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Abstract—The Raman scattering spectra and crystalline structure of vanadyl IV phthalocyanine (VOPc) at
normal and high pressures has been studied. According to the X-ray diffraction data, the initial microcrystal-
line powder represented a mixture of the triclinic o phase (79%) and the monoclinic § phase (21%) possess-
ing P1 and P2,/c symmetry, respectively. Raman spectra of the two phases are similar, but the phonon modes
of the B phase are shifted toward higher frequencies (energies). The pressure dependence of the spectra of the
o phase has been determined and it is established that the interval of 2.3—3.4 GPa reveals reversible pressure-
dependent variations: above 3 GPa, some phonon modes exhibit splitting and the coefficients of pressure-
induced (baric) shift for almost all modes show a decrease. A high-pressure feature observed in the Raman
spectra can be related to changes in intermolecular interactions in crystalline structure of the o phase. The
pressure dependence of the o phase unit cell volume measured at pressures increasing up to 4 GPa is a smooth
monotonic function that can be well described by the Murnaghan equation of state. The obtained data were

used to calculate the Griineisen parameters of VOPc phonon modes.

DOI: 10.1134/S1063776119110141

1. INTRODUCTION

Phthalocyanine (Pc) is a planar t-conjugated mac-
rocyclic molecule representing a heterocycle compris-
ing 8 nitrogen atoms and 32 carbon atoms, the center
of which can accommodate coordinated ligand M or
M™O, where M is a tetravalent metal atom (to yield
chemical formula C;,H;(NsM'VO). High stability of
the Pc structure accounts for its wide use in various
fields of science, technology, and medicine including
nonlinear optics, photovoltaics and new materials for
solar cells, liquid crystals, dyes, and contrast agents for
magnetic-resonance tomography [1—4]. The optical
properties, phonon spectrum, and structure of neutral
metal phthalocyanines have been rather well studied in
numerous experiment and numerical calculations [5—
71. Polymorphous transformations in thin metal-free
H,Pc films on annealing were studied by X-ray dif-
fraction (XRD) and resonance Raman scattering
spectroscopy for elucidating the mechanism of transi-
tions from o to B phase [8—10]. The structure and
phonon spectra of negatively charged (reduced) metal
phthalocyanine were numerically calculated with and
without allowance for the Jahn—Teller (JT) distortions
[11].

In recent years, much effort has been devoted to the
synthesis of new materials based on the reduced forms
of phthalocyanines representing molecular donor—
acceptor complexes. These complexes have involved
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layered structures in which metal phthalocyanine lay-
ers are alternating with donor layers consisting of var-
ious organic molecules [12—15]. Considerable interest
in these complexes is related to their ability of possess-
ing promising magnetic properties and metallic con-
ductivity caused by the delocalization of electrons
passing from the donor molecules to macrocycles [16,
17]. The electric conductivity of acceptor at high pres-
sures (against dielectric properties at normal pressure)
was studied long ago [18, 19] and it was established
that the resistivity exhibited significant (about eight
orders of magnitude) decrease as the pressure
increased up to about 30 GPa.

As is known, the excess charge on a macrocycle
leads to significant changes in the phonon spectrum of
metal phthalocyanines [20], so that phthalocyanine
complexes with charge transfer or [M'™VOPc] anion-
based complexes are worth of special attention.
During the reduction of [MVOPc], degenerate levels
are populated with additional electrons “triggering”
first-order JT interaction, so that the Pc macrocycle is
deformed, degeneracy is removed, and JT-anion
[M™VOPc]"~ is formed.

Metal phthalocyanines in the crystalline form rep-
resent molecular crystals featuring weak van der Waals
interactions. For this reason, the phonon spectra and
crystalline structure of metal phthalocyanines are very
sensitive to decrease in intermolecular distances, in
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particular, distances between macrocycles of neigh-
boring molecules. Studying the intermolecular inter-
actions of acceptor phthalocyanine at high pressures
can provide important information for optimization of
the synthesis of donor—acceptor complexes.

