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A time-dependent density functional theory (TDDFT) approach coupled with 14 different exchange-correlation
functionals was used for the prediction of vertical excitation energies in zinc phthalocyanine (PcZn). In general,
the TDDFT approach provides a more accurate description of both visible and ultraviolet regions of the
UV-vis and magnetic circular dichroism (MCD) spectra of PcZn in comparison to the more popular
semiempirical ZINDO/S and PM3 methods. It was found that the calculated vertical excitation energies of
PcZn correlate with the amount of Hartree-Fock exchange involved in the exchange-correlation functional.
The correlation was explained on the basis of the calculated difference in energy between occupied and
unoccupied molecular orbitals. The influence of PcZn geometry, optimized using different exchange-correlation
functionals, on the calculated vertical excitation energies in PcZn was found to be relatively small. The influence
of solvents on the calculated vertical excitation energies in PcZn was considered for the first time using a
polarized continuum model TDDFT (PCM-TDDFT) method and was found to be relatively small in excellent
agreement with the experimental data. For all tested TDDFT and PCM-TDDFT cases, an assignment of the
Q-band as an almost pure a1u (HOMO) f eg (LUMO) transition, initially suggested by Gouterman, was
confirmed. Pure exchange-correlation functionals indicate the presence of six1Eu states in the B-band region
of the UV-vis spectrum of PcZn, while hybrid exchange-correlation functionals predict only five1Eu states
for the same energy envelope. The first two symmetry-forbidden nf π* transitions were predicted in the
Q0-2 region and in the low-energy tail of the B-band, while the first two symmetry-allowed nf π* transitions
were found within the B-band energy envelope when pure exchange-correlation functionals were used for
TDDFT calculations. The presence of a symmetry-forbidden but vibronically allowed nf π* transition in
the Q0-2 spectral envelope explains the long-time controversy between the experimentally observed low-
intensity transition in the Q0-2 region and previous semiempirical and TDDFT calculations, which were unable
to predict any electronic transitions in this area. To prove the conceptual possibility of the presence of several
degenerate1Eu states in the B-band region of PcZn, room-temperature UV-vis and MCD spectra of zinc
tetra-tert-butylphthalocyanine (PctZn) in non-coordinating solvents were recorded and analyzed using band
deconvolution analysis. It was found that the B-band region of the UV-vis and MCD spectra of PctZn can
be easily deconvoluted using six MCD FaradayA-terms and two MCD FaradayB-terms with energies close
to those predicted by TDDFT calculations for1Eu and1A2u excited states, respectively. Such a good agreement
between theory and experiment clearly indicates the possibility of employing a TDDFT approach for the
accurate prediction of vertical excitation energies in phthalocyanines within a large energy range.

Introduction

Phthalocyanines (Pc’s) belong to an important class of
macrocyclic compounds because of their wide range of applica-
tions that vary from their traditional use as blue or green dyes1

to new applications in catalysis,2 photodynamic therapy of
cancer,3 nanotechnology,4 and nonlinear optics.5 The majority
of these applications exploit the unique optical properties of
Pc’s, and thus a variety of spectroscopic techniques such as
UV-vis spectroscopy, magnetic circular dichroism (MCD), and

fluorescent as well as time-resolved fluorescent spectroscopy
were used in the characterization of the excited states of Pc’s
and their analogues. Among different Pc’s and their analogues,
PcZn is often used as a good starting model for the understand-
ing of phthalocyanine-based excited-state properties because of
the presence of a closed-shell d10 configuration of the central
atom (which simplifies UV-vis and MCD spectra due to the
absence of additional metal-to-ligand charge-transfer and ligand-
to-metal charge-transfer transitions) and the high symmetry (D4h)
of the complex.6

