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Theoretical results for the electronic properties of the free base phthalocyanine monomeric and dimeric
species are presented. The binding energy for the most stable dimer (a parallel-displaced structure) is
12 kcal/mol. The calculations of the electronic excitation spectrum rely on the analysis of structures gen-
erated by Born-Oppenheimer Molecular Dynamics at 500 + 4 K (monomer) and 700 + 4 K (dimer). The

results for the absorption spectrum illustrate the importance of taking into account thermal broadening
and dimerization. The Q,-Q, band splitting is ~40 nm in reasonable agreement with the experimental

value of 64 nm at T=783 K.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

There is an increasing interest in the design of supramolecular
structures for organic photovoltaics and artificial photosynthesis
[1-5]. A particularly important class of species playing a central
role in these fields are porphyrins and phthalocyanines
[6,1,3,2,7]. However, for these species, some fundamental aspects
such as electronic absorption, dynamics of excitonic propagation
and charge transfer [8] are still not well understood [9]. One prob-
lem of interest concerns the role played by thermal effects and the
associated structural distortions of the phthalocyanine skeleton on
their electronic properties. Actually, the experimental absorption
spectra for the metal free phthalocyanine and their complexes with
several different metallic species [10] are, in many cases, for gas
samples at temperatures above 500 K [10,11]. Thermal effects are
therefore of fundamental importance to discuss, for example, the
location of the protons in the internal cavity of the free base phtha-
locyanine, a subject that was related to the anomaly of the free
base phtalocyanine electronic spectrum relative to metallized spe-
cies [10,12]. This anomaly was characterized by a Q,-Q, band split-
ting and by broadening of the Q, band with temperature [10].
Other issue that deserves a special attention concerns the role
played by aggregation, specifically, dimer formation on the elec-
tronic properties of phthalocyanines.
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Aggregation of large aromatic moieties is driven by dispersion
interactions [13-16]. Therefore a correct description of these inter-
actions is essential to determine the structures and electronic
properties of porphyrins and phthalocyanines aggregates. Theoret-
ical progress in the description of dispersion interactions has been
recently accomplished by including empirical corrections for the
dispersion interaction energy in density functional theory methods
[17-19] which can be applied to very large supramolecular com-
plexes [19].

Several works on the electronic properties of phthalocyanines
[20,12,21,24-27,22,23] and phthalocyanine dimers [28] were re-
ported. The present Letter, is however, dedicated to the study of
the dynamics and role played by thermal effects on the electronic
properties of metal free phthalocyanine. Focus is placed on the
relationship between the dynamics of phtalocyanine skeleton,
aggregation (dimer formation) [29,30] and the electronic absorp-
tion spectrum of free base phthalocyanine. The adopted theoretical
approach is based on the sequential analysis of the electronic prop-
erties for structures generated by Born-Oppenheimer Molecular
Dynamics (BOMD). The presentation is organized as follows. Ini-
tially, the adopted theoretical procedures are described. This is fol-
lowed by a discussion on the properties of gas-phase optimized
structures. Results relying on the sequential Born-Oppenheimer/
electronic structure calculations at temperatures close to the
experimental conditions are then discussed. Finally, the conclu-
sions stress the importance of taking into account aggregation
and thermal effects to investigate the electronic properties of
phthalocyanines.
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2. Computational details

The free base phthalocyanine monomer and dimers A and B (see
Figure 1) were optimized with the CP2K program [31]. The hybrid
Gaussian and plane-wave method GPW [32] as implemented in the
QUICKSTEP module [33] was adopted. Goedecker, Teter, and Hutter
(GTH) norm-conserving pseudopotentials [34] were used for repre-
senting the core electrons and only valence electrons were explic-
itly included in the quantum mechanical density functional theory
(DFT) calculations for the geometry optimizations and BOMD. DFT
calculations were carried with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [35] (the PBE calculations with
the GTH pseudopotentials will be represented as PBE[GTH]). An
empirical correction to dispersion interactions (D3) proposed by
Grimme et al. [18] was added to the PBE functional for the geom-
etry optimizations and BOMD. We adopted the GPW approach,
where Kohn-Sham orbitals are expanded into atom-centered dou-
ble-zeta-valence-polarization (DZVP) gaussian-type orbital func-
tions, whereas the electron density is represented with an
auxiliary plane-wave basis-set. A charge density cutoff of 280 Ry
was used for the auxiliary basis-set and the self-consistent-field
energy threshold for calculating the electronic density was 1077
Hartree. Geometry optimizations (monomer, and dimers A and B)
and BOMD (monomer and dimer-A) were carried in a cubic cell

