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Different types of ordered solid films of oxotitanium(IV) phthalocyanine (OTiPc) were grown
in 50-500 nm thickness by vacuum deposition onto such conventional substrates as metal-
and ITO-coated glass and neat glass at a rate of ∼0.05 nm s-1. Under 10-3-10-4 Pa isotropic
films with short-range molecular organization and preferential molecular orientation were
grown on the substrates kept at ∼25 °C but ordered R (phase II) or â (phase I) crystal films
on the substrates heated at 150 °C. The deposition onto surface-oxidized Al, Ti, and Cu/
glass, ITO/glass, and neat glass at ∼25 or 150 °C selectively gave ordered isotropic or R-crystal
films which have preferential molecular alignments with “standing” orientations of the
molecular plane with respect to the substrate surface. On the other hand, another type of
ordered isotropic or â-crystal films with preferential “lying” molecular orientations was formed
by the deposition onto Au, Ag, and unoxidized Cu on glass at ∼25 or 150 °C. In the case of
150 °C-heated Pt/glass, the R-crystal film with “standing” molecular orientations was grown
under 10-3-10-4 Pa, but another type of R-crystal film with “lying” orientations under 2.7
× 10-5 Pa. Scanning electron microscopic observations of the ordered crystalline films
indicated that single-crystal-like domains are grown from the bottom to the top of the film
and are densely packed to give monolithic morphologies with little grain boundary. Visible-
near-IR absorption and fluorescence spectra of the ordered solid films were recorded, showing
unique dependences on the molecular alignments involving anisotropic behavior in the
polarized absorption spectra of the R-crystal films with different molecular alignments.

Phthalocyanines (MPc’s), a typical family of fully
π-conjugated macrocyclic molecules with remarkable
chemical stabilities and versatile functionalities, are
known not only as “classical dyes” in practical use but
also as “modern functional materials” in scientific
researches as well as in applications to organic elec-
tronic devices.1-4 In general, the planar MPc macro-
cycles can stack in a variety of modes to give polymor-
phic crystals,5,6 which reveal very often different solid-
state electronics and functionalities depending upon the
crystal structures (i.e., molecular alignments).2,3 Oxo-
titanium(IV) phthalocyanine (OTiPc) is of interest as-
sociated with the solid-state photofunctionalities, be-
cause this particular OTiPc crystalline material is
known as one of the most sensitive organic photo-

conductors used in electrophotographic devices.2-4 This
molecule has a shallow square-pyramid structure (Fig-
ure 1) which may be related with formation of charac-
teristic polymorphic crystals.6,7

Although strong dependences of photoconductivity on
the crystalline phases of MPc’s have been reported,2-4,8

most studies on the photoconductive functions of MPc’s
have been carried out, from practical viewpoints, for
polymer-dispersed films of microcrystalline particles, in
which microcrystals are randomly oriented. The solid-
state electronics of MPc associated with the molecular
alignments in particular crystalline phases should be
anisotropic, and hence the understanding of the aniso-
tropic nature certainly requires suitable materials that
must be not only ordered in molecular alignment but
also relevant in size for various measurements of the
electronic properties. Extensive efforts have been made
on fabrication of highly ordered assemblies of MPc’s by
modified Langmuir-Blodgett (LB) methods9,10 as well
as by molecular-beam epitaxy (MBE) and molecular-
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beam deposition (MBD) under ultrahigh vacuum (UHV,
<10-5 Pa) using particular substrates.11-20 However,
these elegant methods have serious difficulties in
fabricating “tough and thick” solid films with a series
of different molecular alignments on conventional sub-
strates. This seems to limit applications of these meth-
ods to the construction of practical electronic devices,
e.g., sandwich-type cells.

