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Abstract—We measured Raman spectra in crystals of molecular donor—acceptor fullerene complexes
{Me(nPr,dtc),} - (Cqy), (Me = Ni, Cu, Pt). In the spectra of the {Pt(nPr,drc),} - (Cgy), complex under pro-
longed irradiation with a laser with A = 532 nm, characteristic changes in the photopolymerization of fuller-
ene are observed, associated with the splitting of degenerate phonon Hg modes and softening of Ag modes of
the Cqy molecule. The kinetics of photopolymerization under conditions of weak irradiation at room tem-
perature is studied. It was found that thermal destruction of the photopolymer with increasing temperature
leads to a decrease in its concentration in the final photopolymerization product. The kinetics of thermal
destruction is described by the Arrhenius equation, with the activation energy E, of (0.68 + 0.03) eV; the

dimers are destructed to a concentration of 1% within 15 min at ~114°C.

DOI: 10.1134/S1063783418100190

1. INTRODUCTION

The synthesis of the donor—acceptor complexes of
fullerene and the study of their crystal structure and
electrical, magnetic, and optical properties at normal
and high pressures is of considerable interest [1—7].
Complexes have a layered structure where the fuller-
ene layers alternate with the layers of the molecular
donor, which can be aromatic hydrocarbons, tetra-
thiofulvalenes, amines, metalloporphins, metallo-
cenes, and others, and the interaction between the
molecules in the layers and between the layers is of a
van der Waals nature. The investigation of complexes
at high pressures is of considerable interest, because
the energy spectrum and properties of crystals with the
van der Waals interaction are very sensitive to changes
in intermolecular distances. The overlap of the elec-
tron clouds of the HOMO level of the donor and the
LUMO level of the acceptor increases with increasing
pressure and can lead to charge transfer, especially if
the complexes under normal conditions are close to
ionic. At the same time, a decrease in the distances
between fullerene molecules at high pressure can stim-
ulate the formation of covalent bonds between them
since these distances are small at normal pressure.

Indeed, the Raman spectra of molecular com-
plexes of fullerene at high pressure show abrupt
changes in the pressure dependence of the phonon
modes [3—8]. Such changes were first observed in
measurements of Raman spectra of the fullerene
complex with tetramethyltetraselenefulvalene
{CoH 5Se4(CS,),} - Cqy at 5 GPa, accompanied by

splitting of degenerate Hg modes and softening of
nondegenerate Ag intramolecular Cy, modes [6]. Sim-
ilar changes were observed in the Raman spectra of the
molecular complex Cg, - {Fe(CsHs),}, (Fe(CsHs), is
ferrocene) at a pressure of ~5 GPa, which were inter-
preted both as a charge transfer from the molecular
donor to fullerene and by the formation of covalent
bonds between molecules in the fullerene layers [3, 5].
Recently, changes in the Raman spectra of this com-
plex were also observed at a pressure of ~2.8 GPa;
these changes depended on the intensity and time of
laser irradiation and were interpreted by the authors as
pressure-stimulated photopolymerization in fullerene
layers [4]. In our studies of the {Hg(dedrc),}, - Cqp
complex (CyHyoHg,N,Sg - Cg, is fullerene with mer-
cury diethyl dithiocarbamate), similar changes in
Raman spectra were observed near ~2 GPa [7]. More
detailed studies of the pressure dependence of the
phonon modes and the crystal structure at high pres-
sure were performed for the {Cd(dedtc),}, - C4, com-
plex [8]. It is found that changes in the Raman spectra
of complexes at high pressure depend on the intensity
and duration of irradiation with the laser light and are
due to photopolymerization in the fullerene layers. It
occurs only in the pressure range from 2 to 6 GPa,
while outside this range up to 17 GPa, there are no
similar changes in the spectra. At the same time, X-ray
diffraction (XRD) data show that the distances
between fullerene molecules in the complex at these
pressures are greater than intermolecular distances in
Cqp crystalline polymers, and comparable distances
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are attained at pressures >17 GPa [8]. Changes in the
Raman spectra at ~2 GPa were also observed in
[{Cd(Et,dtc)}, - DABCO] - Cy, - (DABCO),, but they
disappeared when the wavelength of laser excitation
varied from visible wavelength of A = 514 nm to infra-
red wavelength of A = 785 nm. The nature of the vari-
ation in the spectra under prolonged and intense expo-
sure to visible light unambiguously attests to photopo-
lymerization in the fullerene layers of the complex.
This is confirmed by the XRD data, according to
which no covalent bonds between Cg, molecules are
formed in this pressure range. Fullerene molecules are
sufficiently far from each other, and the approxima-
tion of the pressure dependence of the parameters of
the crystal lattice by the equation of state of the Mur-
naghan type shows that the distances between them,
characteristic of polymers, are attained only at a pres-
sure >18 GPa [9]. Finally, in recent studies of the
{Pt(dbdrtc),} - Cq complex, photopolymerization in
fullerene layers was observed for the first time at nor-
mal pressure, and a study of the stability of photool-
igomers at high temperature showed that they break at
a lower temperature than photo- and crystalline poly-
mers of Cg, [10].

