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Abstract

In this work, the crystalline structure of single crystals grown by vacuum sublimation of unsubstituted
palladium phthalocyanines (PdPc), its tetrafluorinated (PdPcF,;) and hexadecafluorinated (PdPcFis)
derivatives have been investigated using X-ray diffraction measurements. Two crystalline phases have
been identified for PdPc; the molecules in both phases crystallize in stacks with herringbone arrangement
in the monoclinic space groups (C2/c for a-PdPc; P2;/n for y-PdPc). Both PdPcF, and PdPcFy6 crystallize
in the triclinic P-1 space group, forming stacks of molecules in columnar arrangement with molecules in
adjacent columns are aligned parallel to one another. X-ray diffraction measurements have also been
used to elucidate the structural features and molecular orientation of thin films of PdPc, PdPcF, and
PdPcFi6, grown by organic molecular beam deposition at different substrate temperatures. The effect of
fluorosubstitution on UV-visible optical absorption and vibrational spectra of palladium phthalocyanine

derivatives is also discussed.
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1. Introduction

Metal phthalocyanines (MPcs) have received significant interest in applications as active layers of
molecular electronic devices due to their remarkable properties, thermal and chemical stability, and
performance [1]. Among those MPcs, palladium phthalocyanines (PdPcs) exhibit longer exciton
diffusion length in comparison with other bivalent metal phthalocyanines, such as ZnPc and CuPc [2].
This renders them as promising compounds for photovoltaic applications [3-4]. Besides, thin films of
palladium phthalocyanine have good sensing properties for different gaseous analytes, with fast response
times, high base line stability and enhanced sensitivity. It has recently been shown that PdPc films
demonstrate high sensitivity when used as chemical sensors for the detection of oxygen, ammonia, NO,
and humidity [5-7].

It is known that metal phthalocyanines exhibit rich polymorphism [8], which include the more familiar
o~ and B-forms, whose packing types are typical for M(Il)Pc (M=Zn, Co, Cu, Pd etc.) films. Both
polymorphic forms contain stacks of M(I1)Pc molecules, which are tilted with respect to the column axis.
The angle (0) between the normal to the ring and the column axis is smaller in the a-form than in the -
form [8]; for instance in the a-CuPc form 6=25.5° [9], while for B-CuPc 0 is 46.5° [10]. Note that the
optical, electrical, sensing and other properties of MPc films comprised of various polymorphic forms
may differ significantly and the molecular arrangement of the film may play a crucial role in particular
device applications. For example, electronic absorption spectra of a- and B-forms of MPcs are noticeably
different [7]. Jafari et al. have reported the strong dependence of sensor response of PdPc films toward
ammonia and NO, on the phase composition of these films [7].

In contrast to the case of M(I1)Pc, much less is known about crystal structure and polymorphic forms of
fluorosubstituted M(IlI)Pcs. Due to the difficulty faced in growing sufficiently large single crystals,
previous work on the determination of the crystal structure of MPcFs were contradictory and lack
agreement of such parameters as lattice parameter and space group [11-12]. Later on the single crystal
structure of micrometre-sized CuPcFi ribbons synthesized by the vaporization—condensation—

recrystallization method was resolved by synchrotron X-ray crystallography to have a triclinic unit cell
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system [13]. The single crystal polymorph of CuPcF,¢ was found by X-ray diffraction of single crystals
to be triclinic, with one molecule per unit cell and parallel (not herringbone) stacking [14]. Single crystal

structures of centimeter-sized crystals of CuPcFi, CoPcFi5 and ZnPcF¢ have also been determined by

X-ray diffraction by Jiang et al. [15]. All three derivatives had the P1 space group, however all crystal
structures have been resolved with quite high R-factor (from 12 to 16). To the best of our knowledge, the
crystal structure and the polymorphic behavior of fluorinated palladium phthalocyanines have never been
studied in the literature.

In this work, the crystal structure of unsubstituted PdPc, its tetrafluorinated PdPcF, and
hexadecafluorinated PdPcFi¢ derivatives (Fig. 1) has been investigated for the first time. Furthermore,
the effect of fluorosubstitution on the structure and polymorphic behavior of thin films of palladium
phthalocyanines has not been studied before. X-ray diffraction techniques have been used to elucidate the
structural features and molecular orientation of thin films of PdPc, PdPcF, and PdPcFis, grown by
organic molecular beam deposition. The effect of fluorination on UV-visible optical absorption and

vibrational spectra of palladium phthalocyanine derivatives is also discussed.