On the other hand, conventional vacuum deposition
is certainly an effective way to obtain such tough and
thick solid films but has been thought to be difficult in
controlling molecular alignments. In a previous paper,21

we reported that conventional vacuum deposition of
OTiPc onto a glass substrate at a low deposition rate
gives ordered films, which we call “amorphous-like”
films with preferential molecular orientation since the
visible absorption spectra are characteristic of amor-
phous OTiPc. Notably, highly ordered solid films of
CuPc and OTiPc are grown on such conventional
substrates as amorphous quartz19 and sapphire20 though
an MBD technique was used under UHV. These find-

ings encouraged us to investigate detailed conditions for
conventional vapor deposition of OTiPc onto various
conventional substrates, under which molecular align-
ments in the deposited films can be controlled. In this
paper, we wish to report our successful attempts for the
fabrication of a series of ordered solid films of OTiPc by
vapor deposition onto conventional substrates.

Experimental Section

Visible-near-infrared (VNIR) transmission-absorption spec-
tra were obtained on an Otsuka MCPD-1000 spectrometer. A
Bio-Rad FTS-60A spectrometer was used for IR transmission-
absorption and reflection-absorption spectra (RAS); a Spectra-
Mono attachment combined with a polarizer was used for the
latter. X-ray diffraction (XRD) was recorded on a Rigaku Ru-
200B X-ray diffractometer equipped with a thin-film attach-
ment using CuK monochromatic radiation at an angle of 2°
made by the incident beam with the sample surface. The film
thickness was determined with a Sloan Dektak 3030ST surface
profiler. A Hitachi S-800 instrument was used for scanning
electron microscopic (SEM) observations under typical ac-
celeration voltage of 10 KV after platinum coating (2 nm).
Fluorescence spectra were taken for the emissions from the
front side (surface) of films excited at an incident angle of 30°
using a Coherent Innova 306 Ar laser (514.5 nm, 50 mW) or
an NEC GLG5010 He-Ne laser (632.8 nm, 5 mW) as the
excitation light source and a Jasco CT-250 grating monochro-
mator with a silicon diode array detector (Hamamatsu S3901-
512Q).

Semitransparent metal-on-glass substrates were obtained
by evaporating Cu, Ag, Au, Ti, and Al on 1 mm thick Corning
7059 glass plates (20 × 20 mm2) at 0.2 nm s-1 under 1 × 10-3-
10-5 Pa and by sputtering Pt onto the glass plate at 0.1 nm
s-1; the thickness of the metal films was ca. 20 nm. Indium-
tin-oxide (ITO) substrates (40 nm thick ITO layer on Corning
7059 glass) were purchased from GEOMATEC Co., and
Corning 7059 glass plates were also used as substrate. The
OTiPc compound free from H2Pc and other observable impuri-
ties was obtained by repeated vacuum sublimation of a sample
prepared according to a known method.22 Deposition was
performed by heating OTiPc powders in an alumina crucible
(10φ × 10L mm) at 380-420 °C under 1 × 10-3-1 × 10-4 Pa
or in a Knudsen cell (10φ × 100L mm) at 230-260 °C under
2.7 × 10-5 Pa while the substrates were kept at ambient
temperature (∼25 °C) or at a temperature of 100-250 °C. For
experimental convenience, in most cases, the vacuum of the
chamber was broken after the metal coating, and then the
OTiPc source was introduced into the chamber for the deposi-
tion. As comparable runs, in situ deposition was performed
under keeping the vacuum after the metal coating on glass.
The deposition rate was monitored with a quartz-crystal
thickness monitor after correction with the film thickness
determined by the surface profiler. The substrates were set
upward at 20 cm from the top of the OTiPc source to prevent
thermal effects from the heater. For the organic-vapor-induced
phase change of a-S and a-L, the films were placed in a
desiccator where a flask filled with liquid CH2Cl2 had been
set and then stored for greater than 12 h at room temperature.

