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The present study reports the doping of a semiconductingmolecularmaterial through the formation of hydrogen
bonds between the macrocycle Cu(II)(TAAB) and the electronic acceptor TCNQ. According to density functional
theory (DFT) calculations and electron paramagnetic resonance (EPR) analysis, the doped compound has the
shape of a distorted square pyramid, with four nitrogen atoms in the equatorial position and the apical oxygen
atom from the water ligands. These water molecules can generate strong hydrogen bonds with TCNQ and the
TAAB metallic complex. Thin films of copper molecular material were obtained through high vacuum evapora-
tion andwere structurally characterized by IR spectroscopy, EPR and scanning electronmicroscopy (SEM). Addi-
tionally, the absorption coefficient (α) and photon energy (hν) were calculated from UV–vis spectroscopy and
used to determine the optical activation energy in each film, from which its semiconducting behavior was
established. An important aspect to consider is that the presence of hydrogen bonds is essential to establish
the semiconducting nature of these species; this chemical behavior, as well as the resulting electronic mobility,
have been studied by DFT theoretical calculations, which reinforce the experimental conclusion of a relationship
between Cu(II)TAAB and TCNQ moieties generated by a weak bond. Finally, I–V characteristics have been ob-
tained from a glass/ITO/doped molecular semiconductor/Ag device using Ag and ITO electrodes. Results for the
copper-based device show that, at low voltages, the conduction process is of an ohmic nature while, at higher
voltages, space-charge-limited current (SCLC) is found. It is highly probable that the doping effect in TCNQ favors
electronic transport due to the formation of conduction channels caused by dopant-favored anisotropy.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Within the chemistry and physics of molecular materials, one of the
most sought-after goals is the design, synthesis, and characterization of
materials with interesting optical and electrical properties; this search
received a great impulse with the synthesis of TTF-TCNQ (TTF =
tetrathiafulvalene; TCNQ = tetracyanoquinodimethane), the first or-
ganic conductor [1–3]. From the discovery of the charge transfer com-
plex TTF-TCNQ, research activity in the field of molecular conductors
and semiconductors has readily increased [2], as they possess interest-
ing electrical, optical and/or magnetic properties [2–4]; this is due to
their low dimensionality, the formation of energy bands, and their abil-
ity to yield or accept electrons at a low energy cost, facilitated by the
partial occupation of their energy bands. The degree of charge transfer,
that is to say, the different occupation levels of the bands, significantly
chez Vergara).
affects the electronic properties [4–6]. Thus, electrical conductivities
similar to those of metals require that the width of the valence band
be greater than the energy represented by the coulombic repulsion
among the conduction electrons within a given molecule. Otherwise,
electrons become localized in each molecule and the material behaves
as a semiconductor. To get a low coulombic repulsion value, the mole-
cules should be able to stabilize their associated charges, and for this,
it is most appropriate for them to be polarizable with a heterogeneous
distribution of charges. Additionally, and considering the desirability
of stable solids, molecules should be capable of forming stable radicals
(such as TTF and TCNQ, which act as π-electron donor and acceptor, re-
spectively) [1–5], with valence electrons located above and below the
median plane of the molecule in delocalized π orbitals.

One of the groups of compounds that form stable radicals with π-
delocalized electrons is that of metal complexes with ligands derived
from o aminobenzaldehyde tetra anhydrotetramer M(II)(TAAB)2+ [7],
which constitutes a specific class of molecular materials in which the li-
gand andmetal exert a profound influence on the electrical, optical and
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magnetic properties [7–9]. These complexes are formed by the self-
condensation of o aminobenzaldehyde [7,10] in the presence of transi-
tion metallic ions such as Ni(II) and Cu(II), which are capable of acting
as templates [11]. The metal complexes of M(II)(TAAB)2+ have pro-
vided unusual examples of isomerism and one-dimensional assemblies
[7,9] that permit different types of molecular arrangements involving
conduction channels, which are associated to a marked anisotropy in
the material, especially when they are in thin-film form. As mentioned
above, the 16 members of the cyclotetrameric macrocyclic-complexes
category have a delocalized electronic structure [12]. Around themacro-
cyclic cation, the coordination sphere next to themetallic atom is almost
flat; nevertheless, the general geometry of the macrocyclic complex
shows an S4-symmetric saddle form, i.e., it can be described as a hyper-
bolic paraboloid [13]. The structure and its properties will depend on
the anion towhich it is attached; for instance, inNi(TAAB)X2 complexes,
whenX− is ClO4

− or BF4−, there is aflat square geometry for nickel;when
X− is NO3

− or I−, compounds have a tetragonal geometry. The incorpo-
ration of substituent groups in themacrocyclic binder is of considerable
interest, because of the possibility of using such systems as organic
semiconductors in the manufacture of optoelectronic devices, of
which organic field-effect transistors (OFETs), organic light-emitting di-
odes (OLEDs) and organic solar cells (OSCs) are significant examples
among a wide variety of products using organic semiconductors.

