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Abstract Phthalocyanine compounds have been widely
investigated as candidate materials for technological
applications, which is mainly due to their thermal stability
and possibility of processing in the form of thin films. In
most applications, the controlled growth of thin films with
high crystalline quality is essential. In this study, zinc
phthalocyanine (ZnPc) thin films were prepared by evap-
oration on glass and Au-coated glass substrates with sub-
sequent annealing at different temperatures in ambient
atmosphere. The morphological and structural features of
80 nm thick zinc phthalocyanine films were investigated,
evidencing an o — f phase transformation after annealing
the films at 200 °C, as indicated by UV—Vis spectroscopy
and FTIR analyses. A better uniformity of the annealed
films was also evidenced via AFM analysis, which may be
of importance for applications where film homogeneity and
excellent optical quality are required.

Introduction
Due to their thermal and chemical stability, phthalocya-

nines have found several applications in the chemical
industry as pigments, catalysts, and electrochemical
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reduction of oxygen, to name a few [1-5]. Some types of
phthalocyanines, for example, can resist at temperatures
close to 900 °C in vacuum, or ca. 500 °C in an ambient
atmosphere [6]. Other applications have been explored,
which include molecular electronics [7], non-linear optics
[8], liquid crystals [9], gas sensors [1, 10, 11], photovoltaic
cells [12], and photodynamic therapy [13, 14]. Alarjah
et al. have reported the carbon monoxide gas sensitiv-
ity using substituted iron(I) phthalocyanine [2, 3]. Most
of the interesting properties of phthalocyanines come from
the possibility of the high control over ordering and
molecular packing in the solid state [1]. Phthalocyanine
thin films may be prepared by several techniques like
vacuum evaporation and Langmuir-Blodgett [15-17]. For
many applications, the controlled growth of thin films
with high crystalline quality is essential [18, 19]. In this
case, parameters such as substrate surface and deposition
temperature are crucial for fabrication of high-quality
films.

There has been a special interest in the structural vari-
ations of phthalocyanine thin films [20]. For example,
X-ray diffraction and optical absorption have been used to
analyze the changes in the crystalline phases of CuPc thin
films as a function of temperature [21]. Using metal-free
phthalocyanines, Heutz et al. [18, 22] investigated the
influence of temperature on the formation of alpha («) and
beta (f8) crystalline phases. Two sets of evaporated films
were investigated: (i) films deposited at room temperature
and subjected to further thermal treatment at high tem-
peratures and (ii) films evaporated over heated substrates.
In both cases, an o — f phase transformation was
observed for temperatures higher than 300 °C. For zinc
phthalocyanine (ZnPc) evaporated films, in particular, the
effects of temperature on the phase transition have been
investigated mainly using X-ray diffractometry [23, 24].
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In the present paper, we investigate the effect of temper-
ature on the molecular organization of ZnPc upon perform-
ing a detailed vibrational characterization of the evaporated
films, using reflection absorption infrared spectroscopy
(RAIRS) and Raman spectroscopy. Film morphology was
also analyzed by ultraviolet—visible absorption (UV-VIS)
and Atomic Force Microscopy (AFM).

Experimental

ZnPc was synthesized following the Kirin route [25] using
a mixture of zinc acetate dihydrate and phthalonitrile
(1:4 mole ratio). The reagents were heated in a glass tube
at 300 °C for 3 h. The resulting blue solid powder was
washed with water, ethanol, and methanol and extracted in
a Soxhlet apparatus with acetone. ZnPc was dried at
120 °C for 2 h. The compound was characterized by
UV-VIS (DMF/CHCI5 solution) and Fourier Transform
Infrared (FTIR) spectroscopy using KBr pellets. Elemental
analysis gave the following results: C, 63.4; H, 3.0; N,
17.5%, which are consistent with the calculated values for
ZnPc.2H,0: C, 64.5; H, 3.0; N, 18.8% [26].

ZnPc evaporated films were obtained on pre-cleaned
transparent borosilicate slides (glass), zinc selenide (ZnSe),
mica and Au-coated glass substrates. ZnPc was evaporated
using a BOC Edwards model 306 vacuum system at room
temperature. The nominal background pressure was 10™°
Torr.

ZnPc was deposited as a thin film with a thickness of
80 nm, as measured by a quartz crystal oscillator coupled
to the evaporation system. After deposition, films deposited
on glass, Au-coated glass, and mica substrates were treated
at temperatures between 50 and 200 °C for 3 h in ambient
atmosphere.

UV-VIS spectra of films evaporated on glass were
obtained in a Hitachi U-2001 UV-VIS spectrophotometer.
FTIR transmission (KBr pellets and evaporated films
deposited onto zinc selenide) and reflection—absorption
infrared (RAIRS) (films evaporated on Au-coated glass
substrates) were recorded using a Thermo Nicolet Nexus
470 FTIR spectrophotometer with 164 scans and spectral
resolution of 4 cm™"'. Raman spectra of ZnPc films evap-
orated on glass were obtained with a Renishaw Research
Raman Microscope system RM 2000 equipped with a
computer controlled 3-axis encoded (XYZ) motorized
stage (minimum step of 0.1 pum) and a Leica microscope
(DMLM series). The spectra were recorded with the
514 nm laser line using 50% laser power, 10 s collecting
time, and three accumulations.