Results and Discussion

Deposition onto Various Substrates Kept at
Ambient Temperature. In preliminary experiments
where the deposition rates were changed from 0.01 to
1.5 nm s-1, it was confirmed that a deposition rate at
∼0.05 nm s-1 is practically suitable for the fabrication
of ordered films while random molecular orientations
occurred by deposition at g0.1 nm s-1.21 In this work,
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Figure 1. Molecular structure of oxotitanium(IV) phthalo-
cyanine (OTiPc) and molecular orientation models for (a) R-S,
(b) R-L, and (c) â-L. For the abbreviations, see text.
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therefore, the deposition was performed at a rate of
∼0.05 nm s-1 under various conditions. Table 1 sum-
marizes the major results. For convenience, the films
fabricated are abbreviated as a-S, a-L, R-S, R-L, and â-L
where the notation “a”, “R”, or “â” denotes the amorphous-
like, R-crystal (phase II), or â-crystal (phase I) form
each, and the letters “S” and “L” mean “standing” and
“lying” molecular orientations, respectively (Figure 1).

The solid films of OTiPc deposited onto Pt, Cu, Al,
and ITO on glass and onto neat glass at ambient
temperature (∼25 °C) under 1 × 10-3-2.7 × 10-5 Pa
showed common VNIR spectra (λmax ) 720, ∼650 (sh)
nm) as well as common XRD patterns (a peak at 2θ )
6.85° (d ) 1.29 nm) and the broad halo from the
substrate at 2θ > 15°) (Figure 2a,c). Since the VNIR
spectra are characteristic of amorphous OTiPc,8,21 we
call these films, for convenience, amorphous-like films
denoted as a-S. The appearance of the single XRD peak
indicates that a-S is more or less ordered in molecular
alignment. The ordered character of a-S was further
indicated by a systematic change of the p-polarized
VNIR spectrum with the incident angle of the polarized
light beam (see Figure 5a). A very similar observation
was reported for LB films of OTiPc: the VNIR spectrum
of an as-deposited LB film is almost identical with that
in Figure 2a and a single XRD peak appears at 2θ )
6.7° (d ) 1.32 nm).10 The peak at 2θ ) 6.85° or 6.7°
cannot be attributed to any XRD signal reported for
solid OTiPc. It is therefore reasonable to deduce that
an isotropic phase is grown under these conditions,
keeping short-range molecular organization and pref-
erential molecular alignment. Alternatively, a-S would
be assignable as a disordered amorphous film containing
domains of an unknown crystal phase. If this were the
case, grains of the unknown crystal phase would have
to be formed in a dominantly grown disordered amor-
phous phase under putting a particular lattice face in
order. This is very unlikely to occur. As shown in Figure
3a, SEM observations of a-S indicate smooth and
homogeneous features, suggesting that the contamina-
tion of different phases should be very minor if any.

A further support for the assignment of a-S was
obtained from the phase change induced by CH2Cl2
vapor treatment.3,21,23,24 Upon exposure of a-S to satu-
rated vapor of CH2Cl2 at room temperature for >12 h,
the VNIR spectrum was changed to a much broader one
essentially identical with that reported for R-OTiPc
crystal (Figure 2a),8,20,21,25 and an intense XRD peak

appeared at 2θ ) 7.5° (d ) 1.18 nm) due to the
diffraction from the (010) face of R crystal (Figure
2c).6,8,21 It can therefore be deduced that this vapor-
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Table 1. Ordered Solid Films of OTiPc Deposited onto Various Substrates

solid filmsa

depostion conditionsb a-S a-L R-S R-L â-L

substratesc Pt Au, Ag Pt Pt Au, Ag,
Al, Ti, Cud, ITO, glass Al, Ti, Cud, ITO, glass Cue

substrate temp. (°C) ∼25 ∼25 150 150 150
pressure (Pa) 10-3-10-4 10-3-10-4 10-3-10-4 2.7 × 10-5 10-3 -10-4

a Key: a ) amorphous-like, R ) R (phase II) crystal, â ) â (phase I) crystal, S ) standing molecular orientation, and L ) lying molecular
orientation; see text. b At a deposition rate of 0.05 nm s-1. c Metal-coated or indium-tin oxide (ITO)-coated glass substrates and neat
glass plates. d Air-exposed Cu/glass substrate. e In situ depostion onto a Cu/glass substrate unexposed to air; see text.