This work refers to the doping effect of a semiconducting molecular
material formed by [Cu(II)(TAAB)]2+ and the TCNQ electronic acceptor.
The doped semiconductor was deposited as a thin film and structurally
characterized and its optical and electrical properties were evaluated to
determine the material's usability as organic semiconductor in opto-
electronic devices. Weak noncovalent interactions determining the
structure of an organic semiconductor imply that the environment of
each molecule may not be identical to those of other molecules, affect-
ing the electronic structure of the semiconductor. Taking this consider-
ation into account, the electronic behavior of this material has been
comparedwith results obtained from theoretical calculations. Theoreti-
cal results match well with the corresponding experimental behavior
and many features can be explained from them.

2. Experimental and Instrumentation

7,7,8,8 Tetracyanoquinodimethane was obtained from Sigma-
Aldrich and required no further purification. Nitrate of [tetrabenzo (b,f,
j,n){1,5,9,13}tetraazacyclohexadecine] copper(II): [Cu(BzO4[16]
octaeneN4)](NO3)2 macrocycle was prepared according to Labuda
et al. [12]. The molecular material was doped by a simple reflux be-
tween [Cu(II)(TAAB)]2+ and TCNQ derivatives. It is important to men-
tion that Inoue et al. [8] synthetized the semiconductor complex Cu
(TAAB)(TCNQ)n (n = 1.5 or 2) from the metathesis between lithium
tetracyanoquinodimethanide, Li(TCNQ), and the copper chelate with
tetrabenzo[b,f,j,n][1,5,9,13]tetraazacyclohexadecine. In this work, the
doping process is different from that stablished by Inoue [8], and was
carried out through hydrogen bonding between the TCNQ molecule
and the [Cu(II)(TAAB)]2+ macrocycle (see Scheme 1), so that TCNQ
may be used as the neutral molecule and not necessarily as the anion.

2.1. Preparation of Doped Molecular Semiconductor

204mg (1mmol) of TCNQ in 10ml absolute methanol was added to
600 mg (1 mmol) of [Cu(BzO4[16]octaeneN4)](NO3)2 previously dis-
solved in 30 ml of absolute methanol. The mixture was kept under re-
flux for three days and the solid thus obtained was filtered and
washed with a 1:1 methanol-water solution, in order to remove “free”
amounts of both starting materials, and dried in vacuum. Elemental
analysis was performed in an Exeter Analytical CE-440 model. Calcu-
lated analysis for C52H30N14O7Cu: C, 60.80; H, 2.92; N, 19.10. Experi-
mental analysis: C, 61.04; H, 2.83; N, 18.81. An excess of any
component in the mixture could influence charge transport properties
and is unintended. However, it must be noted that, according to the el-
emental analysis that was carried out, the doped semiconductor has im-
purities, probably due to the nitro radical of the precursor, as was
corroborated by means of IR spectroscopy. A combination of elemental
analysis and IR spectroscopy was used to study the structure of doped
semiconductor [14–16]. Taking into account that most molecular semi-
conductors are used as films in device manufacturing, the doped semi-
conductor was subsequently deposited using the high-vacuum
evaporation technique. Because of its thermal stability, the powdered
material was heated to 573 K in order to produce a phase change to
the gaseous state, so that it could finally be deposited in thin-film
form upon contact with substrates which were at room temperature
and a vacuum of 1 × 10−5 Torr. The substrates used for deposition
were indium tin oxide (ITO) coated glass slides, high-resistivity mono-
crystalline n-type silicon wafers (c-Si), Corning glass and quartz. Sub-
strates were previously submitted to a sonication cleaning process
with different solvents andwere dried under an argon flow. IR spectros-
copy was carried out in order to verify the vibrational modes of the or-
ganic radicals that integrate themolecular material. The IR analysis was
carried out using a Nicolet iS5-FT in KBr pellet and with the film depos-
ited on silicon wafers. The EPR measurements were made in a quartz
tube at 77 K, using a Jeol JES-TE300 spectrometer operating in the X-
Band, with 100 kHz modulation frequency and cylindrical cavity in the
TE011 mode. The external calibration of the magnetic field was made
with a Jeol ES-FC5 precision gauss meter operating in the microwave
band with frequency counter 5350B HP. The spectrometer settings for
all spectra were as follows: centerfield 300 ± 75 mT; microwave
power 1 mW, microwave frequency 9.02256 GHz, modulation width
0.079mT; time constant, 0.1 s; amplitude 50; sweep time120 s. Spectral
acquisition, manipulation and simulation were performed using the
program ES-IPRIT/TE, v1.916. The EPR spectrum was recorded at a first
derivation and default values for the main parameters, including the
g-factor values. For SEM, a ZEISS EVO LS 10 scanning electron micro-
scope was operated at a voltage of 20 kV and a focal distance of
25 mm, using a thin film on a quartz substrate. The X-ray diffraction
analysis was performed using the θ-2θ technique with a Bragg-
Brentano Rigaku ULTIMA-IV diffractometer and working with CuK-α
(λ = 0.15405 nm) radiation on a Corning glass substrate. Thickness
values were obtained through profilometry measurements on silicon
substrates, with a Bruker profilometer, DEKTAK XT model, with
STYLUS, LIS 3, 2 μm RADIUS-Type B. The optical absorption of the thin
film on the quartz substrate was measured with a Unicam spectropho-
tometer, model UV300, in the wavelength range of 200–1100 nm. UV–
vis spectroscopywas carried out to determine the electronic transitions,
as well as measurements related to the intramolecular and intermolec-
ular bands, which are those that provide more information about the
valence state of the organic radicals. The glass/ITO/doped molecular
semiconductor/Ag devices were fabricated by deposition processes,
under the same conditions of temperature and pressure as for its pre-
cursor. Electrical conductivity measurements were performed by
using the four contacts, or wires, method, in which the electric current
is passed through the end wires, and the potential difference between
the central wires is measured. For the electrical characterization of the
device, a programmable voltage source, a sensing station with lighting
and a temperature controller circuit by Next Robotix, as well as an
auto-ranging Keithley 4200-SCS-PK1 pico-ammeter, were employed.