Figure 1. Molecular structure of palladium phthalocyanine derivatives

2. Experimental details
Unsubstituted (PdPc), and hexadecafluorosubstituted (PdPcFis) palladium phthalocyanines were

synthesized according a procedure described elsewhere [16]. Tetrafluorosubstituted (PdPcF,) palladium
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phthalocyanine was synthesized by heating an equimolar 1:4 mixture of palladium chloride with 4-
Fluorophthalonitrile (Sigma-Aldrich), in glass tubes for a period of 6-7 hours at 220 °C. Resulting
products were then cleaned from impurities by sublimation in gradient furnace at 450-460° C in glass
tube under vacuum (10 Torr). PdPcF, was prepared as a statistical mixture of four regioisomers due to
the various possible positions of fluorine substituents. No attempt was made to separate the PdPcF,
isomers. The composition of PdPcF, was investigated in vapour phase by mass spectrometry technique in
the temperature range from 300 to 700 °C. Mass spectra were measured using MI-1201 mass
spectrometer. The molecules effusing from the cell were ionized by means of an electron beam of energy
35 eV. MS (m/z): 690.921 (calc. for C3,NgH4F4Pd = 690.916 [MPc']). Anal. Calc: C, 55.61; H, 1.74; N,
16.22%. Found: C, 51.65; H, 1.71; N, 16.27%. IR spectrum (KBr; o, cm™): 3076, 1616, 1541, 1483,
1404, 1329, 1261, 1123, 1055, 957, 867, 820, 746.

To grow single crystals, a small amount of PdPc, PdPcF, and PdPcFy polycrystalline powders were
sealed in a glass ampoule under vacuum (residual pressure ~2-10 Torr) and then sublimed in a gradient
furnace at 440-450° C for 2 hours.

Thin films of palladium phthalocyanines were deposited on borosilicate glass slides by two methods. In
the first case, films were deposited by organic molecular beam deposition under vacuum of 10 Torr
with the deposition rate of 0.6 nm-s™*. The nominal thickness of the films was about 120 nm. Since
substrate temperature did not exceed 50°C during the deposition process, thereafter, those samples will
be referred to as the ones deposited onto a “cold substrate”. Second set of samples was obtained by
vacuum sublimation (10™ Torr) of the respective palladium phthalocyanine powder in a gradient furnace;
borosilicate glass substrates were placed at the same position of the ampoule where phthalocyanine
single crystals grow during sublimation process. Such an approach yields thin film samples deposited at
conditions close to the conditions of the single crystal growth. In this case, the substrate temperature was
held at about 200°C and the samples deposited at this temperature will be referred to as samples
deposited onto a “hot substrate”. The nominal thickness of the films deposited onto “hot substrate” was

about 120 nm.



UV-Vis spectra of the films were recorded using a UV-Vis-3101PC ‘‘Shimadzu” spectrophotometer. IR
spectra were recorded using a Vertex 80 FTIR spectrometer. Raman spectra were recorded with a
LabRAM HR Evolution (Horiba) spectrometer in a back-scattering geometry. The 488 nm, 100 mW line
of an Ar-laser was used for spectra excitation.

Crystalline structure studies were carried out using Bruker DUO single crystal diffractometer (4-circle
kappa-goniometer, MoK, sealed tube with graphite monochromator, Apex Il CCD area-detector) using
conventional phi- and omega-scans (0.5° wide). The sample temperature was kept at 155K using Oxford
Cryosystem Cobra nitrogen open-flow cooler for all samples. Crystallographic data for these compounds
have been deposited in the Cambridge Crystallographic Data Centre (CCDC) with reference numbers
1572908-1572911.