Polymerization of fullerene occurs during the for-
mation of covalent bonds between molecules in fuller-
ene crystals or films and is due to the presence of 30
unsaturated double C=C bonds in the C4, molecule.
When fullerene is irradiated with intense visible light,
photopolymers Cg, are formed [11]; ordered poly-
meric structures are formed by intercalation of Cg,
crystals with alkali metals [ 12] or by thermobaric treat-
ment of fullerene under high pressure and temperature
conditions [13, 14]. Covalent bonds between neigh-
boring fullerene molecules arise as a result of a [2 + 2]
cycloaddition reaction upon the rupture of double
C=C bonds and the formation of single C—C bonds
between the carbon atoms of neighboring molecules.
As a result, two carbon atoms with sp® hybridization
appear in the fullerene molecule with sp? hybridization
of all electronic orbitals. At the same time, a decrease
in the symmetry of the molecule leads to the splitting
of degenerate Hg modes, while a decrease in the stiff-
ness of the skeleton of the molecule due to the disrup-
tion of double bonds leads to a softening of fully sym-
metric Ag modes [13—16]. In particular, the frequency
of the most intense Ag(2) mode in the Raman spectra,
corresponding to in-phase tangential vibrations of car-
bon atoms with simultaneous compression of the car-
bon pentagon and stretching of the hexagon, gradually
decreases with increasing number of sp3-hybridized
carbon atoms in the Cg, molecule. This circumstance
is widely used for rapid testing and determination of
the type of crystalline fullerene polymers by optical
spectroscopy in addition to structural analysis, and it
is the only research tool for fullerene photopolymers.

In this study, Raman spectra were measured in
crystals of molecular donor—acceptor fullerene com-
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plexes {Me(nPr,dtc),} - (Cgp), (Me = Ni, Cu, Pt) under
normal pressure. It is shown that photopolymerization
in the fullerene layers under visible laser irradiation is
observed in the complex of fullerene with platinum
bis(dipropyldithiocarbamate) {Pt(nPr,dtc),} - (Cqp),
(chemical formula C,H,sPtN,S, - C},), expressed in
the splitting of Hg(1), Hg(3), Hg(4), Hg(7), and
Hg(8) modes and softening of Ag(l) and Ag(2)
modes, while similar changes are not observed in
Raman spectra of the complexes with nickel and cop-
per. The kinetics of photopolymerization was studied
with the laser powers at the lowest possible to measure
the Raman spectra and at temperatures up to 110°C. It
is demonstrated that the active destruction of a photo-
polymer at high temperature leads to a decrease in its
concentration in the final product obtained under
conditions of photopolymerization saturation during
prolonged irradiation. The Kkinetics of thermal
destruction of the photopolymer is described by the
Arrhenius equation, with the activation energy E, of
(0.68 £0.03) eV, and its destruction to a concentration
of 1% occurs within 15 min at ~114°C.

2. EXPERIMENTAL

The molecular complexes {Me(nPr,dtc),} - (Cgp)a
(Me = Ni, Cu, Pt) (the chemical formula
C4sHysMeN,S, - C,,) were synthesized by slow evapo-
ration of a solution containing fullerene and bis(dipro-
pyldithiocarbamate) of the metal by the method
described earlier [17]. Samples have the appearance of
thin needle-shaped crystals of not very good quality,
and their precise structural analysis is difficult. Struc-
tural analysis of such complexes shows that they have
a layered structure in that the layers of fullerene Cg,
molecules alternate with the layers of a molecular
donor. The molecules of fullerene in the complex are
isolated from each other, and there are no covalent
bonds between them; however, the shortest distance
between them is less than the van der Waals diameter
of the C¢, molecule, and there are numerous C...C
contacts.