3. Theoretical Methods

All geometries were optimized using a pure DFT method for energy
evaluation, applying Becke's gradient corrections [17] for exchange and
Perdew-Wang's parametrization for correlationwithin the local density
approximation [18]. This is the scheme for the B3PW91 method that
forms part of the Gaussian 09 Package [19]. All calculations were per-
formed using the 6-31G** basis set. Frequency calculationswere carried
out to confirm that the optimized structures were at a minimum of the



Scheme 1. The interaction between TAAB and TCNQwhich yields the complex containing hydrogen bonds. In the illustration the grey atoms correspond to carbon, blue to nitrogen, red to
oxygen and white to hydrogen.
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potential surfaces. The hydrogen bonds were studied with the Grimme
module (G3) implemented in the Gaussian09 package [20].

4. Results and Discussion

According to Bansal et al. [21] the [Cu(BzO4[16]octaeneN4)]2+

macrocycle attains its saddle-shaped geometry due to the presence of
four phenyl rings. Due to this geometry, the vacant axial sites in such
macrocycle complex facilitate the link with small molecules, like the
water molecule or anions. IR spectroscopy (see Table 1) confirms the
presence of the expected bonds in KBr pellets for the molecular semi-
conductor in powder form, and on the silicon substrate for the depos-
ited film. Four absorption bands are observed around 1614, 1589,
1494 and 1442 cm−1; referring to the elongation vibration of the
ortho-disubstituted benzenes in the macrocycle. On the other hand, an
intense and acute band is also found around 1566 cm−1, which is attrib-
uted to the C_N elongation mode of the imine group. The presence of
Table 1
IR data for the doped molecular semiconductor and Cu(II)(TAAB)2+ precursors.

Sample ν (C6 ring)
(cm−1)

ν(C_N)
(cm−1)

[Cu(BzO4[16]octaeneN4)](NO3)2
Pellet

1609, 1592, 1496, 1443 1565

[Cu(II)(TAAB)(H2O)](TCNQ)2
Pellet

1612, 1586,
1492, 1442

1566

[Cu(II)(TAAB)(H2O)](TCNQ)2
Thin film

1619, 1589,
1492, 1442

1567
the band due to C_N vibrations indicates that the macrocycle did not
suffer alteration in its most sensitive group, as previously reported by
Katovic and Taylor [10] in their work on nucleophilic addition reactions
in [M(TAAB)]2+ compounds, where the imine groups are introduced as
the sensitive regions of the macrocycle. The above suggests that the
TCNQ was not directly linked to the metallic ion, but through water
molecules [22]. In addition, C`N stretching bands of TCNQ appeared
around 2224, 1668, 1446, and 1206 cm−1 and, below the edge of the
electronic absorption band, twoweak but unmistakable bandswere ob-
served around 838 and 829 cm−1 in the CH bending region [8,22]. Fi-
nally, there are three bands in the spectrum, whose position and form
correspond to the O\\H asymmetric stretch, symmetric stretch and
bend vibrations around 3413, 2124 and 1546 cm−1 respectively; these
bands are due to the presence ofwatermolecules in the doped semicon-
ductor. Table 1 shows that the precursor [Cu(II)(TAAB)]2+ lacks those
bands related to the O\\H bond indicative of water molecules; never-
theless, the doped molecular material does have them. This is an
ν(O\\H)
(cm−1)