The first UV-vis data on transition-metal phthalocyanines
(PcM) were reported by Linstead and co-workers more than 60
years ago.7 Since then, spectra of different phthalocyanines,
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including the closed-shell zinc phthalocyanine complex (PcZn),
have been recorded at high temperatures in the gas phase,8,9 in
different solvents,10,11 in cryogenic matrixes at low tempera-
tures,12 and in supersonic jet expansions.13 The first spectral
assignments of PcZn were provided by Edwards and Gouterman
for the gas-phase high-temperature spectra in which the Q, B,
N, L, and C (earlier known as M) bands were identified in the
UV-vis spectrum.8 On the basis of PPP-CI calculations, it has
been suggested that the Q, B, N, and L bands consist of almost
pureπ-π* single-electron transition configurations,8 and this
idea was dominant for several decades after the original
publication until the first band deconvolution analyses for the
Q- and B-band regions in UV-vis and MCD spectra of PcZnL
complexes (L) pyridine, imidazole, or cyanide ligand located
in the axial position of the complex) were presented by
Stillman’s group in the late 1980s.10 The simultaneous analysis
of UV-vis and MCD spectra in the Q-band region (∼1.49-
2.48 eV) agreed well with the previously proposed model, while
that conducted for the B-band energy envelope (2.85-4.09 eV)
revealed two doubly degenerated states labeled as B1 and B2
that were represented by MCD FaradayA-terms. In 1995, the
same group provided a similar analysis for the low-temperature
UV-vis and MCD spectra of the [PcZn(CN)]- complex,
although this time the B-band region was deconvoluted using
five nondegenerate electronic transitions that were represented
in MCD spectra by FaradayB-terms.14 The change in degen-
eracy of the initial1Eu excited state was explained on the basis
of Jahn-Teller splitting. This explanation was later questioned
by Ricciardi et al. on the basis of time-dependent density
functional theory (TDDFT) calculations.15 Finally, very recently
the same group again adopted a “two doubly degenerate” states
model in the room-temperature UV-vis and MCD band
deconvolution analysis of the substituted PcZn complex.16 A
similar UV-vis and MCD band deconvolution analysis provided
by VanCott et al. for the PcZn complex isolated in an argon
matrix reveals the presence of at least three electronic transitions
(with at least one being vibronically coupled) in the B-band
region.12 Although both research groups agree that the B-band
energy envelope should consist of several electronic transitions,
the number and nature of excited states located in this region
remains uncertain. Another unanswered question belongs to the
presence of an electronic transition in the Q0-2 vibronic region.
An accurate UV-vis and MCD analysis of this spectral
envelope12 suggests the presence of a weak electronic transition,
which has never been confirmed computationally.

To gain insight into the nature of the excited states located
in the Q- and B-band regions of UV-vis and MCD spectra of
PcZn, PPP-CI8 and numerous semiempirical (primarily ZINDO/
S)17 calculations were conducted by several research groups
during the last two decades. In spite of the excellent agreement
between the nature and the composition of the most prominent
low-energy Q-band observed at ca. 1.86 eV, all of these methods
fail to accurately predict the nature, energy, and composition
of higher-energy transitions observed in the B-band region.
Recently, the TDDFT approach has been suggested as an
accurate method for the calculation of vertical excitation energies
in organic and inorganic compounds.18 The TDDFT methodol-
ogy provides a good compromise between accuracy and
computational efficiency as compared to the computationally
more expensive CASSCF,19 MRCI,20 and SAPT21 approaches.
In TDDFT, the entire spectrum is calculated in a single run,
and the computational costs are lower than those of the high-
level ab initio methods.22 Also, an extended basis set is often
not required. The applicability of TDDFT for calculating the

vertical excitation energies of porphyrins and related compounds
has been recently described in the literature.15,23 Moreover,
several papers on the calculation of electronic spectra of
transition-metal phthalocyanines, including PcZn, using the
TDDFT approach coupled with pure or hybrid DFT exchange-
correlation functionals have been published very recently, and
in general, the agreement between experimental observations
and calculated UV-vis spectra was better in the case of TDDFT
calculations in comparison to semiempirical approaches.15,23,24

In spite of the significant improvement in the prediction of
vertical excitation energies using TDDFT methods, the reliability
of such calculations was questioned in a very recent review,25

mostly due to the disagreement between proposed band decon-
volution models and transition energies calculated by the
TDDFT method for the B-band energy envelope. Another
interesting observation for TDDFT calculations on the PcZn
complex is that the calculated energy of the Q-band has always
been significantly overestimated. One of the possible reasons
for this observation can be a solvent effect. This effect was not
considered earlier in TDDFT calculations.15,23,24More impor-
tantly, all TDDFT calculations conducted on PcZn and its
analogues utilized either the pure local spin density approxima-
tion (LSDA) or the hybrid B3LYP exchange-correlation func-
tional, while the influence of the type of exchange-correlation
functional, and in particular, the amount of Hartree-Fock
exchange on the calculated vertical excitation energies have
never been targeted.

In this paper, we provide a detailed investigation of the
influence of molecular geometry, type of exchange-correlation
functional (in sight of the amount of Hartree-Fock exchange
involved in the calculation), and solvent effect on the calculated
vertical excitation energies in PcZn. The major question that
we address is whether or not modern TDDFT or polarized
continuum TDDFT model (PCM-TDDFT) methods can ac-
curately predict vertical excitation energies in aromatic mac-
rocyclic systems. To compare theoretical results with experi-
mental ones, we also conducted band deconvolution analyses
of UV-vis and MCD spectra of highly soluble zinc tetra-tert-
butylphthalocyanine in the absence of any axial ligands while
taking into consideration vertical excitation energies predicted
by TDDFT for PcZn.

Experimental Section

Materials. Zinc tetra-tert-butylphthalocyanine (PctZn) was
prepared using the literature procedure from commercially
available 4-tert-butyl phthalonitrile.26 Another sample of
PctZn was purchased from Aldrich Chemical Co. Both samples
show the same UV-vis and MCD spectra in the 250-1100
nm spectral region.