X-ray diffraction patterns for polycrystalline powders were obtained using Shimadzu XRD-7000 powder
diffractometer (Cu-anode sealed tube, Bragg-Brentano geometry, 6-26 goniometer, scintillation counter).
Thin film samples were studied using combination of both mentioned above instruments: XRD-7000 for
standard powder patterns and Bruker DUO (CuKa, Incoatec 1uCu microfocus source, 1024x1024 pixel
flat CCD detector) for 2D GIXD patterns using a special sample adaptor. The primary beam angle of
incidence was in the range from 0.3 to 0.5°. Distance from the sample to the CCD detector was 80 mm.
This method was described earlier in more details [17].

Additionally, the molecular structures and IR-spectrums of separate PdPc, PdPcF4 and PdPcF16
molecules were estimated with the density functional theory (DFT) using the BP86/def2-SVP method
[18-21] and Grimme D3 dispersion correction [22-23]. The GAMESS suite of quantum chemical
programs was used for these calculations [24] performed under symmetry constraints (D4, for PdPc and

PdPcF16 and Cyp, for PdPCFy).

3. Results and discussion

3.1. Structure of single crystals of PdPc, PdPcF, and PdPcF



Optical images of PdPc, PdPcF, and PdPcF;s single crystals are shown in Fig. 2. All three compounds
formed needle-shaped crystals with dark violet color and metallic shine which is typical for unsubstituted
and fluorinated phthalocyanines. PdPc formed relatively large freestanding blocks consisting of several
single crystals about 0.5 mm in length. PdPcF, crystals grew as a dense layer of thin (less than 50um in
thickness) and long (up to 5mm) intersecting needles, while PdPcFi6 formed clusters of short needles on

the top of a polycrystalline layer.

Figure 2. Microscopic images of PdPc (a), PdPcF, (b) and PdPcFs (c) crystals suspended in liquid

epoxy.

X-ray diffraction patterns for PdPc, PdPcF, and PdPcFys polycrystalline powders were obtained using
Shimadzu XRD-7000 powder diffractometer (Cu-anode sealed tube, Bragg-Brentano geometry, 6-0
goniometer, scintillation counter) in the 26 range from 5 to 40° (Fig. S1, Supporting Information). PdPc
and PdPcF, powders apparently consist of a single crystal phase, while PdPcFi¢ powder contains at least
two phases. However, upon closer investigation, it has been found that PdPc polycrystalline powder
consists of two crystal phases, namely a-PdPc (small low-quality crystals), which are present in a larger
amount and y-PdPc (a few large, high-quality crystals). Fig. S2 shows “cake” images obtained from PdPc
diffraction patterns using Dioptas 0.4.0 software [25]. Diffraction patterns of specially prepared samples
(fine crystalline powder mixed with epoxy glue and rolled into 0.5mm balls) were obtained in Debye-
Scherrer geometry using a Bruker DUO single-crystal diffractometer. This technique was described in

details by Sukhikh et al. [17, 26]. Similar efforts have been made in order to find two different crystal
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phases for PdPcF16, however, all selected crystals were of the same phase (B-PdPcFis), and no a-PdPcFi
crystals suitable even for unit cell determination were found.

The crystal structures of all three compounds were determined by means of single crystal X-ray
diffraction. The Bruker APEX 11 V2013.6-2 software package [27] was used for indexing, collecting raw
data, integration of diffraction reflections and global unit cell refinement. For PdPc and PdPcF,
absorption correction was applied using SADABS-2012/1, while for PdPcF¢ absorption correction was
applied using TWINABS-2012/1, since the PdPcFys crystal turned out to be a perfect non-merohedral
twin with 0.83/0.17 twin ratio, twinned by 180° rotation around (010) direction in direct cell. Fig S3
shows reciprocal lattice view for PdPcFis with two intersecting crystal domains. SHELXT-2014/5 [28]
and SHELXL-2016/6 [28] were used for structure determination and subsequent refinement. All non-
hydrogen atom positions were refined anisotropically, without additional constraints. For PdPcF,,
fluorine atoms occupancy was refined as free variable, based on the assumption that the total occupancy
for two neighboring positions should be equal to unity. The resulting values are 0.521/0.479 and
0.562/0.438. Such noticeable deviation from 0.5 is apparently caused by uneven proportions of PdPcF,
isomers in the initial product of synthesis. Hydrogen atoms were refined using aromatic/amide riding
coordinates. Sample properties, details of data collection and structure refinement for all three

phthalocyanine derivatives are given in Table 1.

