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A Supramolecular “Double-Cable” Structure with a 12944
Helix in a Columnar Porphyrin-C60 Dyad and its Application
in Polymer Solar Cells
Chien-Lung Wang, Wen-Bin Zhang, Hao-Jan Sun, Ryan M. Van Horn, Rahul R. Kulkarni,
Chi-Chun Tsai, Chain-Shu Hsu, Bernard Lotz, Xiong Gong,* and Stephen Z. D. Cheng*

A novel porphyrin-C60 dyad (PCD1) is designed and synthesized to investigate
and manipulate the supramolecular structure where geometrically isotropic
[such as [60]fullerene (C60)] and anisotropic [such as porphyrin (Por)] units
coexist. It is observed that PCD1 possesses an enantiomeric phase behavior.
The melting temperature of the stable PCD1 thermotropic phase is 160 °C
with a latent heat (ΔH) of 18.5 kJ mol−1. The phase formation is majorly
driven by the cooperative intermolecular Por–Por and C60–C60 interactions.
Structural analysis reveals that this stable phase possesses a supramolecular
“double-cable” structure with one p-type Por core columnar channel and
three helical n-type C60 peripheral channels. These “double-cable” columns
further pack into a hexagonal lattice with a = b = 4.65 nm, c = 41.3 nm,
α = β = 90°, and γ = 120°. The column repeat unit is determined to possess
a 12944 helix. With both donor (D; Pro) and acceptor (A; C60) units having
their own connecting channels as well as the large D/A interface within the
supramolecular “double-cable” structure, PCD1 has photogenerated carriers with longer lifetimes compared to the conventional electron acceptor
[6,6]-phenyl-C61-butyric acid methyl ester. A phase-separated columnar
morphology is observed in a bulk-heterojunction (BHJ) material made by the
physical blend of a low band-gap conjugated polymer, [poly[2,6-(4,4-bis-(2ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT), and PCD1. With a specific phase structure in the solid
state and in the blend, PCD1 is shown to be a promising candidate as a new
electron acceptor in high performance BHJ polymer solar cells.
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1. Introduction

In the cause of materials development,
it is often necessary to exert control not
only on the chemical structures at the
molecular level, but also over the hierarchical physical structures across multiple
length scales so that the functions at the
molecular level can be eventually transferred and amplified to exhibit a desired
macroscopic property. Building up such
hierarchical structures requires understanding of various thermodynamic free
energy pathways in addition to the kinetics
of structure formation; such structures
are critically important for the molecular
design, chemical synthesis, and property
control of new materials.
The emerging field of “plastic electronics” and its rapid development has
been largely attributed to the investigation
of π-conjugated molecules, due to their tunable optical and electronic properties and
the potential of low-cost fabrications.[1–3]
“Supramolecular electronics” has been
conceptually proposed and recognized
as an important approach to manipulate
their properties through self-assembly.[4–15]
The key feature of “supramolecular electronics” is to generate specific supramolecularly ordered structures based on the
requirements of device configurations. For example, in organic
solar cells, it is highly desired to have a phase-separated bicontinuous network morphology with a large donor (D)/acceptor
(A) interface and separate channels for electron- and hole-transportation (ambipolar transport).[16–20] The term “double-cable”
was originally coined to describe polymers which are composed
of a p-type conjugated polymer donor backbone tethered by
n-type acceptor moieties, such as [60]fullerene (C60).[21–26] However, the lack of precise control over the secondary and further
hierarchical physical structures of the polymers has not led to
the anticipated device performance.
Recently, we have designed and investigated a supramolecular
“double-cable” structure formed by a porphyrin-C60 dyad (PCD1
in Scheme 1) without the bulky 3,5-bis(dodecyloxy)benzyloxycarbonyl group on its C60 segment.[27] This less-hindered
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attributed to the designed supramolecular “double-cable” structure, and provides potential for further material optimization
through chemical synthesis and structure perfection.