of 22 A. Non-periodic boundary conditions with the Martyna-
Tuckerman Poisson solver [36] were adopted. Binding energies of
phthalocyanine dimers relying on all electron single-point energy
calculations with CP2K optimized geometries are also reported.
These calculations were carried out with the ORCA program [37].

BOMD was performed in the canonical ensemble with a velocity
scaling thermostat [38] and target temperatures T of 500 K (mono-
mer) and 700 K (dimer-A). In contrast with the results for gas-
phase optimized structures these high values of T (500 K for the
monomer and 700 K for the dimer) allows us to discuss thermal ef-
fects on the structure and electronic properties of free base phtalo-
cyanine and the temperature for the dynamics of the dimer (700 K)
is close to the experimental one (T=783 K) [ 10]. A timestep of 0.5 fs
was used. The total time of the BOMD run was 14 ps (28,000 steps).
The final average temperatures were 499 +4 (monomer) and
698 + 4K (dimer-A). A given number of configurations (equally
separated in time) from the last 6 ps of the BOMD run were se-
lected for the analysis of the structure and calculation of the elec-
tronic excitation spectra by using time dependent density
functional theory (TDDFT). A long-range correction scheme (LC)
proposed by likura et al., [39] was added to the PBE functional
(LC-PBE) for TDDFT calculations. The choice of the LC-PBE func-
tional was driven by a series of benchmarks with different func-
tionals (see Supplementary Material). It was verified that Qx-Q,

Figure 1. Optimized structures for the monomer (top) and dimers A (bottom left) and B (bottom right) of the free base phthalocyanine. For the monomer the N-H bond

distance is 1.02 A and the N;NsH, angle is 15.7°.
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band splitting, a fingerprint of the free base phthalocyanine
absorption spectrum [10], was semi-quantitatively reproduced by
using the LC-PBE functional. The choice of the LC-PBE is also sup-
ported by a recent investigation on the performance of several ex-
change-correlation functionals for predicting excitation energies
of organic molecules [40]. Excitation energies calculated with sev-
eral methods are presented in Supplementary Material. Consider-
ing the size of the system and the number of configurations
needed to ensure statistical convergence of the spectra (see below)
excitation energies were calculated with the Sttutgart-Dresden
pseudopotentials [41] and the Dunning’s D95 basis-set [42,43].
TDDFT calculations were carried out with the Gaussian-09 program
[44].

The calculations of the spectra were carried out by using a sub-
set of the configurations generated by BOMD. It was therefore
important to investigate the convergence of the excitation energies
with the number of configurations (N) included in the calculations.
Figure 2 (bottom panel) shows the behaviour of the first (low en-
ergy region) and 30th (high energy region) excitations with N.
These results are for the dimer-A and clearly indicate that conver-
gence for low energy excitations are attained for N > 70 configura-
tions. Convergence for the high energy excitation is observed for
N = 20. Convergence of the oscillator strength f with N is also illus-
trated in the top panels of Figure 2 and follows the same trends ob-
served for the excitation energies. Sequential analysis of the
configurations generated by BOMD will be mainly focused on the
calculations of the low energy excitation spectra. To represent
the spectra, TDDFT excitation energies and oscillator strengths
were convoluted by a Lorentzian distribution of 0.05 eV width.

3. Results and discussion

3.1. Gas-phase optimized structures, binding energies, and electronic
spectrum

The PBE-D3[GTH]/TZVP optimized structures for the D,, mono-
mer and dimers A and B of the free base phthalocyanine are shown
in Figure 1. Dimer-A is a parallel displaced structure of C; symme-
try with a distance of 4.58 A between the two monomeric planes.
The center-of-mass of each monomer will be denoted by X and
the X-X distance by d(X-X), which is 5.9 A for dimer-A. The rela-
tive displacement of the monomeric planes is 3.02 A. Dimer-B is
a perpendicular tilted structure and d(X-X) is 10.1 A. The tilt angle,
calculated as the angle between the X-X line and the monomeric
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Figure 2. Convergence of the excitation energies (bottom) and oscillator strengths
(top) with the number N of configurations from BOMD for dimer-A for the 1st (left)
and 30th (right) excitations.

plane is 12.0 degrees. The optimized structures of the free base
phthalocyanine keep some similarity with optimized structures
for van der Waals complexes including benzene and naphtalene
[45,16]. The dimer-A parallel displaced structure is also similar to
that one proposed for the 7-stacked Zn-porphyrin dimer [13].