ν(C`N)
(cm−1)

ν(C\\H)
(cm−1)

– – –

3416, 2124,
1545

2222, 1666,
1447, 1204

839, 829

3410, 2124, 1547 2226, 1669, 1445, 1209 836, 829

Image of Scheme 1


Fig. 1. Two views of the geometrical structure of the [Cu(II)(TAAB)(H2O)](TCNQ)2 complex. Color code: pink-copper; blue-nitrogen; red-oxygen; dark grey-carbon; light grey-hydrogen.
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indication of probable formation of hydrogen bonds between the
macrocycle and TCNQ [22]; these results were supported by theoretical
calculations. It must be taken into consideration that in the IR spectrum
of the doped semiconductor, as well as in that of its precursor, there are
bands related to the NO3

−1 ion from the precursor around 832, 1360 and
1387 cm−1. The foregoing indicates that the doping process is not
completely efficient and some impurities could remain, whose effect
may be considered negligible, provided that they do not significantly af-
fect charge transport.

4.1. Theoretical Study

The general structure of the dopedmaterial corresponding to the [Cu
(II)(TAAB)(H2O)](TCNQ)2 semiconductor is shown in Fig. 1. There are
several points to note. First, the central framework of the molecules re-
sembles a ruffle; however, the geometry of the polyhedron (considering
the central atom as the origin of coordinates) is similar to a deformed
square pyramidwhen considering only themetal atom, the coordinated
nitrogen atoms and the apical water ligand. The water ligand has bond
lengths of 2.5 Å approximately, which agrees with previous results
Fig. 2. Schematic structure of [Cu(II)(TAAB)(H2O)](TCNQ)2. The re
[23]. The Cu(II) atoms are coordinated to the four nitrogen atoms of
themacrocycle in an equatorial way (in commonwith the organic frag-
ment of TAAB) and to the oxygen atom belonging to thewatermolecule
in the axial position. Second, the water ligand can generate strong hy-
drogen bonds with other species, and this is indeed the case when the
interaction between TCNQ and the [Cu(II)(TAAB)]2+ derivative is con-
sidered. All the hydrogen bonds among the TAAB complex and both
TCNQ molecules are shown in Fig. 2, whereas the bond lengths appear
in Table 2.

The calculations show a large thermodynamic stabilization in the
formation of this molecular material; the system has an energy differ-
ence of −94.55 kcal/mol, favoring the complex against the separated
copper macrocycle and TCNQ molecules. This phenomenon can be
seen as the conformation of a kind of donor-acceptor complex [24],
the given energy difference accounting for all the hydrogen bonds. It is
evident that there are short bonds which are stronger than other
bonds, but the calculated energy difference is very important to estab-
lish the free TAAB molecule attraction to the TCNQ moieties.

Another interesting point is that it is possible tofindat least eight hy-
drogen bonds of different types. The first and the stronger one is that
d-dotted lines mark the eight hydrogen bonds within TCNQ.

Image of Fig. 2
Image of Fig. 1


Fig. 4. EPR spectrum of [Cu(II)(TAAB)(H2O)](TCNQ)2 in MeOH at 77 K.

Table 2
Bond lengths between the TAAB complex and the TCNQ molecules.

UB3PW91 UB3PW91-GD3

ΔEHLα (eV) 2.24 2.355
ΔEHLβ (eV) 2.24 2.373
d1 (Ǻ) 1.867 1.866
d2 (Ǻ) 2.909 2.865
d3 (Ǻ) 2.678 2.376
d4 (Ǻ) 2.447 3.332
d5 (Ǻ) 2.767 3.429
d6 (Ǻ) 2.437 2.828
d7 (Ǻ) 3.203 3.331
d8 (Ǻ) 3.587
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formed between the apical water ligand and the terminal nitrogen
atoms coming from the lateral cyano groups of the TCNQ molecule;
the length of this interaction is 1.867 Å, a very short distance for a bridge
of this kind. This strong bond is the one suggesting the formation of a
molecular adduct. Almost all the other hydrogen bonds arise from the
interaction between one of the terminal hydrogen atoms from the
outer phenyl ring of the TAABmacrocycle and the same terminal nitro-
gen atom of the TCNQmoiety (see Fig. 2); in this case, there are several
different length values, as it is noted from Table 2, and there are even
weak bonds between one terminal hydrogen from water and both
TCNQ molecules. The description of the resultant complex is very im-
portant because its shape is related to the electronic behavior of this
species. The central ruffle is attracted by both TCNQmoieties in two dif-
ferentways. Thefirst TCNQ is attracted to thewatermolecule and estab-
lishes a very strong interaction (the strongest for the whole set of
hydrogen bonds), while the other one is attracted to the free region
below the molecule (i.e. the base of the pyramid), perhaps as if it were
about to form a covalent bond to occupy the sixth position. Several hy-
drogen bonds are formed in this situation, however, precluding a
shorter interaction. This particular situation leads to a rather jammed
electronic-transit zone.