Figure 2. (Top) VNIR absorption spectra (a) for a-S and R-Sv

(bold line) on glass and (b) for a-L and â-Lv (bold line) on Au/
glass. (Bottom) XRD patterns (c) of a-S and R-Sv (bold line) on
glass and (d) of a-L and â-Lv (bold line) on Au/glass; film
thickness ≈ 150 nm.
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treated film dominantly consists of the R phase keeping
the (010) lattice face parallel to the substrate surface
(Figure 1a). This film is abbreviated as R-Sv for dis-
crimination from the directly fabricated R-S films (vide
infra). It is therefore reasonable to assume that relative
molecular orientations in a-S are similar to those of R-Sv.
In this regard, it should be noted that the vapor
treatment of amorphous films obtained by deposition
at > 0.1 nm s-1 gave disordered R-crystal films in which
crystalline particles are randomly oriented.21 The vapor
treatment does not align random molecular orientations
in order but arranges orientational fluctuations to cause
such minor displacements as a decrease from 1.29 to
1.18 nm in the repeated-layer distance.

The deposition onto Au and Ag/glass gave a different
type of amorphous-like film denoted as a-L. This film
shows a VNIR spectrum characteristic of amorphous
OTiPc but no particular XRD signal except for a very
weak peak at 2θ ) 26.2° and the broad halo from the
substrate. Upon treatment of a-L with CH2Cl2 vapor,
the amorphous-like VNIR spectrum was changed to that
characteristic of â-OTiPc (λmax ) 780, 680 (sh) nm)8,20

and an intense XRD peak appeared at 2θ ) 26.2°
(Figure 2b,d). Since this XRD signal is characteristic of
the (001) lattice plane of the â crystal,6,8,21 the vapor-
treated film can be identified as a highly ordered film
of the â phase keeping the (001) lattice face parallel to
the substrate surface (Figure 1c). This film is denoted

as â-Lv. As discussed for a-S, therefore, it can be deduced
that a-L should have similar lying orientations of OTiPc
molecules, though the very weak XRD peak at 2θ )
26.2° indicates a very minor mixing of â-L domains.
These findings strongly suggest that a-S and a-L have
different molecular orientations though orientational
fluctuations should more or less occur unlike the rigid
arrangements in the crystal phases.

Deposition on Various Substrates Heated at 150
°C. The R-Sv and â-Lv films obtained by CH2Cl2-vapor
treatment of a-S and a-L are not morphologically
uniform, consisting of various sizes of crystalline par-
ticles with substantial boundaries, as typically shown
in Figure 3b for R-Sv. The CH2Cl2-vapor treatment of
a-S caused the growth of large crystallites, particularly
in the surface region, accompanied by the substantial
formation of grain boundaries due to volume shrinkages.
When the substrate temperature was kept at g150 °C,
on the other hand, sufficiently good quality of ordered
crystalline films were grown in thicknesses ranging
from 50 to 500 nm, but the decrease of substrate
temperature at <140 °C led to increasing losses of the
crystallinity.

The deposition onto air-exposed Cu, Al, and Ti/glass
as well as onto ITO-coated glass and neat glass heated
at 150 °C commonly gave R-S independently of the back
pressures, whereas â-L was formed on Au and Ag/glass.
In the case of Pt/glass, the deposition results were found

Figure 3. SEM photographs for (left) surface and (right) sectional views of (a) a-S on glass, (b) R-Sv on glass, and (c) R-S on
Pt/glass; film thickness ≈ 150 nm.
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to depend on the back pressures. While R-S was grown
under 1 × 10-3-4 × 10-4 Pa, the deposition under
higher vacuum (2.7 × 10-5 Pa) gave a different film,
R-L. In the above experiments, the vacuum of the
chamber was broken prior to the OTiPc deposition
following the metal coating on glass. For comparison,
in situ OTiPc deposition was carried out without break-
ing the vacuum after the metal coating. Interestingly,
â-L was formed on Cu/glass unexposed to air in contrast
to the growth of R-S on air-exposed Cu/glass, whereas
the deposition results in the other cases were inde-
pendent of whether the substrates had been exposed to
air. The surfaces of Al and Ti on glass should be oxidized
upon exposure to air and even under 2.7 × 10-5 Pa
during the deposition procedures,26 whereas the surface
oxidation of Cu occurs upon air exposure but not under
the vacuum.