Binding energies (BEs) are reported in Table 1. The binding en-
ergy for the most stable dimer (dimer-A) is 11.3 kcal/mol at the
PBE[GTH]-D3/TZVP level and no basis-set superposition error
(BSSE) correction. It is in reasonable agreement with the all elec-
tron PBE-D3/TZVP calculation (12.2 kcal/mol). For dimer-A, correc-
tions to BSSE are small with the TZVP (0.81 kcal/mol) and QZVP
(0.27 kcal/mol) basis-sets. Our best estimates for the binding ener-
gies rely on all electron PBE-D3/QZVP calculations and include cor-
rections to BSSE. They are 11.9 and 4.86 kcal/mol for dimers A and
B, respectively. Therefore, our results indicate that dimer-A (a par-
allell displaced structure) is much more stable than dimer-B (a per-
pendicular structure). We are not aware of theoretical calculations
for the binding energies of phthalocyanine dimers. Binding ener-
gies of van der Waals complexes were, however, the subject of sev-
eral works [13,16,19]. The binding energy for a parallel displaced
structure of the Zn-porphyrin dimer was reported as
11.7 £ 2.4 kcal/mol [13]. It is known that theoretical estimates of
binding energies for systems stabilized by dispersion interactions
are dependent on the adopted theoretical approach [16]. However,
the present DFT estimates are based on the introduction of an
empirical correction for the dispersion interaction [17]. In addition,
recent benchmarks of dispersion interactions using DFT on large
supramolecular systems [19] support the adequacy of the pres-
ently adopted approach to investigate binding energies of phthalo-
cyanines dimers. Vibrational energy corrections to the binding
energies were not taken into consideration and it is assumed that
their inclusion will not change significantly our conclusions con-
cerning the BEs and relative energies of the dimers. However, a dis-
cussion on the N-H stretching frequency in the phthalocyanine
internal cavity is presented in the next section.

The absorption spectra for the optimized structures of the
phthalocyanine monomer and dimers A and B are presented in Fig-
ure 3. A total number of 20 and 40 excitation energies were calcu-
lated for the optimized structures of the monomer and dimers,
respectively. Data for the peak positions and oscillator strengths
are also gathered in Table 2. For dimer-A the two lowest excitation
energies are 697.7 nm and 665.7 nm. These transitions are forbid-
den (oscillator strength close to zero). The next two excitations of
dimer-A (649.4 nm and 611.4 nm) are displaced to higher energies
in comparison with the results for the monomer (667.5 nm and
631.8 nm). In contrast with dimer-A, the low energy excitation re-
gion (4> 500 nm) of dimer-B shows two nearly degenerate excita-
tions (677.6nm; 669.8 nm and 638.7 nm; 631.9 nm) which
correspond to similar localized excitations on each monomer.

Table 1

Binding energies (kcal/mol) for dimers A and B of free base phthalocyanine. Geometry
optimized at the PBE[GTH]-D3/TZVP level. Binding energies without corrections to
BSSE are shown in parentheses.

Dimer A Dimer B
PBE[GTH]-D3/TZVP? (11.26) (5.51)
PBE-D3/TZVP" 11.99 (12.80) 4.92 (5.25)
PBE-D3/QZVP ° 11.94 (12.21) 4.86 (4.94)

¢ Geometry optimization with GTH [34] pseudopotentials.

b Single-point energy calculation with all the electrons and geometry optimized
at the PBE[GTH]-D3/TZVP level. The binding energy with BSSE correction for a
phthalocyanine dimer with monomers 1 and 2 was estimated as:
AE = E13[12] — E}?[12] — E3*[12], where E]2[12] denotes the energy of the monomer i
(i =1,2) calculated with the basis-set of the dimer (12) in the geometry of the
dimer [12]. The relaxation energy contribution for each monomer
AEg = E}[12] — E{[1] was neglected.
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Figure 3. Excitation spectra for the optimized structures of the monomer and
dimers A and B: comparison with experiment.