Table 1. Summary of crystallographic data for a-PdPc, y-PdPc, PdPcF, and PdPcFi

Compound a-PdPc y-PdPc PdPcF, PdPcFi6
Formula Pd;C3NgH16 | Pd1C3NgH16 | Pd1C32NgF4H12 | Pd1C32NgFi6
F.W. 618.93 618.93 690.90 906.80
System Monoclinic | Monoclinic | Triclinic Triclinic
Space group | C2/c P2:/n P-1 P-1

z 4 2 1 2

a 26.105(8) 16.621(3) 3.6762(3) 6.8332(16)
b 3.7545(11) | 3.8791(8) 12.2816(9) 14.987(3)

c 23.908(6) 18.045(4) 13.563(1) 15.667(4)

a 90 90 87.977(3) 64.335(7)




B 94.042(9) 95.736(5) 84.734(3) 80.727(8)
Y 90 90 85.308(3) 79.799(7)
Volume 2337.4(11) | 1157.7(4) 607.52(8) 1416.8(6)
ViZ 584.4 578.9 607.52 708.4
Density (calc) | 1.759 1.776 1.888 2.126
F(000) 1240 620 342 876

R; (I>26) 4.62% 3.20% 2.60% 4.79%
Ruw2(1>20) 8.12% 6.27% 5.18% 10.88%
Ry all 9.16% 5.41% 2.95% 8.82%
Rwe all 9.46% 6.90% 5.30% 12.01%

Individual molecules and packing diagrams are shown in Fig. 3. Internal macrocycles of all three
molecules retain a virtually flat conformation with central metal atoms laying exactly on the mean square
plane, and all carbon, nitrogen and fluorine atoms deviating out of plane no more than 0.1 A for a-PdPc,

B-PdPc and PdPcFs, and 0.05 A for PdPcF,.

PdPCFle
PdPCFlG

Figure 3. Packing diagrams for a-PdPc, y-PdPc, PdPcF4 and PdPcFi6



After comparing unit cell parameters and crystal structure it is clear that a-PdPc and y-PdPc are
isostructural to a-PtPc and y-PtPc, respectively [29]. Molecules of a-PdPc are packed in stacks with
herringbone arrangement (Z = 4, monoclinic system, C2/c space group). The distance between individual
molecules within a stack is 3.416 A (3.454 A for o-PtPc), with adjacent stacks shifted by % of this
distance, as shown in Fig. 3; the distance between neighboring Pd atoms is 3.755A (3.818 A for a-PtPc),
which gives a packing angle 6 = 24.53° (25.21° for a-PtPc). The crystal packing of a-PdPc differs from
most a-M(Il)Pcs (M=Cu, Co, Zn, Ni, H2) [8, 30] and is similar to PtPc [29]. The crystal packing of
another phase of PdPc is similar to y-PtPc [29]. y-PdPc is packed in stacks with herringbone arrangement
(Z = 2, monoclinic system, P21/n space group), however in this case the adjacent stacks are in line with
one another. The distance between individual molecules within a stack is 3.366A (3.412 A for y-PtPc)
and the distance between neighboring Pd atoms is 3.879A (3.969 A for y-PtPc), which gives a packing
angle 6 = 29.8° (30.73° for y-PtPc).

PdPcF, molecules, on the other hand, are packed similarly to low-temperature metastable a-phases of
Co(I)Pc (Z=1, triclinic system, P-1 space group) [30], with 3.373A between individual molecules within
a stack and 3.676 A between neighboring Pd atoms, and 6 = 23.45°. PdPcF, consists of columnarly
arranged molecules; those of adjacent columns are aligned parallel to one another.

PdPcFis (Z=2, triclinic system, P-1 space group) has two molecules per unit cell, arranged almost in
parallel (0.985° angle between mean square planes of both molecules) and rotated relative to each other
in-plane for ca. 35.5°. Such an arrangement of molecules results in a packing similar to that of PdPcF,,
with ~3.23A between molecules, 3.417 A between neighboring Pd atoms and 6 ~ 19°. The structure of
single crystals of tetrafluorosubstituted metal phthalocyanines has not been determined until the present
time, while the single crystal structures of MPcF (M=Co, Cu, Zn) have been described by Jiang and co-
workers [15]. However, the structure of PdPcFis single crystals differs from the known MPcFyg
structures.