The Raman spectra were measured in the back-
scattering geometry using a setup consisting of an
Acton SpectraPro-2500i spectrograph with a Pixis2K
CCD detector cooled to —70°C and an Olympus
microscope. To excite Raman scattering, we used a
continuous diode-pumped solid-state laser with A =
532 nm. The laser beam was focused at the sample
with an Olympus 10X lens in a spot of ~2.6 um in
diameter. A large spot is necessary to lower the power
density of laser radiation and to decrease the photopo-
lymerization rate. The laser radiation line in the scat-
tered beam was suppressed by an edge filter for A =
532 nm with an absorbance of OD = 6 and a shift of
the transmission bandwidth of ~100 cm~!, and the
laser excitation intensity just in front of the sample was
~100 uW. Measurements at high temperature were
Vol. 60
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Fig. 1. Raman spectra of {Ni(nPrydrc),} - (Cgp)as

{Cu(nPrydtc),} - (Cgp)y, and {Pt(nPrydtc),} - (Cgp), in the

energy range of 240—1600 cm~! at room temperature and
normal pressure.

carried out using an optical cell, in which a Pt100 plat-
inum thermometer was used as the temperature sen-
sor, and the Termodat-08 M3 electronic unit stabilized
the temperature in the required range within £1.5°C.

3. RESULTS AND DISCUSSION

Figure 1 shows the Raman spectra of the
{Ni(nPrydtc),} - (Cg), {Cu(nPrydrc)y} - (Cgp)y, and
{Pt(nPr,dtc),} - (Cqy), complexes in the range of 240—
1600 cm~' at room temperature and normal pressure.
All the spectra were measured at the same exposure
times, wavelength, and laser radiation power. The bot-
tom panel of the figure shows the spectrum of
{Ni(nPrydtc),} - (Cgp),. The intensity of the phonon
modes of molecular donors in the Raman spectra is
smaller by orders of magnitude than the intensity of
the Cg, fullerene phonon modes, and they do not
appear in the Raman spectra of complexes where the
intramolecular phonon modes of C¢, always dominate
[7]. The vertical arrows on the bottom panel show the
positions of Hg(1), Hg(3), Hg(4), Hg(7), Hg(8),
Ag(1), and Ag(2) modes. The middle panel shows the
Raman spectrum of the {Cu(nPr,dtc),} - (Cgp), com-
plex, which does not differ from the spectrum of
{Ni(nPrydtc),} - (Cg),. The upper panel shows the
Raman spectrum of {Pt(nPr,dfc),} - (Cq),: it clearly
differs from the previous two both in the number of
bands and in their position. Vertical lines indicate the
position of Ag(1) and Ag(2) modes: they coincide on
the lower two spectra, and on the upper spectrum,
these modes are shifted towards lower energies, and
weak satellites are seen to the right of them. In addi-
tion, the degenerate Hg(1), Hg(3), Hg(4), Hg(7), and
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Fig. 2. Raman spectra of {Pt(nPrydrtc),} - (Cgp), in the

region of the Ag(2) mode at room temperature and expo-
sure for 240 s after 240, 480, 960, and 1440 s of continuous
irradiation at a laser power of 300 uW. Dependence of the
relative fraction of the monomer on the irradiation time at
an excitation power of (stars) 300 and (circles) 100 uW;
(dotted curve) approximation of the experimental data by
the exponential decay function.

Hg(8) modes are split, and the dashed arrows show the
position of the new components. The changes in the
Raman spectrum of {Pt(nPr,dfc),} - (Cg), are similar
to those that occur in the Raman spectra of fullerene
photo- and crystalline polymers and are associated
with the formation of covalent bonds between fuller-
ene molecules in the complex layers [11, 13, 14].

The Raman spectra of the {Pt(nPr,drc),} - (Cg),
complex in the region of the Ag(2) mode, recorded at
room temperature in successively after 240, 480, 960,
and 1440 s of continuous irradiation at a laser power of
300 uW and an exposure of 240 s are presented in
Fig. 2. In the initial spectrum, the Ag(2) mode is
represented by two bands: one at a frequency of
~1469 cm~! corresponds to the Cg, fullerene mono-

mer, and another at a frequency of ~1464 cm~' corre-
sponds to the C,,, fullerene dimer [18—20]. As the
irradiation time increases, the intensity of the mono-
mer band decreases, and the intensity of the dimer
band increases and it dominates the Raman spectra at
longer irradiation times. The relative fraction of the
monomer versus the irradiation time, determined
from the intensity ratio of the band at 1469 cm™~! to the
sum of the intensities of both bands, is shown in Fig. 2
by stars, and the dotted curve is the approximation of
the experimental data by the exponential decay
function