The present work was aimed at studying the behav-
ior of vanadyl IV phthalocyanine (VOPc) microcrys-
tals at high pressures by Raman spectroscopy and
XRD techniques. The samples were prepared as
microcrystalline powders comprising a mixture of tri-
clinic o phase (79%) and monoclinic B phase (21%)

possessing Pl and P2,/c symmetry, respectively.
Raman spectra of both o and 3 phases were measured
and proved to be almost identical, but the phonon
modes of B phase had somewhat higher frequencies.
The spectra of o0 phase were measured at various pres-
sures up to 10 GPa and the baric dependence of pho-
non modes was determined. It is established that the
pressure interval of 2.3—3.4 GPa has a reversible pres-
sure-dependent feature that is related to the splitting of
some high-frequency modes and a decrease in the
coefficients of baric shift of almost all modes. The
XRD measurements on VOPc powders at high pres-
sures were performed and the baric dependence of the
o. phase unit cell volume was determined up to 4 GPa.
This dependence is a smooth monotonic function of
the pressure that can be well described by the Mur-
naghan equation of state:

B’ '
(%) 1422 (1)

B,

where B, = 8.5 % 0.9 GPais the bulk modulusand B' =
0B,/0P=5.6 £ 0.6. It is shown that a peculiarity in the
baric dependence of phonon modes is probably
related to the formation of a hydrogen bond (H-bond)
between oxygen atom of the VOPc molecule and
peripheral H atom of the C—H bond of isoindole ring
of the neighboring molecule. The obtained Raman
spectroscopy and XRD data were used to calculate the
Griineisen parameters of VOPc phonon modes.

2. EXPERIMENT

All measurements were performed on microcrys-
talline VOPc samples isolated from a commercially
available powder (Acros Organics). Raman spectra
were obtained for a selected sample with characteristic
size about 60 um and good surface quality. These mea-
surements were performed in backscattering geometry
on a setup comprising Acton SpectraPro-2500i
equipped with Pixis2K CCD detector cooled to
—70°C and Olympus microscope. The sample
response was excited by a diode-pumped continuous-
wave solid-state laser (A = 532 nm). The laser beam
was focused on the sample with the aid of an Olympus
50% objective to a spot with diameter about 1.3 pm.
Spurious laser emission line in the scattered beam was
suppressed using an edge filter (532 ium) with an opti-
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cal density of 6 and passband from +140 cm~'. The
incident laser beam intensity immediately in front of
diamond anvil cell was about 250 yW. Raman scatter-
ing measurements at high pressures were performed in
a chamber with diamond anvils of the Mao—Bell type.
Primary XRD analysis and qualitative identification of
the initial powder structure at normal pressure were
performed on Siemens D-500 powder diffractometer
using CuK, radiation. The XRD measurements on
powders at high pressures were carried out on Oxford
Diffraction Gemini R diffractometer using MoK,
radiation, equipped with two-coordinate cooled CCD
detector. The XRD experiments at high pressures were
performed with VOPc powder in a chamber with dia-
mond anvils of the Boehler type. The pressure trans-
mitting medium was a 4:1 (v/v) mixture of methyl
and ethyl alcohols, and the pressure magnitude was
calibrated using spectral position of the R; lumines-
cence line of a ruby crystal [21]. The XRD patterns
were computer processed and integrated using Crys-
AlisPro software system [22] and the full-profile anal-
ysis was carried out in Profex user interface [23].

3. RESULTS AND DISCUSSION

Figure 1 (bottom curve) shows the XRD pattern
measured under normal pressure for the initial VOPc
powder. Qualitative phase analysis of the experimental
diffractogram established that the initial sample repre-
sented a mixture of triclinic (o) and monoclinic ()
phases. The structure of single crystals of the o phase
was described in [24, 25]. A comparison of the unit cell
parameters determined for VOPc crystals studied in
the present work to the corresponding values for o and
B phases of titanyl phthalocyanine (TiOPc) [26] shows
that these VOPc and TiOPc crystals are isostructural.
Exact data on the structures of single-crystalline tri-
clinic and monoclinic phases of titanyl phthalocya-
nine were also presented in [26], which allowed us to
take the atomic coordinates of monoclinic TiOPc
phase as starting data for refinement of the structure of
monoclinic VOPc¢ phase by the Rietveld method. The
unit cell parameters, positions, and orientations of
VOPc molecules were refined relative to the crystallo-
graphic axes of o0 and B phases. In order to fix the
shape of VOPc molecules, rigid limitations were
imposed on the bond lengths, valence angles, and
dihedral angles in the macrocycle of metal phthalocy-
anine.

