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Abstract. The structure, optical absorption (500...950 nm) and resonance Raman spectra
(within the range 100...3000 cm ) of lead phthalocyanine (PbPc) thin solid films with the
thickness 190 nm were studied. The films were deposited using thermal evaporation in
vacuum 6.5 mPa onto silica substrates held at room temperature. It was found that in the
process of depositing the PbPc thin solid films monoclinic and triclinic PbPc crystallites
were grown, and the amount of crystallites in the triclinic phase in the as-deposited PbPc
films was approximately two times less than those in the monoclinic one. The resonance
Raman spectroscopy, with application of the He-Ne laser line 632.8 nm as an excitation
source, was used for studying the 190-nm thick PbPc films. Due to resonance enhancement,
the second-order Raman spectrum of PbPc films within the region 1700...2950 cm™ was
successfully registered and analyzed for the first time. It has been shown that the second-
order PbPc Raman spectrum is mainly formed by the overtones and combination modes of
B, symmetry fundamental vibrations. The second-order Raman region of 2550...2900 cm ™
appeared to be highly specific for PbPc and could be used for its identification along with
the finger-print region of fundamental vibrational modes.
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1. Introduction

The lead phthalocyanine (PbPc) molecule (Fig. 1 [1])
consists of four isoindole moieties (a benzo-fused
pyrrole) that form a macrocycle phthalocyanine ligand
(Pc) by using four nitrogen atoms (N=) of the azo groups.
Four nitrogen atoms of the pyrrole rings form an almost
square cavity, in the center of which the Pb atom is
placed. This atom is located equidistantly from each of
the four nitrogen atoms of the pyrrole rings and forms
two valence bonds with the isoindole nitrogen atoms
along the diagonal of the square cavity (Fig. 1a). The Pb
atom is shifted out of the ring plane, and the
phthalocyanine ring itself is no longer planar, as a result
of it the PbPc molecule takes the shuttlecock-shaped
configuration (Fig. 1b).

The properties of metal phthalocyanines (MPc)
have been intensively studied since 1980. One of the
most studied representatives of this series of coordination
compounds is lead phthalocyanine. PbPc is widely used
as an active material for the manufacture of gas sensors
[2-6], solar cells [7-9] and field-effect transistors [10-12].

The first-order Raman spectra of PbPc within the
range 100...1600 cm™* have been studied in detail [13-16].

The Raman bands in the high-frequency range
1700...3250 cm™* of polycrystalline powders zinc (copper)
phthalocyanines (ZnPc and CuPc, respectively) were
identified as the second-order spectra saving the bands of
CH stretching vibrations at ~3000 cm™ [17]. In [18], ab
initio DFT simulations were carried out to describe the
molecular structures, molecular orbital energy gaps,
atomic charges, infrared (IR) and Raman spectra of PbPc.
To the best of our knowledge, the analysis of PbPc second-
order Raman spectra within the range 1700...3000 cm™*
was not carried out so far. In our opinion, experimental
studies of Raman scattering spectra of PbPc thin films
within the range 1700...3000cm™ are important and
relevant in terms of ascertaining the mechanisms of
interaction of basic (fundamental) vibrations in a
nonplanar PbPc molecule, which may have their own
features as compared to planar ZnPc and CuPc molecules.
In addition, some detected second-order bands within the
range 1700...3000 cm™* can be used as additional markers
to identify the PbPc molecule.
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With account of the above considerations, we
investigated the resonance Raman scattering (RRS)
spectra of PbPc thin films within the range
100...3000 cm™* to compare the obtained results with the
literature data and to make the assignment of second-
orders Raman bands of PbPc within the range
1700...2950 cm* to overtones and combinations of
fundamental vibrations.

2. Experimental and sample preparation methods

Polycrystalline PbPc was kindly provided by Prof.
C.Hamann from the Higher Technical School
(Chemnitz, Germany). The powdery sample of PbPc was
purified using extraction from solution and afterwards
repeated vacuum sublimation. The impurity content in
PbPc prepared in this manner did not exceed 1% [7].

