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ABSTRACT: Cg, fullerene derivatives bearing aliphatic chains can
self-assemble into versatile supramolecular structures. Cross-linking of
such self-assembled morphologies is an attractive approach to
enhance the structural stability of these self-organized structures.
We describe the synthesis of a Cg, functionalized with a single alkyl
chain bearing a diacetylene moiety. In a thin film, the molecule self-
assembles into lamellar arrays. The character of the side chain
attached to the fullerene is key to the observed packing ability. The
stabilization proceeds through solid-state polymerization of the
diacetylene moieties. By blending the fullerene derivative with a
cyanine dye, various nanostructured fullerene morphologies are
obtained that can be selectively stabilized by thermal polymerization. These films can serve as basis for nanostructured fullerene
scaffolds that can find applications in optics and electronics.

C23 PCB-diyne

Insoluble template

Bl INTRODUCTION Self-organized structures as described above have proven to be
a very efficient way to facilitate solid-state polymerization,

Organic semiconducting molecules in thin films offer promising
which stabilizes a morphology without destroying it. Wang et

alternatives to inorganic semiconductors in the fields of both

electronics and optics. Besides numerous other appealing al. incorporated diacetylene functional groups into a fullerene
characteristics, fullerenes have attracted attention as they derivative known to self-assemble into a bilayer structure on the
belong to the class of small molecule n-type organic molecular level.!® The cross-linked material was remarkably
semiconductors with excellent electronic properties."” Full- resistive against organic solvents. For fullerene derivatives
erenes and their derivates have been shown to self-assemble several cross-linking routes have been explored, including
into various mesoscopic shapes that can be controlled by the epoxydes,'® styrene derivatives,'* oxetanes,'> or polyacety-
chemical nature of their side group.3_6 A well-known route for lenes. %7

molecular self-assembly is based on amphiphilic molecules. For Polymerization of diacetylenes proceeds through a 1,4
instance, amphiphilic fullerenes containing cations’ or anions”® topochemical cycloaddition which Werner first described in

associate into bilayers that assemble into nanorods or vesicles.
A lot of attention has been paid to structures formed from
alkylated fullerenes. The nature of these molecules is not
strictly hydrophobic—hydrophilic, but it rather shows a
“hydrophobic amphiphilicity” due to 7—x interacting Cg4, and
the van der Waals interacting alkyl chain.”'® Nakanishi et al.
synthesized a fullerene derivative with three hexadecyl chains.

1969 as a diffusion-free, entirely lattice-controlled process.'®
Schmidt later proposed a mechanism for such a solid-state
reaction based on 2 + 2 cycloaddition of olefins.'” Top-
ochemical reactions retain position and symmetry of the
monomer units; they require a stacked arrangement of
monomer units such that one unit can react with its two

From a bilayer composed of Cg, and interdigitated alkyl chains, neighbors.”*™** Conjugated diacetylenes polymerize in  the
fibers, disks, spheres, and cones form, depending on the

solvent."" The same system assembled epitaxially on highly Received: August 9, 2013

oriented pyrolytic graphite (HOPG), forming lamellar Revised: ~ December 20, 2013

structures resulting in a 1D alignment of the fullerenes.'? Published: January 13, 2014
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solid state under the influence of pressure, heat, UV, or y
radiation to yield conjugated structures.*

Phase separation and dewetting are well-established methods
to manufacture nanostructured thin films with new function-
alities. Cross-linking would be most attractive if applied to the
phase of a blend film such that insoluble meso- or macroporous
structured scaffolds can be manufactured.** Fullerene blend
films with various electron donors are currently widely studied
for organic solar cell applications.”> Most studied are blends
with semiconducting polymers,**™>® but blends with small
organic molecules have gained great interest.”’ Stabilizing
specific blend morphologies of fullerenes is appealing as it is
believed that coarsening of the nanomorphology impacts device
performance.13 In our previous work, we have shown that
liquid—liquid dewetting (LLD) is the dominant phase-
separation process in blends of polymers and cyanine dyes,
providing easy means of hierarchical structuring,*

Microcontact printing (4CP) of functional thiols on
surfaces®** is a well-described method to induce long-range
order in a dewetting®® or phase-separating®* system. We have
shown in a previous study that the pattern replication could be
controlled by the contact line pinning of hydrophobic droplets
of phenyl-Cg,-butyric acid methyl ester (PCBM) on hydro-
phobic self-assembled monolayer (SAM) lines.>* The ability to
stabilize such fullerene patterns and meso-structures is a new
concept and may prove useful for further processing of these
functional surfaces. We here demonstrate the synthesis of a Cg,
derivative carrying an alkyl chain with one single diyne moiety
to (i) enhance the self-assembly of the fullerene and (ii)
polymerize the mesoscopic structure obtained both in bulk
films and microstructured films achieved by a phase separation
process.