Based on the results of XRD analysis, it was estab-
lished that triclinic o phase is the dominating compo-
nent (79%) in the initial VOPc powder, while mono-
clinic  phase accounts for about 21%. Theoretical
XRD patterns calculated using refined structural data
for the two phases are presented in the middle and top
parts of Fig. 1, while the refined structural parameters
and full-profile fitting results are listed in Table 1. The
right-hand panel in Fig. 1 shows the mutual arrange-
Vol. 130
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Fig. 1. (Color online) XRD patterns of vanadyl IV phthalocyanine powder under normal conditions: bottom curve presents the
measured diffractogram of the initial powder; middle and top curves show the results of qualitative phase analysis; right-hand
panel shows the arrangement of molecules in the unit cells of o and [ phases.

ment of nearest-neighbor VOPc molecules in the unit
cell as determined as a result of structure optimization
for the o and B phases. It should be noted that the
planes of macrocycles in the § phase are situated closer
to each other, so that the distance between these
planes in the B phase (/, = 3.174 A) is smaller than that
(,,=3.235 A) in the o phase. This difference implies,
in particular, that the van der Waals interaction
between macrocycles of the neighboring molecules in
the B phase is stronger than in the o phase, which can
lead to increase in the frequencies of intramolecular
phonon modes,

Indeed, the Raman spectra of VOPc microcrystals
isolated from the initial powder in most selected sam-
ples had the form presented in Fig, 2 (lower curve). In
some rare cases, phonon bands in the Raman spectra
of selected crystallites were somewhat shifted toward
higher frequencies (energies) although the general
structure of spectra was almost identical (Fig. 2, upper
curve). Since the major fraction (79%) of crystallites
belonged to the o phase, the lower spectrum in Fig. 2
should most probably be attributed to this phase. The
frequencies of phonon modes in the upper spectrum
of Fig. 2 (supposedly, 3 phase) are higher than those of
the same modes in the lower spectrum, the difference
reaching up to 10 cm~!. This is related to decreased
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distances and enhanced interaction between macrocy-
cles in the B phase.

The symmetry of VOPc molecule, as well as the
molecules of other neutral metal phthalocyanines cor-
responds to point group C,,. The total number of nor-
mal vibrational modes in this molecule is 58 X 3 — 6 =

Table 1. Structural parameters of the o and 3 phases of

VOPc crystals.
0-VOPc B-VOPc
a, A 12.195(1) 13.778(1)
b, A 12.6500(5) 13.353(1)
¢, A 8.6202(4) 13.9898(3)
o 96.271(4)° 90°
B 95.382(5)° 103.614(4)°
Y 68.039(5)° 90°
v, A3 1323.97(1) 2501.6(2)
z 2 4
Sp. group Pl P2,/c

Refinement parameters: R = 6.38%; R, = 4.57%; R,

= 5.85%,

Reyxp = 0.97%; 5500 observable parameters; 1498 refllz:ctions; 59
refined parameters; angle (20) interval, 5°—60°; angle (20) step,

0.02°.
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Fig. 2. Raman spectra of VOPc o and B phases measured
in 1000—1700 cm™ " frequency range under normal condi-
tions.

168 and can be expanded into a sum of irreducible rep-
resentations as I'y, = 234, + 194, + 21B, + 21B, +

42E. Since the crystal unit cell contains two mole-
cules, the total number of vibrational modes is dou-

bled and amounts to 348. In space group P1, these
vibrations can be expanded into a sum of irreducible
representations as Iy, = 1744, + 1744,,. The vibrations
correspond to 1ntermolecular and intramolecular
phonon modes, those with lowest frequencies belong-
ing to 12 intermolecular acoustical and optical modes
related to the translational and rotational oscillations
of rigid molecules in the lattice. The overwhelming
majority of phonon modes in the crystal are intramo-
lecular, related to atomic oscillations in the molecule
[6]. The Raman spectra of VOPc were measured in a
frequency range from 550 to 1680 cm~! corresponding
to the intramolecular phonon modes.