The thin PbPc films with the thickness close to
190 nm were deposited using thermal evaporation in
vacuum 6.5 mPa on silica substrates kept at room
temperature. The mass of PbPc loaded into the ceramic
crucible was 13mg. The thickness of films was
controlled with an interference thickness gauge Mll-4.

UV-vis absorption spectra within the range
500...950 nm were recorded using the Perkin Elmer
Lambda 25 UV-vis spectrophotometer with a spectral
width of 1 nm at room temperature. The absorbance and
wavelength measurements error did not exceed 2%.

The RRS spectra of PbPc films were measured
using the inVia Renishaw confocal Raman microscope
(England). A He-Ne laser with the wavelength
A =632.8 nm was used as the excitation source. The light
scattered and reflected by the samples passed through a
Rayleigh filter, and its Raman component was
decomposed into a spectrum by a diffraction grating
spectrograph and focused on a CCD matrix. The
electrical signal from the CCD was analyzed using
Renishaw WIRE 3.3 software. The error in measuring the
Raman shift did not exceed 1 cm .

Surface morphology of PbPc thin films was
characterized using a scanning electron microscope
JSM-35 JEOL.

3. Results and discussion

3.1. Surface morphology, optical absorption and
resonance Raman spectra of PbPc films

Phthalocyanines (MPc: Pc phthalocyaninato anion
CsoHigNg—, M =H, or divalent metals) are compounds
that have a macrocycle ring with a large m-conjugated
aromatic system. The geometry of PbPc molecule is
shown in Fig. 1. MPc generally have highly symmetrical
square planar Dy, structures, however, unlike many MPc
compounds, lead (Il) phthalocyanine (PbPc) has a
peculiar non-planar shuttlecock-shaped structure with Cy,
symmetry [19].

The surface morphology of the vacuum deposited
190-nm thick PbPc thin solid films is shown in Fig. 2.
Needle-like crystallites of different lengths are clearly
seen.

(a)
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Fig. 1. The structure of the PbPc molecule: (a) top view and
(b) side view [1].

Fig. 2. SEM micro-image of the surface of 190-nm thick
vacuum deposited PbPc thin solid film.

PbPc crystallizes into two modifications of
monoclinic or triclinic system [19]. The electronic
absorption spectra measured for the PbPc thin film have
two main absorption bands. The short-wave absorption
band, centered at about 350 nm, is known as the B-band.
The longer wavelength band, centered at about 730 nm,
is generally known as the Q-band. A fragment of the
optical absorption spectrum of the PbPc films in the
range of the Q-band (500...950 nm) is shown in Fig. 3a.
Using the Origin 8.5 computer software, the overall
contour of this band could be presented as the sum of
three Lorentzian components with maxima centered at
657, 731 and 826 nm with the correlation coefficient and
the weighted average deviation of 0.99969 and
1.0482-107*, respectively. The amount of monoclinic and
triclinic crystalline phases in the prepared PbPc thin films
can be estimated from the analysis of the peak intensities
of corresponding components. It is known that for
triclinic crystallites the intensity of the long-wave
component at 826 nm is the highest, while the other two
short-wave bands are several times weaker. For the
monoclinic phase, situation is opposite and the most
intensive is the band centered at 731 nm [20]. As seen
from Fig. 3a, the spectral profile for the as-deposited
PbPc film is similar to that expected for a monoclinic
system, which shows that the vacuum deposited film
consists mainly of monoclinic crystals. According to [21],
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Fig. 3. Spectra of PbPc thin solid film: (a) optical absorption
within the range of Q-band and (b) RR scattering in the
fingerprint range (curve 5). The curves 2, 3 and 4 show the
result of the Q-band fitting with 3 Lorentzian components, and
curve 1 — the resulted band shape (dashed line) and observed
band (solid line). Curve 6 corresponds to the non-resonance
Raman spectra of polycrystalline powder PbPc [17].
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Fig. 4. Raman spectra of 190-nm thick PbPc films within the
range 100...3000 cm: (a) before and (b) after smoothing and
correcting the baseline (curve 1). Curve 2 corresponds to a
fragment of the Raman spectrum of PbPc film within the range
1700...3000 cm™, magnified 4 times along the y-axis.