An atomic-molecular analysis [25] of our species reveals that its hy-
drogen bonding can be considered as a multicenter, proton-acceptor σ
type in all cases, except for the interaction between the hydrogen
atoms from the water ligand and the nitrogen from TCNQ, which is a
one-center proton acceptor according to the classification byGrabowski
[26]. The possible hydrogen interactionswhich account for the stabiliza-
tion of the crystal cell were not included in the present study because
they require a newmethodology capable of accounting for all the inter-
actions in these systems, which will be the subject of future work.

The electronic behavior of the compound is illustrated by the nature
of its frontier molecular orbitals. Fig. 3 shows the shapes of the lowest-
unoccupied (LUMO) and singly-occupied (SOMO) molecular orbitals.
These shapes arise from the open-shell (doubletmultiplicity) electronic
distribution,which yields the Cu(II) ion. The LUMOhas the same form in
the α, as well as β, contributions, as they essentially constitute a com-
plete molecular orbital without energy changes. It is worth noticing
that this function is completely focused on one of the TCNQ moieties,
i.e. the electrons flow to the best electron acceptor fragment;
Fig. 3. Frontier molecular orbitals for [Cu(II)(TAAB)(H2O)
meanwhile, the SOMO (which contains the single electron) is
delocalized between the same moiety of the TCNQ molecule and the
center of the TAAB macrocycle involving the copper atom and its
bondswith the neighboring nitrogen atoms. The pathway for electronic
transit shows that the delocalized single electron at the center of the
TAABmacrocycle can reach only one TCNQmolecule, leading to the for-
mation of a conducting pair complex. The energy gap calculated
between HOMO and LUMO is 2.38 eV, a result that suggests a semicon-
ducting behavior.
4.2. EPR Results

Electron paramagnetic resonance is the spectroscopic technique of
choice for the study of copper complexes. With this technique, it is pos-
sible to determine the electronic flux around the copper(II) ion [27–29],
and obtain information about its complex geometry. This technique also
provides information about the occupation of paired and unpaired or-
bitals. When the complex is in the ground state, the occupation of the
d(x

2
−y

2
) atomic orbital and an axial symmetry pattern g|| ≫ g⊥

N 2.0023 are expected, while a d(z
2
) configuration yields an inverse

axial symmetry g⊥ ≫ g|| ≈ 2.0023. The EPR spectral analysis of [Cu
(BzO4[16]octaeneN4)](NO3)2 and [Cu(II)(TAAB)(H2O)](TCNQ)2 in
frozen-glass (77 K) MeOH solution showed complexes with axial sym-
metry. The trend in g-values suggests that the unpaired electron in cop-
per(II) occupies the d(x2−y

2
) orbital. In these conditions, all EPR spectra

show characteristic, monomeric-copper(II) complexes with hyperfine
lines associated to coupling of the unpaired electron in the copper ion
with its nuclear spin (ICu = 3/2). The superhyperfine structure due to
the coupling with the nitrogen atom (IN = 1) is not well resolved
(Fig. 4 shows the intensity of the EPR spectrum as a function of themag-
netic flux density, which is linearly proportional to the magnetic field
intensity).
](TCNQ)2: (a) SOMO, (b) LUMO-α and (c) LUMO-β.

Image of Fig. 4
Image of Fig. 3


Table 3
EPR mesurements.

Sample gǁ g┴ Aǁ A┴ Aiso giso

[Cu(BzO4[16]octaeneN4)](NO3)2
17022301

2.225 2.047 18.04
187.4

0.8
7.6

67.5 2.1064

[Cu(II)(TAAB)(H2O)](TCNQ)2
17022302

2.2258 2.047 17.90
186.00

0.8
7.6

67.09 2.1066

Aiso, Aǁ, A┴ (×10−4 cm−1).
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The constants g and Awere obtained by simulation and are shown in
Table 3, which also provides the calculated values of Aiso and giso for
these complexes in frozen solution. They are in the range of values pre-
viously attributed to complexes with a square-based pyramidal geome-
try [30,31]. The molecule has the shape of a distorted square pyramid
with four nitrogen atoms in the equatorial position and the apical oxy-
gen atom from the water ligand. All the information in Table 3 corre-
sponds to the description of an open-shell species. The shape of the
spectrum reinforces the argument for the copper complex having an
unpaired electron. EPR results do not provide evidence of charge-
transfer transitions, such as MLCT/LMCT.