Figure 3 presents a series of Raman spectra of the
VOPc o phase measured at high pressures up to about
10 GPa. These measurements were performed in
cycles with both increasing and decreasing pressure
(the reverse order of pressure variation is not presented
in Fig. 3, where the frequency interval containing
intense phonon mode from diamond anvils at about
1333.4 cm™! is also rejected). As the pressure was
increased, the frequencies of all phonon modes exhib-
ited growth while the general structure of the spectrum
remained unchanged up to a pressure of about
2.3 GPa. At a pressure of 3.4 GPa, some phonon
modes in the Raman spectrum exhibited splitting.
With further growth of the pressure, the extent of split-
ting increased while the rate of pressure-induced fre-
quency shift for most modes decreased.

Figure 4 shows baric dependences of the VOPc
phonon modes in a range of pressures up to 10 GPa for
phonon frequencies in the (a) 595—925 and (b) 1430—
1560 cm™! intervals. As can be seen, these depen-
dences are fully reversible with respect to pressure. In

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

JM’LN\__/\/\

3.4 GPa
2.3 GPa :z !\

Intensity

0 05 GP
700

600 800 900 1500 1600

Frequency, cm™

Fig. 3. Raman spectra of the VOPc o phase measured in
550—900 and 1450—1700 cm™ frequency intervals at pres-
sures increasing up to about 9 GPa.

addition, these dependences exhibited peculiarities in
the region of 2.3—3.4 GPa that could be related to the
splitting of some phonon modes and a decrease in the
coefficients of baric shift for almost all modes. The
values of phonon frequencies at normal pressure and
the coefficients of their baric shift at P < 2.3 GPa and
P > 3.4 GPa are presented in the first, second, and
third columns of Table 2. As can be seen from these
data, the baric coefficients at P> 3.4 GPa decrease for
all modes and the coefficient for 775.6 cm~! mode
even becomes negative. The phonon modes observed
at 883.9, 1466, and 1479.5 cm™! exhibit splitting, and
the baric shift coefficient for one of the two compo-
nents of 1479.5 cm~! mode is increasing. The baric
shift coefficients of VOPc are characteristic of intra-
molecular phonon modes and close to the well-known
values for, e.g., classical molecular crystal of naphtha-
lene [27]. This behavior is explained primarily by the
fact that both these molecules contain isoindole rings,
and a significant number of observed modes are
related to the oscillations of carbon and hydrogen
atoms.

Peculiarities of the baric dependences of VOPc
phonon modes are probably caused by a structural
phase transition in the region of pressures within 2.3—
3.4. In order to understand whether the observed
changes in Raman spectra of VOPc were caused by
some changes in the crystalline structure, a series of
XRD measurements were performed for the initial
VOPc powder in the interval of pressures under con-
sideration. Figure 5 shows powder diffractograms
measured at various pressures up to 4.3 GPa and the
obtained experimental plot of unit cell volume versus
pressure.

The absence of peaks characteristic of the VOPc [3
phase in the XRD patterns measured at P = 0.55 GPa
indicates that, already at rather low pressure, the resi-
dues of this phase in the initial powder mixture are
Vol. 130
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fully converted into the o phase. It should be noted
that this transformation differs from the well-known
transition from monoclinic (C2/c) o phase to mono-
clinic (P2,/a) B phase in H,Pc phthalocyanine during
their annealing at high temperature [8]. The crystal-
line structure of VOPc powders does not change with
further increase in the temperature and corresponds to
a triclinic o phase. Results of the series of XRD mea-
surements at various pressures allowed refinement of
the parameters of crystalline lattice of the VOPc o
phase and the position of Pc molecule in the unit cell.
Figure 5b (open circles) shows the baric dependence
of the unit cell volume, which is a smooth and mono-
tonic function of pressure and can be adequately
described by the Murnaghan equation of state (1).

The obtained value of bulk modulus B, is charac-
teristic of molecular crystals and is related to their high
compressibility, while a large value of B' is explained
by rapid growth in the bulk modulus with increasing
pressure. For the comparison, note that the bulk mod-
ulus of hardest mineral (diamond) is about 600 GPa,
while the molecular crystal of naphthalene has B, =
6.7 GPa and B' = 7.1 [28]. Using the obtained value of
bulk modulus and data on the baric shift of bands in
the Raman spectra, it is possible to calculate the values
of Griineisen parameters 7; for the phonon modes of
VOPc as

o0Q, (aV\"' _ B, (ag.)‘
il A I VN it | 2
Ly (V) Q\or) ’ @)

1

where Q) are the frequencies of phonon modes and
0Q,/0P are the corresponding baric shift coefficients.
The obtained values of Griineisen parameters listed in
the last column of Table 2 are typical of molecular

crystals.