Computational Details. All geometries were optimized at
the DFT or semiempirical levels. The following methods and
basis sets were used in the case of DFT geometry optimiza-
tion: (i) Becke’s pure exchange functional27 coupled with
Perdew’s correlation functional28 (BP86); (ii) Becke’s three-
parameter hybrid exchange functional29 coupled with the Lee-
Yang-Parr nonlocal correlation functional30 (B3LYP); (iii)
Perdew, Burke, and Ernzerhof’s exchange functional along with
their 1996 gradient-corrected correlation functional (PBE1PBE).31

In all cases the standard 6-31G and 6-31G(d) basis sets32 on
zinc and all other atoms, respectively, were used. To investigate
solvatochromic effects in PcZn, molecular geometries were
again optimized using the above-mentioned exchange-correlation
functionals and basis sets, coupled with a self-consistent reaction
field method (SCRF), specifically, Tomasi’s PCM,33 in cyclo-
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hexane, benzene, methylene chloride, and dimethyl sulfoxide.
In all cases, frequency calculations were done on optimized
structures to confirm the local minima. DFT-predicted geom-
etries of PcZn were used in TDDFT or PCM-TDDFT calcula-
tions of vertical excitation energies using the exchange-
correlation functionals mentioned in the tables and figures below
and 6-31G and 6-31G(d) basis sets on zinc and all other atoms,
respectively. The choice of basis set belongs to the earlier
observation of the similarity between the calculated vertical
excitation energies in porphyrinoid compounds for 6-31G(d),
6-31G+(d), and 6-311+G(d) basis sets.23 In the case of the
SCRF PCM model, TDDFT calculations were conducted using
both nonequilibrium and equilibrium PCM solvation methods.
The lowest 40 vertical excitation energies were considered in
the case of all TDDFT calculations. At the semiempirical level,
vertical excitation energies in PcZn were calculated using
ZINDO/S34 and PM335 approaches considering all excitations
with energies lower than 9 eV. To test the effect of theπ-π
weighting factor on predicted transition energies in the ZINDO/S
method, three separate sets of calculations were performed on
the DFT- and ZINDO/1-predicted geometries withπ-π weight-
ing factors of 0.585, 0.640, and 0.649 (see Results and
Discussion section). All DFT and TDDFT calculations were
performed using the Gaussian 03 program,36 while all semiem-
pirical calculations were conducted using HyperChem 7.5
software.37 The atomic orbital contributions to their respective
molecular orbitals in PcZn were calculated using the VMOdes
program.38

UV-Vis and MCD Spectra. Room-temperature UV-vis
data were obtained on HP 8453 or Cary 17 spectrophotometers
using the appropriate solvents, which are indicated in the Results
and Discussion section. In all cases, spectra were recorded in a
235-900 nm spectral region with a data density of 1 nm per
point. MCD data were recorded using an OLIS DSM 17 CD
spectropolarimeter operating under OLIS GlobalWorks software
using a 1.4 T DeSa magnet. Spectra were recorded in dichlo-
romethane within a 235-900 nm spectral range. A data density
of 0.5 nm per point was used along with a 2 nmbandwidth and
0.4 s per data point. Four scans were averaged for data sets
acquired in parallel and antiparallel magnetic field alignments.
Final MCD spectra were smoothed using the fast Fourier
transform digital filter available in GlobalWorks software
provided by OLIS Inc.

Band Deconvolution Analysis.UV-vis and MCD spectra
of the PctZn complex were deconvoluted separately in both Q-
and B-band spectral envelopes using a global fit procedure. The
Origin 7.5 Pro program39 and Gaussian spectroscopic functions
were used in all cases. MCD FaradayB-terms were modeled
by Gaussian spectroscopic functions with positive or negative
amplitudes implemented into the Origin software. MCD Faraday
A-terms were modeled as a sum of negative and positive
Gaussian functions of equal amplitude and bandwidth. UV-
vis spectra of PctZn were deconvoluted using Gaussian func-
tions. In the case of global fits of UV-vis and MCD data, the
UV-vis and MCD band baricenters and bandwidths were kept

fixed, while band amplitudes were allowed to be adjusted to
obtain the best fit.