the UV-vis absorption spectra of vacuum deposited PbPc
films are similar to those shown in our work (Fig. 3a).
The authors of [21] also reported that after annealing the
film, the changes in intensity of the absorption bands
were observed, and the contour of the spectrum becomes
characteristic of triclinic phase, which indicates that a
monoclinic-triclinic phase transition takes place in the
film [21]. It should be mentioned that the presence of
these two crystal modifications in the PbPc films will not
interfere with the Raman spectra since according to [17],
Raman spectroscopy is not sensitive to intermolecular
packing of specific phthalocyanines.

In view of the above, it can be argued that under
thermal evaporation in vacuum on silica substrates held
at room temperature, mainly monoclinic PbPc crystallites
are present in the deposited film. In this case, the amount
of triclinic crystallites in the PbPc film is about two times
smaller.

The Raman scattering spectra measured in this work
for the PbPc films under excitation of the He-Ne laser
line 638.2 nm showed resonance enhancement and
therefore should be considered as resonance Raman (RR)
spectra, since the incident laser radiation (the arrow in
Fig. 3a) is close in energy to the electronic transition of
PbPc. In Fig. 4a, the short-wave edge of the photo-
luminescence spectra of PbPc films is superimposed by
the PbPc RR spectrum. The presence of this photo-
luminescence emission from PbPc was confirmed in
[22, 23]. Electronic excitation of a PbPc molecule results
in its structural changes that are reflected in the
enhancement of Raman scattering of certain vibrational
modes.

Fig. 4b shows the RR spectrum of PbPc thin solid
film after smoothing and baseline subtracting. The
Raman shift was determined by subtracting the
frequencies of the Raman spectrum v (cm™) = 10"/A (nm)
from the He-Ne laser frequency 15802.8 cm™. The
relative intensities of the RR bands were normalized to
the peak intensity of the PbPc strongest Raman band
centered at 1503 cm ™.

Table 1 shows the spectral parameters of the main
vibration bands in the RR spectra of the 190-nm thick
PbPc thin films against to the literature data for Raman
spectra of other PbPc films [13, 14] and PbPc vapor
phase [16].

It was found that the RR bands centered at 482, 576,
677, 738, 1131, 1201, 1335 and 1503 cm* are similar in
their position to those reported by other authors [13, 14].
However, the band centered at 274 cm™* was not earlier
mentioned in the literature. The differences in the
positions and intensities of the Raman bands reported by
different authors (Table 1) are probably caused by
different sample preparation methods and Raman spectra
measuring techniques. We measured the RR spectra of
PbPc films vacuum deposited on silica substrates without
any intermediate conductive layer, while other authors
used the PbPc films deposited onto conductive layers of
Ag [13] or graphene [14]. The PbPc interaction with the
intermediate layer may result in changes of the intensities
and positions inherent to the Raman bands.

Table 2 shows spectral parameters of the first- and
second-order Raman bands of PbPc thin films. In
parentheses, the relative peak intensities of these bands
are indicated. Table 2 also shows the positions of the
first- and second-order Raman bands for polycrystalline
powders CuPc and ZnPc [17]. It should be noted
that the band centered at 145 cm* was earlier observed
in the vapor phase of PbPc [16] and has been first
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Table 1. Peak positions (in cm™) and normalized intensities (in parentheses) of main Raman bands and their assignment to

molecular vibrational modes for different PbPc samples.

