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1. Introduction

Novel PcCo(CN)L monomeric complexes were synthesized from [PcCoCN], compounds and bidentate
axial ligands (L) such as ethylenediamine, 1,4-diaminebutane, 1,12-diaminedodecane and 2,6-
diamineanthraquinone. These complexes were implemented to fabricate pellets and thin films by the
vacuum thermal evaporation technique. The obtained compounds and deposited thin films were char-
acterized by different spectroscopic techniques. Measurements of the electrical conductivity and the
electrical current as a function of temperature were also carried out. IR-spectroscopy studies showed
that the ligand attaches to the [PcCoCN], unit. The C=N vibrational band is found in the PcCo(et)CN and
PcCo(bu)CN molecular solids, although it is displaced with respect to other reported values. Compounds
PcCo(do), and PcCo(an), do not show C=N vibrational bands. This fact suggests a double bond between
the ligand and the macrocycle and a coordination at the fifth and sixth position on the Co(Ill) atom. UV-vis
spectra of the thin films exhibited higher conjugation degree for the CN-based samples. Electrical conduc-
tivity for the PcCo(an), complex was consistently low for all temperature ranges under measurement,
whereas the other synthesized compounds showed a semiconductor-like dependence of electric cur-
rent with temperature. Additionally, cubic nonlinear optical (NLO) characterizations of the film samples
were performed with the Z-Scan and third harmonic generation (THG) techniques, all samples exhibit
outstandingly high nonlinear activity.

© 2010 Elsevier B.V. All rights reserved.

oped by modifying the ligand and the metal ion present in the core
of the molecules [6,7]. For instance, the introduction of axial coor-

Phthalocyanine compounds have received a great deal of atten-
tion for quite some time because of their semiconductivity and
chemical stability [1,2]. In addition, phthalocyanines have the
advantage of being very stable against thermal decomposition and
show a very intense optical absorption in the visible region [2]. They
also have the potential to serve as active materials for molecular
electronic devices such as electrochromic displays [3] and optical
data storage [4]. In particular, metallic phthalocyanines have been
employed to produce low-dimensional conductive materials upon
oxidation [5]. Moreover, molecular conductors have been devel-
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dinated ligands to the central metal atom has a strong influence
on the m-electron conjugation of the macromolecule. Furthermore,
the axial substitution exhibits several effects, such as modifying
the electronic structure of the phthalocyanine and varying the spa-
tial relationship between neighboring molecules via steric effects
and thus, the magnitude of the intermolecular interactions, among
others [8]. It has also been observed that large axial coordinated
ligands are able to change the packing of the molecules in the solid
state and their tendency to aggregate in solution [8]. In addition,
it has been noticed that, upon combination of the core metallic
ion with a molecular chain, special properties such as the electri-
cal conductivity of a compound can be drastically modified [7,9].
Further interest in phthalocyanine compounds has recently been
promoted by the fact that they may be used to formulate molecular
materials. These materials generally stack together in a regular way
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Fig. 1. Chemical structures of the synthesized molecular materials obtained from [PcCoCN], compounds (L represents the bidentate amine).

and therefore may exhibit important anisotropic properties. For
instance, the electrical conductivity of molecular materials is asso-
ciated with an extensive delocalization of electrons which depends,
in most cases, on the extent of the orbital overlap between molec-
ular units, the planarity, the electronic polarization and the intra
and intermolecular vibrations of the molecules, among others [10].
Phthalocyanines are considered ideal building blocks to synthesize
molecular materials because they are flat m-conjugated systems
bonded to a specific type of central metal which confers them
important electrical and photo-physical properties [11,12]. One of
the advantages of these systems is that the axial position of the
molecule can be easily substituted, leading to multi-dimensional
systems with different conductive and optical properties. They
may also be employed as active materials in molecular electronic
devices such as displays, chemical sensors [3] and optical data stor-
age components [4].

In this paper, we report on the synthesis and photo-
physical characterization of [PcCoCN],-based molecular
materials, Using bidentate axial ligands (L) such as ethylene-
diamine, 1,4-diaminebutane, 1,12-diaminedodecane and
2,6-diamineanthraquinone, monomeric PcCoCN(L) and PcCo(L);,
complexes were obtained with different physical properties. These
materials were characterized by FTIR, photoluminescent (PL)-
and UV-vis spectroscopies, as these molecules show good optical
absorbance within the UV-vis region. Furthermore, the electrical
conductivity of the compounds in pellets and thin film formats
was evaluated as well as the temperature dependence of the
electrical current by means of a four-point technique. As observed
in inorganic semiconductors, loss of periodicity and crystalline
structure results in the localization of electronic wave functions
and tail formation in the density of states which extends into the
forbidden energy gap at the valence and conduction band edges.
Electrical conduction can then be explained from band-theoretical
considerations and a hopping model establishing a mobility edge
for the charge carriers. Finally, due to their interesting structural
conformation and extensive delocalization of electrons, these
materials were also evaluated as candidates for cubic NLO effects
according to the THG and Z-Scan techniques.

2. Experimental procedure and equipment

2.1. Starting materials and chemicals

All  chemicals were reagent-grade from commercial suppliers.
(Phthalocyaninate)-cobalt compounds with trivalent central atoms contain-

ing cyano groups as axial ligands were produced by adding excess cyanide. The
synthesis of (w-cyano)(phthalocyaninate)cobalt(Ill), [PcCoCN], via splitting off
sodium cyanide from sodium dicyano(phthalocyaninate)cobalt(Ill), NaPcCo(CN);
was followed according to Metz and Hanack [13].

PcCo(et)CN: 10 ml of ethylendyamine (in excess) were added to 1.0 g (1.8 mmol)
of [PcCoCN],. The new solution was stirred and warmed during 5 days until a
deep blue precipitate was obtained which was subsequently filtered, washed with
distilled water and absolute ethanol to eliminate the amine and the [PcCoCN],,
respectively, and then dried in vacuum. The purified product was obtained by Soxh-
let extraction with dichloromethane. Anal. Calcd. For C3sH,3N11Co: C,64.02; H, 3.51;
N, 23.48. Found: C, 64.25; H, 3.12; N, 23.19.