The morphological features of the crystalline films
were analyzed by SEM. A typical example is shown in
Figure 3c for R-S, revealing that the morphological
features are considerably uniform with no indication of
boundaries in sharp contrast to Figure 3b for R-Sv. The
sectional view shows that single-crystal-like domains
are grown along the full thickness (∼150 nm) and closely
adhere to each other to form a continuous monolithic
phase. The film surface is densely packed with islands
whose sizes are 100-150 nm. SEM observations of â-L
again indicated smooth morphological features with
grain sizes of 150-400 nm, but R-L showed the growth
of various sizes of grains to give a relatively uneven
sectional view though its morphology is much better
than that of R-Sv (data not shown for â-L and R-L).

The assignment of R-S was performed by the exclusive
appearance of an intense XRD peak at 2θ ) 7.5° (Figure
4a) and by the VNIR absorption spectra characteristic
of R-crystal (see Figure 5b). Similarly, â-L was identi-
fied on the basis of the appearance of an intense XRD
signal at 2θ ) 26.2° (Figure 4b) and the characteristic
VNIR spectrum (see Figure 5d). On the other hand, R-L
shows a very broad VNIR spectrum (see Figure 5c)
which is R-crystal-like but significanly different from
those reported for solid-state OTiPc.3,11,20-23,25,27-29 In
XRD of this film (Figure 4c), two major peaks appear
at 2θ ) 25.3° and 28.6° which are due to the diffractions
from the (-202) and (-212) faces of R-OTiPc, respec-
tively.6,8 Therefore, R-L can be assigned as a film that
mainly consists of the R phase keeping the ab plane of
the unit cell parallel to the substrate surface (Figure
1b). Since another XRD peak at 2θ ) 26.2° seems to be
due to the (001) face of â-crystal, â-L might be mixed in
the major R-L phase. However, little absorption of â-L
was observed in the VNIR spectrum of R-L though the
absorbance of â-L at 780 nm is considerably high (see
Figure 5c,d). The contamination of â-L in the R-L film
should be very minor, if any. Since the signal at 2θ )
26.2° is very intense compared with the others, it can
appear in a significant intensity even with minor
contamination of â-L.

The IR spectra of the crystalline films provided
further insights into the molecular orientations. Figure
6 shows IR spectra taken by the reflection-absorption

spectroscopic (RAS) method using p-polarized light. The
incident angle was set at 80° so that the vibrational
dipole components vertical to the substrate surface can
be selectively picked up. The absorptions at 1120 and
1073 cm-1 for in-plane C-H deformation and at 960-
973 cm-1 for out-of-plane Ti-O stretching vibration30,31

were used for the assignment of molecular orientations.
As shown in Table 2, relative intensities (I(C-H)/I(Ti-
O)) of the in-plane C-H deformation bands compared
with the Ti-O stretching vibration band decrease in the
order R-S > R-L . â-L. In particular, the absorptions
at 1000-1400 cm-1 for â-L are negligibly weak com-
pared with the Ti-O stretching band, clearly demon-
strating that OTiPc molecules are aligned with orien-
tations almost parallel to the substrate surface (Figure
1c). This is in good agreement with the conclusion
obtained from the XRD study. In the cases of R-S and
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Figure 4. XRD patterns for (a) R-S on Pt/glass, (b) â-L on
Au/glass, and (c) R-L on Pt/glass; film thickness ≈ 150 nm.
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R-L, the in-plane vibration bands significantly appear
unlike â-L, but the I(C-H)/I(Ti-O) values for R-S are
twice as high as those for R-L. This is again in accord
with the assignments deduced from the XRD analysis
that OTiPc molecules are aligned with an “obliquely
standing” orientation in R-S but with a “lifted-lying” one
in R-L (Figure 1a,b). According to the reported crystal
structure of R-OTiPc,6 the pseudoplanar macrocycle
makes an angle of ∼62° with the (010) face (the ac
plane) but an acute angle of ∼25° with the ab plane;
the ac and ab planes are parallel to the substrate
surface in R-S and R-L, respectively.