Peak position, cm™
RR RR RR NR .
No (hex = 632.8 NM) (hex=595 nm) (hex=632.8 Nm) (hex = 514.5 nm) Band assignment
PbPc films on PbPc films on PbPc films on PbPc vapor phase [13]
silica substrate Ag-coated glass graphene [16]
this work substrate [13] [14]
— - - 100 —
— - - 117 —
1 145 (0.11) — — 149 —
- - 1843 178 Macrocycle
deformation
211 (0.088) - 205.8 216 —
- 234, w 2289 245 Isoindole
deformation
2 274 (0.082) - - - -
3 Isoindole
482 (0.118) 479, m 482.7 493 deformation
4 576 (0.066) 592, m 566.4 596 Benzene ring
deformation
5 Macrocycle
677(0.467) 672, vs 680.9 685 breathing
6 Macrocycle ring
738 (0.234) 744, s 722.8 738 stretching
! 815 (0.185) 773, w 796.6 782 Macrocycle ring
stretching
8 942 (0.170) 934, m 888.8 — Benzene breathing
9 1035 (0.055) 1107, m 1008.2 - C-H bend
10 1131 (0.307) 1139, m 1025.3 - Pyrrole breathing
11 1201(0.384) 1197, w 1106.0 — C—H bend
- 1218, m 1193.6 — C—H bend
- 1303, m 12914 — C—H bend
12 1335 (0.879) 1337, vs 1335.2 - C=C pyrrole stretch
13 1431(0.589) 1423, s 1428.6 - Isoindole ring
stretch
3 1444, w 14505 B Isoindole ring
stretch
- 1484, vs 1479.3 - C—N pyrrole stretch
14 1503 (1.000) 1505, w 1511.2 - C-N-C azo-group
stretch
15 1595(0.162) — — - Benzene ring stretch
— 1610, w - — Benzene ring stretch

Note: the bands intensities: w — weak; m — medium; s — strong; vs — very strong; NR — non-resonance Raman.

experimentally revealed in the present paper for PbPc
thin films. Moreover, the first-order band centered at
482 cm™ is not observed in Raman spectra of CuPc and
ZnPc. In the spectra of PbPc this band is assigned to
deformation vibrations of the isoindole fragment
(Table 1). The absolute values of deviations in the first-
order Raman frequencies of PbPc as compared to those
of ZnPc are within the range 1...15 cm*, except for the
bands at 274 cm*, for which these deviations are equal to
21 cm . Deviations in the positions of the second-order
Raman bands of PbPc as compared to those of ZnPc
(Table 2) are in the range of 1 to 10 cm™. The bands at
2243, 2319, 2520, 2719, 2892 and 2947 cm* were not
observed in either CuPc or ZnPc.

3.2. Fundamental vibrational modes of PbPc molecule

The non-planar PbPc molecule belongs to C4, group
symmetry and according to it molecular structure
(Fig. 1) consists of n=57 atoms: 8 nitrogen, 32
carbon, 16 hydrogen and one lead atoms, therefore the
number of the degrees of freedom (the number of
fundamental vibrational modes) of this molecule is
equal to 3n—6=165. It is theoretically ascertained
that distribution of these modes by different types of
symmetry is as follows [18]:

ix=22A(IR,R) + 41E(IR,R) + 21B,(R) + 21B, (R) + 19A,,

where IR and R are the vibrations active in infrared
absorption and Raman spectra, respectively.
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Table 2. Peak positions (in cm™) and normalized intensities (in parentheses) of major first- and second-order Raman bands for
different MPc compounds: thin PbPc films and polycrystalline powders of CuPc and ZnPc.