Some intramolecular parameters of PdPc, PdPcF, and PdPcFys are given in Table 2, where values in the

brackets were received by quantum-chemical calculations. It follows that average relative error of the
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DFT method here is low and does not exceed 2.3%, what allows us to get satisfactory results of IR-

spectrums calculations further.

3.2. Thin Films of PdPc, PdPcF, and PdPcF

3.2.1. X-ray diffraction study

It is known that the choice of deposition conditions might affect significantly the growth process and
molecular organization of thin organic films. Significant efforts have been made so far towards the
development of growth methods and, ultimately, to control the molecular structure (e.g., molecular
orientation, polymorphism, and morphology) of the MPc films [31, 32]. Among the large variety of
factors that contribute to the films’ morphology, the substrate temperature during film growth has been
reported to modify the structure of the studied MPc films [30, 33].

X-ray diffraction patterns of thin films of PdPc, PdPcF, and PdPcFis deposited onto cold and hot

substrates, obtained in the 20 range from 2.5 to 30° are shown in Fig. 4.

Table 2. Bond lengths (A) in PdPc, PdPcF4 and PdPcF1¢ molecules. Bond lengths (A) in the brackets

were received by quantum-chemical calculations.

Bond

v-PdPc

PdPcF,4

PdPCF g

Pd-N,

1.979 (2.004)

1.974 (2.004)

1.973 (2.006)

Ne-Co

1.375 (1.382)

1.373 (1.382)

1.378 (1.381)

Ca-Ng

1.332 (1.329)

1.328 (1.329)

1.318 (1.327)

Cu-Cp

1.464 (1.466)

1.456 (1.467)

1.459 (1.464)

Cp-Cp

1.400 (1.420)

1.396 (1.420)

1.400 (1.425)

CB'CY

1.392 (1.402)

1.392 (1.401)

1.384 (1.401)

C,Cs

1.389 (1.405)

1.376 (1.401)

1.381 (1.410)

Cs-Cs

1.405 (1.415)

1.392 (1.412)

1.385 (1.414)

C-H

0.950 (1.100)

0.950 (1.099)

CF

1.351 (1.332)

Cs-F

1.331 (1.437)

1.347 (1.335)
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Diffraction patterns of all films contain one strong diffraction peak in the range of 6-7° and several low
intense peaks (I/1max< 5%). This fact together with the fact that majority of the observed diffraction peaks
have aliquot interplanar spacings (i.e. d = n, n/2, n/3, n/4 etc.) suggests that all six samples have strong
preferred orientation. Crystal phase composition of the films can be determined by comparing interplanar
spacings of the observed diffraction peaks with the values calculated from the crystal structure data. PdPc
films deposited both on cold and hot substrates consist of a-phase with strong preferred orientation along
(200) plane. The diffraction pattern of the sample deposited on a hot substrate, however, also contains the
(002) peak, which points to either decreased degree of ordering or second preferred orientation along
(002) plane. All diffraction peaks on the pattern of the film deposited on the hot substrate have
significantly lower FWHM values compared to that deposited on the cold substrate, which is apparently

caused by the increased size of individual crystallites.
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Figure 4. X-ray diffraction patterns of thin films of PdPc (a), PdPcF, (b) and PdPcF¢ (c), deposited on

cold (blue lines) and hot (red lines) substrates.

PdPcF, films deposited on cold and hot substrates grow in the same crystal phase as its polycrystalline
powder and single crystals. Both films have preferred orientation along (001) plane, however the
diffraction pattern of the film deposited on a hot substrate consists of only diffraction peaks with (00I)
indexes with much lower FWHM and much higher intensities compared to that deposited on a cold
substrate, indicating that PdPcF, film on a hot substrate has more ideal orientation.

PdPcF,¢ samples, on the other hand, show significant differences between the two diffraction patterns.