The growth of the ordered solid films described above
appears to be in line with the findings reported for MBD
and MBE;18-20,27 highly ordered films are formed with
“flat-lying” orientations on the Au (111), Cu (111), and
Cu (100) faces18 for CuPc but with “standing” orienta-

Figure 5. p-Polarized VNIR transmission-absorption spectra
taken at various incident angles (θ ) 0°, 30°, and 60°) for (a)
a-S on Pt/glass, (b) R-S on Pt/glass, (c) R-L on Pt/glass, and (d)
â-L on Au/glass; the numerals indicated denote the incident
angles with respect to normal to the film surface. The unit in
ordinate (R in µm-1) is the absorbance corrected for unit film
thickness (1 µm).

Figure 6. p-Polarized IR absorption spectra taken by the
reflection-absorption method for (a) R-S on Pt/glass, (b) R-L
on Pt/glass, and (c) â-L on Au/glass; film thickness ≈ 250 nm.
The incident angle of the light beam with respect to normal
to the film surface is 80°.

Table 2. Relative Intensities (I(C-H)/I(Ti-O)) of IR
Absorption Bands for In-Plane C-H Deformation vs

Ti-O Stretching Vibration

I(C-H)/I(Ti-O)a

methods samples 1120 cm-1 1073 cm-1

RASb R-S 1.0 0.87
R-L 0.52 0.45
â-L 0.04 0.03

KBrc R-crystal 2.2 2.1
â-crystal 2.1 2.1

a Relative intensities of the in-plane C-H deformation bands
vs the out-of-plane Ti-O stretching vibration band at ∼970 cm-1.
b Measured for the deposited films by the reflection-absorption
method using polarized light at an incident angle of 80° made by
the light beam with normal to the film surface. c For crystalline
powders dispersed in KBr disks.
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tions on quartz for CuPc19 and on sapphire for OTiPc
and OVPc.20 The Ag, Au, and Cu substrates used in this
work are polycrystalline films which have mainly the
(111) face on their surfaces since they showed intense
XRD peaks of the (111) face at 2θ ) 43.3° (Ag), 38.2°
(Au), and 38.1° (Cu). Therefore, layers might be grown
with lying orientations on the Ag, Au, and Cu surfaces
but with standing orientations on the surfaces of glass,
ITO, and the surface-oxidized metals. In conventional
vacuum deposition, the deposition rate should be pre-
requisite to preserving the molecular alignments. Va-
porization of OTiPc at e0.05 nm s-1 would generate
individual molecules or small clusters to give initial
ordered layers under interactions with the substrate
surface,32 and accumulation of layers would give the
meta-stable amorphous-like phases on the surfaces at
∼25 °C but the stable ordered R- or â-crystal phase on
the surfaces heated at 150 °C. However, it is still
unknown why the deposition on Pt/glass heated at 150
°C gave R-S under e10-4 Pa but R-L (not â-L) under
2.7 × 10-5 Pa.