PcCo(bu)CN: 10ml of 1,4-diaminebutane (in excess) was added to 1.0g
(1.8 mmol) of [PcCoCN],. The resultant solution was stirred and warmed under
reflux for 5 days until a deep blue precipitate was obtained which was subsequently
filtered, washed with distilled water and absolute ethanol to eliminate the amine
and the [PcCoCN],, respectively, and then dried in vacuum. The purified product was
obtained by Soxhlet extraction with dichloromethane. Anal. Calcd. For C37H27N71 Co:
C,64.91; H, 3.95; N, 22.51. Found: C, 65.06; H, 4.06; N, 22.9.9.

PcCo(do);: Asolution of 0.72 g(0.18 mmol) of 1,12-diaminedodecane (in excess)
dissolved in 10 ml absolute ethanol was added to 1.0g (1.8 mmol) of [PcCoCN],.
This solution was stirred and warmed under reflux for 7 days until a light blue
precipitate was obtained which was filtered, washed with absolute ethanol, and
then dried in vacuum. The purified product was obtained by Soxhlet extraction with
dichloromethane. Anal. Calcd. For Cs6H79N12Co: C, 69.35; H, 7.22; N, 17.34. Found:
C,69.15; H, 7.57; N, 16.98.

PcCo(an),: 1.0 g (1.8 mmol) of [PcCoCN], was added to a 15 ml absolute ethanol
solution containing 0.86 (1.8 mmol) of 2,6-diamineanthraquinone (in excess). The
resultant mixture was stirred and warmed under reflux for 7 days until a blue-green
precipitate was obtained. The new complex was then filtered, washed with absolute
ethanol, and then dried in vacuum. The purified product was obtained by Soxhlet
extraction with dimethylformamide. Anal. Calcd. For CgoH34N1204Co0: C, 68.9; H,
3.25; N, 16.08. Found: C, 68.21; H, 3.60; N, 15.94.

The synthesis route, starting from the precursor sample up to the generation
compounds PcCo(L)CN and PcCo(L); is schematically shown in Fig. 1.

2.2. Pellet characterization

KBr pellets of the obtained molecular materials were prepared for basic and ref-
erence characterizations. The vibrational spectra of the samples were obtained with
a 282-B FTIR Perkin Elmer spectrophotometer. The UV-vis spectra were obtained
using a Shimadzu U160 spectrophotometer with methanol, chloroform and acetoni-
trile solutions. Electrical measurements on pellets were similarly performed as for
the thin film samples (see explanation below).

2.3. Thin film deposition and characterization

Thin film deposition of PcCo(CN)L was carried out by vacuum thermal evap-
oration onto Corning 7059 glass slices and (100) single-crystalline silicon (c-Si,
200 2-cm) wafers. The substrates were kept at 298 K. The Corning 7059 substrates
were ultrasonically degreased in warm ethanol and dried in a nitrogen atmosphere.
The substrates underwent chemical etching with a p-solution (10ml HF, 15ml
HNO3, 300 ml H,0) in order to remove the native oxide from the c-Si surface. To
prevent the powder products from condensing on the surface of the substrate, the
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Table 1

Characteristic IR bands (cm~") of the PcCo(CN)L and PcCo(L), based compounds.
Compound V(C=N) V(N-H) V(NHy)
PcCo(et)CN (pellet) 2145 - 3070, 2921
PcCo(et)CN (thin film) 2147 - 3069, 2922
PcCo(bu)CN (pellet) 2148 - 3035, 2921
PcCo(bu)CN (thin film) 2150 - 3033, 2922
PcCo(do); (pellet) - 3332 3060, 2920
PcCo(do); (thin film) - 3332 3058, 2922
PcCo(an), (pellet) - 3065 3208, 3334, 3424
PcCo(an), (thin film) - 3063 3208, 3337, 3428
[PcCoCN], (pellet) 2142 - -
[PcCoCN], (thin film) 2141 - -

evaporation source was a molybdenum boat with two grids. The temperature in
the boat was 453K during evaporation, measured with a chromel-alumel ther-
mocouple. It should be remarked that the synthesized compound sublimates. The
temperature through the molybdenum boat was slowly increased to 453 K, below
the first change observed in the thermo-gravimetric analysis thermogram, to pre-
vent thermal decomposition of the compound.

FTIR-spectra were recorded with a Nicolet 5-MX spectrophotometer with a res-
olution of 4cm~'. UV-vis transmission and absorption spectra for films deposited
onto naked Corning 7059 glass substrates were obtained within the 200-1100 nm
spectral range with a Shimadzu 260 double-beam spectrophotometer, taking air in
the reference beam. Photoluminescent spectroscopic measurements were carried
out on these samples within the 300-900 nm spectral range with the FluoroMax-3,
Jobin-Yvon-Horiba fluorimeter. The excitation wavelengths were selected according
to the absorption spectra of the film samples to a convenient wavelength (near the
absorption wavelength maximum or at optimal excitation/emission conditions). The
thickness of films was determined by ellipsometry using a Gaetner L117 variable-
angle manual ellipsometer equipped with a Helium-Neon laser as a light source
(L=632.8nm, @~ 1mm at 1 mW). The incidence angle was 70°. The infrared and
ellipsometric measurements were carried out in films deposited onto c-Si substrates.

The electric conductivity of the films/pellets was studied by means of a four-
point probe; for these measurements, the substrates were Corning 7059 glass slices
coated with four metallic strips that acted as electrodes. The strips were deposited
by thermal evaporation. In order to get an ohmic contact with the deposited films,
the electrodes were made from gold or silver. Electric current as a function of tem-
perature was measured with an applied voltage of 100V in the ohmic regime, using
a Keithley 230 programmable voltage source and a Keithley 485 peak-ammeter
coupled to an HP3421 data collector.

The surface morphology of films deposited onto glass slices was analyzed by
atomic force microscopy (AFM-Park AutoProbe CP equipment), where the acquisi-
tion of images was performed in contact mode with an interaction force applied
between the sample and the AFM-tip of ~1.5nN. The AFM system was equipped
with a SiN sharpened Microlever™ tip with typical force constant of 0.05 N m~! and
resonant frequency of 22 kHz, and this specifies the mechanical characteristics of
the used cantilever (typical constants of the instrument).