B EXPERIMENTAL SECTION

Synthesis of PCB-Diynes. The synthesis shown here for the first
time used only commercially available reactants and mild conditions.
Scheme 1 shows the two-step synthesis of the diacetylene-function-

Scheme 1. Synthetic Route for Obtaining PCB-Diyne via
Reduction of PCBM with DIBAL and Steglich Esterification
with Diynoic Acid®
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alized fullerene derivatives. In a first reaction, PCBM was reduced to
the corresponding alcohol PCB-ol using diisobutylaluminium hydride
(DIBAL). PCB-ol was then esterified with diynoic acids in the
presence of N,N’-dicyclohexylcarbodiimide (DCC) and 4-
(dimethylamino)pyridine (DMAP) to yield C23 and C11 PCB-diyne.

4-([6,6]-Phenyl-C4;)butanol, PCB-ol. PCBM (500 mg) was placed
in a dry 500 mL round-bottom flask under argon, and then 150 mL of
dry CH,Cl, was added and cooled to 0 °C. S equiv of DIBAL (1 M in
CH,Cl,) was added dropwise under stirring. The reaction was run
overnight at room temperature. CH;OH (4 mL) was then added, and
the organic layer was washed two times with water. The aqueous layer
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was then extracted twice with CH,Cl,, the organic phase was collected
and dried over MgSO,, and the solvent was then removed under
reduced pressure. The crude product was dissolved in CH,CIl, and
purified by column chromatography (Silica gel 60, Merck as stationary
phase, CH,Cl, as eluent). After drying, 420 mg (87% yield) of PCB-ol
was obtained.

10,12-Tricosadiynoic Acid [6,6]-Phenyl-C,;-butyl Ester, C23 PCB-
Diyne. 150 mg of PCB-ol was placed in a dry round-bottom flask
under argon atmosphere, and then 125 mL of dry CH,Cl, was added
with stirring at room temperature. A mixture of 294 mg of 10,12-
tricosadiynoic acid, 262 mg of DCC, and 16 mg of DMAP dissolved in
25 mL of dry CH,Cl, was then added at room temperature in the dark.
The solution was stirred in the dark for 4 days. The solvent was
removed under reduced pressure, and the crude product was purified
by column chromatography (Silica gel 60, Merk as stationary phase,
and hexane/CH,Cl,, 2:1 as eluent). After that, the solid was washed
twice with CH;OH. After filtration and drying, 160 mg of C23 PCB-
diyne was obtained (78% yield). Chemical structures and purities were
verified by '"H NMR and mass spectrometry (MS) (see Supporting
Information).

Synthesis of C11 Diynoic Acid. 7-Bromo-1-hexyne. In a three-
necked flask, 0.8 g of 1-hexyne, 1.96 g of N-bromosuccinimide (NBS),
0.17 g of AgNOj3, and 50 mL of acetone were added. The mixture was
stirred for 3 h at room temperature, mixed with 100 mL of hexane, and
concentrated under reduced pressure. The solid phase was removed by
filtration, and the filtrate was purified by fractional distillation under
reduced pressure. 740 mg of yellow oil was obtained (45% yield). 'H
NMR (400.1 MHz, CDCl,): 2.16 (t, ] = 7.0 Hz, 2H), 1.45 (m, 2H),
1.37 (m, 2H), 0.86 (t, J = 7.3 Hz, 3H) ppm.

4,6-Undecadiynoic Acid. In a three-necked flask, 17.8 mg of
copper(I) chloride and 20 mL of 30% butylamine aqueous solution
were added. A few crystals of hydroxylamine hydrochloride were
added to the solution until the blue color disappeared. 300 mg of 4-
pentynoic acid was added, and the mixture was cooled to 0 °C. 700 mg
of 1-bromo-1-hexyne in 10 mL of diethyl ether was added dropwise.
The solution was then stirred at room temperature for 2 h and was
stopped with 2 N HCI by adjusting the pH to 2. The organic layer was
extracted three times with ethyl acetate. The organic layers were
collected and dried, and the solvent was removed under reduced
pressure. The crude product was recrystallized in hexane. 390 mg of
4,6-undecadiynoic acid was obtained (71% yield). 'H NMR (400.1
MHz, CDCl,): 2.59 (m, 4H), 2.25 (t, ] = 6.9 Hz, 2H), 1.49 (m, 2H),
141 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H) ppm.