ZnPc evaporated films on glass were analyzed by X-ray
diffraction in a Rigaku RU-200 B diffractometer, 20
varying between 1° and 40°.

AFM measurements were obtained in an Atomic Force
Microscope from Shimadzu, model CTM-9500 J3 in tap-
ping mode for ZnPc films deposited on mica The images
were obtained before and after heating the film at 200 °C
for 3 h.

Results and discussion

The UV-VIS spectra of ZnPc evaporated films before and
after annealing for 3 h are shown in Fig. 1. The UV-VIS
spectra of ZnPc cast and LB films deposited on glass dis-
play the Q band at 687 nm with the satellite band at
627 nm, which is red shifted in comparison to the spectrum
in DMF/CHCIl; solution [26] (Q band at 672 nm with a
satellite at 606 nm), which is consistent with J aggregates
formation [27]. For evaporated films, two absorption
maxima were observed at 633 and 695 nm. A small
decrease in the absorbance intensity was the only change
observed after annealing the film at 100 °C, whereas after
annealing at 150 °C, a significant decrease in the absor-
bance intensity was observed. The position and the inten-
sity of the bands changed drastically after annealing at
200 °C, with two absorption maxima, at 650 and 752 nm,
and a shoulder at 820 nm. Furthermore, the relative
intensity of the band at 650 nm decreased, which is in
concordance with the formation of ZnPc f§ phase [23].
Vibrational spectroscopy may be used to study the
molecular organization of thin films. The relative intensity
of vibrational bands in transmission and reflection geom-
etry may provide information on the film dipole moment
orientation [28]. Experimental reflection infrared and
Raman techniques are based on a theory developed by
Greenler [29], who showed the advantage of using light at
high incidence angle to investigate molecules absorbed on
metal surfaces. The relative intensity of the bands, related
to the in-plane and out-of-plane C-H deformation, may
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Fig. 1 Electronic absorption spectra of ZnPc evaporated films before
and after annealing at 100, 150, and 200 °C
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indicate if molecules adopt a preferential orientation on the
substrates. If the macrocycle ring is in a face-on organi-
zation, in-plane vibrations exhibit maxima relative inten-
sities in transmission spectra and minima intensities in
reflectance spectra [30]. The opposite is observed if the
macrocycle plane is perpendicular to the substrate surface.
FTIR spectra of ZnPc KBr pellet and evaporated films in
the transmission and reflectance geometries are displayed
in Fig. 2. The bands observed, their assignments and rel-
ative intensities (given in parentheses), are shown in
Table 1. The KBr pellet spectrum is characterized by out-
of-plane C—H mode (726 cm™"), in-plane C—H bend modes
(1088, 1118, and 1291 cm™') and in-plane pyrrole
stretching (1332 cm™'). The ZnPc film transmission
geometry spectrum is dominated by weak in-plane mode
intensities. The most intense band was the out-of-plane
mode at 723 cm™ . In-plane mode bands (752, 1092, 1117,

KBr pellet
Reflectance

—

800 1000 1200 1400 1600
Wavenumber/cm!

Reflectance 200°C

Fig. 2 FTIR spectra of ZnPc in KBr pellet; evaporated film over
ZnSe (transmittance mode); and evaporated film over Au-coated glass
substrate: as-deposited, and after annealing at 200 °C (reflectance
mode)

Table 1 FTIR (transmission and RAIRS modes) characteristic vibrations of ZnPc KBr pellet and evaporated films, in cm™

and 1333 cm™') showed reduced intensities. The reflec-
tance spectrum showed opposite features with in-plane
mode bands clearly enhanced. These features may be
correlated with a preferential edge-on orientation of ZnPc
on the substrate surface. The thermal treatment of the ZnPc
film at 200 °C induces significant changes in the RAIRS
spectrum. A prominent increase in the relative intensity of
C—H out-of-plane mode at 719 cm ™' was observed and the
in-plane modes are almost inactive. Metallic phthalocya-
nines form o-type polycrystalline films when evaporated
onto substrates under 10~° Torr vacuum at room temper-
ature. Three polymorphs with different stacking sequences
may be formed, a-1I, o-II, and «-IIT [6]. The three main
ZnPc stackings show that the ZnPc film may undergo phase
transition from a-type to f-type polymorphs through
metastable x-type in alcohol vapor [31]. Infrared data
suggest a phase transition from « to f§ polymorphs through
metastable x-form with a flat-on preferential orientation of
macrocycle plane on the substrate surface after the
annealing treatment. FTIR bands in the 700-800 cm™'
region, found mainly after annealing, indicate a f§ form of
ZnPc [32].