Results and Discussion

Optimized Molecular Geometries of PcZn in the Gas
Phase and Solution.All geometry optimizations on PcZn were
performed usingD4h symmetry40 with the most important bond
distances and angles for the gas phase and semiemperical and
solution optimized geometries listed in Table 1 and Supporting
Information Table 1, respectively, while the labeling scheme is
presented in Figure 1. Geometries optimized in solution varied
by less than 0.01 Å from their respective gas-phase-optimized
geometries in all cases. To compare the influence of PcZn
molecular geometry in the gas phase and solution on the
calculated vertical excitation energies, we performed geometry
optimizations using a pure (BP86) and two hybrid (B3LYP and
PBE1PBE) exchange-correlation functionals. We chose these
three functionals with 0%,∼20%, and∼25% of Hartree-Fock
exchange because it was recently pointed out that the optimized
bond distances and angles in metallocomplexes correlate with
the amount of Hartree-Fock exchange involved in the calcula-
tions.18,41,42 In agreement with this trend, the optimized bond
distances in the gas phase for PcZn become shorter when the
amount of Hartree-Fock exchange incorporated into the
exchange-correlation functional increases. The bond length
changes, however, are small (∼0.01 Å) and, as it will be shown
below, do not significantly affect the calculated vertical excita-
tion energies in PcZn. Similar bond distance and angle devia-
tions in the PcZn complex were predicted in solution (Support-
ing Information Table 1). The overall agreement between
optimized and experimentally determined structures of PcZn40

is excellent for DFT optimizations, while use of the ZINDO/1
Hamiltonian leads to a significant difference between calculated
and experimentally observed angles in PcZn.

Ground-State Electronic Structure of PcZn as a Function
of Exchange-Correlation Functional.In general, it was found
that the influence of the starting geometry on the calculated
electronic structure of PcZn is smaller in comparison to the
difference caused by the exchange-correlation functional used
in DFT calculations or the employed semiempirical method.
Thus, only calculations based on the B3LYP-optimized geom-
etry will be discussed in detail, although all data are listed in

TABLE 1: Comparison Between X-ray Crystallographically Determined and Optimized Bond Distances and Angles in PcZn

method Zn-N N-CR CR-Nmeso CR-Câ Câ-Câ CR-NZn-CR CR-Nmeso-CR

BP86/gas phase 1.994 1.385 1.339 1.466 1.420 109.0 123.8
B3LYP/gas phase 1.990 1.373 1.330 1.461 1.410 109.4 124.3
PBE1PBE/gas phase 1.982 1.366 1.326 1.456 1.405 109.4 124.2
ZINDO/1 1.980 1.381 1.346 1.452 1.424 107.0 125.4
experimentala 1.980(2) 1.369(2) 1.331(2) 1.455(2) 1.400(3) 109.1(2) 123.5(2)

a Data from ref 52.

Figure 1. Labeling scheme in PcZn.
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Supporting Information Tables 2 and 3. The frontier molecular
orbital diagrams and frontier molecular orbital compositions
calculated using a B3LYP-optimized geometry and 14 different
exchange-correlation functionals are shown in Figure 2 and are
listed in Supporting Information Table 2, respectively, while
the typical expanded molecular orbital diagrams for a pure
exchange-correlation functional, two hybrid exchange-correla-
tion functionals, a “half-and-half” hybrid exchange-correlation
functional, and the Hartree-Fock method are presented in
Figure 3. In all cases, zinc dxy, dz2, dxz, and dyz orbitals have
very low energies, and because they do not participate in
electronic transitions observed in the Q- and B-band spectral
envelopes, we will not discuss these below. The metal-centered
dx2-y2 orbital, however, has a significant contribution in the
predominantly pyrrolic nitrogen-centered nonbonding 11b1g

molecular orbital. The importance of this nonbonding orbital
in n f π* transitions will be discussed in the next section.

The phthalocyanineπ-system consists of 32 carbon and 8
nitrogen atoms and involves 42 electrons distributed over 21
occupied molecularπ-orbitals. In addition, 19 unoccupied
molecularπ-orbitals can, at least theoretically, participate in
π-π* transitions in PcZn. As an example, all 40π-orbitals
calculated using a B3LYP exchange-correlation functional and
the ZINDO/S semiempirical method are depicted in Supporting
Information Figures 1 and 2, while those playing an important
role in the formation of the absorption spectrum of PcZn in the
Q- and B-band regions are shown in Figure 4. According to
the classic Gouterman’s four-orbital model,8 the frontier mo-
lecular orbitals should beπ-orbitals of a1u, a2u (both occupied),
and eg (unoccupied) symmetries. In all DFT and semiempirical
calculations tested, the highest occupied molecular orbital
(HOMO) is indeed represented by a 2a1u π-orbital, while the
lowest unoccupied molecular orbital (LUMO) consists of
degenerate 7eg π-orbitals, which is in agreement with the classic
Gouterman’s four-orbital orbital scheme description. Both the
HOMO and the degenerate LUMO are energetically well-
separated from the other occupied and unoccupied molecular
orbitals, respectively. In excellent agreement with the earlier
observations,42 the HOMO-LUMO energy gap calculated at
the DFT level linearly correlates with the amount of Hartree-
Fock exchange involved in the calculations (Figure 5). Also,
the position of the 5a2u π-orbital in Gouterman’s model (we
will use the 5a2u orbital, which is the closest to the HOMO, as
representing Gouterman’s description, although, as it was
pointed out by Ricciardi et al., the situation is more compli-
cated)15 strongly depends on the employed exchange-correlation
functional or semiempirical method. Indeed, in the case of the
semiempirical PM3 and ZINDO/S methods, the a2u sym-
metry molecular orbital is HOMO- 1 as expected from
Gouterman’s four-orbital model. A similar situation was also
observed for Hartree-Fock calculations as well as “half-and-
half” (BHandLYP and BHandH) hybrid exchange-correlation
functionals, which involve 50% of Hartree-Fock exchange. A
decrease in the amount of Hartree-Fock exchange involved in
the DFT calculations below 25%, however, results in a
significant stabilization of the 5a2u orbital in comparison to the
3b2u and 6eg π-orbitals as well as the 11b1g and 9b2g nitrogen
lone-pair-based n-orbitals. As a result, the 5a2u orbital becomes
HOMO - 5 in the case of all tested hybrid exchange-correlation
functionals and HOMO- 6 in the case of pure exchange-
correlation functionals (Supporting Information Tables 2 and
3). More interestingly, all DFT calculations with pure and hybrid
(25% or less Hartree-Fock exchange admixture) exchange-
correlation functionals indicate the presence of a 3b2u symmetry
π-orbital between Gouterman’s 2a1u (HOMO) and 5a2u π-orbit-
als. The presence of this orbital results in a 3b2u f 7eg (LUMO)
symmetry-allowed transition with a lower excitation energy than
that of the 5a2u f 7eg (LUMO) transition, which will be
discussed in the next section. Also interesting, the relative
energies of 3b2u and 5a2u as well as Gouterman’s 2a1u and 5a2u