M(t) = My exp(~1/1), (1)
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Fig. 3. Kinetics of photopolymerization in the fullerene
layers of {Pt(nPrydtc),} - (Cgp), at (stars) 44 and (circles)
70°C; (dotted curves) approximation of experimental data
by the exponential decay function M(H)/M, = A +

Bexp(—t/7). Inset: Raman spectra of the complex at these
temperatures after prolonged irradiation of the samples for
5280 and 4800 s.

where M, is the total number of Cg, molecules in the
irradiation spot at the depth of total absorption of laser
radiation (~2 um for A = 532 nm [21]), and T =490 s
is the time constant. The circles in the figure show the
similar dependence obtained at the laser power three
times lower, 100 pW, while the time constant T =
1610 s is greater by approximately three times. The
photopolymerization rate should be directly propor-
tional to the laser power density in the excitation spot,
but slight differences in beam focusing and surface
quality may lead to deviations from the exact propor-
tionality over the light flux.

As is known, the free energy of fullerene polymers
is lower than that of a fullerite crystal, and the states of
the monomer and polymer are separated by an energy
barrier. Therefore, the fullerene polymers are stable at
room temperature, but they quickly break down at
high temperatures [22, 23]. The thermal destruction of
polymers accelerates with increasing temperature, and
under constant irradiation, it competes with the cur-
rent photopolymerization process. The kinetics of the
formation of dimers at temperatures 44 and 70°C is
shown in Fig. 3 by stars and circles, respectively, and
the dotted curves are an approximation of these data
by the exponential decay function

M@t)/M, = A+ Bexp(—t/1), 2)

where M, is the total number of Cy, molecules in the
irradiation spot, A and B are the residual quantity of
monomer and dimer upon photopolymerization satu-
ration, and T is the time constant. The inset in Fig. 3
shows the Raman spectra measured at 44 and 70°C
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after irradiation of the samples for 5280 and 4800 s; it
is seen that the dimer concentration in the final prod-
uct decreases with increasing temperature. The equi-
librium between the formation of dimers and their
thermal destruction occurs under the condition of

dD/dt = dM /dt = 0, 3)
where D and M are the number of dimer and monomer
molecules, and their total number in the excitation
spot is constant, M, =2D + M.

The thermal destruction of photopolymers in
fullerene films was first studied by Raman scattering
[24], and we follow the approach proposed in it in fur-
ther discussion of our results. The change in the
amount of dimers and monomers in the excitation
spot on the irradiation time is determined by equations

dD/dt = 1/2KpM — K;D;
dM /dt = —K,M +2K,D,

where K is the photopolymerization probability pro-
portional to the light flux, and K is the probability of
thermal destruction of the dimers. Taking into
account the equilibrium condition (3) and the con-
stancy of the number of molecules in the excitation
spot, one can obtain

Iy = M2y K7 /(Kp + K7);

Iy = MZpKp/2Kp + K7),
where /), and I, are the intensities of the monomer
and dimer bands in the Raman spectra, and X;,and X,
are the corresponding Raman cross sections. We
believe that the rapture of the double C=C bond in the
C¢o molecule does not lead to a change in the Raman
scattering cross section, and X,, = X,. Therefore, the

intensity ratio of the dimer and monomer bands upon
photopolymerization saturation is

Ip/1y =1/2Kp /K5 (6)

The photopolymerization probability K, can be esti-
mated from the experimental dependence of the
monomer fraction on the irradiation time. Fullerene
polymers do not break down at room temperature of
295 K, and we can assume that K,y5 = 0. In this case,
Eq. (4) takes the form dM/dt = —K,M or M(¥) =
Myexp(—Kpt), and the photopolymerization probabil-
ity K is the reciprocal of the time constant 1/t and is
Kp=6.21 x 10~*s~! at a laser power of 100 UW.

The destruction of fullerene polymers is of an acti-
vation nature, and the temperature dependence of K,
is described by the Arrhenius equation

Ky = —Aexp(=E,/KgT), (7

where E, is the activation energy, Ky is Boltzmann
constant, and 7'is temperature [10, 23—25]. It follows
from Eq. (7) that In K, = In(Kp/2) — In({/1,,); there-
fore, the temperature dependence of K, can be deter-
mined from the temperature dependence of the rela-
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Fig. 4. Dependence of the relative intensity of dimer and
monomer bands In(/p/Iy;) = In(Kp/2) — InKy on the

inverse temperature 1000/7, obtained from a series of
measurements of Raman spectra under conditions of pho-
topolymerization saturation: (circles) experimental data
and (dotted line) approximation by linear dependence.
Inset: Raman spectra of the complex at specific tempera-
tures.