A comparative analysis of the refined atomic posi-
tions in VOPc structure at various pressures shows that
deformation of the phthalocyanine sublattice during
compression of the VOPc o phase is nonuniform. In
particular, significant variations of relative shifts of the
nearest neighbor macrocycles are observed at P >
3 GPa. Figure 6 shows that this region of pressures fea-
tures a jumplike displacement of the macrocycle of
one Pc molecule relative to that of another molecule.
The character of this displacement is illustrated in the
right-hand inset to Fig. 6, which shows that it takes
place in vertical direction in the figure plane and
amounts to v = 0.72 A. At this contraction, the lengths
of short —H---O contacts between adjacent Pc mole-
cules decrease, which can lead subsequently to the for-
mation of H-bonds at higher pressures (Fig. 7). A
closer packing of VOPc leads to a change in C—C—H
pendulum vibrations in the isoindole rings whose
peripheral H atoms are facing the axial oxygen of the
nearest-neighbor molecule, while the frequencies of
these vibrations in two other isoindole rings remain
unchanged. The indicated changes lead to splitting of
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Fig. 4. Baric dependences of the VOPc phonon modes in
(a) 580—920 and (b) 1450—1560 em™! frequency intervals.
Bright and dark symbols refer to increasing and decreasing
pressure, respectively, in the given cycle. Dashed curves
show approximation of the experimental data by linear
dependences in the regions of pressure below 2.3 GPa and
above 3.4 GPa, respectively.

the corresponding intramolecular phonon modes
observed in our Raman spectra of VOPc at high pres-
sures [29]. A decrease in the baric shift coefficients of
phonon modes observed at P > 3 GPa can also be
related to the formation of additional H-bonds.

In concluding, we have studied the baric depen-
dence of Raman spectra of the vanadyl IV phthalocy-
anine o phase and observed a reversible pressure-

Table 2. Calculated Griineisen parameters of the VOPc o
phase phonon modes

0Q./0P, cm~!/GPa
QY em™! Yi
P<23GPa| P>34GPa
590 1.4 1.3 0.0115
679.1 2.1 1.6 0.0067
751.7 1.7 1.4 0.0074
775.6 0.6 —0.4 0.0204
790.8 3.1 29 0.0039
837.9 4.0 3.5 0.0028
852.3 1.5 2.1 0.0074
883.9 3.8 2.6 0.0028
883.9 3.8 3.9 0.0028
1432.2 3.8 3.5 0.0018
1454.3 4.2 3.0 0.0016
1466 34 2.7 0.0019
1466 3.4 2.6 0.0019
1479.5 4.0 2.3 0.0016
1479.5 4.0 6.8 0.0016
1509.7 4.2 3.8 0.0015
1518.6 5.1 4.2 0.0012
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Fig. 5. (Color online) (a) XRD patterns of vanadyl IV phthalocyanine o. phase measured at various pressures up to 4.2 GPa. (b)
Pressure dependence of the relative unit cell volume: open circles represent experimental data, dashed curve shows an approxi-

mation according to the Murnaghan equation of state (1).
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Fig. 6. (Color online) Baric dependences of the mutual
vertical shift v of macrocycles in phthalocyanine mole-
cules in the VOPc o phase. The vertical shift v exhibits a
jumplike increase at P > 3 GPa.

induced feature in the 2.3—3.4 GPa interval of pres-
sures, above which some phonon modes exhibit split-
ting and the baric shift coefficients of almost all modes
tend to decrease. This behavior can be explained by
densification of the network of intermolecular van der
Waals contacts as a result of the contraction of crystal-
line lattice of the VOPc o phase. The baric depen-
dence of the unit cell volume of the o phase measured
up to 4 GPa is a smooth and monotonic function of
pressure that is adequately described by the Mur-
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Fig. 7. (Color online) Network of short —CH---O contacts
between one-dimensional phthalocyanine chains in the
VOPc o phase.

naghan equation of state (1). Based on the obtained
Raman spectroscopy and XRD data were used to
determine the Griineisen parameters of various pho-
non modes of VOPc.
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