Table 2

Excitation energies (nm) and oscillator strengths (in parentheses) for the gas-phase
phthalocyanine monomer and dimers A and B. Average values and rmsd calculated
from BOMD configurations for the monomer and dimer-A are shown in italics.

Monomer Dimer-A ¢ Dimer-B Exp.”

667.5 (0.41) 649.4 (0.66) 677.6 (0.21); 669.8 (0.47) 686.0 (Qx)

696 + 10 674 + 10

631.7 (0.55) 611.4(0.89) 638.7(0.37)); 631.9 (0.77) 622.5(Q,)

656 + 10 633 £ 10

321.5(0.48) 318.9(0.67) 323.8 (0.34); 320.8 (0.58)  340.0 (B)
278.4(1.38)  283.4 (0.43); 281.6 (0.87)

281.6 (0.89) 270.8 (0.95); 275.9(1.18); 274.6 (1.49)

2744 (1.19) 270.2 (1.21) 280; 270 (N)

257.0 (0.08) 256.2 (0.16) 257.6 (0.11)

237.6 (0.54) 240.0 (L)

224.2 (0.29) 220; 210 (C)

? The two lowest excitation energies of the gas-phase optimized structure of
dimer-A (C; symmetry) are 697.7 nm and 665.7 nm. These transitions are forbidden
by symmetry.

b Experimental values from Edwards and Gouterman [10].

Moreover, these excitation energies are quite similar to those cal-
culated for the isolated monomer.

In comparison with the data for the optimized structures the
experimental spectra is characterized by an intense peak near
686 nm (Q,) and by the extension of the absorption region into
the low energy region above 700 nm. Other difference concerns
the Q.-Q, splitting that is ~38 nm for dimers A and B, whereas
the experimental value is ~64 nm. A good agreement between the-
oretical predictions and experiment for the peak positions associ-
ated with the different high energy bands is also observed.

It should be expected that inclusion of thermal effects improve
the theoretical results in comparison with experiment. However,
considering the significant difference between the binding ener-
gies of dimers A and B (7.0 kcal/mol), Born-Oppenheimer Molecu-
lar Dynamics were only carried out for the monomer (500 + 4 K)
and dimer-A (700 £ 4 K).

3.2. Thermal effects on the electronic absorption

The role played by structural distortions of the free base phtha-
locyanine skeleton induced by thermal effects on the electronic
properties is of fundamental importance to understand the elec-
tronic absorption spectra of these species [10,12]. Some specific
features characterizing the electronic spectra of free base phthalo-
cyanines are a strong dependence of the Q,-Q, splitting on the
environment as well as the anomalous broadening of the Q, band
with temperature [10]. In addition, porphyrins [46] and phthalocy-
anines [47] exhibit a great flexibility and deviations from planarity.

It should be expected that these effects are even more important at
high temperatures such as the ones where the electronic absorp-
tion spectra were measured [10] thus stressing the role played
by thermal effects on the electronic properties of phatalocyanines.
To investigate the relationship between structural distortions of
the free base phthalocyanine skeleton and their influence on the
electronic properties we first defined a set of geometric parame-
ters. Then we followed their time evolution accordingly to the
Born-Oppenheimer dynamics. By adopting thresholds for these
geometric parameters we can investigate the electronic spectra
for a subset of configurations corresponding to specific structural
distortions.