2. Results and Discussion
2.1. Synthesis of PCD1

Scheme 1. Chemical structure of PCD1.

structure allows the C60 segments to interact with each other
in forming parallel C60 inter-column channels with stacked porphyrin columns. Furthermore, a trans-di-C60-substituted Zn(II)
porphryin derivative also demonstrated a supramolecular structure with an alternating arrangement of donors and acceptors
in a triclinic unit cell.[28,29]
In this article, we report the design, synthesis, structural
characterization, and electronic properties of a novel porphyrinC60 dyad. It is our purpose to construct the C60 channels within
a porphyrin column (instead of the inter-C60 column channels
as previously designed). This is because C60 now possesses the
bulky 3,5-bis(dodecyloxy)benzyloxycarbonyl group to prevent
interactions among the C60s in the neighbouring columns. We
have demonstrated that PCD1 contains p-type columnar channels, which are formed through the π–π stacking of porphyrin
discotic liquid crystals (LCs) with the C60 pendants, which
assemble into continuous n-type channels near the periphery
of each column in a 12944 helix. These columns then packed
into a hexagonal columnar LC phase at room temperature. To
the best of our knowledge, this is the longest well-defined helical unit cell ever determined and reported for supramolecular
structures.
Most studies of π-conjugated molecules are focused on the
photo- and electro-properties in solution;[30–35] however, the
highlight of this article is the study of the physical structure
and phase behaviour in the bulk. This is also different from
the supramolecular complexes of porphyrin and pristine C60
formed in solution, in which the type of solvents often played
an essential role.[36–41] We have demonstrated that PCD1 shows
promising results for optoelectronic applications, as a proof-ofconcept design, exhibited by the long-lived charge carriers observed from time-resolved photoinduced absorption
(PIA) spectra, the phase-separated morphology observed
from the [poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1b;3,4-b ′ ]-dithiophene)- alt -4,7-(2,1,3-benzothia-diazole)]
(PCPDTBT):PCD1 blend thin films, and higher Jsc observed
from the bulk heterojunction (BHJ) polymer solar cells. This is
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The molecular design is based on porphyrin discotic LCs with
pendant, covalently linked C60s. The rationale for the particular interest of this design is twofold: first, the combination of porphyrin as an electron D and C60 as an electron A is
known to exhibit a highly efficient, long-lived charge separation
state;[31–35] and second, the discotic LC phase formation ensures
the processibility and self-healing properties.[14] The formation
of an ordered structure from the apparently incommensurate
columnar-forming 2D porphyrin (Por) plane and isotropically
aggregating 3D sphere C60[42] is intriguing and requires a delicate balance among the C60–C60, Por–Por and C60–Por interactions. The peripheral alkyl tails on C60 are designed as a layer
of chemical shield to prevent intercolumnar C60–C60 interactions, allowing only intracolumnar C60–C60 interactions. At the
smaller length scale, a supramolecular “double-cable” structure
with separated D and A channels is anticipated in the supramolecular assemblies of PCD1. At larger length scales, these
channels have to be cooperatively aligned into a phase structure
to ensure the macroscopic electron and hole transports.
The synthesis of PCD1 was accomplished by two sequential Steglich esterfications in a straightforward way from
5,10,15,20-tetra-(p-hydroxyphenyl) porphyrin (Scheme 2) in
good yield (around 70%). The products have been fully characterized by 1H NMR, 13C NMR, FT-IR, and MALDI-TOF spectrometry. The successful attachment of C60 was evidenced by

Scheme 2. Synthetic route of PCD1. Reagents and conditions:
i) 3,4,5-tris-dodecyl-oxy benzoic acid, N,N′-diisopropylcarbodiimide
(DIPC), 4-(dimethylamino) pyridinium toluene-p-sulfonate (DPTS), THF/
CH2Cl2 = 1/2, 25 °C; and, ii) DIPC, DPTS, CH2Cl2, 25 °C.
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Figure 1. a) DSC thermograms of PCD1 at a scan rate of 3 °C min−1; they show enantiotropic
phase behavior. The inset is a POM micrograph of the ordered phase of PCD1. b) WAXD patterns of PCD1 at different temperatures during cooling at 3 °C min−1.