Polarized VNIR Absorption Spectra. Figure 5
shows p-polarized VNIR absorption spectra taken by
changing the incident angle (θ) made by the light beam
normal to the film surface. Since the electric-field vector
of p-polarized light oscillates in the plane normal to the
film surface depending on θ, incident-angle dependences
of the spectra provide significant information relevant
to the electronic transitions of the films associated with
the molecular orientations. In the cases of a-S and R-S,
the increase of θ from 0° to 60° leads to similar changes,
i.e., considerable increases of absorbance in the wave-
length region shorter than the longest absorption maxi-
mum but small decreases at longer wavelength. This
behavior suggests that a-S has a standing molecular
alignment similar to that of R-S, if the electronic
transition dipole moments for the absorption band are
mainly in the molecular plane. On the other hand, both
the spectrum and θ dependence of R-L are significantly
different from those of R-S, indicating the anisotropic
nature of electronic transitions in R crystal. The spec-
trum of â-L shows significant decreases of absorbance
with the increase of θ over the full bandwidth. This
behavior is not due to an experimental artifact but is
real, since this θ dependence was reproduced. The
incident angle dependence for â-L appears to accord
with the “parallel” molecular alignment, provided that
this film has the major electronic transition dipole
moments in the molecular plane (vide infra). In the case
of a-L, on the other hand, little incident-angle de-
pendence was observed (data not shown), probably as
the consequences of substantial fluctuations in molec-
ular orientation.

The θ dependences coupled with the spectra seem to
deserve some comments on the basis of the exciton
coupling model33 in relation with the electronic transi-
tions of the R- and â-crystal films, though electronic
absorption spectra of solid MPc’s have been already
discussed in terms of exciton splitting based on inter-
molecular π-π interactions,20,34 charge-transfer transi-

tions in J aggregate-like domains,23 and molecular
distortions caused by crystal packing.25 The broad VNIR
absorption bands of the films might arise, in appear-
ance, from both blue- and redshifts of the Q-band (λmax
) 690 nm in CH2Cl2)10,35 by exciton couplings as
observed for epitaxially grown films of perfluorinated
ZnPc and OVPc.36 When exciton couplings are consid-
ered for the nearest-neighbor pairs found in the R and
â phases (see Figure 1 and ref 6), redshifts can occur
with the in-line arrangements in the both phases and
also for the coplaner inclined pairs with angles of 12.5°
and 13.7° in the R phase or with an angle of 45° in the
â phase, whereas the coplaner inclined couplings with
angles of 58° and 62.9° in the R phase and the nonplaner
one in the â phase can cause blueshifts. These exciton
couplings give different transition dipoles which have
components (D// and D, respectively) parallel and per-
pendicular to the substrate surface. Consequently,
integrated relative contributions of D// and D should be
changed with the change of θ and should be different
in the red- and blueshifted regions. We carried out
preliminary MO calculations using the reported crystal
data, which gave satisfactory results for â-L but only
poor results for R-S;37 either the anisotropic spectra of
R-S and R-L or their θ dependences were not well
reproduced. Further works are in progress to explore
the electronic transitions of the R phase using an in-
plane ordered R-S film.37b

Fluorescence Spectra. While the fluorescence be-
havior of MPc solids has been believed to provide an
important mechanistic clue for the photogeneration of
charge carriers,3 only a few systematic studies on the
fluorescence of MPc solids have been performed,38-41

probably because of experimental difficulties due to low
emission efficiencies as well as to the emission wave-
length region (800-1000 nm) where conventional detec-
tors have little or no sensitivity. We performed prelimi-
nary fluorescence studies for the ordered films using the
silicon-diode array detector which has sufficient sensi-
tivities up to 1050 nm. Figure 7 shows typical fluores-
cence spectra taken at 293 (25 °C) and 77 K for R-S and
â-L, respectively. The fluorescence spectra of R-S and
R-L are essentially identical, showing the maximum at
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∼950 nm with relatively small separation from the
absorption maximum (apparent Stokes shifts): ∼1000
cm-1 for R-S and ∼700 cm-1 for R-L. The fluorescence
quantum yield for R-S was roughly estimated to be on
the order of 10-3 at 293 K. The fluorescence of a-S also
showed the maximum at ∼950 nm largely separated
from the absorption maximum though it is weaker than
that of R-S. In the case of â-L, the fluorescence was
again weaker than that of R-S and revealed different
behavior; major maxima appear at 860 and 950 nm
along with a minor one at 820 nm. At 77 K, the
florescences of the solid films were considerably intensi-
fied with significant changes of the spectra as shown
in Figure 7. In the case of â-L, in particular, an extra
intensification around the 860 nm maximum accompa-
nied by a 10 nm blueshift occurred, indicating that the
860 and 950 nm emissions arise from different sites in
which the population of the 860 nm emission site would
precede that of the other.