4.3. Optical and Electrical Properties

In order to study the optical and electrical properties and their pos-
sible applications in optoelectronics, a thin film of the doped semicon-
ductor molecular material was prepared. Regarding the SEM analysis
performed on the thin film (see Fig. 5), a homogeneous morphology
without holes is observed in the 33× microphotograph shown in
Fig. 5a. In order to analyze the general morphology of the film, the ob-
servation was made considering the smallest increase in which the
thin film is visualized in the microscope (33× in this case) and subse-
quently analyzed at 10000×, to visualize the detail of the morphology
of the film. This observation is relevant, as semiconductor thin films
are required to be uniform in order for electric charge transport to be ef-
ficiently carried out [32,33]. High-vacuum evaporation, which was car-
ried out for thin film formation, is a procedure that involves phase
transitions in the molecular semiconductor due to significant thermal
variations; this can cause both chemical degradation and the deposition
of heterogeneousfilms. Nevertheless, the chemical and thermal stability
of this material allowed optimum evaporation and deposition in this
case, which is a fundamental requirement for a regular distribution of
material along the whole substrate. Film homogeneity favors charge
carriers' mobility and electrical conductivity, as they can move quickly
from one molecule to another without dispersing or being trapped in
structural irregularities [32–34]. The absence of thin film irregularities
prevents the dissipation of electromagnetic radiation, which may be a
concern if the film is intended to be used in the manufacture of opto-
electronic devices, such as OSCs [32,34]. The doped semiconductor
film is formed by the agglomeration of round particles (Fig. 5b shows
Fig. 5. SEM images of (a) the semiconductor film at 33× and (b) a
one suchparticle at 10000×magnification). It seems that, during the de-
position of molecular material on the substrate, the heterogeneous nu-
cleation processes directly depend on the structure of themolecule and
the thermic gradient between the substrate (at 298 K) and themolecu-
lar material (at 573 K). Due to the lower free energy per unit volume of
the sphere, the nuclei of molecular material deposited on the substrate
resemble this geometry, which is maintained as the deposit advances
and the film grows. In order to supplement these results, X-ray diffrac-
tion (XRD) was carried out in the film to enhance the morphological
analysis of the molecular material arrangement deposited in film
form. Fig. 6 shows an XRD trace of the doped semiconductor film. It
can be noticed that this is essentially an amorphous structure, for the
film only produced first-order peaks. This implies that evaporation
and film deposition lead to desalination of themolecular structure. Dur-
ing the deposition process, when the molecules reach those regions of
the substrate at lower temperatures, their kinetic energies become in-
sufficient for them to have enough surface mobility. Long-reach order
is thus not achieved and a structure with very little crystallinity results.
This low crystallinity does not necessarily limit the semiconductor char-
acter of the molecular material, with short-range order exerting more
influence on electronic behavior than long-range disorder.

UV–vis spectroscopywas performed in order to analyze the different
electronic transitions taking place between the ground state and the ex-
cited state, as a consequence of radiation absorption at varying wave-
lengths. The results for the doped semiconductor and the precursor
are shown in the electronic spectra of Fig. 7a. In the precursor case, no
relevant signals are observed in the spectrum; however, the presence
of the TCNQ molecule and hydrogen bonds significantly increase such
signals in the doped case. From its spectrum, the doped film has absorp-
tion maxima located at wavelengths 407, 444 and 467 nm [35]. The ab-
sorption band observed above the 407 nm feature is attributable to π→
π* transitions within a macrocycle ring [36]. Intense absorption bands
were observed at 444 and 467 nm; they suggest that hydrogen bonding
between one of the terminal hydrogen atoms from the outer phenyl
ring of the TAAB and the terminal nitrogen atom of the TCNQ moiety
(see Fig. 2) produces strain in the CuTAAB skeleton [36]. The spectrum
from the doped semiconductor extends into longer wavelengths
which could, to some extent, be related to d-d transitions of the ion.
Other electronic transitions lead to a broad band around 525 nm
which is generated by the presence of TCNQ in the molecular material
[37]. The absorption spectrum for this material is located essentially in
the blue-violet range, which indicates that this compound would be
practically transparent to IR and could perhaps find use in some opto-
electronic devices.

The most remarkable characteristics of the doped molecular semi-
conductor arise from the electronic delocalization along its π-
conjugate structure. In the molecular aromatic skeleton of electronic
donor and acceptor, each carbon atom has three orbitals with sp2 hy-
bridization, which are distributed within the same plane around the
same atom. Besides, each carbon atom possesses a pz orbital, which is
particle within the semiconductor molecular film at 10000×.

Image of Fig. 5


Table 4
Characteristic parameters of [Cu(II)(TAAB)(H2O)](TCNQ)2 and its precursor.a

Sample t
(nm)

Eg
(eV)

σ298K

(S·cm−1)

glass/ITO/[Cu(BzO4[16]octaeneN4)](NO3)2/Ag 163 2.6 1.49
glass/ITO/[Cu(II)(TAAB)(H2O)](TCNQ)2/Ag 343 2.4 5.39

a t: film thickness; σ: electrical conductivity; Eg: band gap.