Finally, the obtained films deposited on Corning 7059 glass slices were also
considered as active media for cubic x®-nonlinear optical effects such as THG and
nonlinear refraction via the Z-Scan technique. Details of the implemented THG and
Z-Scan experimental devices have been recently published in the literature [14,15],
where a commercial Q-switched Nd:YAG Laser system (Surelite Il from Continuum,
Ao =1064 nm, repetition rate of 10Hz and a pulse width of T~22ns) was imple-
mented to provide the fundamental wave for THG experiments. Pulses of energy
~80 pJ were filtered in order to irradiate the samples by means of a f= 50 mm focus-
ing lens, thus peak irradiances on the order of ~3 MW cm~2 were achieved at the
focal spot on the molecular thin films. This value was below the energy damage
threshold supported by the samples under strong focused laser beam irradiation.
The polarization of the fundamental beam (S or P polarizing geometry) was selected
by means of an IR-coated Glan-Laser polarizer and a A/2-Quartz-retarder. A second
polarizer was used as analyzer allowing the characterization of the THG signals. The
third harmonic waves (at A3, ~ 355 nm) were detected by a sensitive photomulti-
plier tube placed behind interferential optical filters (centered at 355+ 5nm). The
THG device was calibrated by means of a fused silica plate (x®)=3.11 x 10~ esu,
at A, =1064nm), which is commonly used as a NLO-reference standard via the
Maker-Fringes method [16-18].

On the other hand, the experimental Z-Scan set-up was implemented using an
unpolarized laser beam from a 20 mW He-Ne laser system working at 632.8 nm
(THORLABS, HRR170-1), this energy was carefully monitored and maintained con-
stant during Z-Scan measurements. The spatial mode of the laser was close to
Gaussian TEMgp. The polarization plane of the He-Ne laser beam was adjusted and
controlled by means of a linear polarizer mounted on a rotatory stage. The polarized
laser beam was focused on the sample by means of a positive lens (f=5cm), where
9mW of light reached the studied films. Conversely, the samples were mounted on
amotorized translation stage (25 mm length travel in steps of 2 wm) in order to per-
form Z-Scan experiments. A large area Si-photodetector (EOT ET-2040) was located
at ~0.96 m from the focusing lens, after a 1 mm diameter diaphragm aperture. In

some experiments a second polarizer was placed in front of the photodetector, in
order to analyze polarization components of the transmitted light. All NLO signals
captured from photodetectors were measured with a digital oscilloscope (Tektronix
TDS, 744A), and finally all motion systems and the administration of the set-ups were
automated via a LabView control program.

3. Results and discussion

The [PcCoCN], compound was chosen since it is easy to syn-
thesize and because of the cobalt hexacoordination which provides
two additional coordination bonds to the molecule that can be coor-
dinated to differentligands. After treating the [PcCoCN], compound
with the L-molecules such as amines, monomeric PcCo(CN)L and
PcCo(L), complexes were obtained.

FTIR-spectroscopy studies performed in prepared pellets show
that the ligand attaches to the [PcCoCN], unit in agreement with
Metz and Hanack [13]. The cyano vibrational band in the IR-spectra
shows that a strong o-donor ligand leads to lower values of the
cyano band, decreasing the acidity of the central atom while weak
o-donor ligands with 7 acid properties increase the acidity of the
central atom. The IR-spectral features of these compounds are sum-
marized in Table 1. Metz and Hanack [13] observed that, after
combining the ligand and the [PcCoCN],, the IR-spectra showed
that the cyano band moves toward a reduction of the o donant
and an increase of the  acceptor from the trans ligands to the
cyano group. This phenomenon can be attributed to the Co-C and
the C-N bond forces. For instance, the Co—C bond force is mainly
determined by the o-donant capabilities of the cyano ligands. This
suggests that a stronger ¢ donant, trans to the cyano group, lowers
the Lewis acidity of the central atom. On the other hand, a weaker o
donant with 1-acid properties (acidity-increasing) leads to a shift
toward lower values of the cyano band.

From this behavior, the vibrational band of the cyano group pro-
vides information about the coordination between the ligand and
the metallic ion in the macrocycle. Previous studies [13] suggest
that, once the ligand is added to the compound, the C=N vibrational
band moves from 2142 to about 2148 cm~!. On the other hand, the
absence of this band might indicate a coordination of the ligand
with the Co(lIII) through two molecules in their axial positions. Our
results show that the C=N vibrational band is clearly present in
the PcCo(et)CN (2145 cm~1) and PcCo(bu)CN (2148 cm~1) molec-
ular solids, although it is displaced with respect to other reported
values. This shift may be attributed to the type of ligand employed
since no other reports were found on the synthesis of molecular
solids with bidentate amines. Compounds PcCo(do), and PcCo(an),
do not show C=N vibrational bands. This fact indicates a double
bond between the ligand and the macrocycle, i.e., a coordination at
the fifth and sixth position on the Co(III) atom.

Other important bands are the NH; band (related to aliphatic
amines) located within the 2920-3070cm~! region and the 2,6-
diamineanthraquinone band within the 3208-3424 cm~! spectral
interval. All synthesized compounds showed the NH, absorption
band in their spectra. On the other hand, the presence of the N-H
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Table 2

Spectroscopic details of the PcCo(CN)L and PcCo(L), based compounds.
Compound A (nm) Band A (nm) Band
PcCo(et)CN 279 N 665 Q
PcCo(bu)CN 279 N 665 Q
PcCo(do); 279 N 666 Q
PcCo(an); 281 N 665 Q
[PcCoCN], 279 N 664 Q

vibrational band may indicate that bidentate amines are coordi-
nated at their ends or that two ligands are coordinated to one
single molecule of the cobalt macrocycle. Nucleophilic additions of
bidentate amines to metallic macrocycles are related to an infrared
absorption band located within the 2954-3372 cm~! region that
is associated with a N-H vibration [19-21]. These results are in
agreement with those obtained from elemental analysis which
indicate that one ligand molecule is present in the PcCo(et)CN and
PcCo(bu)CN compounds while two ligand molecules are present in
the PcCo(do), and PcCo(an), based compounds. Moreover, the IR-
spectra show the same absorption bands for the thin films as the
pristine powders used for evaporation (see Table 1). The slight shifts
observed may be due to internal stress produced by the evaporation
process. These results strongly suggest that thermal evaporation
is a molecular process that does not change the relative chemical
composition of the synthesized compounds. Thus, the deposited
films are formed by the same macro-ions as those of the original
synthesized powders.

