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The photopolymer formation in the fullerene layers of the Cgo complex with platinum dibenzyldithiocar-
bamate is reported for the first time. The photo-oligomer peaks appear in the Raman spectra near the
Ag(2) mode of the Cgo molecule upon sample illumination with various laser wavelengths. The photo-
oligomers are unstable upon heating and revert back to the Cgp monomeric state. The activation energy

of the thermal decomposition, obtained from the Arrhenius dependence of the decay time constant on
temperature, is (1.12 £ 0.11) eV and the photo-oligomers decompose at ~130 °C, being more fragile than
the crystalline polymers of Cgo.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The polymerization of pristine Cgo under illumination by visible
light occurs in thin films or surfaces of bulk samples, owing to the
small penetration depth of the light, resulting in a rather disor-
dered material consisting of various photo-oligomers [1-3]. Cova-
lent bonds among adjacent fullerene molecules arise due to a [2+2]
cyclo-addition mechanism [4]. On the other hand, the treatment of
Cso fullerene under various conditions of high pressure and high
temperature (HPHT) results in the formation of bulk ordered crys-
talline polymers. X-ray diffraction (XRD) studies of carefully pre-
pared HPHT fullerene polymers have identified their crystal
structures as one-dimensional orthorhombic (1D-0), two-
dimensional tetragonal (2D-T) and two-dimensional rhombohe-
dral (2D-R) [5,6]. The IR absorption and Raman scattering studies
of fullerene polymers show the splitting and softening of the
intramolecular modes of Cgo due to the formation of intermolecu-
lar covalent bonds and the concomitant symmetry and molecular
stiffness reduction [7,8]. Spectroscopic examination of the Cgg
polymers is mainly based on the behavior of the A, (2) pentagon-
pinch (PP) mode of the Cgo cage, corresponding to the in-phase
stretching vibration that involves tangential displacements of car-
bon atoms with a contraction of the pentagonal rings and an
expansion of the hexagonal rings. In the Cgo polymers, the PP-
mode downshifts due to the decrease of the mean intramolecular
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bond strength. The softening depends on the number of the
sp>-like coordinated carbon atoms per Cgo molecular cage, associ-
ated with the intermolecular covalent bond formation. The Ag(2)
mode of the fcc Cgo monomer appearing at 1468 cm™! downshifts
to 1458 cm™! in the 1D-O polymer (4 sp>-like coordinated carbon
atoms). In the 2D-T polymer (8 sp>-like coordinated carbon atoms),
the peak further downshifts to 1446 cm~', while in the case of the
2D-R phase (12 sp*-like coordinated carbon atoms) the Ay(2) mode
exhibits the largest softening and is observed at 1408 cm™! [7-10].

Fullerene polymers are stable at ambient conditions but decom-
pose at elevated temperatures reverting back to the monomer
[6,11]. The stability of bulk Cgo polymers at elevated temperature
has been studied by differential scanning calorimetry (DSC)
[12,13]. DSC measurements show a strong endothermic peak
between 252 °C and 292 °C during the heating scan [12]. The tran-
sition temperature depends on the polymeric phase and somewhat
on the scanning rate, indicating that the polymer decomposition
process is controlled by kinetics. The decomposition kinetics of
bulk crystalline polymers was studied by XRD, IR absorption and
Raman scattering measurements [11,14-16]. The small amount
of the Cgo photopolymers on the surface of the samples makes
DSC measurements and structural analysis methods inapplicable
for their study. Thus, Raman spectroscopy becomes a unique tool
in the study of the photopolymer formation and the decomposition
kinetics of the photopolymers at elevated temperature.