First-order Raman bands, cm™ (100...1700 cm™) Second-order Raman bands, cm™ (1700...2950 cm %)
No PbPc film CuPc ZnPc PbPc film CuPc ZnPc
this work [17] [17] this work [17] [17]
1 145(0.11) - - 1781(0.027) 1788 -
2 211 (0.088) 1884(0.042) 1886 1888
3 274 (0.082) 253 253 2016(0.031) 2014 2007
4 482(0.118) - - 2083 (0.054) 2084 2088
5 576 (0.066) 590 587 2178(0.093) 2172 2176
6 677(0.467) 676 672 2243 (0.124) 2268 2273
7 738 (0.234) 744 743 2319(0.045) - -
8 815 (0.185) 830 827 2479 (0.046) 2477 2474
9 942 (0.170) 947 941 2520 (0.044) 2589 2566
10 1035 (0.055) 1034 1028 2642 (0.138) 2663 2642
11 1131 (0.307) 1122 1137 2673 (0.108) - -
12 1201(0.384)) 1180 2719(0.056) - -
13 1335 (0.879) 1336 1334 2792 (0.076) 2787 -
14 1431 (0.589) 1427 1427 2838 (0.211) - 2839
15 1503 (1.000) 1521 1501 2892 (0.088) 2860 -
16 1595 (0.162) 1587 1580 2947 (0.079) 2922 2924

Thus, Raman-active modes belong Ay, E, B; and B,
symmetry types. Since the E-mode is twice degenerate,
the total number of active Raman modes for the PbPc
molecule is 146. The difference is 165 — 146 = 19, which
coincides with the number of inactive A, modes.

Fig. 3b shows the RR spectra in the “fingerprints”
range (1252...1581 cm™) of PbPc thin films (curve 5) as
compared to that of non-resonance Raman spectra for
polycrystalline PbPc (curve 6). As shown in [17], the
1350...1550 cm* range in the Raman spectra of metal
phtalocyanines exhibits a unique pattern for each MPc,
which suggests that PbPc can be identified using the
vibrational bands in this area. Here, we observe three
resonance Raman bands centered at 1335, 1431 and
1503 cm™* for PbPc thin solid films, and the authors of
[17] reported five bands in this area centered at 1388,
1418, 1453, 1470 and 1498 cm™* (Fig. 3b, curves 5 and 6,
respectively). The bands at 1335, 1431, and 1503 cm*
are assigned to the pyrrole C=C bonds stretching
vibrations, the isoindole ring breathing, and the C-N
stretching vibrations of the azo groups, respectively
(Table 1). The smaller number of bands in the RR spectra
of PbPc films can be explained by the strong resonance
enhancement and overlap of the intense bands, while the
weaker bands 1418 and 1470 cm™ are not seen against
their background. Raman bands observed in the present
paper at 1335 and 1503 cm™ for PbPc films were found
to be strongly shifted as compared to their position in the
spectra of polycrystalline PbPc (1388 and 1498 cm*,
respectively). The DFT vibrational calculations [18]
predicted 14 Raman bands in the 1350...1550 cm* range
(Table 1), which is useful for spectral identification of

specific phthalocyanines. The difference between the RR
and non-resonance Raman spectra of PbPc in the
“fingerprint” region are caused by the resonance nature
of the RR spectroscopy that can lead to the greatly
enhanced intensity of the Raman scattering from those
parts of the molecule, in which the electronic transition
leads to a change in bond length or force constant in the
excited state.

3.3. Overtones and combinations of fundamental
vibrational modes of the PbPc molecule

When recording the RR spectrum of PbPc thin solid
films by using 638.2 nm excitation, in addition to the
fundamental bands we also observed first overtone and
combination bands in the range 1750...2950 cm™. The
intensity of these second-order Raman bands is far less
than that of the first-order spectra, however, due to the
resonance enhancement, the spectra are of sufficient
quality for the peak positions to be obtained with good
reliability. Since according to DFT vibrational
calculations [18] for various MPc, including ZnPc, the
major bands in their Raman spectra are assigned to the
vibrations with B; symmetry. As reported in [17], the
vibrational spectra of ZnPc and PbPc are similar in
appearance, which suggests that the major bands in the
Raman spectra of the PbPc solid film still belong to B;
symmetry. Since in general the same symmetry modes
are coupling, the entire first overtone and combination
region can be assigned as based on the fundamental B,
bands as well as overtones and combinations of the other
fundamental bands with the same symmetry (B, or Ay).
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Table 3. Possible assignment of the second-order Raman bands for PbPc thin solid film to overtones and combinations of

fundamental modes.