The UV-vis optical transmission spectra of different solutions
were analyzed within the strong-absorption edge region. Phthalo-
cyanines present two typical absorption bands, namely the Q band
in the visible region (600-800 nm) and the B or Soret band in the
near-ultraviolet region (300-400 nm) [12,22]. The band at 273 nm
is the usual N band of the Pc molecule [12]. It results from the
molecular transition byg(dxy) — bin(). All the compounds have
two major absorption bands. The main features of the UV-vis solu-
tions spectra for each synthesized material are summarized in
Table 2. The maximum absorption peak in the Q band is assigned
to the wavelength-remote region because of the presence of the
amine. Since the bidentate ligand may increase the interface dis-
tance between macrocycles, the direct m—m orbital overlap is not
produced and the Q band remains unchanged. The presence of the
absorption band may be interpreted as an overlap of 7 orbitals
through the ligand. It is noted from Table 2 that, except for some
minor differences in the N and Q bands, their position is almost the
same, regardless of the kind of amine employed.

For thin films deposited on Corning glass slices, some differences
in the UV-vis spectra of the solid state samples can be observed as
shown in Fig. 2a. The thickness of the deposited films varies from
130t0430 nm (see Table 3); hence the Beer-Lambert law applies for
such semi-transparent thin film systems. It is evident from Fig. 2a,
that these films have well defined and relatively different absorp-
tive properties. In general, the weak absorption displayed by all

Table 3

Fig. 2. (a) Comparative absorption spectra of the PcCo(CN)L and PcCo(L), based thin
film samples deposited on Corning 7059 glass substrates, and (b) spectral evaluation
of the corresponding absorption coefficients.

samples within the visible-near infrared (VIS-NIR) range in the thin
film format, make these molecular systems attractive candidates
for some optical applications due to their appropriate transparency
at optical wavelengths. In contrast, higher absorption is detected
in the UV region with an absorption peak consistently appearing
around 240 nm for all samples; this huge absorption band is pro-
duced by the implemented glass substrates.

The main differences observed in the absorption spectra of these
samples are properly appreciated within the 300-500 nm interval
(see Fig. 2a), where the sample PcCo(bu)CN exhibits low absorp-
tion, showing a weak absorption band around 385 nm. Compound
PcCo(et)CN exhibits the lowest absorption, showing a smooth and
monotonic decreasing behavior. Similarly, compound PcCo(do),
shows a slightly larger absorption in the same spectral range
with the same functional dependence as compound PcCo(et)CN.
By contrast, compound PcCo(an), exhibits the strongest optical
absorption with a different functional dependence. In this case, two
well defined absorption bands centered at ~331 and ~405 nm can
be easily recognized. Differences on the relative absorption inten-
sities of the studied structures also arise from the diverse grain

Thin film thicknesses, electric conductivity and electrical activation energy of the PcCo(CN)L and PcCo(L), based compounds at 20 °C with an applied voltage of 100V.

Activation energy AEp, (eV) Film thickness (nm)

Compound Electrical conductivity o (2~ 'cm™')
[PcCoCN], (pellet) 2.9E-6
[PcCoCN], (thin film) 3.2E-6
PcCo(et)CN (pellet) 8.3E-7
PcCo(et)CN (thin film) 9.9E-7
PcCo(bu)CN (pellet) 6.5E-7
PcCo(bu)CN (thin film) 6.6E-7
PcCo(do), (pellet) 5.5E-6
PcCo(do); (thin film) 5.9 E-6
PcCo(an); (pellet) 1.0E-7
PcCo(an); (thin film) 2.0E-7

0.103 =
0.10 180
0.08 -
0.12 150
0.077 -
0.08 180
0.109 -
0.11 130

- 430
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Fig. 3. 3D-micrographs obtained by AFM, showing the surface morphology of thin
films deposited on Corning 7059 glass slices from: (a) The PcCo(et)CN sample, (b)
sample PcCo(do),, (¢) sample PcCo(an), and (d) sample PcCo(bu)CN, respectively.

densities observed by AFM-micrographs (see Fig. 3), where maxi-
mal absorption was found for the densely packed PcCo(an), based
thin film structure, followed by the PcCo(bu)CN and PcCo(do),
samples. Furthermore, it is observed that the positions of the
absorption bands are weakly influenced by the inner backbone
structure of these compounds. Finally, the wide and non-negligible
absorption band exhibited by the PcCo(bu)CN molecular system
(A=400-500nm) and by compound PcCo(an), within the visible
region (centered at A =405 nm), may indicate a larger conjugation

degree of delocalized 1 electrons compared to the other samples,
which only exhibits minor absorption tails from this value on. This
suggestion will be explored by means of NLO-THG experiments
as shown below. Under this context, the available laser excita-
tion line (at A, =1064nm) and the line at the THG wavelength
(A2 ~355nm) are also depicted in Fig. 2a. At these wavelengths,
non-extreme absorption conditions occur, allowing moderate res-
onant conditions for cubic NLO characterization. Fig. 2b exhibits
the linear absorption coefficients evaluated according to the differ-
ent film thicknesses (see Table 3) within the 300-600 nm interval,
which are very useful for the evaluation of the nonlinear refraction
coefficients according to the Z-Scan technique.