In this work, we report the first observation of the photopoly-
mer formation in the fullerene layers of the molecular donor-
acceptor complex of Cgg with platinum dibenzyldithiocarbamate
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({Pt(dbdtc),}-Cgo, chemical formula C3oH2gPtN,S4-Cgp). The com-
plex possesses layered structure in which the close-packed fuller-
ene layers with nearly hexagonal arrangement of Cgo molecules
alternate with layers of platinum dibenzyldithiocarbamate molec-
ular donors. The photopolymerization, manifested by the appear-
ance of a number of new peaks in the frequency region of the
PP-mode, is very fast under laser illumination at Aexc =515 nm
even for power as low as 1 pW, while it becomes much slower
under 160 W at Aexc =785 nm. The frequencies of the newly
appearing PP-mode components are very close to those of the var-
ious crystalline polymers with different number of sp>-like coordi-
nated carbon atoms per Cgo cage [7-10]. The intensity of these
bands gradually increases with illumination time, while the pho-
topolymer content can be inferred by the ratio of the sum of the
integrated intensities of the new PP-mode components to the total
spectral intensity in the frequency region of the PP-mode. The out-
put of the photopolymer grows exponentially with the laser irradi-
ation time, with the exponential growth time constant decreasing
at elevated laser power and the process becoming faster. In addi-
tion, the abrupt change of the sample volume due to the higher
density of the photopolymer causes high local stress and leads to
the appearance of visible cracks on the surface of the sample.
The photopolymer obtained in this way is stable at ambient condi-
tions but under heating it reverts back to the monomer, similarly
to the case of the crystalline fullerene polymers. The kinetics of
the photopolymer decomposition was studied at elevated temper-
ature by Raman spectroscopy with exc = 785 nm and 20 pW on the
polymeric samples previously formed under laser illumination at
hexc = 785 nm with 1.2 mW. The activation energy of the pho-
topolymer decomposition, obtained from the Arrhenius depen-
dence of the exponential decay time constant on the
temperature, is (1.12 £ 0.11) eV while the photo-oligomers revert
back to the monomer within 15 min at ~130 °C. These values are
considerably smaller than those of the crystalline polymers of
Ceo, indicating that the photo-oligomers in the fullerene layers of
the {Pt(dbdtc),}-Cso complex are less stable than the crystalline
polymers of Cgg [12-16].

2. Experimental

The samples of the {Pt(dbdtc),}-C¢o complex were obtained by
the evaporation of a solution containing fullerene Cgo and platinum
dibenzyldithiocarbamate following a procedure described else-
where [17]. The {Pt(dbdtc),}-Cso complex adopts a monoclinic
structure (space group P2:/c). The parameters of the unit cell are
a=15.957(5), b=17.241(5), c=10.018(5)A, $=92.356(5)° and
V=2753.7(5) A3. The fullerene molecules at ambient conditions
are in monomeric state forming a layered structure. Within the
fullerene layers, each Cgg molecule is surrounded by six Cgo neigh-
bors with the shortest distances between the centers of the mole-
cules being 9.97 (four neighbors) and 10.02 A (two neighbors). The
platinum dibenzyldithiocarbamate molecules are arranged
between the fullerene layers by benzyl substituent’s, while no
covalent or coordination bonds were found between Pt(dbdtc),
and Ceo [18]

The samples of the {Pt(dbdtc),}-Cso complex were well-facetted
crystals with mirror-like surfaces and in-plane dimensions
between 50 and 300 pm. The Raman spectra were recorded in
the backscattering geometry using LabRam HR and LabRam ARA-
MIS (HORIBA) micro-Raman spectrometers, as well as an Acton
SpectraPro-2500i spectrograph, all equipped with Peltier cooled
CCD detectors. Lasers at 515, 532, 633 and 785 nm and Olympus
50x and 100x objectives were used for the photopolymer forma-
tion and Raman probing. The Raman spectra of the fullerene
molecular complexes are identical to those of the Cgy molecule

due to the considerably higher Raman cross-section of fullerene
acceptor with respect to the molecular donor [19]. In addition,
the absorption spectra of the fullerene complexes are close to those
of the pristine Cgg, characterized by strong absorption in the UV
and visible regions and a weak absorption tail in the far red and
near infrared regions [17]. The Raman measurements at elevated
temperatures were performed using a high temperature cell with
a quartz window. The cell was equipped with a temperature con-
troller unit that maintains temperatures up to 380 °C with an accu-
racy of +2 °C. The heating and cooling rates in the temperature
range of interest were ~15 °C/min and ~10 °C/min, respectively.
The photopolymer samples were prepared at ambient temperature
inside the temperature cell by laser treatment of a 10 x 10 pm?
area on the surface of the sample, taking advantage of the DuoS-
can™ (HORIBA) system, using laser irradiation at Aexc =785 nm
and 1.2 mW focused in a spot of ~2 pum through a 50x long work-
ing distance objective for 2-3 h. Raman probing (lexc =785 nm,
20 uW) of the polymer decomposition time kinetics at high tem-
perature was performed by averaging signal from the central part
(5 x 5 um?) of the laser treated area to avoid any erroneous signal
from minute displacements of the sample at high temperature. The
Raman measurements were performed in air; however, Raman
measurements performed in the evacuated volume of a continuous
flow liquid helium cryostat as well as in ethanol/methanol mixture
inside a high pressure diamond anvil cell (not presented here) have
shown that the results do not depend on the sample environment.