orbitals again linearly correlate with the amount of Hartree-
Fock exchange involved in the calculation (Figure 5). The slopes
of these two correlation lines, however, are different, which
results in a crossover between energies of the 3b2u and 5a2u

orbitals (Figure 5).
The most important (for the description of the Q- and B-band

region of UV-vis and MCD spectra of PcZn) n-orbitals are
the 11b1g, 9b2g, 19eu, 13a1g, and 18eu molecular orbitals
(Supporting Information Table 3 and Figures 3 and 6). A

Figure 2. Partial molecular orbital diagram of PcZn calculated at the
DFT level of theory. The HOMO (2a1u) energy is normalized to 0 eV.

Figure 3. Relative energies ofπ- and n-type molecular orbitals in
PcZn calculated at the DFT level of theory using pure (BP86), hybrid
(B3LYP and PBE1PBE), and “half-and-half” hybrid (BHandH) exchange-
correlation functionals along with the Hartree-Fock level of theory.
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“Hartree-Fock exchange dependency” similar to that observed
in the case ofπ-orbitals- was also observed in the case of the
predominantly nitrogen-based lone pair orbitals (Figure 3). For
instance, the energy difference between 2a1u (HOMO) and the
highest energy n-type (11b1g) orbitals linearly correlates with
the amount of Hartree-Fock exchange involved in the calcula-
tion (Figure 7). Indeed, the predominantly pyrrolic nitrogen-
based 11b1g orbital is actually HOMO- 1 when pure exchange-
correlation functionals were employed for the calculations, while
a significant stabilization of its energy was observed when
nonzero Hartree-Fock exchange was involved in the calcula-
tions. The major difference between the semiempirical and the
pure or hybrid DFT calculations is the relative energies of
nitrogen n-orbitals with respect to phthalocyanineπ-orbitals
(Figure 8). Indeed, n-orbitals were predicted to be significantly
more stable in the case of semiempirical, “half-and-half” hybrid
DFT, and pure Hartree-Fock calculations in comparison to their
energies calculated using pure or hybrid DFT exchange-
correlation functionals. In the latter case, relatively high-energy
nitrogen-based n-orbitals can result in a low-energy, symmetry-
forbidden, but vibronically allowed transition, which will be
discussed in the next section.

It is interesting to compare the DFT-calculated energies of
occupied molecular orbitals with the experimental UV photo-
electron spectroscopy (UPS) spectrum of PcZn (Figure 9).43 It
seems that all hybrid DFT exchange-correlation functionals,
probably, provide the best agreement between theory and the
well-known four-peak experimental ionization energy profile.
The molecular orbital energies calculated using pure exchange-
correlation functionals also agree well with experiment except
in the second peak area observed in the UPS spectrum of PcZn,
while the agreement between the molecular orbital energies
calculated at “half-and-half” hybrid, Hartree-Fock, and semiem-
pirical levels of theory and the experimental UPS spectrum is
significantly poorer. Finally, it was found that the electronic
structures of PcZn calculated in the gas phase and solution at
the same level of theory are very similar to each other and thus
will not be discussed in detail.