the downfield shift of the chemical shifts for the protons on the
phenyl ring of the phenol moiety from δ 8.09 and 7.21 ppm to δ
8.26 and 7.60 ppm in the 1H NMR spectrum upon esterification
(Figure S1 in the Supporting Information (SI)). The appearance
of multiple chemical shifts between δ 135 to 145 ppm in the 13C
NMR spectrum of PCD1 (Figure S2, SI) could be assigned to the
sp2 carbons on C60. The sharp absorption band at 527 cm−1 in
the FT-IR spectrum of PCD1 (Figure S3, SI) was characteristic
of the C60 core. The well-defined structures were further confirmed by the MALDI-TOF mass spectra (Figure S4, SI). There
was only a single peak observed with an m/z value of 3968.33,
which matches well with the calculated monoisotopic mass of
PCD1 (3968.35 Da; SI, Figure S4b, inset). All the results clearly
indicate the success of the reaction and confirm the chemical
identity and purity of PCD1.
2.2. Phase Behaviors of PCD1
In thermogravimetric measurements, the 1% weight loss temperature is observed at 296 °C at a heating rate of 10 °C min−1
(Figure S5, SI), suggesting a high thermal stability of the compound. The phase behavior of PCD1 was then studied utilizing
differential scanning calorimetry (DSC). The heating and
subsequent cooling DSC thermal diagrams at a scan rate of
3 °C min−1 are shown in Figure 1a. Upon heating, a transition temperature of PCD1 appears at 160 °C with a latent heat
(ΔH) of 18.5 kJ mol−1. Above 160 °C, PCD1 enters the isotropic
phase (I) as confirmed by the amorphous halos in the onedimensional (1D) wide angle X-ray diffraction (WAXD) data
(Figure 1b) and the complete darkness under cross polarizers in
polarized optical microscopy (POM). Upon subsequent cooling,
PCD1 exhibits an exothermic transition at 119 °C with an identical latent heat to that observed during heating. Thus, PCD1
possesses an enantiotropic phase behavior. The phase transition
of a porphyrin derivative (Por1; Table 1), which has identical
chemical structure to the porphyrin core and the peripheral
alkyl tails, but no C60 unit, occurs at 149 °C with a latent heat
of 14 kJ mol−1 (Table 1).[43] The transition entropies (ΔS) of Por1
and PCD1 are thus 33.2 and 42.7 (J mol−1 K−1), respectively,
calculated via the equilibrium transition temperatures and the
ΔHs. Since the dodecyl tails are in their I state at these high
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temperatures, the ΔH and ΔS differences
between Por1 and PCD1 must be largely
attributed to the intermolecular C60 interactions in this ordered phase. The contribution
of Por–C60 interactions in the ordered phase
is limited, since the structural determination
(vide infra) indicates that C60s and Pors form
separated nanodomains in the ordered structure. Therefore, the DSC results show that
the phase formation is driven by both Por–
Por and C60–C60 interactions. Furthermore,
since the latent heat is mainly attributed to
porphyrins, the molecular design of PCD1
allows Por–Por interactions to dominate the
formation of this ordered columnar phase.
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2.3. Phase Structure Determinations of PCD1
The structure change was followed by 1D WAXD at different temperatures during cooling at 3 °C min−1, as shown
in Figure 1b. At 170 °C, only two diffuse halos are observed.
The diffuse halo in the high 2θ angle region represents a
short-range order at the segmental level within molecules,
while another halo in the low 2θ angle region is attributed to
the short-range order of whole molecules. With decreasing
temperature to below 119 °C, sharp diffractions appear. The
three diffractions are found to possess ratios of the scattering
vector, q, of 1:√3:2 with corresponding d-spacings of 4.06, 2.34,
and 2.03 nm, respectively, which can be indexed as the (100),
(110), and (200) of a hexagonal lattice with a = b = 4.65 nm,
α = β = 90°, and γ = 120°. This hexagonal symmetry can be
further verified via oriented samples using electron diffraction
(ED) experiments in transmission electron microscopy (TEM).
Figures 2 and b show that the (hk0) diffractions are located
along the equator, indicating that the columns and the c-axis
are aligned along the meridian. The observation of the (110) diffraction without sample tilt (Figure 2a) and the (100) diffraction
at a 30° tilt (Figure 2b) confirms the hexagonal symmetry. The
corresponding POM image for the hexagonal phase is shown in
the inset of Figure 1a.

Table 1. Summary of the transition temperatures (Tm), latent heats
(ΔH), and transition entropies (ΔS) of Por1 and PCD1.
Por1

PCD1

R = -C12H25

R = -C12H25

Chemical structure

Tm (°C)

149

160

ΔH (kJ mol−1)

14.0

18.5

ΔS (J mol−1 K−1)

33.2

42.7
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Figure 2. ED patterns of the Colh phase of PCD1 at tilting angles a) 0°, and, b) 30° (tilt axis is along the meridian). c) ED patterns of the Colh phase
of PCD1 with contrast enhancement of the arcs on the meridian and quadrant. d) Top, and, e) side views of an energy-minimized model of the Colh of
PCD1. The model is built based on molecular mechanics simulation and experimental diffraction data (purple – porphyrin; brown – C60).