While films deposited on a hot substrate consist of B-phase perfectly oriented along the (001) plane, films

12



deposited on a cold substrate consist of a-phase with unknown crystal structure and unit cell parameters.
By analogy with PdPcF,, the indices (001) and (100) were assigned to the first two diffraction peaks on
the diffraction pattern of PdPcFis deposited on a cold substrate. Since the four remaining diffraction
peaks have interplanar distances that are natural fractions of the first two peaks, the corresponding
indexes (002, 003, 004 and 200) were assigned to them.

X-ray diffraction studies of thin films in 2D GIXD geometry were carried out for further detailed
investigation of the films structure (Fig. 5). In all cases a 20 position of the detector was equal to zero,
i.e. the zero point of the diffraction pattern coincides with the center of the detector. Since the left halves
of each 2D GIXD pattern were shadowed by the substrate material, only the right halves of the
diffraction patterns are shown.

Cold substrate Hot substrate b Cold substrate Hot substrate Cold substrate 031 Hotsubstrate . .

a a-PdPc a-PdPc PdPcF, PdPcF, C a-PdPcFy, B-PdPCcF,¢

204 ~.-204 021 021 i

200
=020
202 202 -202 202 oo 011 0-11
020 2 y 010 0-12
- 402 - N/ 012 013 ] \/ 5

010

’ 001 002

Figure 5. 2D GIXD patterns for the film of PdPc (a), PdPcF, (b) and PdPcF;6 (c), deposited on cold (left

image) and hot (right image) substrates.

Appearance of 2D GIXD patterns confirms the assumptions made earlier about the phase composition
and preferred orientation of each sample. Using the available structural data, the corresponding Miller
indices were attributed to all of the observed diffraction spots. 2D GIXD pattern of PdPc film deposited
on a hot substrate shows (200) and (002) peaks in the middle, confirming that the film has two competing
preferred orientations. Significant reduction in the size of the diffraction spots in PdPcF, and PdPcF

patterns indicates a greatly increased degree of ordering in both samples deposited on hot substrates. It is
13



worth mentioning that the patterns of PdPcF¢ film deposited on a cold substrate is visually similar to that
deposited on a hot substrate, suggesting that the unit cell parameters of both PdPcFis phases must be
close to one another.

Knowledge of the crystalline structures and preferred orientations for a-PdPc, PdPcF, and PdPcFy6 films
will allow the calculation of the angle between the phthalocyanine macrocycles and substrate surface.
The inclination angle of PdPc molecules is 86.8° in the films deposited on cold substrates, while two
angles (86.8° and 65.5°) are observed in the case of PdPc films deposited on hot substrates; the latter is
caused by the presence of two different preferred crystallites orientations. The inclination angle of
PdPcF4 molecules is 89.5° for both films deposited on cold and hot substrates, whereas two inclination
angles of 75.90° and 75.01° are observed for molecules in PdPcFs films deposited on hot substrates.
This is due to the occurrence of two independent molecules in PdPcF¢ structure, which are not exactly
parallel to each other. The scheme of orientation of molecules in palladium phthalocyanine relative to the
substrate surface is given in Fig. S4.

Additional information about the degree of films orientation can be obtained by measuring azimuthal
profiles of diffraction spots in 2D GIXD patterns and then measuring their FWHM, since the azimuthal
profile of a diffraction spot effectively shows the distribution of the slope angle of the corresponding
crystallographic plane relative to the substrate surface. The most intense peaks on each pattern (peaks
200 for both PdPc samples, peaks 001 for PdPcF, and PdPcFs) were selected and their profiles were
integrated in the range +0.3° from their 26 maximum (since all selected peaks have FWHM = 0.3°, the
0.6° wide band would contain most of the diffraction peak). Fig. 6 shows azimuthal profiles for the films

deposited on cold (black lines) and hot (red lines) substrates.
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Figure 6. Azimuthal profiles for the most intense peaks on 2D GIXD patterns of thin films of PdPc (a),

PdPcF, (b) and PdPcFy (c), deposited on cold (blue lines) and hot (red lines) substrates.

It can be clearly seen that PdPc thin films deposited on hot substrates are less oriented (FWHM = 8.09°
for a cold substrate and 11.20° for a hot substrate) while PdPcF, and PdPcF¢ films significantly increase
their degree of ordering (FWHM changes from 7.41° to 5.78° for PdPcF, and from 10.04° to 4.93° for

PAPCF ).