Fig. 6. XRD pattern of doped semiconductor film.
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perpendicular to the sp2 orbital plane. Therefore, the basic structure of
each aromatic skeleton consists of σ bonds, because of the overlapping
between sp2 orbitals, and π bonds, due to the overlapping of pz orbitals.
This overlapping leads to a lower-energy bondingπ orbital and a higher-
energy anti-bonding π* orbital which are those that respectively con-
tribute to the valence band HOMO and the conduction band LUMO.
The energy difference between these two bands is known as the band
gap and is possible to assign it a value from the optical activation energy
of the Eg, band, calculated from the absorption UV–vis spectrum and
Tauc's semi-empirical model [38]. The optical band gap defines the na-
ture of electroluminescent activity in OLEDs and light absorption effi-
ciency in OSCs. The Tauc band gap associated with the films is
determined through an extrapolation of the linear trend observed in
the spectral dependence of (αhν)1/2 over a limited range of photon en-
ergies hν (Fig. 7b) [39]. The absorption coefficient α near the band edge
shows an exponential dependence on photon energy, usually obeying
the Urbach relation αhν = β(hν − Eg)n, where n = 1/2 is a number
characterizing the indirect transition process in amorphous semicon-
ductors [39]. During thin-film formation, materials undergo consider-
able thermal gradients, which causes structural disarray and an
amorphous film structure (see Fig. 6). Table 4 shows the parameters de-
termined for both samples. Eg for molecularmaterials has typical values
between 1.5 and 4.0 eV, so the results obtained are within the expected
range [34]. The presence of TCNQ in the material slightly reduces the
band gap (see Table 4); thus, the conductivity of the thin film is ex-
pected to increase. The theoretical value of the band gap (2.38 eV) is
Fig. 7. (a) Electronic spectra and (b) Tauc plot of [Cu(II)(TAAB)(H2O)
very similar to the one obtained by Tauc's model for the dopedmolecu-
larmaterial (2.4 eV); ideally, for the use of these semiconductor films in
optoelectronic devices, a band gap of less than 1.8 eVwould be expected
[34]. The films do not fulfill this requirement, but it is necessary to con-
sider that the separation of HOMO and LUMO energy levels also de-
pends on structural factors in the material, such as the alternation in
bond length and the degree of stacking of the electron donor and accep-
tor molecules [34]. The evaluation of the I–V behavior of the material
provides complementary information to establish the usability or non-
usability of this molecular material in optoelectronic applications.

The application of semiconductor molecular materials to different
classes of devices involving more than one compound, such as the
case presented in this work (Cu(II)TAAB and TCNQ derivatives), re-
quires that a general characterization of the device be made to provide
relevant information regarding the behavior of the material for device
use, as well as for manufacturing purposes. To determine the electrical
behavior of the semiconductor material presented here, a bulk
heterojunction-type glass/ITO/doped molecular semiconductor/Ag struc-
turewas built, using a glass substrate with a layer of the ITO transparent
conductor, which has a random texture and acts as a front contact or
anode, while the back contact or cathode was formed with a reflecting
Ag layer. For the electrode construction, it was taken into account that
those materials that are prone to hole injection behave as anodes,
while those prone to electron injection behave as cathodes. A bulk
heterojunction structure was chosen, due to the active layer that is
formed by the Cu(II)(TAAB) macrocycle and the TCNQ when joined by
hydrogen bonds, which provides a larger contact surface and higher ex-
citonic diffusion [40]. Additionally, the presence of hydrogen bonds
avoids the short-circuiting of the device by defining regions for selective
percolation of the charge carriers to the correct electrode. After the de-
vice was built, its electrical characteristics were measured and the I–V
relationship was analyzed to characterize the electrical behavior of the
devices. To carry out the I–V behavior evaluation, a collinear measure-
ment was carried out by applying four linearly arranged tips of equal
spacing to the two devices (1.59 mm), with a current being applied to
the outer tips, and a voltage measured at the inner tips. Fig. 8 shows
the I–V characteristics at room temperature for the precursor device
(Fig. 8a) and the doped molecular device (Fig. 8b) under the effect of
different types of electromagnetic radiation in the wavelength range
](TCNQ)2 and precursor [Cu(BzO4[16]octaeneN4)](NO3)2 films.

Image of Fig. 7
Image of Fig. 6


Fig. 8. I–V heterojunction measurements for (a) [Cu(BzO4[16]octaeneN4)](NO3)2, (b) [Cu(II)(TAAB)(H2O)](TCNQ)2.