Overtones and combinations
No Fundamental vibrational modes, cm™ - -
vi+ vy, CM Vexp: CM
A1 \2)

1 576(0.066) (A,) 1201 (0.384) (B,) 1786 1781(0.027)

2 942(0.170) (By) 942(0.170) (By) 1884 1884 (0.042)
3 576(0.066) (A,) 1431(0.589) (A1) 2007 2016 (0.031)
4 738(0.234) (By) 1335(0.879) (B,) 2073 2083(0.054)

5 738(0.234) (B,) 1431(0.589) (B,) 2169 2178(0.093)

6 1131(0.307) (B4) 1131(0.307) (By) 2262 2243(0.124)

7 815 (0.185) (A)) 1503 (1.000) (By) 2318 2319 (0.045)

8 1131(0.307) (By) 1335(0.879) (B1) 2466 2479(0.046)

9 1201 (0.384) (B,) 1335(0.879) (B,) 2536 2520(0.044)
10 1131(0.307) (By) 1503 (1.000) (B,) 2634 2642 (0.138)
11 1335(0.879) (B1) 1335(0.879) (By) 2670 2673 (0.108)
12 1131(0.307) (B,) 1595(0.162) (A1) 2726 2719(0.056)
13 1201 (0.384) (B,) 1595(0.162) (A1) 2796 2792(0.076)
14 1335 (0.879) (By) 1503 (1.000) (By) 2838 2838 (0.211)
15 1431(0.589) (Ay) 1431(0.589) (Ay) 2862 2892(0.088)
16 1431(0.589) (A;) 1503(1.000) (B,) 2934 2947(0.079)

Table 3 shows the frequencies of the second-order
Raman bands of the PbPc films within the range
1700...3000 cm*. The combinations of the main
vibrational modes were selected by matching the sums of
their frequencies with the corresponding frequencies of
the experimentally observed PbPc Raman bands. The
assignment of the main Raman bands to fundamental
vibrational modes of PbPc is given in Table 1.

Because of the complicated molecular structure of
PbPc molecule, most of its vibrational modes calculated
in [13, 14, 16] are not a pure vibrational mode, but
strongly coupled with other vibrations, and therefore the
symmetry of the experimentally observed Raman bands
is defined only for some of them. Moreover, there are
discrepancies between the different works, so in our
study we refer to the most recent DFT calculations of
PbPc vibrational spectra published in [17, 18, 24]. For
planar ZnPc, the position and symmetry of Raman bands
within the range 200...1600 cm™ were ascertained both
experimentally and theoretically [18].

Comparison of the Raman spectra inherent to PbPc
and ZnPc compounds shows their strong similarity in
overall appearance, and so the frequencies of the
corresponding fundamental vibrations of PbPc and ZnPc
are not very different. Like to ZnPc, the most intense
band in the PbPc spectrum (at 1503 cm™?) is assigned to
B; symmetry [17]. We assumed that the symmetry of
other vibrational bands of these two compounds is also the
same as presented in Table 3. The analysis of these data
showed that the second-order combinations matching the
second-order PbPc Raman bands are formed of
fundamental vibrations of similar A;, B; or B, symmetry.