3.2.1. Spectral study

Optical properties of phthalocyanine films are also sensitive to their structural features, especially to their
polymorphic modifications [34, 35]. Fig. 7 shows the electronic absorption spectra of PdPc, PdPcF, and
PdPcFis films deposited on cold and hot substrates. In the spectra of all films the Q-bands are

significantly broader than in the spectra of solutions.
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Figure 7. Optical absorption spectra of PdPc, PdPcF, and PdPcF films, deposited on cold (a) and hot

substrates

The Q-band in the UV-Vis spectra of the PdPc film deposited on a cold substrate splits into two bands
with maxima at 609 and 662 nm, while these bands lie at 619 and 665 in the case of film deposited on a
hot substrate. The splitting of the Q-band in the films’ spectra is explained in terms of factor group
splitting and arises from exciton coupling between two non-equivalent molecules in a unit cell [36]. It
has been shown by XRD that both PdPc films consist of a-phase with preferred orientation along (200)
plane and differ only by the degree of ordering.

Optical absorption spectra of PdPcF, deposited on cold and hot substrates are similar; the Q-band in the
UV-Vis spectrum of the PdPcF, films has a maximum at 611 with a small shoulder at 668 nm. The films
of PdPcFy5 exhibit a Q-band with one maximum at 643 nm in the case of deposition on a cold substrate
and at 638 nm in the case of deposition on a hot substrate. Such spectra with an un-splitting Q band are
usually observed for films with a co-facial parallel arrangement of chromophores [37-38].

Vibrational spectroscopy methods have also been used to complement XRD methods to distinguish types
of molecules packing in MPcs of different phases [39-40]. The first investigation of Raman spectra of
MPc polymorphs has been carried out by Aroca and co-workers in 1982 [41-42].

The assignment of the bands in the vibrational spectra of PdPc and PdPcFy6 has already been published
in our previous work [16], however, the vibrational spectra of PdPcF, derivative have not been discussed
in the literature. The experimental and DFT calculated IR spectra of the studied PdPc forms are presented
in Fig. 8. A comparison of the experimental and calculated bands in the IR and Raman spectra of their
assignments is given in Tables S1-S2 (Supplementary Information). The experimentally measured
vibrational wavenumbers of all molecules coincide well with DFT theoretical predictions. The RMS
difference between the calculated and experimental wavenumbers was 20 cm™*. The IR spectra of all

three derivatives are presented in Fig. S5.

16



|

Ly

400 600 800 1000 1200 1400 1600
Wavenumbers, cm™®

Figure 8. Experimental (a) and DFT calculated (b) IR spectra of PdPcF,.

Introduction of electron withdrawing F-substituents causes the change of both position and intensities of
most of the vibrations in the vibrational spectra. The group of fundamentals dominated by macro ring
breathing and Pd-N,, in-plane stretching vibrations lie in the range of 500-650 cm*. Another group of
vibrations at 760-800 cm™ is attributed to the N,-C,-Ng and C,-Cy-Cp deformations along with stretching
of Pd-N,. The vibrations in the range of 1100-1160 cm™ assigned to Cg-C,-H deformation coupled with
Co-N,, in-plane vibrations are observed in the spectra of PdPc and PdPcF,4. The position and intensities of
the vibrations in the range from 1200 to 1360 cm™ involving isoindole and pyrrole deformations in the
spectrum of PdPcF, and PdPcF¢ differ from those of PdPc due to the high contribution of C-F stretching
vibrations (Table S1). Introduction of F-substituents also causes the shift of C=C stretching vibrations to
the longer-wave spectral region (1609 cm™ for PdPc, 1616 cm™ for PdPcF4 and 1623 cm™ for PdPcFy¢ in
the IR spectra). Raman spectra of the films of PdPc, PdPcF, and PdPcF¢ deposited on cold and hot

substrates are given in Fig. 9.
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Figure 9. Raman spectra of PdPc (a), PdPcF, (b) and PdPcF (¢) films deposited on cold (blue lines) and

