross-linking. (The image location on the nanostructure and
imaging angle are not the same in Figure 3b and 3c.) The printed
structures show high fidelity with the nanostructures of the
silicon mold both before and after cross-linking. These nano-
patterns can be printed in a few minutes and are highly
reproducible.

Summary

In summary, we have demonstrated the modification of Pc
chromophores with click chemistry and the subsequent use of
installed functional groups to create robust cross-linked pho-
topatterned and imprinted nanostructures. The investigation of
these nanostructures as components of bulk heterojunction solar
cells is currently underway in our laboratories.
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Figure 3. (a) Schematic of the NIMP process. (b) SEM image of a 0.6
µm × 0.4 µm area of pillars (diameter 40 nm and height 80-100 nm) of
5c created by NIMP. (c) SEM image of a similar area of pillars after photo-
cross-linking.
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