4,6-Undecadiynoic Acid [6,6]-Phenyl-C4;-butyl Ester, C11 PCB-
Diyne. C11 PCB-diyne was synthesized by coupling PCB-ol with 4,6-
undecadiynoic acid, as described above for C23 PCB-diyne. Yield 20%.
"H NMR (400.1 MHz, CDCL,): 7.92 (m, 2H), 7.55 (m, 2H), 7.48 (m,
1H), 4.18 (t, ] = 6.3 Hz, 2H), 2.89 (m, 2H), 2.51 (m, 4H), 2.24 (t, ] =
6.9 Hz, 2H) 1.8—2.0 (m, 4H), 1.48 (m, 2H), 1.40 (m, 2H), 0.89 (t, ] =
7.2 Hz, 3H) ppm.

General Methods. PCBM (Solenne B.V., The Netherlands) and
10,12-tricosadiynoic acid (Sigma-Aldrich) were used as received; the
cyanine dye 1,1’-diethyl-3,3,3’,3'-tetramethylcarbocyanine perchlorate
(CyC) was synthesized in our laboratory.*® Films were spin-coated on
glass substrates at different spin speeds (250—4000 rpm) from a 1 wt
% solution of PCB-diyne, PCB-diyne/CyC, or PCBM/CyC in
chlorobenzene (CB). The composition of blends varied from 0.8:1
to 2:1 (mol/mol) between CyC and the fullerenes. Films were
temperature-annealed at 100 or 120 °C in the dark under vacuum
(107 mbar) for times ranging from 1 to 24 h. To check the
(in)solubility, films were immersed in a large volume (typically SO mL
for a 1 cm’ film) of a good solvent (CB, CH,Cl,, or CHCl,) and were
sonicated for 10 min.

Film characterization included scanning force microscopy (SFM),
optical microscopy, UV—vis spectroscopy, attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy, and Raman
spectroscopy. SFM images were measured on a Nanosurf Mobile S in
tapping mode at a resonance frequency of 170 kHz with rectangular
silicon cantilevers (Mikromasch, Nanosensors TM) with a typical
force constant of ~40 N m™" and a tip radius of ~10 nm; images were
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analyzed with the WsXM scanning probe microscopy software.””
High-resolution SFM images were collected using a Nanoscope 8
multimode scanning force microscope (Bruker) operated in tapping
mode under ambient conditions. The microscope was covered with an
acoustic hood to minimize vibrational noise. The cantilevers with a
nominal tip radius of <10 nm (Bruker) were driven at oscillation
frequencies in the range of 150—200 kHz. Images were flattened using
the Nanoscope 8.1 software, and no further image processing was
carried out. Attenuance spectra taking scattering into account were
measured on a Varian Cary 50 UV—vis spectrophotometer. ATR-FTIR
spectra were measured on a Bio-Rad FTS 6000 spectrophotometer for
powders and a Bruker Hyperion (ATR coupled to an optical
microscope) for measurements on thin films. Raman spectra were
collected on a Senterra (Bruker) Raman microscope. To avoid long-
term exposure to the high intensity of the Raman laser, many short
measurements were taken at various positions of the sample. The data
was averaged over S0 spectra taken at 4 = 532 nm with the lowest
possible laser power of 0.2 mW focused on an area of § um?
Differential scanning calorimetry (DSC) was measured on a
PerkinElmer DSC 8000 (under nitrogen flow, at heating/cooling
rates of 10 °C min™" from 20 to 140 °C). Thermogravimetric analysis
(TGA) experiments were conducted on a Netzsch TG under an argon
atmosphere, with a heating rate of 20 °C min™", from 30 to 900 °C.
Wide-angle X-ray scattering (WAXS) experiments were performed
using a Rigaku MicroMax-002+ microfocused beam (4 kW, 45 kV,
0.88 mA) with the Ac, g, = 0.154 18 nm. The scattering intensities
were collected in transmission mode by a Fujifilm BAS-MS 2025
imaging plate system (15.2 X 15.2 cm? S0 ym resolution). An effective
scattering vector range of 0.5 nm™' < g < 25 nm™" was obtained, where
q is the scattering wave vector defined as q = 47 sin 6/A¢, g, with a
scattering angle of 26. Samples for WAXS were drop-cast from
chlorobenzene solutions (10 g L™") on freshly cleaved mica substrates
(Pelco Mica Discs,Ted Pella, Inc.) and subsequently annealed as
described earlier.