3. Results and discussion

Fig. 1 depicts the phototransformation of the {Pt(dbdtc),}-Cgo
complex at ambient conditions and 1puW Ilaser power at
hexc =515 nm using the 100x objective. The left inset in Fig. 1
shows the molecular arrangement in the Ilattice of the
{Pt(dbdtc),}-Cso complex. The Raman spectra, collected for 120 s
each, after 120, 360, 600 and 940 s of continuous laser irradiation,
are illustrated in the right inset of Fig. 1. In the frequency region of
the PP-mode, new rather sharp bands appear with frequencies very
close to the corresponding PP-bands of the various crystalline
polymers of Cgo having different numbers of sp>-like coordinated
carbon atoms per molecular cage. The phototransformation is also
accompanied by the splitting of the H, five-fold degenerate modes
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Fig.1. Photopolymer content in the {Pt(dbdtc,)}-Csp complex, excited through a
100 x objective at iexc =515 nm with a laser power of 1 uW, as a function of the
irradiation time (circles), fitted by an exponential growth function (dotted line). Left
inset: Molecular arrangement in the fullerene complex viewed along the a-axis of
the unit cell. Right inset: Time evolution of the Raman spectra in the frequency
region of the PP-mode.
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of the Cgo molecule (not shown in the figure). The intensity of the
new bands increases with the laser irradiation time while the
intensity of the initial PP-mode decreases. The ratio of the sum of
the integrated intensities of the new PP-mode components to the
total spectral intensity in this frequency region (fractional inten-
sity) provides a measure of the photopolymer content. The depen-
dence of the photopolymer content on the laser irradiation time is
also shown in Fig. 1 (circles) along with the fitting of experimental
data by an exponential growth function (dotted line):

P(t) = Py x {1 — exp(~t/1)} (1)

where P(t) is the time-dependent content of the photopolymer,
Psa¢ is the content of the photopolymer attained after saturation of
the phototransformation process, and 71 is the exponential growth
time constant. The phototransformation constants are Pgy = 73%
and t=141s for the aforementioned experimental conditions.
Note, that the polymer content after saturation, Py, is always less
than 100%. This may be related to the small uncontrolled shift of
samples during the Raman measurements under conditions of
sharp beam focusing. Nevertheless, the competition between the
polymer formation and polymer decomposition processes, both
caused by the laser irradiation, cannot be excluded. It is well
known that the temperature of the sample in the laser spot area
exceeds the bath temperature due to the laser overheating effect
[20]. The elevated temperature activates the polymer decomposi-
tion that occurs simultaneously, counteracting the light induced
polymer formation and eventually leading to an equilibrium where
the polymer is only partially phototransformed. In fact, the tem-
perature within the laser spot on the sample, the saturation level
Psac and the time constant T depend on the laser power density that
implies the necessity of careful focusing of the laser beam on the
sample in order to obtain reproducible data. Similar results were
also obtained with excitations at 532 and 633 nm (not shown).

The phototransformation process is less pronounced for excita-
tion in the far red - near infrared spectral region because the pen-
etration depth is much larger (smaller absorption coefficient) [20].
Fig. 2 depicts the evolution of the Raman spectra of the {Pt
(dbdtc),}-C¢o complex under prolonged laser irradiation at
hexc = 785 nm with laser power at 16 and 160 yW using the
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Fig.2. Photopolymer content in the {Pt(dbdtc;)}-Csp complex, excited through a
100 x objective at Lexc = 785 nm with a laser power of 160 pW, as a function of the
laser irradiation time (circles), fitted by an exponential growth function (dotted
line). Insets: Time evolution of the Raman spectra of the {Pt(dbdtc;)}-Cso complex in
the frequency region of the PP-mode excited through a 100 x objective at
hexc = 785 nm with laser power 16 uW (right) and 160 pW (left), as well as
micrographs illustrating a crack formed on the sample surface at the higher laser
power.