The Raman spectra of the ZnPc evaporated films before
and after annealing at 200 °Cfor 3 h are shownin Fig. 3. The
bands observed in the spectra, their relative intensities (in
parenthesis) and assignments are shown in Table 2. The
most intense band before annealing was observed at
1509 cm™', relative to pyrrole stretch. After annealing, the
most intense band shifted to 676 cmfl, relative to the mac-
rocycle breathing. The intensity of all bands increased after
annealing, with the exception of the band at 1509 cm™'.
Note that some absorption may be observed for a film
annealed at 200 °C at 514 nm, as observed in the inset of

1

KBr pellet Transmission RAIRS RAIRS at 200 °C Assignment

726 (100) 723 (100) 724 (46) 719 (100) Out-of-plane C-H deformation
752 (47) 752 (22) 753 (62) 753 (6) In-plane C—H deformation
777 (26) 774 (11) 773 (11) 769 (8) Benzene breathing

888 (21) 888 (14) 889 (31) 888 (2)

1060 (32) 1063 (14) 1064 (27) 1063 (3) C-H bend

1088 (53) 1092 (24) 1093 (56) 1092 (7) In-plane C-H bend

1118 (58) 1117 (32) 1120 (93) 1120 (11) In-plane C-H bend

1165 (16) 1165 (11) 1166 (38) 1167 (5) C-H bend

1291 (16) 1285 (14) 1286 (32) 1286 (4) In-plane C-H bend

1332 (63) 1333 (35) 1335 (100) 1335 (12) In-plane pyrrole stretch
1409 (16) 1413 (16) 1413 (22) 1414 (2) Isoindole stretch

1460 (11) 1458 (15) 1457 (2) Isoindole stretch

1483 (32) 1486 (24) 1485 (50) 1485 (6) C=C benzene stretch
1584 (10) 1590 (14) C=C benzene stretch
1606 (12) 1624 (16) 1612 (1) C=C benzene stretch
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Fig. 3 Raman spectra of ZnPc 70000
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Table 2 Raman characteristic

molecular vibrations of ZnPc As-deposited sample

Annealed at 200 °C Assignment

evaporated films (cm™) 591 (25)

677 (46)
831 (11)
1032 (3)
1107 (11)
1142 (13)
1340 (54)
1509 (100)

591 (69) Benzene ring deformation
676 (100) Macrocycle breathing
831 (20) Out-of-plane ring deformation
1032 (27) C-H bend
1106 (15) C-H bend
1141 (17) Pyrrole ring deformation
1338 (67) Pyrrole stretch
1507 (84) Pyrrole stretch

~7
000

2.50%2.50 [um] Z 0.00 - 55.82 [nm]

000

250x%250[um] Z 0.00 - 88.58 [nm] 400

Fig. 4 AFM image of ZnPc evaporated film on mica before a and after b annealing at 200 °C

Fig. 1. This indicates that the laser is in resonance with the
absorption spectra, inducing the increase in intensity
observed after annealing [33]. The shift of the most intense
band from 1509 to 676 cm ™" can be related with a change in
the molecular structure of ZnPc [34].

The AFM images of a film before and after annealing are
shown in Fig. 4. The image before annealing (Fig. 4a)
shows a mixed morphology with only a small homogeneous
region. After annealing, the film presented a more homog-
enous morphology with well-defined globular structures

(Fig. 4b), which may be evidenced that most of the mole-
cules are in flat-on orientation, according to the observed
via FTIR analyses. The RMS roughness was estimated at
7.73 and 7.64 nm, before and after annealing, respectively.
A similar morphology was obtained for ZnPc thin films by
Sathyamoorthy et al. [35].

X-ray diffractograms for a ZnPc film evaporated over
glass, as-deposited sample and after annealing at 200 °C,
are displayed in Fig. 5. In the as-deposited films are
observed predominant peaks at 6.88°, 9.66°, and 22.44°,

@ Springer
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Fig. 5 XRD diffraction patterns of ZnPc films evaporated on glass
before a and after b annealing at 200 °C

corresponding to an interplanar distance of 12.85, 9.16, and
3.96 A, respectively. Note that a spacing of 3.96 A corre-
sponds to the very first layer of molecules lying parallel to
the substrate surface [24]. After annealing at 200 °C for
3 h, the crystallinity of the films increased, as evidenced by
the increase in peak intensity at 6.88°. Furthermore, the
absence of the peak at 22.44°, suggests that those mole-
cules from the first layer are no longer parallel to the
substrate. Although X-ray diffraction data may be useful
for evidencing a transition between o to i phases, such
transition was not observed here, probably due to the very
low thickness of the films [18, 32].

Conclusions

ZnPc was successfully synthesized and thin films were
deposited by evaporation. UV-VIS spectroscopy showed a
phase transition from o to f upon film annealing at 200 °C,
which was also confirmed by FTIR measurements. The
latter heating treatment also contributed to a better uni-
formity of the film, as evidenced by AFM analyses. FTIR
analysis also suggested a polymorph phase transition
through metastable x-form with the macrocycle in face-on
orientation to the substrate surface. The presence of mol-
ecules lying parallel to the substrate was evidenced by
X-ray diffraction analyses, however, an o to f§ phase transi-
tion was not observed, probably due to the low thickness of
the films.
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