Preparation of Patterned Substrates. Metals for thermal
deposition were purchased from Cerac Inc. 3 nm of chromium
thermally deposited onto glass served as an adhesion layer for the
deposition of 10—30 nm of gold. Both metals were deposited at a rate
of 0.1 A s™' and at a starting pressure of 6 X 107 mbar. The
poly(dimethylsiloxane) (PDMS) stamps were prepared by molding a
10:1 (wt) base:curing agent mixture (Sylgard 184-Dow Corning) on a
silicon wafer micropatterned by photolithography. After curing at
room temperature for 24 h, a drop of 0.5 mM ethanolic solution of
octadecanethiol (Sigma-Aldrich) was deposited on the PDMS stamp
for 5 s. The stamp was dried under nitrogen for 10 s and held in
contact with the gold surface for 10 s. The substrates were washed
with ethanol before coating.

B RESULTS AND DISCUSSION
Self-Assembly of PCB-Diyne. We first discuss the self-

assembly of a Cg, derivative where the fullerene is linked via an
ester to an alkyl chain (C23 or C11) bearing a conjugated
diacetylene moiety. The synthesis route for C23 and C11 PCB-
diyne is shown in Scheme 1 and described in the Experimental
Section. In films obtained by drop-casting of the C23 diyne
molecule from CB solution, micrometer-large polycrystalline
domains form (Figure la). High-resolution scanning force
microscopy (SFM) images reveal that the molecules pack in a
1D periodic lattice fashion with a typical periodicity of ca. 8 nm
(Figures 1b—d). We can identify regions where the lamellae are
oriented perpendicularly to the substrate (Figures 1b,c). A grain
boundary between two crystalline plates is shown in Figure 1d.
The lamellar packing of the molecules was revealed by wide-
angle X-ray scattering (WAXS) experiments as shown in Figure
le. Two sharp reflections are observed at low g-values at q; =
1.06 nm™ and at g, = 2q;, which correspond to a lamellar
packing of the PCB-diyne molecules with a layer distance of d,
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Figure 1. (a) SFM image of a single crystalline platelet drop-cast from
10 mg mL™' C23 PCB-diyne in CB. (b—d) SFM images on such a
platelet showing a periodic packing of the monomers with a periodicity
of ca. 8 nm. (e) WAXS data measured on a film as cast (blue), on a
film annealed for 24 h at 100 °C (green), on a film annealed for 24 h at
100 °C, then for 3h at 120 °C and measured at 120 °C (orange), and
for 8 h at 120 °C (red).

= 5.92 nm and a correlation length of & = 314 nm. This
lamellar periodicity indeed corresponds to the total length of
two interdigitated PCB-diyne molecules (see Figure S7,
Supporting Information). At high g-values, a sharp reflection
at gp = 6.28 nm™" and a set of peaks at gp = 12.4, 13.6, and 14.0
nm~! are visible and correspond to the fullerene—fullerene
distance of dy = 1.00 nm (& = 20.4 nm) and the crystalline
packing of the alkyl tails with an average distance around d; =
4.5 A (é7 = 51.3 A), respectively. We therefore suggest that the
lamellae shell is composed of Cg, while the alkyl chains are
interdigitated and aligned with a periodicity of 0.45 nm. The
difference between the periodicity observed is WAXS and SEM
may arise from surface tilting. Some SFM scans suggest a
hexagonal packing of cylinders (see Figure S8, Supporting
Information); this morphology is not supported by WAXS and
could be assigned to a surface layer which forms in film regions
where lamellae are oriented parallel to the substrate, but the
thickness is irreconcilable with the lamellar period. Upon
thermal annealing of such films, WAXS data reveal that two
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different morphologies develop depending on the annealing
temperature during the polymerization process. Annealing the
sample at 100 °C keeps the lamellar structure of the samples
and the crystallinity of the alkyl domains as observed by the two
sharp reflections at ¢, = 1.02 nm™" and ¢, = 2.06 nm ™" and the
set of peaks at gy = 12.4, 13.6, and 14.1 nm ™", respectively. The
corresponding distances to these two features are the layer
distance d; = 6.18 nm with a correlation length of £, = 38.3 nm
and the average distance between alkyl tails of dy = 4.5 A (&1 =
48.6 A). Moreover, a sharp peak at gz = 6.28 nm™' is also
present which indicates that the fullerene moieties are well
packed into their domain with an interfullerene distance of di =
1.00 nm (& = 194 nm). Temperature-dependent WAXS
experiments revealed that this lamellar structure is stable
against further annealing at 120 °C, and only the alkyl chains
melt, which is shown by a broadening of the peak at g while
the peaks at g), q,, and gy are maintained. This morphological
stability will be discussed further when considering the
topochemical polymerization of C23-PCB-diyne. Annealing
the sample directly at 120 °C induces a transition to the
amorphous state as observed by the presence of a single broad
peak at gr = 13.7 nm™" which corresponds to the tail-to-tail
distance of dr = 4.6 A. Moreover, the fullerene moieties are
dispersed into the polymerized alkyl tail matrix as shown by the
two broad peaks at q; and g, which indicate a random
dispersion of such bulky motives into the continuous aliphatic
phase. A model for the packing based on WAXS and SPM
experiments is sketched in Figure 2 where the lamellae distance,