The variations in the microscopic morphology and roughness
of the films were examined by atomic force microscopy on films
deposited onto the Corning glass slices, where 3D-micrographs
are exhibited in order to provide an adequate surface inspection
(4 wm x 4 wm) of the micro-structural arrays, topological struc-
ture, porosity and film quality of the deposited layers as shown in
Fig. 3. In general, a homogeneous and acceptable film quality suit-
able for optical characterizations can be observed for all deposited
samples. For the PcCo(et)CN film sample, one can observe small-
particle distribution at the film surface (with an average size of
~60 nm, measured from amplified high-quality digitalized images),
although some huge and asymmetrical grains with sizes ranging
from 100 to 300 nm, regularly distributed on the film surface can
be easily distinguished. This may be indicative of a possible nucle-
ation process onset (Fig. 3a). Nonetheless, this sample exhibits the
smallest rms rugosity, with a value of ~94.9 A. In the case of films
deposited from PcCo(do), and PcCo(an), small particles agglom-
erate to generate larger and rounded or rod-like grains, showing a
reasonably homogeneous distribution at large micrometric length-
scales with average dimensions of ~300 nm in length (see Fig. 3b
and c). These arrangements show the largest roughnesses with
smaller inter-grain boundaries; here, at least a bimodal grain-size
distribution can be observed. The rms rugosity of these samples
is on the order of ~454 and ~234 A, respectively. Finally, for the
PcCo(bu)CN-based film sample, a dramatic change in the film mor-
phology can be observed: agglomeration effects disappear to give
rise to a fine surface grain distribution, exhibiting an extraordinarily
smooth structure with a regular particle size distribution, here the
homogeneity of the film surface suggest optimal deposition condi-
tions for this kind of material, where only formation of smaller and
rounded ordered particles with average diameters of ~100 nm can
be observed. The rms rugosity of this sample shows an intermediary
average value of ~187 A. These values contribute to an improve-
ment of the film quality obtained for this compound (see Fig. 3d).
AFM studies suggest, in general, the formation of regular structures
with no drastic variations across the film. In terms of the organic
compound used as precursor, the lower rugosity is presented
by films of materials obtained from PcCo(et)CN and PcCo(bu)CN,
whereas in films obtained from PcCo(do); and PcCo(an); the rugos-
ity is drastically increased. The rms roughness calculated for these
films is an excellent value in reference to the deposition process
and for applications in electronic and opto-electronic devices. For
the purposes of the present work, it is expected that such morpho-
logical variations as observed in the film samples will affect other
important photo-physical and NLO properties.

PL-measurements were carried out at room temperature (in air
atmosphere) on the same films deposited on glass slices (the exci-
tation wavelength line was set to Aex =330 nm) and the PL-spectra
were recorded from 350 to 900 nm as is shown in Fig. 4. Based on
the fluorescence spectra obtained from the precursor and a Corning
7059 glass substrate (not shown here for simplicity), we consider
that the resultant spectra of the studied compounds are constituted
from the following PL-peak signals: 375, 397, 452, 470, 482, 493
538, and 581 nm. The bands centered at 397 and 470 nm remain
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Fig. 4. Comparative PL-spectra recorded in the PcCo(CN)L and PcCo(L); based thin
films deposited on Corning 7059 glass slices (Aex =330 nm).

nearly unchanged showing strong signals for all compounds,
whereas all other PL-peaks gradually disappear and/or modify
their shape within the PL-spectra of compounds PcCo(bu)CN and
PcCo(et)CN. In the present experiments, the main PL-emissions
were recorded for all studied samples within the 360-520 nm
spectral range. Highest PL-intensity profile was obtained from the
PcCo(do), sample although its smallest film thickness and absorp-
tion coefficient (see Fig. 2b) are indicative of a complex multi-level
electronic structure. Weaker PL-emission intensities were found
for samples PcCo(an),, PcCo(bu)CN and PcCo(et)CN, respectively.
This behavior is at least partially correlated for samples PcCo(an),
and PcCo(bu)CN, which show the most interesting absorbance pro-
files from the optical point of view (see Fig. 2a) and thicker film
thickness. Here, we hypothesize that the non-negligible absorp-
tion bands observed within the 300-500 nm spectral range for the
PcCo(an), and PcCo(bu)CN based thin film samples, may decrease
the PL-emission (particularly in the case of compound PcCo(bu)CN)
within this interval due to strong self-absorption effects induced
by the relatively high conjugation degree of this compound. PL-
measurements indicate, according to the absorption coefficients,
that in the case of the PcCo(bu)CN and PcCo(et)CN samples, most
of the energy is thermally dissipated within the material network
with poor PL-emissions. This may be suitable for some cubic NLO
effects, particularly for Z-Scan measurements. Indeed, nonlinear
refraction and absorption strongly depends on the absorptive prop-
erties of the materials (both in local and non-local mechanisms
[14]), thus according to Fig. 2b, higher NLO-refractive coefficients
must be expected for more absorptive samples. Conversely, THG
extremely depends on the thickness of the sample, thus higher
THG signals are expected for thicker samples with adequate multi-
level electronic organizations. These hypotheses were explored by
means of NLO measurements as explained below. Another interest-
ing phenomenological observation is the fact that the magnitude
of the rms roughness values of the samples is absolutely well cor-
related to that of the maxima PL-peaks. In fact, higher rugosity
produces larger film surface areas and hence a larger number of
active surface molecular emitters, which overcome volume self-
absorption effects.

Changes in the electrical current were evaluated using the
4-point probe method in the ohmic regime at a constant applied
voltage of 100V for all the synthesized compounds (pellets and
film samples). The measurements were carried out on a single
line using equal spacing between the acquisition points and small
currents to avoid overheating of the samples. The electrical current
through the molecular material was measured as a function of
temperature. Finally, the electrical resistance and the conductivity
were determined. Fig. 5a shows the temperature dependence of
the natural logarithm of the electrical current through pellets of

Fig. 5. Natural logarithm of the electrical current as a function of temperature mea-
sured in the PcCo(CN)L and PcCo(L), based molecular systems for: (a) the pellet
samples, and (b) the thin film samples deposited on Corning 7059 glass slices.

the new compounds within the —150 to 170 °C temperature range.
The variations observed in the magnitude of electric current may
be due to the different amine groups. The PcCo(an), complex
showed an almost constant behavior in the range of temperatures
employed. This may be due to the amine type used as ligand. As
this is a compound containing anthraquinone and aromatic groups,
the electrical behavior of the amine is characterized by low charge
transport. This behavior is different from the one observed in the
bidentate ligand and in Ni-Jdger complexes [21]. This suggests that
the type of macrocycle that was used and particularly the metallic
ion in the complex are decisive factors to account for in charge
transport phenomena. The [PcCoCN],, PcCo(et)CN, PcCo(bu)CN
and the PcCo(do), plots showed a clear semiconductor behavior
as the natural logarithm of the electrical current slightly increased
with temperature.