Most of the observed second-order Raman bands can be
represented as the first overtones or combinations of two
fundamental vibrations of B; symmetry. In particular, the
following first overtones and combinations of B;
symmetry vibrations matching the experimental second-
order Raman spectrum were selected (the numbers in
parentheses denote the corresponding rows in Table 3):
(4) 738 +1335; (5) 738+ 1431; (6) 1131+ 1131;
(8) 1131 + 1335; (10) 1131 + 1503; (11) 1335 + 1335, and
(14) 1335 + 1503 cm *. Only one possible combination —
the first overtone of the 942 cm™ band: (2) 942 + 942 cm™
could be found for fundamental vibrations with B,
symmetry. For the fundamental vibrations of A; symmetry,
there are only two possible combinations that match the
observed second-order Raman bands: first overtone of A;
vibration band at 1431cm™ (15) 1431+ 1431 and
combination of this vibration with 576 cm™ mode (3). In
addition, some very weak combination bands are formed
of basic vibrations with different symmetry (Table 3). In
these cases, the deviation of the frequencies for the
combinations of B; with B, or A; vibrations from those
for the corresponding bands of the second order for PbPc
films does not exceed + 15 cm ™.

The weak second-order band centered at 2719 cm*
in Raman spectra of PbPc thin solid films, which is
absent in the spectra of polycrystalline powders CuPc
and ZnPc, agrees well with the combination of two
fundamental vibrations of different symmetry: (12)
1131(B,)+1595(A;) cm™* (breathing vibration of pyrrole
ring and stretching vibration of benzene ring, respective-
ly). Both modes are localized on the isoindole rings and
so are easy to couple despite their different symmetry.
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The intensities of the second-order Raman bands of
PbPc films are approximately one-two order less than
those for the fundamental bands (Fig. 4b, Table 3). This
fact was also reported for polycrystalline powder CuPc
and ZnPc in [17].

First overtone is a second harmonic of a
fundamental vibration which is expected to prevail in the
second-order vibrational spectra due to the same location
in the molecular structure and the symmetry of coupling
vibrations. In Table 3, the calculated frequencies of the
first overtones of some fundamental vibrations of PbPc
molecule are shown in bold. First overtones of the
collective breathing modes of benzene and pyrroles rings,
centered at 942 and 1131 cm* with the frequencies 1884
and 2262 cm, are in good and satisfactorily agreement
with the positions of the observed second-order Raman
bands of PbPc films at 1884 and 2243 cm'*, respectively.
The second-order Raman band observed at 2673 cm " is
close in its position to the first overtone of the vibrational
mode 1335 cm™* (stretching vibrations of the C=C bond
of the pyrrole ring) with the frequency of 2670 cm™. The
difference between the frequencies of the first overtone
of the band at 1431 cm™, caused by the isoindole ring
stretching vibration, and the second-order band at
2892 cm * of the PbPc film is 30 cm 2.

The B, breathing mode of pyrrole rings at 1131 cm™
in addition to the first overtone can form another two
combinations with B; modes: C=C stretching of the
pyrrole ring at 1335 cm™ and C-N=C stretching of the
azo groups at 1503 cm*, and also one combination with
A, stretching vibration of benzene ring at 1595 cm™. The
probability of these combinations is high, because the
first two modes are localized on the pyrrole rings, and the
benzene and pyrrole rings have common C-C and C=C
bonds, and all these bands are present in the measured
Raman spectra.

Thus, in our work, due to the resonance
enhancement, the second-order Raman spectra of
sufficient quality were measured for 190-nm thick PbPc
thin solid films with the peak positions obtained with
good reliability. For the first time, possible combinations
of fundamental vibrational modes giving rise for the
observed second-order Raman bands of PbPc thin films
within the range 1700...2950 cm™ have been proposed.
It has been shown that the second-order PbPc Raman
spectrum is mainly formed by the overtones and
combination modes of B; fundamental vibrations. The
Raman range of 2550...2900 cm* appeared to be highly
specific for PbPc and could be used for its identification
in composites and heterostructures along with the finger-
print region of fundamental vibrational modes. This will
be a subject of our further research.

4. Conclusions

It has been found that in the process of PbPc thin solid
films deposition by using thermal evaporation in vacuum
of 6.5 mPa on silica substrates held at room temperature,
monoclinic and triclinic PbPc crystallites have been
grown, and the amount of crystallites with the triclinic
phase in the as-deposited PbPc films was approximately
two times less.