Figure 2. Schematics of the proposed self-assembly of C23 PCB-diyne
and its solid-state polymerization reaction.

the fullerene—fullerene and the tail-to-tail distances are shown.
A similar packing behavior in lamellae was observed by
Chikamatsu and co-workers for a monoalkylated fullerene
derivative.*® We believe that the driving force for the lamellar
arrangement is the immiscibility of the alkyl chains with the
fullerenes on one hand and the tendency of the alkyl chains to
crystallize on the other hand. The critical packing parameter
(CPP) is commonly used to predict the packing ability of
surfactant molecules in water from the curvature of the water—
lipid interface. The CCP is obtained by comparing the volume
of the lipid tail to the product of the cross-sectional area of the
head and the length of the lipid chain.** For C23 PCB-diyne, a
CPP of 0.13 was found. The conformation was calculated using
the density functional theory (DFT) (see Figure S7, Supporting
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Information). From here one would expect a packing of the
molecules into micelles.** We attribute the different observed
packing behavior to three factors. Both the rigid diacetylene
moiety in the middle of the alkyl chain, the use of an organic
solvent which may change the effective chain excluded volume
compared to a flexible alkyl chain in water,*' and, last but not
least, surface effects which may shift the observed conformation
from micelles to lamellas. This observation is supported by a
study by Nakanishi et al. where it was shown that fullerenes
bearing long alkyl chains self-assembled into interdigitated
bilayer structures independently on the CPP.*

Polymerization of C23 PCB-Diyne. Thermal polymer-
ization was chosen among other possible polymerization
methods to differentiate the topochemical reaction from the
photopolymerization of the Cg, alone.*> Topochemical
reactions occur over a wide temperature range with typical
activation energies of 22 kcal mol 1. According to the WAXS
data, annealing the films at 100 °C for 24 h sustained the
micromorphology of the film; additionally, the film was left
fully insoluble in the coating solvent. The above-discussed
packing leads to a high degree of order in a film cast from CB
that supports the solid-state polymerization mechanism. The
theoretical polymer structure resulting from the topochemical
reaction between multiple stacked diacetylenes is shown in
Figure 2 for C23 PCB-diyne.”®> We sketch the transformation of
a monomer-made lamella to an insoluble polymer-made
lamella. Here the self-assembly of the C23 PCB-diyne provides
the favored stacking of the diacetylene moieties.”*”>> The
evolution of the morphology of the drop-casted films was
explored by SPM in paralle]l to the WAXS experiment.
According to the scattering data, no amorphous regions exist
in the film; the SFM scans therefore show large polycrystalline
domains embedded in a microcrystalline matrix (Figure 3a).
These structures are stable against annealing at 100 °C (Figure
3b).

Annealing the film at 120 °C fully destroys the crystalline
character of the film. This is confirmed by SFM scan (Figure
3c). The shape of large domains remains intact (Figures 3gh),
suggesting that the melt resulting from annealing does not flow.
Interestingly, the polymerization reaction is also taking place in
this film, rendering it insoluble in the casting solvent after 8 h of
annealing. We must conclude that the observed tail-to-tail
distance of 4.6 A between the alkyl chains still allows for the
topochemical polymerization.