At low temperatures, the PcCo(an), sample exhibits the low-
est current value, while the PcCo(bu)CN sample shows the largest
electrical current. Conversely, at high temperatures, the PcCo(do),
sample shows the largest electrical current while the PcCo(an),
sample still exhibits the lowest current value. The electrical-current
changes of the compounds suggest that the addition of the ligand
to the macrocycle has an influence on the conductivity, especially
in the case of ligands with anthraquinone groups, though it is rel-
evant as well in the remaining bidentate amines. Fig. 5b shows
the temperature dependence of electric current through thin films
during measurements, for a constant applied voltage within the
ohmic regime. It may be concluded, similarly to the pellet mea-
surements, that: the PcCo(an), complex showed an almost constant
behaviorin the range of temperatures employed and the [PcCoCN]j,
PcCo(et)CN, PcCo(bu)CN and the PcCo(do), plots showed a semi-
conductor behavior.

From these results, the electrical conductivity at room temper-
ature was evaluated for each complex, as well as for the starting
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compound. The electrical conductivity o of these materials depends
on the absolute temperature T as described in Eq. (1), and was
measured along only one direction.

AEnm
W)
where o, is the pre-exponential factor, AEy is the activation
energy for electric conductivity, and K is Boltzmann’s constant. Cal-
culated values of AEy, are shown in Table 3. The quantity AEy, is
an activation energy involving both the energy necessary to excite
electrons from the localized states toward extended states through
the mobility edge and the electrical conduction by means of the
hopping mechanism between localized states. The electric con-
ductivity at 298K for the synthesized molecular solids and the
starting materials was also calculated in pellets and thin films (see
Table 3). The PcCo(do), compound shows electrical conductivity
values within the reported intervals found in the literature for
molecular semiconductors (from 106 to 10! Q-1 cm~1) [23,24].
From Table 3, it is observed that all compounds except PcCo(do),
show an electrical conductivity which is lower than that of
the cobalt polymer, although these values are lower than those
reported in the literature [13], suggesting that the addition of
ligands to the macrocycle decreases the conductivity of the com-
pound. Different approaches [25] have been asserted in order to
understand the conductivity of these systems. For instance, Orti
[26] suggests that the charge transfer is determined by the
orbitals of the ligand and the orbitals of the metal. On the other
hand, from a general point of view, it is believed that charge trans-
fer in these materials occurs via a direct -7 interaction along
the stacking of the phthalocyanine rings, in contrast with adja-
cent phthalocyanines where the interactions are weak. In this case,
since the cyano group is absent from the PcCo(do), molecule, it is

(1)

0 = Oy exp (—

difficult to verify this assumption, although this molecule’s conduc-
tivity at room temperature is higher than for the PcCo(et)CN and
the PcCo(bu)CN complexes, where the cyano group is coordinated
to the metallicion. Nevertheless, phthalocyanines generally exhibit
large charge transport in one particular direction, probably due to
the columnar stacking of their molecules [27]. Conductivity may be
explained in two stages, which can be distinguished from curves I
vs 1/KT (see Fig. 5a and b) for these compounds: (i) at high temper-
atures, conductivity is achieved because thermal energy is large
enough to excite electrons from the extended sates into the con-
duction band. Conductivity will be due to the motion of electrons in
the electric field. (ii) In the second stage, namely thermally-assisted
jump, which occurs at lower temperatures, electrons in localized
states may contribute to conductivity only if they acquire enough
energy to hop from one localized state to another.

Finally, taking into account the amorphous-close or even an
anisotropic (but centrosymmetric) thin film structural arrange-
ment of the synthesized compounds (verified by the absence of
quadratic x(?)-NLO second harmonic generation SHG effects, which
necessarily require a crystalline non-centrosymmetric structure),
the cubic x(3)-NLO properties were investigated by means of the
optical THG and Z-Scan techniques; measurements were per-
formed in the film structures deposited on glass substrates at room
conditions.

According to our Z-Scan device, the NLO response of the
developed films was characterized by varying the polarization
input planes of the He-Ne laser system in order to explore
microscopic material asymmetries or anisotropies throughout
the film structure. The observed non-local effect of the sam-
ples is shown in Fig. 6a-d, where the nonlinear refractive
response of the samples can be unambiguously appreciated by
typical peak-valley transmittance curves. One can first recog-

Fig. 6. Z-Scan transmittance curves obtained at different input polarization states (PS: 0-90°) for the PcCo(CN)L and PcCo(L), based thin films deposited on Corning 7059
glass slices, exhibiting both negative and positive nonlinear refractive indexes (average theoretical fits TFs and the Z-Scan transmission curve of the reference glass substrate
are also included as continuous lines). (a) The PcCo(et)CN sample, (b) sample PcCo(do),, (c) sample PcCo(an); and (d) sample PcCo(bu)CN, respectively.
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nize, according to the theory developed by Sheik-Bahae et al.
[28-31] that the PcCo(et)CN, PcCo(an), and PcCo(bu)CN based
samples exhibit negative NLO-refraction coefficients (y <0), with
estimated values, as explained below, of y~—1.41x10"1esu,
y~—-142x102esu and y~-7.83 x 10~2 esu, respectively. By
contrast, the PcCo(do), sample is the only one exhibiting a pos-
itive NLO-refractive index (y>0) with an estimated value of
y~+7.66 x 102 esu.!