column. Moreover, these helical columns further packed into
The c-axis dimension of this unit cell is determined based on
a hexagonal lattice irrespective of the helical senses. This is a
the ED pattern shown in Figure 2c where this axis is aligned
typical hierarchical structure.
along the meridian. The ED arcs along the meridian direcThe detailed molecular packing of PCD1 was illustrated
tion can be divided into three layers separated with reciprocal
by computer simulation via the Accelrys Cerius2 package
spacing, ζx, and with the meridian diffraction arc on the third
layer. This feature signifies a structure close to a 31 helix. The
using the universal force field. The 12944 helix can be contranslational vector (p) of the helix, which describes how far the
structed by stacking the porphyrin moieties of the PCD1
repeating unit translates along the c-axis in each step, is determolecules along the c-axis to form the core channel of a
mined to be 0.32 nm. Surprisingly, by precise calculation from
column with C60 moieties packing near the periphery to form
the distance between the fine splitting in each layer line (Δζ)
three separate, slightly twisted helical channels. These columns further pack into a hexagonal lattice. Figures 2d and
and the reciprocal spacing (ζ) of the diffractions at the meridian
e are the top and side views of the energy-minimized model
line, the structure was determined to be a 12944 helix (see the
of the helical columnar packing in the Colh phase. Figure 3a
SI for details).[44,45] Thus, the meridian line represented actually the 129th layer line in reciprocal space
and a full helical turn in real space contains a stack of 129 molecules rotated for
44 turns. In each helical step along the
c-axis, the repeating unit translates 0.32
nm, and rotates (44 × 360°)/129 = 123o.
The c parameter is thus 129 × 0.32 =
41.3 (nm). The theoretical density with 129
molecules of PCD1 per unit cell is calculated
to be 1.10 g cm−3, which is in good agreement
with the measured density of 1.09 g cm−3.
To the best of our knowledge, the formation
of such a long period in a helical unit cell
is rare, if not unprecedented, in self-assembled supramolecular structures. It should be
noted that since PCD1 does not have a chiral
center to guide the helical formation, the helical sense of the column could be either lefthanded or right-handed, depending on the
initial PCD1 stacking nucleus scheme. Nevertheless, the ED patterns suggest the existence
of a long-range ordered helical structure with Figure 3. a) Illustration of the supramolecular “double-cable” helical structure of PCD1 and the
porphyrin core channel and C peripheral channels in the 12944 helical structure. b) Enlarged
a defined sense for each column, meaning top view, and, c) enlarged side60view of an energy-minimized model
of a stack of eighteen molthat once the helical sense is formed at ecules of PCD1 based on molecular mechanics simulation and the experimental diffraction
the initial nucleus, it will be kept along the data (purple – porphyrin core; brown – C60). Alkyl tails are omitted for clarity.
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pristine PCD1 and PCBM thin films was
investigated. Figure 5a compares the dynamics
0.8
PCD1
of the time-resolved PIA of PCD1 and PCBM
PCBM
pumped at 400 nm and probed at 480 nm
0.6
where PCBM has strong absorption and PCD1
Eo ns et
has negligible absorption. A much longer
0.4
decay lifetime in PCD1 compared to that in
5
4
3
2
1
0 -1
the PCBM indicates the photogeneration of
E
0.2
c utoff
long-lived charge carriers, which is consistent
with efficient intermolecular charge transfer
0
from porphyrin to fullerenes.[48–50] Figure 5b
700
300
400
500
600
20
15
10
5
0
compares the dynamics of the time resolved
Wavelength (nm)
Binding Energy (eV)
PIA in thin films of pristine PCPDTBT and
Figure 4. a) Absorption spectra of pristine thin films of PCD1 and PCBM, and, b) UPS spec- the composites, PCPDTBT:PCD1 probed at 4.6
trum of PCD1 at the secondary edge region. Inset is the HOMO region of PCD1.
μm and pumped at 800 nm where PCPDTBT
has strong absorption[51] but PCD1 has neglidemonstrates a single 12944 helical double-cable structure of
gible absorption. In this mid-IR spectral region, where the wellPCD1s with the alkyl tails omitted for clarity. Figures 3b and
known polaron signatures of PCPDTBT are detected, a relatively