For applications in optoelectronics, organic materials are
typically deposited onto a substrate in a thin film. In the next
section we discuss the behavior of PCB-diyne and PCB-diyne
blend films spin-coated onto a substrate. Cross-linking was also
observed for films of C23 PCB-diyne spin-coated from CB
solution (see Figure S9, Supporting Information). With
annealing time the PCB-diyne film partially dewetted and
formed polycrystalline domains very similar to those obtained
by drop-casting. We assume that the fast process of spin-coating
does not allow the formation of an equilibrium morphology,
and the annealing of the films induces a further chain
rearrangement of the molecules until a configuration allowing
for the topochemical reaction is adopted. The annealed
polycrystalline films were insoluble in good solvents of the
monomer such as CB, dichlorobenzene, dichloromethane, and
chloroform, indicating a successful solid-state polymerization
reaction. Similar to the drop-casted films, crystallization is not a
necessary condition for polymerization. We recall here that
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Figure 3. Stabilization of pure C23 PCB-diyne films: (a) SFM image
of a drop-cast film before annealing; (b) after annealing at 100 °C; (c)
after annealing at 120 °C; (d—f) corresponding phase images; (g)
single crystals obtained by drop-casting a solution of 10 mg mL™"' C23
PCB-diyne in CB; (h) the same domains are insoluble after annealing
7 h at 120 °C, the film has been washed with CB.

only the local chain arrangement determines whether the
reaction takes place.

FTIR spectroscopy, Raman spectroscopy, and DSC (Figures
4a,b) were used to monitor chemical changes upon annealing at
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Figure 4. (a) FTIR spectra of as-coated C23 PCB-diyne film (top) and
after annealing at 120 °C for 8 h (bottom). (b) DSC thermograms
showing a thermoset behavior for C23 PCB-diyne. (c) Stabilization of
pure C23 PCB-diyne films monitored with UV—vis spectroscopy (red:
PCB-diyne film as-casted; black: after annealing; blue: annealed film
after washing with CB; green: nonannealed film after washing with
CB). (d) Kinetics of polymerization for C23 PCB-diyne films with
thicknesses of 17 nm (square), 35 nm (triangle), and 100 nm (cross)
upon annealing (120 °C). Films were washed with CB after indicated
times, and the remaining absorbance at 330 nm was measured. All
experiments conducted at 120 °C suggest that insolubility is not
correlated to a high degree of polymerization. This renders chemical
and structural analysis of the product challenging.*’
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120 °C. The characteristic FTIR absorption bands of the
monomer at 2330, 2193, and 2077 cm™’, which correspond to
the stretching of the diacetylene moiety (C=C—C=C st),
disappeared upon annealing. The alkene (C=C st) vibrations
at ~1600 cm™' was detected after annealing by Raman
spectroscopy (see Figure S1S, Supporting Information).
These observations are in line with the reaction shown in
Figure 2. In the DSC thermograms an endothermic melting
point appeared at T, = 122 °C during the first heating cycle.
This observation is in agreement with the WAXS experiments.
In the second heating cycle, however, the melting peak
disappeared. The resulting thermoset does not recrystallize
during cooling; neither does it melt in the second heating cycle
due to a fixed conformation of the aliphatic chains. The
polymerization reaction itself is predicted to be slightly
exothermic.*> We explain the absence of a signature for this
process by the rearrangement of the alkyl chains over a broad
range of temperatures prior to polymerization. We quantified
the insolubility of the cross-linked films by immersing the
samples in the solvent used for spin-coating and monitoring the
absorbance changes by UV—vis spectroscopy. Figure 4c shows
the absorbance spectra of as-cast films. The spectrum of the
nonannealed film is almost identical to the spectrum of a pure
PCBM film. The UV—vis spectrum of the annealed film differs
from the nonannealed film; we observed a broadening of the
characteristic absorption peak at 330 nm as well as a general
increase in absorption at larger wavelengths. These changes
reflect the crystallization and roughening of the film which was
shown above. The polymerization of self-assembled diacetylene
does not lead to new absorption bands in the UV—vis region
due to polydiacetylenes of various length and conformation.'’
For a film annealed at 120 °C for 8 h or at 100 °C for 24 h, the
absorption remained almost unaltered after solvent wash
(Figure 4c and Figure S10), whereas the nonannealed film
fully dissolved. Annealing of spin-coated films is also suitable to
study the kinetics of PCB-diyne rearrangement and polymer-
ization. In Figure 4d, we show the fraction of the film remaining
on the substrate as determined by UV—vis as a function of
annealing time. The stabilization time was almost the same for
films of different thicknesses; full insolubility was in all cases
reached after S h of annealing at 120 °C. Such a slow
polymerization also supports the hypothesis that chain
rearrangement has to occur prior to polymerization. The rate-
limiting step is in this case the local ordering of molecules
which allows consecutive rapid polymerization. TGA experi-
ments were performed to exclude any degradation or weight
loss in the range of annealing temperature (see Figure S11,
Supporting Information).