To discuss the relationship between the Q,-Q, splitting and the
internal H atoms position in the phthalocyanine central cavity we
defined the angles NNH between two outer N atoms of the macro-
cycle and one hydrogen atom (this angle is defined by the NAN5H2
or N5N4H1 atoms of Figure 1). Figure 4 illustrates the time evolu-
tion of NNH predicted by the BOMD of the phthalocyanine mono-
mer. When the two NNH angles are less than 10° the structure of
the internal cavity of the phthalocyanine monomer keeps some
similarity with the bridge configuration proposed by Schaffer and
Gouterman [12] (it should be observed that only <2% of the total
BOMD configurations satisfy this criterion). In a bridge configura-
tion, it is assumed that the each proton (H;, H,) is shared by two
neighbor N nuclei of the central cavity [10,12]. In agreement with
Schaffer and Gouterman [12] the present results indicate that dis-
tortions of the internal cavity leading to structures similar to a
bridge configuration effectively contribute to increase the Q,-Q,
splitting. This is illustrated in Figure 5, where we compare the
spectrum for the NNH threshold value with the full average spec-
trum for the monomer without no geometric constraints (BOMD)
and also with the experimental data [10]. The inset panel of
Figure 5 shows the dependence of the Q,-Q, splitting on the NNH
angle. The black squares represent the averages for a set of NNH
values in a 0.5° interval. Circles are the maxima and minima values
in the same interval. These results indicate a correlation between
the splitting and the proton positions. Moreover, it appears that
when NNH is <8.5° the Q,-Q, splitting is around 120 nm and for
larger NNH the splitting is around 70 nm. Although the Q,-Q, split-
ting is increased for nearly bridged configurations, these configura-
tions are present in small number and do not contribute in a
significant way to determine the average spectrum of free base
phthalocyanine. In addition, Q, for these configurations is strongly
red-shifted relative to the average spectrum and experimental
data. Based on the present results it seems more reasonable to as-
sume that the observed Q,-Q, splitting is mainly determined by a
complex set of structural distortions induced by thermal effects.
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Figure 4. Time evolution of NNNH dihedral angle and NNH angle (see Figure 1) for
the phthalocyanine monomer.



B.J.C. Cabral et al./Chemical Physics Letters 595-596 (2014) 97-102 101

— Exp N
L NNH < 10 Degrees oS g 150 ‘;
- NNNH > 23 Degrees % £ r
0.8H—_Bomp ' 100 j"+ AN
I sl
2 | L
= T I 1
g Q" 07 75 8 85 9 95
&;_:. 0.6~ NNH/Degrees
5 L
51
N
S 044
E
© -
Z
0.2
== ] 1
500 600 700 800 900

A/nm

Figure 5. Influence of structural distortions on the low-energy absorption spectrum
of free base phthalocyanine monomer. The inset panel illustrates the dependence of
the Q,-Q, splitting on the NNH angle (see Figure 1).
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Figure 6. Time evolution of the NH bond in the central cavity (left) and frequency
distribution (right) in the phthalocyanine monomer.

Deviations of the H atoms in the internal cavity from the NNN
plane can be discussed by defining a dihedral NNNH angle involv-
ing two pyrroles and one aza group (this angle is defined by the
N1N2N3H2 or N3N2N1H1 atoms in Figure 1). The time evolution
of NNNH is shown in Figure 4 (bottom panel). We adopted the con-
vention that significant deviations from planarity (NNNH~ 0) take
place when at least one of the NNNH angles fulfills the condition
abs (NNNH) > 23°. The excitation spectrum for the subset of con-
figurations satisfying this criterion is also shown in Figure 5. These
configurations contribute to reinforce an absorption peak at
~680 nm. In contrast with the results for the full average spectrum,
the absorption peak at ~640 nm is not observed and a shoulder in
the low energy region close to 750 nm is now present. Therefore,
deviations of NNNH from planarity in the internal cavity of the free
base phthalocyanine contribute to enhance electronic absorption
at lower energies.

The time evolution of the N-H bond [d(N-H)(t)] in the internal
cavity of the phthalocyanine dimer-A is illustrated in Figure 6 (left
panel). The average value is 1.03 + 0.03 A, which can be compared
with the N-H bond distance observed for the gas-phase optimized
structure (1.02 A). The right panel shows the distribution of the
v(N—H) stretching frequency that was calculated as the Fourier
transform of the average velocity autocorrelation function defined
as Caa(t) =< A(DA(t:)/A(t)A(t;) > where A = & t; a time origin, and
x=d(N-H). A similar procedure was recently applied to calculate
the vibrational frequencies of chlorophyll-c; in liquid methanol
[48]. This distribution shows a peak near 3300 cm~', which is the

value observed for the N-H stretching frequency in different sys-
tems [49].