100x objective. The right inset in Fig. 2 depicts the Raman spectra
of the {Pt(dbdtc),}-Csp complex measured at a laser power of
16 uW. The five spectra recorded consecutively under irradiation
time up to 3000 s with 600 s measurement time for each spectrum
do not exhibit any observable changes. Note, that the laser power
density in this case is ~1400 W/cm?, exceeding ~7 times the
power density of ~200 W/cm? for the case of the laser excitation
with 515 nm and 1 uW. Nevertheless, the photopolymerization in
the case of the 785 nm excitation is hindered due to the smaller
absorbance. The left inset in Fig. 2 depicts the Raman spectra of
the {Pt(dbdtc),}-Ceo complex measured while irradiated at a laser
power of 160 yW. The spectra were acquired consecutively up to
3600 s with a measurement time of 300 s each. The increase of
the laser power activates the phototransformation process and
the new bands gradually appear near the PP-mode of the pristine
(monomeric) material. The photopolymer content as a function
of the laser irradiation time is also shown in Fig. 2 (circles) along
with the fitting of experimental data by an exponential growth
function (dotted line). The experimental dependence contains
two components that can be fitted by two exponential growth
functions. In the first region up to ~2400 s, the dependence is well
fitted by Eq. (1) with Psa¢; = 45% and t = 320 s. The next region from
2400 to 3600 s is fitted by the function:

P(t) = Psar + Poara x {1 — exp{—(t - ta/T)}} (2)

where Psyr = 70%, tor=2400s and T =392 s. As it can be inferred
from the figure, the photopolymer content is strongly affected by
a crack on the sample surface that appears after ~2400 s of laser
irradiation with a power of 160 uyW (see the micrographs in
Fig. 2). Evidently, the balance between the photoinduced polymer-
ization process and the thermal decomposition is disturbed in favor
of the former by the crack formation and the changes in the laser
focusing.

Fig. 3 shows the frequencies of the Raman peaks originating
from the PP-mode of the Cgy molecule in the various HPHT poly-
mers of Cgg (circles) vs the number of the sp-like coordinated car-
bon atoms per Cgo molecular cage [7-10,21]. The frequencies of the
split PP-mode components in the photopolymerized {Pt(dbdtc),}-
Cso complex (open stars) are also shown in the figure. The struc-
tural arrangements of the intermolecular covalent bonds in the dif-
ferent HPHT crystalline polymers, as deduced by detailed XRD
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Fig.3. The frequencies of the PP-mode in the HPHT crystalline polymers of Cgo
(circles) and the corresponding PP-components in the photo-transformed {Pt
(dbdtc),}-Ceo complex (stars). The number of the sp>-like coordinated carbon atoms
per Cgo molecular cage. The arrangement of the intermolecular covalent bonds in
the various HPHT crystalline polymers is also shown.
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measurements, are illustrated in the figure insets [5,6,22]. The
empirical dependence plotted in Fig. 3 shows a gradual decrease
of the PP-mode frequency of the HPHT polymers of Cgo with the
increase in the number of the sp>-like coordinated carbon atoms
per Cgo molecule. The frequencies of the new PP-mode components
in the photopolymerized {Pt(dbdtc),}-Cso complex agree well with
those of the crystalline polymers, suggesting their origin as photo-
oligomers related to dimers, fragments of linear chains, conjugated
linear chains, planar tetragonal and rhombohedral polymeric net-
works. Assuming that the Raman scattering cross-section does
not change significantly upon the formation of the sp>-like inter-
molecular bonds, the intensities of the various components of the
studied fullerene complex after saturation of photopolymerization
indicate that the resulting material contains Cgo dimers, fragments
of linear chains, conjugated linear chains and planar tetragonal
polymers in approximately equal concentrations. This is possibly
related to the tetragonal arrangement of the nearest neighboring
Cso molecules within the fullerene layers of the complex. Note, that
the long time exposure at Aexc =515 nm and 36 uW (spectra not
shown) leads to stronger polymerization and redistribution of
the PP-mode component intensities. In this case, the intensities
of the peaks at 1444 and 1432 cm™! considerably increase and a
weak shoulder appears near 1410 cm™!. The peaks at 1444 and
1410 cm™! correspond to the tetragonal and rhombohedral poly-
mer, while the one at ~1432 cm™! could be attributed to the PP-
mode of an exotic photo-oligomer with 10 sp>-like coordinated
carbon atoms per fullerene molecular cage. However, the assign-
ment of this peak to a split component of the Hg(7) mode cannot
be excluded [23,24]. Furthermore, the Raman band at
~1451cm™! in the phototransformed {Pt(dbdtc),}-Cgo complex
does not exist in the crystalline polymers of Cgo and is related to
conjugated linear chains that were observed under pressure- and
photo-induced transformations in the linear orthorhombic poly-
mer of Cgp [21,22].