Both R-S and R-L have a dominant 950 nm-emission
site close to the photoexcited singlet state, and this site
is the major emissive state of a-S though it is separated
with a relatively large energy gap from the initial
excited state. On the other hand, the fluorescence of â-L
occurs mainly from the 860 nm site and competitively
from the 950 nm one. The 950 nm site appears to be
commonly populated in the OTiPc solid films inde-
pendently of the phases. Its population might occur by
relaxation of or energy migration from the initial excited
state in the R-phase films while energy migration from

the higher-energy 860 nm site to the 950 nm one should
be involved in the case of â-L. The 950 nm site seems
to be of interest related with carrier-generation mech-
anisms in the R and â phases, since the photoconductiv-
ity of a polymer-dispersed film of R-crystal particles was
reported to be considerably higher than that of â-crystal
particles.23 Recently, it was reported that the photo-
generation of charge carriers in the Y polymorph of
OTiPc occurs from the emission sites.39,40 In this regard,
it is of interest to note that the remarkable temperature
dependences of the florescences imply the participation
of an activated nonemissive pathway or pathways
competing with the emission process or with the popu-
lation of the emission sites from a common state. An
attractive speculation is that a dominant activated
pathway might be phonon-coupled charge separation
associated with carrier generation. Further studies
involving the static and time-resolved fluorescence
behavior of the ordered OTiPc films are now underway
in an attempt to obtain mechanistic molecular insights
into the excited-state dynamic processes in the solid
state of OTiPc.

Conclusions

The present investigation demonstrated that various
ordered solid films of OTiPc are formed in 50-500 nm
thickness by vacuum deposition onto such conventional
substrates as metal/glass, ITO/glass, and neat glass at
a rate of ∼0.05 nm s-1 under 10-3-2.7 × 10-5 Pa.
Deposition of OTiPc onto Pt/glass, ITO/glass, neat glass,
and surface-oxidized Al, Ti, and Cu/glass at ambient
temperature commonly gave a-S, whereas a-L was
formed on Au and Ag/glass substrates. When the
substrates were heated at 150 °C, the R-S films were
grown onto surface-oxidized Al, Ti, and Cu on glass,
ITO/glass, and neat glass, but the â-L films onto Au,
Ag, and unoxidized Cu/glass. In the case of Pt/glass
heated at 150 °C, the R-S films were grown under 10-3-
10 -4 Pa but the R-L films under 2.7 × 10-5 Pa.
Morphological features of the ordered crystalline films
observed by SEM indicated that single-crystal-like
particles are grown in full thickness and densely packed
with little boundary. These ordered films show unique
features in the VNIR absorption spectra, which might
provide significant insights into the anisotropic elec-
tronic structures of the OTiPc solid materials. The
fluorescence spectra of the solid films were successfully
measured to provide possible important clues for the
excited-state behavior in the solid state. In preliminary
experiments, we have confirmed that these ordered
films of OTiPc are tough enough for sandwich-type diode
cells to be constructed with ease and that the diode cells
constructed show unique conductive behavior in the
dark and under illumination depending on the molec-
ular alignments of the films.
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Figure 7. Normalized fluorescence spectra of (a) R-S on Pt/
glass and (b) â-L on Au/glass; film thickness ≈ 150 nm. The
spectra at 298 K (bold line) are those magnified by a factor of
7 for R-S and by a factor of 17 for â-L for direct comparison
with those at 77 K (faint line).
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