We conducted a control experiment with a PCB-diyne with a
much shorter alkyl-chain (C11). In that case, no insoluble
phase was formed after annealing (see Figure S12). C11 PCB-
diyne may not arrange into a structure that facilitates stacking
of the diacetylene moieties necessary for polymerization. This
finding is similar to recent results obtained for the polymer-
ization of alkyldiacetylene in thin Langmuir—Blodgett films,
where it was found that long, odd-numbered alkyl spacers
yielded considerably better polymerization due to a better
accommodation to the restrictive single crystal structure.**™** A
second control experiment was carried out to demonstrate that
the conjugated diacetylene units do not attack the fullerene
moiety of PCB-diyne, leading to different cross-linked products.
Blend films of PCBM and 10,12-tricosadiynoic acid were
annealed for 8 h and were then washed with CB. PCBM could
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completely be removed with CB after annealing and the UV—
vis spectrum of the washing solution coincides with the
spectrum of the starting solution (see Figure S13). Thus, the
major part of the fullerenes had not reacted during polymer-
ization and remained intact.* This result is also supported by
the Raman spectra shown in Figure S15.

C23 PCB-Diyne/CyC Blend Film Morphology. Fullerene
derivatives are most widely used as model electron acceptors in
blend organic photovoltaics. In this field, the ability to
thermoset blend thin films may be crucial for stabilizing
nanoscale phase-separated morphologies against aging or
further processing. As an example to illustrate the general
ability of PCB-diyne to stabilize blend morphologies, we study
the blending of PCB-diyne and a cyanine dye, CyC. The cross-
linking reaction also proceeds in the fullerene phase of a film of
PCB-diyne blended with the cyanine dye CyC. The molecular
structure of CyC is shown in Figure 5a. In Figure 5b, we show

Figure S. Blend morphology stabilization: (a) structure of the cyanine
dye and sketch of vertically phase separated C23 PCB-diyne/CyC film;
(b) SEM image of a 10:1 C23 PCB-diyne/CyC molar blend film
coated at S00 rpm from CB; (c) SFM image of the insoluble
mesostructured C23 PCB-diyne film after thermal polymerization and
dissolution of CyC.

SEM scans of a C23-PCB-diyne/dye blend film with a molar
ratio of 10:1. We found monodispersed droplets embedded in a
matrix film. Selectively dissolving the dye leaves sinkholes in the
matrix film as shown in the SFM scans in Figure Sc. The film
morphology thus comprises droplets of CyC in a matrix of
PCB-diyne. A sketch of the film morphology is shown in Figure
Sa. We can explain the morphologies obtained from the phase
separation of the C23 PCB-diyne/CyC system by liquid—liquid
dewetting similarly to the PCBM/CyC blend system which we
investigated earlier.”® In the case of PCBM, a transient bilayer
forms with PCBM in contact with air and CyC in contact with
the substrate. Because of the higher surface energy of C23
PCB-diyne compared to PCBM (60 and 18 mN m™},
respectively), the order of the initial transient bilayer is
reversed, with CyC (34.3 mN m™') and C23 PCB-diyne now
forming wetting layers at the air and substrate interface,
respectively. For low dye fractions, the top dye layer dewets
from the PCB-diyne layer, forming the pattern of mono-
dispersed dye droplets on top of a PCB-diyne matrix film.
C23 PCB-diyne in blend films can also be thermally
polymerized. After washing in the casting solvent, this method
conserves the same morphology as dissolving the dye in a
selective solvent without polymerization (Figure Sc). This
experiment and the UV—vis spectra of annealed and non-
annealed films shown in Figure S12 prove that the C23 PCB-
diyne phase can be selectively rendered insoluble in blends.
Differently from the pure C23 PCB-diyne films, no large
polycrystalline domains formed during annealing as shown in
Figure Sc. This indicates that the dispersed solid CyC droplet
phase seems to hinder the growth of large polycrystals. The
polymerization still proceeds in blends. The morphology shown
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in Figure S is one example of PCB-diyne morphologies which
can be stabilized and forms the basis of fullerene scaffolds.
Depending on mixing ratios and film thicknesses, a large variety
of PCB-diyne morphologies can be manufactured (see Figure
S14).