TDDFT- and PCM-TDDFT-Predicted Vertical Excita-
tion Energies of PcZn in the Q- and B-Band Energy Regions.
The major goal of this paper is to find out whether or not modern
TDDFT methods can accurately describe vertical excitation
energies in complex transition-metal molecules and, in particu-
lar, PcZn. Experimental UV-vis and MCD spectra of PctZn
are shown in Figure 10. Following the current classifica-
tion,12,17,25they can be divided into Q, B, N, L, and C regions,
out of which only the Q (∼1.49-2.23 eV) and B (∼2.85-4.09
eV) band spectral envelopes will be discussed in detail. In the
UV-vis spectrum of PctZn, the Q-band region consists of a
single intense band observed at 1.83 eV (677 nm), known as
the Q0-0 transition.6 This is followed by two bands at 1.91
(648 nm) and 2.03 eV (612 nm), which are usually described
as Q0-1 and Q0-2 vibronic satellites of the electronic Q0-0

transitions.6 In the MCD spectrum of PctZn, the Q0-0 band is
represented by a Faraday MCDA-term centered at 1.83 eV (677
nm), while the Q0-1 and Q0-2 vibronic satellites are represented
by Faraday MCDB-terms that are observed at 1.93 eV
(644 nm) and 2.02 eV (613 nm), respectively. The B-band
energy envelope (2.73-4.22 eV) in the UV-vis spectrum of
PctZn is represented by a broad asymmetric band centered at
3.57 eV (347 nm, Figure 10). This band can be seen as a Faraday
pseudo-A-term centered at 2.58 eV (346 nm) in the MCD
spectrum of PctZn. We will keep this simple description of the
UV-vis and MCD spectra of PctZn in the Q- and B-band
regions in this section, while a detailed deconvolution analysis
will be discussed later in this paper.

TDDFT Gas-Phase Calculations.Vertical excitation energies
for the Q- and B-band regions of the UV-vis and MCD spectra
of PctZn, listed in Supporting Information Tables 4 and 5 and
shown graphically in Figure 11, were calculated using a B3LYP-
optimized geometry and 14 different exchange-correlation
functionals. Similar to the molecular orbital energies discussed
in the previous section, the calculated vertical excitation energies
in PcZn show a prominent dependency on the amount of
Hartree-Fock exchange involved in the TDDFT calculations
(Figure 11). Overall, only vertical excitation energies calculated

Figure 4. Frontierπ-orbitals calculated at the DFT level of theory using the B3LYP exchange-correlation functional.
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using pure or hybrid exchange-correlation functionals provide
an acceptable agreement with experimental data, while those
calculated using “half-and-half” hybrid exchange-correlation
functionals or at Hartree-Fock levels of theory significantly
overestimate the transition energies. Next, a detailed analysis
of TDDFT-calculated vertical excitation energies of PcZn clearly
indicates that all results from pure and hybrid exchange-
correlation functionals can be combined into two separate
groups. Taking these groups into consideration and for the sake
of simplicity, a detailed analysis of vertical excitation energies
calculated using BP86 (pure exchange-correlation functional),
B3LYP (hybrid exchange-correlation functional with∼20% of
Hartree-Fock exchange), and PBE1PBE (hybrid exchange-
correlation functional with∼25% of Hartree-Fock exchange)
functionals is provided in Supporting Information Table 4, while
a complete comparative data set for all 14 exchange-correlation

functionals is shown in Figure 11 and tabulated in Supporting
Information Table 5.

In excellent agreement with the experimental data, only one
symmetry-allowed transition was predicted by the TDDFT
method in the case of the Q-band spectral envelope of PcZn.
Also in agreement with previously reported PPP,8 semiempiri-
cal,17 and TDDFT calculations15,23,24and in all cases, the Q0-0

transition can be described as a configurationally almost pure
electron excitation from 2a1u (HOMO) to 7eg (LUMO, Sup-
porting Information Figure 3). All tested pure, hybrid, and “half-
and-half” hybrid DFT exchange-correlation functionals slightly
overestimate the vertical excitation energy of the predominantly
2a1u f 7eg 11Eu excited state with errors of 0.16-0.21, 0.26-
0.29, and 0.23-0.27 eV observed for the pure, hybrid, and “half-
and-half” hybrid exchange-correlation functionals, respectively.
Analysis of these errors indicates a slightly better performance
of pure exchange-correlation functionals, although the error
ranges seen here are typical for the TDDFT approach and should
be considered as a good agreement between theory and
experiment. Interestingly, the time-dependent Hartree-Fock
method underestimates the vertical excitation energy of the first
excited state in PcZn by 0.25 eV.