c are the enlarged top and side views of the 12944 helix. The
fast decay is observed in PCPDTBT. A much longer polaron
porphyrin core channel and the C60 peripheral channels can be
lifetime in PCPDTBT:PCD1 compared to that in the pristine
clearly identified in the helical structure. Thus, this is a
PCPDTBT indicates the photogeneration of long-lived carriers,
well-defined supramolecular “double-cable” structure since
that is consistent with efficient charge transfer between PCPthe D (porpyrin) and A (C60) form individual continuous but
DTBT to PCD1.[48–50] These data are in good agreement with
separate channels. The formation of 12944 helix instead of the
results obtained from typical polymer:PCBM BHJ materials
simple 31 helix can be rationalized by the fact that close packing
where charge transfer between the semiconducting polymer
of C60 requires a center-to-center distance of 1 nm,[42] which
donor and the fullerene acceptor increases the lifetime of phois larger than the spacing of three consecutive stacks (3p =
togenerated mobile charge carriers.
0.96 nm). As a result, PCD1s have to rotate 368° in three conTo evaluate the properties of supramolecular “double-cable”
secutive translation steps along the c-axis so that the extra 8° of
structure of PCD1 in opto-electronic applications, BHJ PSCs
rotation creates a 0.28 nm offset on the radiant to accommodate
were fabricated utilizing PCPDTBT blended with PCD1 (at
the neighbouring C60s (Figure S6b).
a material volume ratio of 1:1). The device structure is ITO/
PEDOT:PSS/PCPDTBT:PCD1/Al. A TEM bright field image of
the PCPDTBT:PCD1 blend thin film with a similar thickness
2.4. Optical and Electronic Properties of PCD1
to the active layer in the PSC shows the morphology of locally
oriented PCD1 columnar domains with a diameter around
10–20 nm embedded in the polymer matrix (Figure 6a). The
UV-vis absorption spectra of PCD1 (Figure 4a) show that PCD1
ED arcs obtained in the blend film as shown in Figure 6b can
has extensive absorption of solar radiation compared to PCBM,
be indexed identically as those in the ED patterns shown in
indicating that PCD1 possesses a higher light-harvesting effiFigure 2a and c. All the diffractions shown in Figure 6b can
ciency than [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in
be assigned to the (hkl) diffractions of the Colh unit cell and
polymer solar cells (PSCs). The ELUMO of PCD1 was determined
the 12944 helical structure of PCD1. This result indicates that the
by ultraviolet photoelectron spectroscopy (UPS) and absorption
PCD1 domains in the blend possess the same phase strucspectra. Figure 4b and its inset show the high binding energy
ture as the ordered structure formed in pure PCD1. Thus, the
cutoff (Ecutoff) and the HOMO region (0–5 eV) of the PCD1 thin
TEM results of the blend indicate that the supramolecular
film. The abscissa is the binding energy relative to the Fermi
energy (EF) of Au, which is defined by the
1.2
1.2
energy of the electron before excitation relaa
b
1
tive to the vacuum level. The HOMO energy
0.9
is determined to be –6.31 ± 0.03 eV based on
PCD1
0.8
PCPDTBT:PCD1
the following formula, EHOMO = hv – (Ecutoff –
PCPDTBT
0.6
0.6
Eonset), where the incident photon energy is hv
= 21.2 eV and Eonset is the onset of the PCD1
0.4
0.3
film relative to the EF of Au.[46,47] The LUMO
0.2
energies were calculated using the HOMO
PCBM
0
0
level and the optical gap (Eg) obtained in the
-200
0
200 400 600 800 1000 1200 1400
UV-vis absorption spectra (Figure 4a). For
0
400
800
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Time (ps)
Time (ps)
PCD1, ELUMO is thus 3.67 ± 0.03 eV.
In order to confirm specifically the differ- Figure 5. a) The decay dynamics of PCD1 and PCBM pumped at 400 nm and probed at
ence between PCD1 and PCBM, time-resolved 480 nm. b) Mid-IR transient decay dynamics of PCPDTBT:PCD1 and PCPDTBT pumped at
photoinduced absorption (PIA) spectra of 800 nm and probed at 4.6 μm.
1
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obtained from UPS and absorption spectra.[52] More importantly, the large Jsc implies that the straight and reasonably
interacted C60 channels in this supramolecular “double-cable”
structure of PCD1 provides good charge transport properties.
The results thus give rise to a potential improvement of the
device performance via manipulating the supramolecular structure of π-conjugated molecules.