C23 PCB-Diyne/CyC Blend Films on Patterned
Substrates. Figure 6a shows SFM scans of the morphology

PCB-diyne:CyC

PCB-diyne Polymer only
[~ = g

PCB-diyne «
Polymer

1) annealing
2) solvent wash

Figure 6. 1D template formation and stabilization: (a) SFM image of a
C23 PCB-diyne/CyC blend film on a SAM stripe pattern as indicated
below the figure (1:1 molar blend 1 wt % in CB, spin-coated at S00
rpm); (b) C23 PCB-diyne selectively removed with hexane; (c) CyC
selectively removed with CB after thermal polymerization of PCB-
diyne; (d) increasing the dye volume fraction in the film leads to an
optimized pattern transfer (1:2 C23 PCB-diyne/CyC molar blend 1 wt
% in CB, 500 rpm); (e) C23 PCB-diyne selectively removed with
hexane; (f) CyC selectively removed with CB after thermal
polymerization of C23 PCB-diyne; (g) experimental cross section of
the patterned morphology; (h) sketch of the process that leads to an
undercut structure.

of a C23 PCB-diyne/CyC blend film coated from a solution
with a 1:1 molar ratio onto a SAM stripe pattern. Figures 6b
and 6¢ show corresponding scans after PCB-diyne and CyC has
been selectively dissolved, respectively. We find cyanine
droplets embedded in a PCB-diyne matrix, whereby the
cyanine only forms a phase above the SAM stripes.
Increasing the volume fraction of dye in the film leads to a
situation where the dye fully covers the SAM stripes (Figures
6d—f). This structure forms because CyC wetting droplets are
pinned to the SAM—gold interface. We achieved an almost
perfect transfer of the chemical substrate pattern into a phase
pattern. The corresponding imprinted and structured PCB-
diyne phase could also be thermally stabilized against solvents
(Figure 6f). With this contact-line pinning method we were
able to fabricate undercut structures (Figures 6gh) which are
challenging to achieve with top-down methods such as
photolithography. The angle of the undercut structure depends
on the dye volume fraction.>> This is one very specific example
on how we can design photonic structures with the PCB-diyne/
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dye blend system. Films with topographical or compositional
pattern scatter ligh coherently.’® The materials and processes
can be utilized more generally for photonic applications: the
self-assembled fullerene itselves can possess useful optical
properties; here we specifically think of materials with high
dielectric constants.>' Polymer templates are frequently used as
base material for photonic materials®> and can act as matrix for
optically active materials.>®

B CONCLUSION

We synthesized a fullerene derivative which self-assembles into
lamellar structures. The self-assembly in these nanostructures
leads to an arrangement of diacetylene moieties such that a
topochemical solid-state polymerization takes place upon
annealing at 100 °C, stabilizing the self-assembled morphology
and rendering the film insoluble in common solvents. The
associated chemistry is more straightforward than the chemistry
following a pathway based on the common belief that effective
cross-linking requires at least two diyne moieties.” Annealing
the sample at 120 °C above the order—disorder transition of
the material also leads to a cross-linked insoluble film that is
now mainly amorphous. That is surprising as a certain chain
arrangement is prerequisite for the solid-state polymerization.
We conclude that to reach insolubility only a low number of
ordered cross-linking sites are necessary. The cross-linking
reaction also proceeds in spin-coated films but is accompanied
by large scale dewetting and crystallization. Most interestingly,
the reaction occurs in the C23 PCB-diyne phase of blend films,
opening a way to fabricate complex 3D insoluble objects. In this
case the large-scale crystallization is hindered by the presence of
dispersed dye domains. Selectively removing the dye after
polymerization of the C23 PCB-diyne leaves structured
fullerene scaffolds. The C23 PCB-diyne templates show
mesoporous structures in the submicrometer range; we are
currently investigating the feasibility of this process for
manufacturing nanoporous structures.

B ASSOCIATED CONTENT
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Mass spectrometry (MS) of C23 PCB-diyne, NMR of
intermediates and products, UV—vis spectra of C23 and Cl11
PCB-diyne/CyC films, UV—vis spectra of PCBM/10,12-
tricosadiynoic acid blends, TGA of C23 PCB-diyne, optimal
molecular conformation calculated by DFT, SEFM of bulk and
blend spin-coated morphologies, Raman spectroscopy of
pristine and annealed C23 PCB-diyne. This material is available
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