The situation becomes more complicated when the B-band
spectral envelope is considered. Indeed, all pure exchange-
correlation functionals except vanVoorhis and Senserian’s
τ-dependent functional (VSXC)44 predict eight symmetry-
allowed electronic transitions in the B-band area (Supporting
Information Table 5 and Supporting Information Figure 3), and
these transitions are similar to those calculated by Ricciardi et
al. using the LSDA exchange-correlation functional and Slater-
type basis functions.15 Out of these excitations, the six most
intense belong toπ f π* transitions, while two transitions with
low intensity can be clearly attributed to nf π* transitions.
The lowest vertical excitation energy transition calculated in
the B-band region isπ f π* in nature and predominantly
belongs to the excitation of an electron from the 3b2u orbital to
the 7eg (LUMO) orbital. This transition has relatively low
intensity and is very important in the band deconvolution
analysis of UV-vis and MCD spectra of PctZn presented in
the next section. The next group of excited states includes two
π f π* transitions and one nf π* transition (Supporting
Information Table 5 and Figure 11). The major contributions
into the 31Eu and 41Eu excited states originate from the electron
excitations from the 5a2u and 2b1u orbitals to LUMO. The first
symmetry-allowed1A2u excited state was calculated between
3.07 and 3.16 eV and, as expected, has a low intensity. The
next calculated excited state (51Eu) belongs to the symmetry-
allowed, predominantly 2a1u f 8eg π-π* transition. 61Eu and
71Eu excited states have the highest TDDFT-calculated oscillator
strengths in the B-band region and predominantly originate from
1a1u or 4a2u electron excitations to 7eg orbitals. Finally, the
energy of the 21A2u excited state was calculated close to 71Eu.
Similar excited states were calculated using theτ-dependent
VSXC exchange-correlation functional, except the 21A2u excited
state has an energy outside of the B-band region. In the case of
all tested hybrid exchange-correlation functionals, six symmetry-
allowed excited states were predicted in the B-band spectro-
scopic envelope, which in general have higher energies in
comparison to those calculated using pure exchange-correlation
functionals. The first four excited states follow the same order
as in the case of pure exchange-correlation functionals. The
calculated energies of 51Eu and 61Eu excited states, however,
are switched in comparison to those calculations utilizing pure
exchange-correlation functionals. Finally, “half-and-half” hybrid

Figure 5. Linear correlation between energy difference of Gouterman’s
(A) 2a1u and 5a2u, (B) 5a2u and 3b2u, and (C) HOMO and LUMO orbitals
calculated at the DFT level of theory as a function of the amount of
Hartree-Fock exchange involved in the calculation.
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exchange-correlation functionals as well as the time-dependent
Hartree-Fock approach significantly overestimate vertical
excitation energies for the transitions located in the B-band
region.

To investigate the influence of the starting geometry of PcZn
on the calculated vertical excitation energies, we conducted
TDDFT calculations using one pure (BP86) and two hybrid
(B3LYP and PBE1PBE) exchange-correlation functionals on
two additional molecular geometries of PcZn optimized using
BP86 and PBE1PBE exchange-correlation functionals. It was
found that, although present, the effect of starting geometry
(when the same exchange-correlation functional was used in
TDDFT calculations) is rather small with typical deviations of
calculated vertical excitation energies of 0.03-0.05 eV. Interest-
ingly, the shortening of bond distances upon going from the
BP86-optimized geometry to B3LYP- and then to PBE1PBE-
optimized geometries results in a monotonic increase in the
TDDFT-calculated vertical excitation energies with the best
agreement between the experimental and the calculated Q-band
position observed when pure exchange-correlation functionals

were used for TDDFT calculations on the BP86-optimized
geometry (Figures 11 and 12).

PCM-TDDFT Calculations.It is well-known that the param-
eters in the semiempirical methods traditionally used in the
modeling of excited states of phthalocyanines already include,
to some extent, solvent-solute interactions.45 However, solvent
effects are not included in the gas-phase TDDFT calculations.
Inclusion of solvent effects in TDDFT calculations can signifi-
cantly improve the agreement between the experimental and
the predicted vertical excitation energies in transition-metal
complexes.46 Thus, it would be interesting to determine the
extent of solvent influence on the TDDFT-predicted vertical
excitation energies in PcZn. To clarify such an influence, we
calculated vertical excitation energies of PcZn using BP86,
B3LYP, and PBE1PBE exchange-correlation functionals in
several solvents. In each case, the geometry of PcZn was

Figure 6. Frontier n-type molecular orbitals calculated for PcZn at the DFT level of theory using the B3LYP exchange-correlation functional.

Figure 7. Linear correlation between the energy differences of 2a1u

and 11b1g orbitals calculated at the DFT level of theory.

Figure 8. Relative energies ofπ- and n-type molecular orbitals in
PcZn calculated at the semiempirical level of theory
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optimized using the PCM approach33 coupled with the same
exchange-correlation functional used in PCM-TDDFT calcula-
tions. The results of these PCM-TDDFT calculations show

similar trends and are graphically presented in Figures 12 and
13 as well as Supporting Information Figure 4. In all cases
tested, an increase of solvent polarity leads to a decrease in the
calculated vertical excitation energies and results in a better
agreement between theory and experiment. In general, the PCM-
TDDFT-predicted solvatochromic effect in PcZn was found to
be the largest for the Q-band. In the case of the nonequilibrium
PCM-TDDFT approach, the magnitude of the solvatochromic
effect calculated for the Q-band (0.01-0.03 eV) is in the perfect
agreement with the experimental data (Table 2). In the equi-
librium solvation PCM-TDDFT calculations, however, the
predicted magnitude of Q-band solvatochromism is slightly
overestimated (0.12-0.18 eV). Overall, it seems that PCM-
TDDFT calculations do provide, at least for the Q-band, a
slightly better agreement between the predicted and the experi-
mentally observed transition energies in comparison to the gas-
phase TDDFT approach.