The structural dynamics of the phthalocyanine dimer will re-
flect thermal effects as well as the dispersion interactions between
the monomers. The time evolution of d(X-X), the distance between
the nomomers center-of-mass X, is represented in Figure 7 for a
4 ps window. These distances are in the 4.5-5.5 A range and their
distribution is associated with significant distortions of the phtha-
locyanine skeleton. Deviations of the phtalocyanine fragments
involving the pyrrole group from the planar situation observed in
the monomeric optimized structure can be estimated through
the introduction of a dihedral angle (CCH-X) between the CCH
plane of pyrrole and the H-X vector (C1C2H1 atoms of Figure 1
and the coordinate X). When CCH-X = +180° for one specific pyr-
role fragment, an orientation similar to the planar situation can
be assumed. The time evolution of this angle is also shown in Fig-
ure 7 (bottom panel) and the results show deviations of up to ~60°
from the planar situation. Actually, different criteria can be defined
to discuss the distortions of the phthalocyanine skeleton relative to
the gas-phase optimized structure and the qualitative nature of the
present analysis should be stressed.

The low-energy electronic excitation spectra for the monomer
and dimer-A of phthalocyanine calculated by using a selected set
of 140 configurations generated by BOMD is shown in Figure 8,
where they are compared with the spectra for the optimized struc-
tures (monomer and dimer) and with experiment. Average values
calculated by using BOMD configurations are also gathered in
Table 2. Comparison between the results for the monomer (at
T=500%4K) and dimer (at T=700+4K) shows a good agree-
ment. The theoretical Q,-Q, splitting for both the monomer and di-
mer is ~40 + 14 nm, which is ~24 nm below the experimental
value (63.5 nm) [10]. For both the monomer and dimer, thermal ef-
fects lead to a shift to lower energies and to a significant broaden-
ing of the spectra. It should be noticed that structural distortions
induced by thermal effects may contribute to broad of the low en-
ergy band of dimer-A. The two lowest excitation energies of the
optimized gas-phase dimer-A are forbidden by symmetry (see Ta-
ble 2). However, they become allowed for the structures generated
by BOMD.

In general, a good agreement with experiment is observed for
the results relying on averages over BOMD configurations. In addi-
tion, our results suggest that the main features characterizing the
low energy range of the electronic absorption spectrum of free
base phthalocyanine may be interpreted by assuming the presence
in the vapour phase of dimeric species stabilized by dispersion
interactions. The influence of dimers in the absorption spectra of
phthalocyanines was discussed by Dhami et al. [30]. Some
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Figure 7. Time evolution of the distance between the phthalocyanine center-of-
mass for dimer-A (top); time evolution of the CCH-X dihedral angle for the
monomer in dimer-A (see C;C;H;-X of Figure 1).
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particular features associated with dimerization are the broaden-
ing of the Q, band and the presence a new band at the red edge
of the spectrum. Our results are in keeping with these experimen-
tal findings [30].

4. Conclusions

The role played by thermal effects and dimerization on the elec-
tronic properties of free base phthalocyanine was investigated
through a sequential BOMD/TDDFT approach. Our results for the
binding energies of phthalocyanine dimers, mainly for the parallel
displaced dimer-A, bound by 12 kcal/mol, indicate that this species
could be present even at the high temperature (776 K) at which the
experimental absorption spectrum was measured [10]. This con-
clusion is supported by the good agreement between the theoret-
ical excitation spectrum for dimer-A and the experimental data.
Thermal effects lead to important distortions of the phthalocyanine
skeleton at high temperatures. The distortions are characterized by
deviations from the planarity characterizing the gas-phase opti-
mized structures. The theoretical spectra of free base phthalocya-
nine, for both the monomer and dimer-A are significantly
broadened in the low energy region in comparison with the exper-
imental data [10].

In agreement with previous investigations on the relationship
between the proton’s position in the internal cavity of phthalocya-
nine and the Q-band splitting, it was verified that structures simi-
lar to the bridged structures proposed by Schaefer and Gouterman
[12] lead to a significant Q,-Q, splitting. However, these structures
are present only in a small fraction of the total BOMD configura-
tions. Consequently, our results suggest that the Q-band splitting
in free base phthalocyanine is enhanced by thermal effects and it
is actually determined by a complex set of structural distortions.
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