For the first time, using the He-Ne laser line of
638.2 nm as an excitation source, the resonance Raman
spectroscopy was applied for studying the 190-nm thick
PbPc thin solid films. Due to resonance enhancement, the
second-order Raman spectrum within the range
1700...2950 cm™ has been also successfully registered
and analyzed for the first time. It has been shown that the
second-order PbPc Raman spectrum is mainly formed by
the overtones and combination modes of B; fundamental
vibrations.  The  second-order = Raman  range
2550...2900 cm* appeared to be highly specific for PbPc
and could be used for its identification along with the
finger-print range of fundamental vibrational modes.

Finally, this work has shown that resonance Raman
spectroscopy can be used for characterization of the PbPc
thin solid films as well as PbPc containing composite
molecular systems and heterostructures.

The work was performed within the framework of
the theme of the NAS of Ukraine No 14B/186.
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XapakTepu3zalis CMyT ApPYroro Nopsiiky B ClieKTpaxX paMaHIiBCbKOI'0 PO3CilOBAaHHS TOHKHUX ILTiBOK
(¢pranoniaHiny cBUHIIO

MLIL I'opiurauii, O.M. ®ecenko

AHoTanis. JlocmimKeHo CTPyKTypy, cuekrtpu ontuyHoro mormuHaeHA (500...950 aM) Ta pesonancHi KPC
(100...3000 cv ) ToHKHX TBEpANX IUIBOK ¢ranomianiny ceuHIto (POPC) ToBmmuoo 190 aM. TniBku ocamkeHo
TEPMIYHMM BHIIAPOBYBAaHHIM y BakyyMi 6,5 mIla Ha BUTpHMaHi Ipu KiIMHATHIH TeMIiepaTypi KBapmoBi IiIKIaJKH.
Y cTaHOBIIEHO, IO B TIPOIIECI OCAKEHHS TOHKKX IUTiBOK PHPC BHpOCIT MOHOKITIHHI Ta TpUKIiHHI KpucTanita PbPC,
OpUYOMY KUTBKICTh KPHUCTANITIB TPUKIIHHOI (a3u y CBi>kKOHaHeceHHX IuiiBkax POPC Oyna mpubnusHo B 1Ba pasu
MeHIow. s mociikeHHS TOHKMX TBepAuX IUTiBok PbPc toBmmuoio 190 HM Oyna 3acTocoBaHa pe30HAHCHA
pamaHiBCbKa CIEKTPOCKOIIs 3 BUKopucTaHHAM He-Ne nazepnoi niHil 632,8 HM sk jpkepena 30y/KeHHs. 3aBIsKU
PE30HAHCHOMY MiJCUJICHHIO BIEpIe OyJ0 YCHIITHO 3apeecTpoBaHO Ta mpoananizoBaHo crnektp KPC miieku PbPc
Jpyroro nopsaaky B oomacti 1700...2950 eM Byno moka3zano, mo criektp KPC npyroro nopsaxy PbPc ¢popmyetbes
NepeBaXHO 3 OO0EpPTOHIB Ta KOMOIHAWiWHMX MOJ OCHOBHUX KonuBaHb cuMmerpii B;. CnekrpanbHa IinsHKa
2550...2900 cm* cnekTpiB KPC BusiBmacs Haa3BudaitHo cnenudigaoro mist PbPc i Moxke Oyt BHKOpHCTaHa IS
fioro imeHTH}IKAII] pa3oM i3 00IACTIO BIIOUTKIB MaNbLiB OCHOBHUX KOJUBAIEHUX MO,

Kirouosi cioBa: Tonka HJ'IiBI(a, ONTHYHI CIICKTPH NOIJIMHAHHA, PE30HAHCHE paMaHiBCLKC pOSCi}OBaHHH.
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