165M.E. Sánchez Vergara et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 200 (2018) 158–166
between IR and UV, through visible radiation. It is worth mentioning
that, according to Fig. 8, radiation seems to have no effect in electric
charge transport; in all cases, the same current intensity was observed.
This is important because, if one intends to use these molecular mate-
rials in the manufacture of devices such as OLEDs or OFETs, electrical
transport should not be affected by the incident electromagnetic radia-
tion; on the other hand, their usefulness in the manufacture of OSCs
would be limited. The characterization of a photovoltaic device is car-
ried out by taking I–V measurements both in dark conditions (in
which case, the operation of the device would be analogous to that of
a rectifying diode), and in artificial lighting conditions simulating the ir-
radiation of the device by sunlight. When comparing the electrical
transport of the precursor heterojunction structure glass/ITO/Cu(II)
(TAAB)/Ag device with that of the doped semiconductor structure
glass/ITO/[Cu(II)(TAAB)(H2O)](TCNQ)2/Ag (Fig. 8a/b), a practically
ohmic behavior at low voltages is found in both cases but, in the case
of the intrinsic semiconductor, it is followed by saturation at about
3 V, whereas the doped semiconductor has a space-charge limited con-
ductivity (SCLC) current change for applied voltages above 8 V. The
doped semiconductor in glass/ITO/[Cu(II)(TAAB)/(H2O)](TCNQ)2/Ag be-
haves as a resistor with low charge mobility; the slope in the I–V curve
becomes smaller at higher field intensities, which could be related to
some form of charge trapping within the SCLC regime. The macrocycle
in this structure shows a significant orbital overlap because of the spa-
tial extent of the transition metal d-orbitals. The variations observed
in themagnitude of the electric currentmay be caused by the TCNQ spe-
cies in the macrocycle molecule. Apparently, the presence of the TCNQ
molecule favors electric charge transport through SCLC controlled by
an exponential trap distribution. Since the contact is ohmic in the vicin-
ity of the electrodes, spatial charges are formed, which oppose current
flow through the molecular material films at large enough applied
fields, leading to current saturation.

Electrical conductivity was evaluated at 298 K for each device. From
the I–V data, the electrical conductivity values (σ) for the devices were
determined from the following expressions [41]:

R ¼ V
I
and σ ¼ w

RtL

In these expressions, R is the electrical resistance of thematerial, t is
the thickness of the film, L is the length of the electrodes and w is the
distance between the electrodes. The results, which are presented in
Table 4, show that the doped semiconductor device has a higher con-
ductivity. Moreover, electrical conductivity values at room temperature
for both devices are slightly above the typical range for organic semi-
conductor materials (10−6 to 10−1 S·cm−1) [22] and about the middle
of such range for inorganic semiconductors (10−8 to 103 S·cm−1). This
is important because a molecular semiconductor is generally defined in
terms of its conductivity at room temperature, which is related to struc-
ture, stacking and orbital overlap. Notice as well that the impurities do
not seem to affect charge carrier mobility. The value of the band gap,
as obtained by the Tauc method and verified by the theoretical calcula-
tions, the ease of manufacturing simple thin-film devices of doped mo-
lecular semiconductor and the electrical conductivity values at 298 K
suggest that the molecular material doped from [Cu(II)TAAB]2+ and
TCNQ may be useful in organic electronic device production.

5. Conclusions

This work reports the doping of molecular material from the [Cu(II)
(TAAB)]2+ macrocycle and the TCNQ electronic acceptor. Both IR-
spectroscopy results and DFT calculations indicate that the Cu(II)
atoms are coordinated to the four nitrogen atoms of the macrocycle
along an equatorial orientation, and to one oxygen atom belonging to
a water molecule along the axial direction. Water molecules also form
hydrogen bonds through their hydrogen atoms: the first onewith a ter-
minal nitrogen atom in TCNQ, and the second between one of the termi-
nal hydrogen atoms from the outer phenyl ring of the TAAB and the
same terminal nitrogen atom in TCNQ. The films obtained by high-
vacuum evaporation show a homogeneous and predominantly
amorphous appearance, with the semiconductor molecular material
uniformly covering the zone between the source and collector elec-
trodes, and an optical band gap of 2.4 eV (confirmed by DFT calcula-
tions). Hydrogen bonds involving the TCNQ molecule have a
significant effect on the optical and electrical properties of the system.
Changes in the electrical properties are evident when fabricating a
bulk heterojunction-type structure, such as glass/ITO/Cu(II)(TAAB)
(H2O)](TCNQ)2/Ag, which allows us to evaluate its I–V behavior both
in the dark and in the presence of electromagnetic radiation from
bands ranging between IR and UV. The device shows ohmic behavior
at low voltages and SCLC at higher voltages; the doped semiconductor
material had room-temperature electrical conductivity values similar
to those of typical organic semiconductors. These properties suggest
that the material could be a suitable candidate for use in complex de-
vices related to the OLED, OFET and OSC families.
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