3. Conclusion

Figure 6. a) TEM image of the thin film of PCPDTBT/PCD1 blend
(1.0:1.0). Locally oriented PCD1 columnar domains with a diameter
around 10–20 nm are embedded in the polymer matrix. b) ED pattern of
the Colh phase domains of PCD1 embedded in the thin film of PCPDTBT/
PCD1 blend observed in TEM.
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“double-cable” structure is retained via the micro-phase separation from the PCPDTBT:PCD1 blend.
To evaluate the expected increase in both short-circuit current (Jsc) and open-circuit voltage (Voc), PSCs were fabricated
with PCPDTBT:PCD1. The charge separating layer was a
PCPDTBT:PCD1 blend with 1:1 weight ratio. Figure 7 shows
the current density–voltage (J–V) characteristics of the PSCs
with and without light illumination. Without light illumination, the PSCs show good diode performance with ratification larger than 103 at ±1 V. Under AM 1.5 G irradiation with
100 mW cm−2 intensity from calibrated solar simulator, the
PSCs yield the power conversion efficiency (PCE) of 3.36%,
with a Jsc of 13.5 mA cm−2, a Voc of 660 mV, and fill factor (FF)
of 0.38. This result is better than those reported in literature
using PCPDTBT:PCBM as an active layer,[51] despite its lower
FF. The high Voc can be rationalized as the high ELUMO of PCD1
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Figure 7. Current density–voltage (J–V) characteristics of the
PCPDTBT:PCD1 PSCs under no light illumination and under the light
source of AM 1.5 G irradiation with 100 mW cm−2 intensity from calibrated solar simulator.
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In summary, we have demonstrated an approach to manipulate the supramolecular “double-cable” structures formed via
PCDs. By fine-tuning the intercolumnar C60–C60 interactions
via placing bulky groups on the C60 segment, liquid crystalline PCD1s have formed well-defined, thermally stable supramolecular “double-cable” helical structures with one p-type
porphyrin core columnar channel and three helical n-type C60
peripheral channels. The helical structure of the column has
been determined to be a 12944 helix. To the best of our knowledge, this represents the longest period for a well-defined helical repeating unit ever reported for supramolecular structures.
The structure contains more or less parallel but separated
arrays of hole and electron transport channels. The large D/A
interface and separate, continuous charge transporting channels are desired for high photovoltaic performance. PCEs of
3.36% have been observed in the PSCs made with the blend of
PCPDTBT:PCD1. This supramolecular approach allows further
understanding of BHJ PSC structure-property relationships
through molecular design and structural modification to optimize the electronic properties in these hierarchical structures.

4. Experimental Section
Synthesis: Details on the synthesis of 1 and PCD1 are provided in the
Supporting Information.
Thermal Property Characterization: The thermal transitions were
identified with a Perkin-Elmer PYRIS DSC with an Intracooler 2P
apparatus. The temperature and heat-flow scales were calibrated at
heating and cooling rates of 5 °C min−1 using standard materials.
Thermogravimetric measurements were conducted on a TA TGA Q500
instrument at 10 °C min−1 in a nitrogen atmosphere. Morphological
observations on the micrometer scale were conducted using a POM
(Olympus BH-2) coupled with a Mettler hot stage (FP-90).
Structural Characterization: 1D WAXD patterns were obtained with a
Rigaku Multiflex 2 kW Automated Diffractometer using Cu Kα radiation
(0.1542 nm). A hot stage was installed on the diffractometer to study
phase structure transitions as a function of temperature. The peak
positions were calibrated using silver behenate in the low-angle region
(2θ < 15°), and silicon crystals in the high-angle region (2θ > 15°).
Transmission electron microscopy (TEM) experiments were carried out
with a Philips Tecnai 12 using an accelerating voltage of 120 kV. Selected
area ED patterns were obtained using a TEM tilting stage to determine
the crystal structure parameters. The d-spacings were calibrated using a
TlCl standard. Basic unit cell parameters determined by crystallographic
experimental data from WAXD and SAED experiments were used to build
the crystallographic unit cell. Computer refinement was conducted to
find the solutions with the least error between the calculated values and
the experimental results. Computer molecular modelling was performed
using the Cerius2 package of Accelrys.
Time-Resolved Photoinduced Absorption: Films used for the time
resolved PIA measurements were spin-cast onto sapphire substrates from
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