hot (red lines) substrates

Raman spectra of PdPc and PdPcF, films deposited on cold (a) and hot (b) substrates are almost the same
because these films deposited at different substrate temperatures have the same phase composition. In
contrast, the Raman spectra of PdPcF3 films have noticeable differences manifested mainly as a change
of relative intensities of some vibrations. The most pronounced differences are observed in the spectral
ranges 900-980 cm™ and 1090-1200 cm™. The fundamentals in these spectral region (e.g. 954, 1120,
1180 cm™) are characterized by high contribution of C-F stretching vibrations [16]. It is not surprising
that the end C-F groups are sensitive to the change of molecular packing. The stretching vibrations of
C=C (1590-1640 cm™) in benzene rings of PcPcF15 molecule are also quite sensitive to the change of the

molecular packing. The modes below 200 cm™ belonging to the lattice vibrations [43] are also dependent

18



on phase composition and molecular packing. The bands at 57, 127, 163 cm™ are observed in the
spectrum of PdPcF, films deposited on a cold substrate, whereas in the case of the film deposited on a hot
substrate these bands are located at 52, 78, 173 cm™. It has been shown above by XRD methods that
PdPcFi¢ films deposited on a hot substrate consist of 3-phase perfectly oriented along the (001) plane,
while the films deposited on a cold substrate consist of a-phase with unknown crystal structure and unit
cell parameters, that makes a detailed interpretation of the observed spectral distinctions more difficult.

The optical properties of thin phthalocyanine films are determined by the polymorphic modification and
molecular orientation in the film as discussed above. Similar effect of the structural features of PdPc
films on the spectral properties was studied by Jafari et al. [7]. The structure and orientation of molecules
in MPcs films are of particular importance for electronic device applications [2] and therefore detailed
study of the structure of the films of palladium phthalocyanine derivatives can be quite valuable for the

interpretation of films electrical data.

Conclusions

Effect of fluorination on the single crystal structure, molecular orientation and optical spectra of thin
films of palladium phthalocyanine derivatives has been investigated. It has been shown that fluorination
leads to the change of the structure of PdPcF, and PdPcF,s compared to unsubstituted PdPc. Crystalline
structures of single crystals of unsubstituted PdPc, its tetrafluorinated and hexadecafluorinated
derivatives grown by vacuum sublimation have been determined by X-ray diffraction. Two phases have
been identified for PdPc, both crystallize in stacks with herringbone molecular arrangement in the
monoclinic space groups; a-PdPc in C2/c; and y-PdPc in P2;/n. Both PdPcF, and PdPcF;¢ are shown to
crystallize in the triclinic P-1 space group, forming stacks of molecules in columnar arrangement. Stacks
of molecules in adjacent columns are aligned parallel to one another; the unit cell parameters of PdPcF,
are Z=1, a=3.6762(3), b= 12.2816(9), c= 13.563(1), a=87.977(3)°, p=84.734(3)°, y=85.308(3)°, while
those of PdPcFy are Z=2, a=6.8332(16), b= 14.987(3), c= 15.667(4), 0=64.335(7)°, p=80.727(8)°,
v=79.799(7)°.
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Thin films of F-substituted PdPc grown by organic molecular beam deposition at different substrate
temperatures were also shown to exhibit structural, molecular orientation and spectral feature changes.
Structure and molecules orientation in MPcs films are known to be of particular importance for
electronic device applications. It has been shown that PdPc films deposited both on cold and hot
substrates consist of a-phase. The inclination angle of PdPc molecules is 86.8° in films deposited on cold
substrates, while two angles (86.8° and 65.5°) are observed in the case of PdPc films deposited on hot
substrates due to the occurrence of two different molecular preferred orientations.

PdPcF, films deposited on cold and hot substrates grow in the same crystal phase as its polycrystalline
powder and single crystals. Both films have preferred orientation along (001) plane; the inclination angle
of PdPcF4 molecules relative to the substrate surface is 89.5° for both films. PdPcF 6 films deposited on a
hot substrate consist of B-phase preferably oriented along the (001) plane, while the films deposited on a
cold substrate consist of a-phase with unknown crystal structure and unit cell parameters. The inclination
angles of PdPcFis molecules are 75.90°/75.01° for films deposited onto hot substrates. The obtained data

can be used as a basis for the interpretation of films electrical data in future work.
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