The stability of the photo-oligomers in the {Pt(dbdtc),}-Cso
complex at elevated temperatures and the kinetics of their decom-
position under heating were studied in the temperature range 95-
120 °C. The Raman spectra, measured at Aexc = 785 nm with a laser
power of 20 yW and using a 50x objective during the thermal
treatment of a new, freshly photopolymerized sample for each
temperature, show a gradual decomposition of the photopolymer
content with treatment time. Note, that the estimation of the sam-
ple overheating made on the basis of Ref. 20 for the pristine Cg at
20 uW, Xexc =515 nm and 50x objective shows that the tempera-
ture in the laser spot exceeds the bath temperature by ~12 °C.
However, the overheating in our case is considerably smaller
because the absorbance at ey =785nm is about thirty times
smaller than that at Aexc =515 nm. The inset of Fig. 4 illustrates
the Raman spectra of the photo-polymerized {Pt(dbdtc),}-Ceo com-
plex in the region of the PP-mode recorded consecutively with a
measurement time of 180 s for each spectrum during the thermal
treatment at 95 °C for ~4 h. The lower Raman spectrum depicts the
photo-oligomers in the {Pt(dbdtc),}-Cgo complex at room tempera-
ture formed after intense laser irradiation with 1.2 mW
(Xexc = 785 nm and 50x objective) for more than 2 h. This spectrum
exhibits the typical features of the photopolymer and is character-
ized by a significantly reduced monomeric PP-component, while
the corresponding dimeric one is dominant. The rest of the spectra
correspond to the photo-oligomers treated at 95 °C for 180, 3300,
7380 and 13,290s. The intensity of the photo-oligomers PP-
components decreases with the treatment time whereas that of
the monomers increases. The last spectrum, recorded after
13,290 s of thermal treatment, corresponds to almost monomeric
Cso. Open circles in Fig. 4 depict the fractional intensity of the
PP-mode components of the photo-oligomers in the {Pt(dbdtc),}-
Cso complex as a function of the thermal treatment time, whereas
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Fig.4. The fractional intensity of the photo-oligomers in the photo-transformed {Pt
(dbdtc),}-Ceo complex as a function of the thermal treatment time at 95 °C (circles)
and the fit of the experimental data by an exponential decay function (dotted line).
Inset: Time evolution of the Raman spectra in the frequency region of the PP-mode
during the thermal treatment.

the dotted line is the fit of the experimental data by an exponential
decay function:

P(t) = Pres + Po x exp(—t/1) 3)

where the P(t) is the time-dependent content of the photo-
oligomers under thermal treatment, Py is the initial polymer con-
tent that was attained after saturation of the photopolymerization
(Psat), Pres is the residual content of the photopolymer after satura-
tion of the decomposition process, which decreases with increasing
temperature, and t is the exponential decay time constant. The
decomposition time constant at 95 °C is T = 3855 s while the resid-
ual polymer content is P.s=17%. It is interesting to note that
although photopolymerization always leads to crack formation on
the sample surface, thermal treatment partially restores the surface
due to the volume expansion upon recovering of the initial mono-
meric Cgp State.