tive intensity of the dimer and monomer bands /,/1,
under conditions of photopolymerization saturation.
The dependence of the relative intensity of the dimer
and monomer bands on the inverse temperature
1000/T, obtained from a series of measurements of
Raman spectra under conditions of photopolymeriza-
tion saturation at temperatures from 35 to 95°C, is
shown in Fig. 4 by circles. This dependence is well
described in a logarithmic scale by a linear function
(dotted line). The inset in Fig. 4 shows the Raman
spectra of the complex at certain temperatures. We
note that below 200 K, only the monomer band is rep-
resented in the spectra because at low temperatures,
photopolymerization is not observed, as in fullerene
crystals [18]. On the other hand, at a temperature
above 355 K, the monomer band also dominates in the
spectrum, which is associated with the rapid destruc-
tion of dimers. Using the obtained experimental data,
it is possible to determine the constants in the Arrhe-
nius equation (8), which make up 4 = (3.7 £ 0.5) X
10°s~! and E, = (0.68 + 0.01) eV. They enable us to
estimate the probability of destruction of photopoly-
mers at room temperature as Kyys = 8.93 x 1076 s\,
This value is approximately 70 times smaller than the
photopolymerization probability K, = 6.21 x 10~*s7!,
which confirms the validity of our approximation of
K,95 = 0. The time of the destruction of the photopoly-
mer to a concentration of 1%, calculated from the
Arrhenius equation, is 5.16 X 103 s or approximately
6 days. We note that the lifetime of photooligomers in
{Pt(dbdtc),} - Cg, determined earlier in [10], is
approximately 326 days at room temperature. At the
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same time, these values are many orders of magnitude
smaller than the lifetime of the crystalline orthorhom-
bic polymer of Cg, fullerene, obtained by thermobaric
treatment of fullerene at high pressure and tempera-
ture, which is hundreds of millions of years [25].

Another important parameter characterizing the
stability of fullerene polymers is the temperature of
their complete destruction, that is, the temperature at
which they break down to 1% within 15 min. The
destruction of crystalline fullerene polymers at this
rate occurs in experiments on differential scanning
calorimetry (DSC). The total destruction temperature
determined by DSC is ~260°C for linear and planar
polymers and ~180°C for fullerene dimers [22, 23, 26,
27]. Since the content of photopolymers in pure fuller-
ene crystals and in fullerene molecular complexes is
small, DSC is inapplicable in this case, but the total
destruction temperature can be estimated from the
Arrhenius equation. The temperature of complete
destruction of photopolymers in fullerene crystals and
films is approximately 185—190°C [24, 28]. For compar-
ison, for fullerene photopolymers in {Pt(dbdrc),} - Cy,
it is ~130°C [10], and, as measured in the present
work, in {Pt(nPr,dtc),} - (Cgp),, it is approximately
114°C. Thus, photopolymers in crystals of the donor—
acceptor complexes of fullerene are less stable than the
photo- and crystalline polymers of pure fullerene and
are destroyed at lower temperatures. In most of the
complexes studied (with the exception of complexes in
which molecular donors contain platinum), photopo-
lymerization in fullerene layers is observed only at high
pressures, and a decrease in pressure leads to their
immediate destruction even at room temperature [3,
4, 6, 8, 28]. The low stability of photopolymers in
fullerene molecular complexes is connected, in our
opinion, with the effect of layers of molecular donors
that contribute to a more effective disruption of inter-
molecular bonds upon heating.

4. CONCLUSIONS

In the complex of fullerene with platinum
bis(dipropyldithiocarbamate) {Pt(nPr,drc),} - (Cgp)a,
photopolymerization in fullerene layers is observed
upon irradiation with visible laser light at normal pres-
sure. The kinetics of photopolymerization at tempera-
tures from room temperature to 110°C is studied, and
it is shown that the thermal destruction of a photo-
polymer at high temperature leads to a decrease in its
concentration in the final product obtained under
conditions of photopolymerization saturation during
prolonged irradiation. The dependence of the proba-
bility of destruction of a photopolymer on temperature
is described by the Arrhenius equation K; =
Aexp(—E,/KgT), with the activation energy E, =

(0.68 £0.03) eVand A = (3.7 £ 0.5) x 10°s~!, and its
total destruction to a concentration of 1% occurs
within 15 min at ~114°C. Cg, photopolymers in

2018



2108

donor—acceptor complexes of fullerene are less stable
at high temperatures than the photo- and crystalline
polymers of fullerene.
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