In general, since all measurements were systematically per-
formed with different He—Ne input polarization states (from 0° to
90°) and their respective curves are quite similar for each sample,
the film structures do not seem to show any significant anisotropic
behavior (at least throughout the film depth, in a perpendicular-
close laser beam incidence). So far and as mentioned before, this can
still be consistent with a regular and homogeneous columnar stack-
ing of their constituting molecules [27], in this case perpendicularly
aligned to the substrate surface. However, Z-Scan measurements
are not highly sensitive, as the SHG and THG techniques, to detect
material anisotropies, especially for symmetric disk-like molec-
ular systems homogeneously stacked in columnar arrangements
[14]. The set of Fig. 6a-d also shows the Z-Scan curve for a naked
reference glass substrate (continuous gray lines) which exhibit neg-
ligible nonlinear refraction compared to the curves of the molecular
film samples, at the employed laser power regime. Similarly, the
respective theoretical fits to the Z-Scan transmission data (TFs, solid
black lines) are also shown for each particular case in Fig. 6a-d.
It should be remarked that the stability of the laser source dur-
ing Z-Scan measurements was practically constant. In order to
perform the TFs, according to several previous theoretical stud-
ies, the normalized transmittance Ty can be obtained as function
of the dimensionless sample position (x=2z/zp), where zq is the
Rayleigh range and z is the Z-Scan laboratory sample position;
thus the TFs can be obtained according to the following equa-
tion: Ty ~ 1+ A®g[4x/(1 +x2)(9 4+ x%)] [28-31]. The phase shift
A®g can be obtained from the ATp_y peak to valley experimental
transmittance curve and the diaphragm aperture (S) according to:
Ay =[ATp_y/0.404(1 — 5)0'25]. These equations are well estab-
lished and have been proved in early Z-Scan works [28-31]. The
theoretical restrictions imposed by these formulas in order to apply
such expressions at optimal conditions (|A®y| <, S~ 20%, etc.)
are not always fully satisfied in our experimental results due to
the large phase shifts and huge measured nonlinearity. However,
in most cases (mainly in the case of well defined y>0 or y<0
curves) our results nearly satisfy these conditions and can be fit-
ted according to these formulas. Thus, for comparison purposes
and in order to be consistent with the estimation of the y-values
we have assumed its applicability and used these relations in all
cases.

For each Z-Scan curve, the well-known relation used to deter-
mine the nonlinear refractive index from the phase shift was
employed: y = AAD/2nlgLegr [28-31]; where A is the wave-
length, A®q the associated phase shift, Iy is the input beam
intensity (at z=0: focal point) and Leg is the effective thick-
ness of the sample [28-31]. The obtained y-values are rather
large, many orders of magnitude larger than those observed
for typical glass substrates or for the classical CS, standard
reference material: +1.2 x 10~'' esu (Z-Scan at A=10.6 um) or
6.8 x10 13 esu (DFWM at A=532nm) [28,32]. In fact, accord-
ing to Fig. 2b, Z-Scan measurements are well correlated to the
absorption coefficients of the samples: the larger the absorption
coefficient of the sample, the stronger the NLO-refraction and abso-

T NLO refractive index in electrostatic units: nz(esu):(‘”%m)y with
[yl=[m*W-1].

lute y-values. Hence, samples PcCo(et)CN and PcCo(bu)CN exhibit
the strongest NLO-refractive effects. Consistently, the PcCo(do),
exhibits a very similar y-value (in magnitude) to the PcCo(bu)CN
sample due to the similar absorption coefficient at the imple-
mented He-Ne laser wavelength (see Fig. 2b). Finally, the PcCo(an),
sample exhibit the smallest absorption coefficient and NLO y-
value.

Samples with small rugosity such as the CN-based molecular
films (PcCo(et)CN and PcCo(bu)CN samples) exhibit a homoge-
neous granular distribution, with smaller grain sizes (see Fig. 3
and analysis thereof). The decrement of the grain size can also
help in the understanding of our experimental Z-Scan findings
by assuming a high correlation between the morphological film
structure and the NLO response [33]. In this case, the vast
number of grain boundaries or interfaces present for these sam-
ples induces deviation of the atomic bounds between “unitary
cells” from their equilibrium positions, which may cause dan-
gling bounds resulting in extra carriers or defects within the
film structure. This is a fact of considerable interest, since it has
been demonstrated for several crystalline and poly-crystalline
thin film samples, that higher carrier density and defects can
enhance in principle the nonlinearity of the materials [34-36].
Indeed, these arguments are, in general, well correlated to the
fact that the electrical current (see Fig. 5b and analysis thereof)
is higher for the CN-based molecular films, providing stronger
absorption and energy dissipation of the incident light which
give rise to stronger NLO effects such as nonlinear refractive
indices.

Finally, experimental single-beam techniques based on THG
provide direct access to the complex value of the non-degenerate
x3)(=3w; w,w,w) cubic nonlinear coefficient. The THG-response
accounts only for the electronic response, so that the vibrational,
orientational, and thermal effects, which may contribute to the
overall nonlinear response of the material (as in Z-Scan measure-
ments), are excluded. Fig. 7a and b show the Maker-fringe patterns
and the calibrated nonlinear optical x(3)-coefficients of the stud-
ied thin film samples according to the Maker-fringe technique
(front-configuration, P/In-P/Out and S/In-P/Out polarizing geome-
tries under moderate resonant conditions, at A, =1064nm and
A3, ~355nm). In order to evaluate the x(3)-coefficients, the Maker-
fringe patterns were compared to the fringe pattern generated
by a 1mm thick glass substrate (fused silica) used as reference
and calibration sample. The Maker-fringe patterns of the molecu-
lar film-plus-substrate systems showed an oscillating dependence
with increasing incidence angles close to that of the fringes mea-
sured for the reference substrate. Nevertheless, the fringes obtained
from the reference glass are clearly less intense than those recorded
for the molecular films, which indicates relatively stronger THG
conversion within the studied samples; the observed phase-shifts
and the lack of sharp multi-oscillations in some measurements are
due to differences in the material coherence lengths and different
samples thicknesses, thus the THG intensity of each sample will not
exactly follow the same phase-matching conditions, generating the
same oscillating dependence with the medium thickness. Further-
more, the film thickness and relatively strong absorption conditions
experienced by the THG waves (for PcCo(et)CN and PcCo(bu)CN
samples, see Fig. 2), or the film quality and corresponding scattering
effects (for PcCo(an); and PcCo(do), samples, see Fig. 3), may par-
tially overshadow or distort their respective Maker-fringe patterns.
The THG response obtained at nearly normal incidence gives the
highest THG conversion efficiency, which permits the relative eval-
uation of the x(3)-coefficients. As a direct estimation of the cubic
NLO properties of these materials, considering samples under mod-
erate resonant (absorption) conditions, the determination of x(3)
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may be approximated by the following expression [37]:

2 lreference o /2
(3)-film (3)-reference C
X xX ( T ) (1 — e—fim/2

Iﬁlm 1/2
x ( ref3ecrvence> (2)
I
3w

where « is the absorption coefficient of the film sample at the
third harmonic free-wave, [fference represents the coherence length
of the reference material (~6.2 wm), x(3)-film and y(3)-reference gre
respectively, the values of the cubic nonlinear coefficients of the
film samples and the fused silica plate reference, while 1133(lvm and
Igi)ference are the peak intensities of the Maker-fringe patterns of
both the film sample and the reference plate at optimal phase
matching conditions. In this way, the x3) value of a new mate-
rial relative to the value of the reference standard can be obtained;
hence a calibrated result with a high degree of accuracy can be
reported.