Fig. 5 illustrates the kinetics of the photo-oligomer decomposi-
tion at various treatment temperatures. Circles represent the
experimental data while dotted lines are fits to the data by the
exponential decay function given in Eq. (3). The photo-oligomers
decompose faster at higher treatment temperatures. Namely, at
100 °C the exponential decay time constant decreases to 3561 s
while P also decreases to ~13%. At 105 °C the decay time con-
stant decreases to 1680 s while further increase of the temperature
treatment to 120 °C makes the polymer decomposition very rapid:
the decay time constant decreases to 508 s while P..s drops to ~1%.
The decrease of the decay time constant with the increase of the
treatment temperature indicates the activation-type behavior of
the photo-oligomers decomposition. This behavior is typical for
chemical reactions and was observed for the thermal decomposi-
tion of all fullerene polymers [14-16]. The activation energy of
the photo-oligomer decomposition can be estimated taking into
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account the Raman data regarding the dependence of the exponen-
tial decay time constant on the treatment temperature. This
dependence can be described by the Arrhenius equation:

T(T) = A x exp(Ea/ksT) (4)

where E, is the activation energy (energy barrier between the pho-
topolymer and monomer states), kg is the Boltzmann constant, T is
the treatment temperature and T the exponential decay time con-
stant. The constant A, related to the characteristic phonon fre-
quency, is measured in time units [14]. The corresponding
Arrhenius plot is also included in Fig. 5 as inset. The experimental
data exhibit a linear dependence in logarithmic scale, yielding an
activation energy of Ep=1.12+0.11 eV/molecule. This value is
smaller than the activation energies of the thermal decomposition
of dimers, linear and planar polymers, ranging between 1.75 and
1.9 eV/molecule [14,16]. On the other hand, it is close to the activa-
tion energy Ea = 1.25 eV/molecule of the thermal decomposition of
photopolymerized Cgp also obtained by Raman scattering measure-
ments [11]. Using the values of the activation energy E5 and the
constant A obtained from the Arrhenius equation we calculated
the temperature for the photopolymer content to drop to 1% (com-
plete decomposition) within 15 min of thermal treatment to be
~130°C. Note that the time estimated for the photo-oligomer
decomposition to 1% at room temperature is about 10° times larger.
On the other hand, the temperatures for the complete decomposi-
tion of crystalline dimers, linear and planar polymers range
between 175 °C and 280 °C [12,14,25]. Thus, the photo-oligomers
originating from the {Pt(dbdtc),}-Cso complex are less stable than
the crystalline HPHT polymers of Cgo and the photopolymerized
one. The weaker covalent bonding between the adjacent Cgo mole-
cules in the fullerene complex could be related to the planar
arrangement of the fullerene molecules in the crystal structure of
the complex, in which the platinum dibenzyldithiocarbamate
molecular layers separate the fullerene ones.

Summarizing, we have studied the photopolymerization in the
Ceo layers of a fullerene donor-acceptor complex at ambient condi-
tions. The photopolymerization rate in the {Pt(dbdtc),}-Csop com-
plex and the polymer content attained after saturation of the
phototransformation depend on the excitation wavelength and
the laser power density. The photo-oligomers are, most likely,
dimers, fragments of linear chains, conjugated linear chains, as
well as planar polymeric networks. The Raman study of the decom-
position kinetics of the photo-oligomers at elevated temperature
yields an activation energy of (1.12 £ 0.11) eV/molecule. This value
is considerably smaller than those for the thermal decomposition
of dimers, linear and planar polymers that range between 1.71
and 1.9 eV/molecule, estimated by XRD and Raman measurements
at elevated temperatures. The estimated temperature for the com-
plete decomposition of the photo-oligomers is ~130 °C that is con-
siderably smaller than those for crystalline HPHT Cgo dimers
(~180°C) and linear and planar polymers (~280 °C). Thus, the
covalent intermolecular bonds between the Cgo molecules in the
fullerene complex are weaker than those in the HPHT polymers
of Cgo. The formation of the HPHT crystalline polymers is a more
energy demanding process due to bulk structural transformations
and deformation of the fullerene molecular cages whereas the pho-
topolymerization in the {Pt(dbdtc),}-Cep complex requires less
energy due to the separation of fullerene layers by Pt(dbdtc),, as
well as the small size and the disordered structure of the resulting
fullerene photo-oligomers.
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