In principle, THG is possible for all centrosymmetric and amor-
phous materials and both the film and the glass substrate contribute
to the detected THG signal. The focal length of the focusing lens is
~50mm in order to make the air contribution to the THG signal
negligible; these two contributions must be separately identified
in order to give a good estimate of the y(3)-film coefficients. More-
over, since the film is deposited only on one side of the substrate,
the experimental configuration is asymmetric from a geometrical
viewpoint and different relations have been developed in order
to fit respectively the ‘front’ configuration, where the fundamen-
tal beam enters the film first, or the ‘back’ configuration, where
the films stays behind the substrate [38-44]. Under this frame-
work, Fig. 7b shows the calibrated yG)*-film_coefficients obtained
according to Eq. (2) (front configuration). The largest cubic NLO
coefficient was evaluated for the PcCo(et)CN-based film sample,
followed by the PcCo(bu)CN, PcCo(do), and PcCo(an), based films,
respectively. The THG signals of the compounds are considerably
superior to those measured for the reference substrate, and the
estimated x(3)-film_coefficients are up to three orders of magnitude
larger than that of the reference substrate. In this case however, the
magnitude of the x(3)-film_coefficients can be partially correlated to
the film thicknesses since the thicker PcCo(an), sample exhibits the
smallest THG signal, whereas all other samples show THG inten-
sities according to their respective film thickness. Furthermore,
similarly to Z-Scan measurements, THG experiments are remark-
ably well correlated to the absorption coefficients, film structure
(as previously explained) and to the electrical measurements (see
Figs. 2,3, and 5 and Table 3). In fact, the PcCo(bu)CN and PcCo(et)CN
have large film thickness and their absorption coefficients reveal
relatively higher conjugation degree within the THG-wavelength
range; the smaller the grain size of the film structures, the higher
THG nonlinearities. Moreover, adequate and complex multi-level
electronic transitions as those measured in the PL experiments, are
needed.

Regarding the anisotropy of the samples, it is observed that the
S-In/P-Out implemented polarizing geometry produced negligible
THG signals; we therefore hypothesize that within the material net-
work, no other preferential electronic pathways, perpendicular to
the incident polarization state of the fundamental excitation beam,
seems to exist. Hence an isotropic (or amorphous-close) molecular
organization represents the most feasible structural conformation
achieved by the symmetric disk-like molecular systems within all
studied film samples, which agrees with Z-Scan measurements.
Moreover, since most of the samples exhibit a semiconductor-like
behavior, it is reasonable that samples with higher conductivity
exhibit stronger electronic-based THG effects than those observed
for the CN-based film samples, and that the polarization of the

Fig. 7. (a) Angle dependent THG measurement performed in PcCo(CN)L and
PcCo(L), based thin films deposited on Corning 7059 glass slices (measurements
were performed implementing the P-In/P-Out and S-In/P-Out polarizing geome-
tries). (b) Relative calibration of the x3)(—3w; w,w,w) NLO coefficients performed
according to Eq. (2).

material charge carriers preferentially follows the electric field
driving force of the polarized fundamental beam. Consequently, in
an isotropic semiconductor material, the electrons will favorably
radiate THG waves parallel to the incident laser beam polarization.

4. Conclusions

In this work [PcCoCN], and L-molecules such as ethylenedi-
amine and 1,4-diaminebutane were implemented to synthesize
monomeric complexes such as PcCo(et)CN and PcCo(bu)CN.
On the other hand, [PcCoCN], with 1,12-diaminedodecane and
2,6-diamineanthraquinone lead to PcCo(do), and PcCo(an), com-
plexes. The thermal evaporation process used to produce thin film
samples with these complexes does not change the intra-molecular
bonds, suggesting that the deposition process has a molecular
nature and the substrate temperature is not high enough to provide
the surface mobility necessary for the molecular units to produce
crystalline films. It was verified that the diverse molecular sys-
tems produced notable differences in their physical, spectroscopic
and optical properties; here, importance has been given to the
optical and electrical measurements of film samples in order to
provide useful experimental data for potential applications of these
kinds of compounds. Results of these measurements were carefully
analyzed and discussed in order to find physical correlations and
interconnections of the observed experimental data.

Concretely, the lowest electrical conductivity was found for
the PcCo(an), compound, whereas the other compounds exhibit
a semiconductor behavior. The PcCo(do), compound shows elec-
trical conductivity values within the reported intervals found
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in the literature for molecular semiconductors (from 10-€ to
10" Q-1 cm~1). The value of the calculated activation energies and
the order of magnitude of the electrical conductivities suggest
that it may be possible to use of PcCo(do), in the preparation
of electronic devices. Particularly, outstanding cubic NLO effects
were measured in the film samples fabricated with these materi-
als, in both Z-Scan and THG experiments. In fact, extraordinarily
huge y-values in the order of 10~ esu (for Z-Scan) and within the
promising range of 10~ 1! esu (THG), were found for the developed
materials. In addition to the distinctive differences provoked by the
diverse chemical structures and their corresponding spectroscopic
and optical properties, another correlation attributed to the thin
film morphological structures (variations of the rugosity and grain
sizes) could also be established; such correlations were sensitively
detected and verified by NLO measurements. In fact, despite the
observed differences in the film thicknesses, the surface film struc-
tures may also play an important role concerning the origin and
magnitude of the observed NLO signals, as it was observed that the
most NLO-efficient CN-based films exhibited the smaller grain sizes
and rms rugosity, producing the higher Z-Scan and THG nonlinear-
ities. The NLO effects agree reasonably well with the electric charge
transport and conductivity measurements.
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