Figure 9. Relative energies of molecular orbitals calculated for PcZn
at the DFT level theory. The energy of the HOMO is adjusted to the
position of the first peak observed in the UPS spectrum. The UPS
spectrum is adapted from ref 43.

Figure 10. Room-temperature experimental MCD and UV-vis spectra
of PctZn (10-5 mol/L) recorded in dichloromethane.

Figure 11. Comparison between gas-phase TDDFT-predicted vertical
excitation energies of PcZn and the experimentally observed UV-vis
spectrum of PctZn in dichloromethane.

Figure 12. Comparison between gas-phase (red bars) and solution
(cyclohexane, blue bars) TDDFT-predicted (BP86 EC functional)
vertical excitation energies of PcZn and its experimentally observed
UV-vis spectrum. Bars on the top indicate all predicted transitions,
while those on the bottom reflect calculated oscillator strengths. The
first degenerate symmetry-forbidden nf π* transition is indicated by
an arrow.

Figure 13. Comparison between gas-phase and PCM-TDDFT-
predicted (B3LYP EC functional) vertical excitation energies of PcZn
and the experimentally observed UV-vis spectrum of PctZn.
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Semiempirical PM3 and ZINDO/S Calculations.Next, it is
logical to compare the vertical excitation energies for PcZn
calculated using modern TDDFT and PCM-TDDFT methods
with those conducted at the semiempirical level. This compari-
son is especially important due to the fact that the band
deconvolution analysis provided by Stillman’s group until
recently was heavily dependent on the electronic structures and
vertical excitation energies calculated using semiempirical
methods. In the case of ZINDO/S calculations, we used both
recommendedπ-π overlap weighting factors (0.585 and 0.64)47

along with the recently suggested value of 0.649.48 We included
the lastπ-π overlap weighting factor because it was claimed
that its use significantly improves the agreement between theory
and experiment for calculated vertical excitation energies. The
energies of all bands calculated using the ZINDO/S method
heavily depend on the appliedπ-π overlap weighting factor,
as expected from the theory of this semiempirical approach. In
general, the larger the value of theπ-π overlap weighting
factor, the higher the calculated band excitation energy (Sup-
porting Information Table 6). The ZINDO/S-calculated energy
of the Q-band consisting of the almost pure 2a1u f 6eg transition
(note that at the semiempirical level the 6eg orbital set is the
LUMO) is in an excellent agreement with experimental data
for all three geometries tested as well as TDDFT and PCM-
TDDFT calculations. Thus, the largest deviations for the
calculated Q-band of 0.023, 0.034, and 0.036 eV for theπ-π
overlap weighting factors of 0.585, 0.640, and 0.649, respec-
tively, have been observed for PcZn using a molecular geometry
optimized at the B3LYP level (Supporting Information Table
6). The situation is quite different for the agreement between
theory and experiment in the case of the higher-energy B-band
energy envelope (Figure 14) of the PcZn spectrum. All three
tested ZINDO/S approaches for all geometries suggest the
presence of only a single band in this area, consisting of a 2a1u

f 7eg transition, while the expected B1 and B2 bands, consisting
predominantly of 2a2u f 6eg and 3b1u f 6eg transitions,
respectively, were calculated between 4.07-4.48 and 4.28-
4.71 eV. These calculated energies are outside of the B-band
range (Supporting Information Table 6 and Figure 14). The
calculated energy of the nf π* transition was found between
4.66 and 4.95 eV. Overall, the ZINDO/S method predicts six
intense degenerate transitions, which can contribute to the
intensity of the B-band region, but it should be pointed out that
the large absolute deviations from experimental values make
exact band assignments quite speculative. The calculated
intensity of the B1 band is significantly overestimated, but taking
into consideration that its predicted intensity is way above any
other predicted band in this region, it is relatively safe (following
assignments suggested by Stillman and co-workers) to assume
that the B1 band transition energy is overestimated by 0.327-
0.738 eV when the ZINDO/S method is used. This deviation is
a lower than the expected accuracy for any accurate computa-

tional method. The assignment of the B2 band on the basis of
ZINDO/S calculations is not straightforward. Indeed, four bands
with energies between∼3.35 and 4.96 eV have comparable
oscillator strengths and thus can be assigned to the B2 band.
The overall performance of the ZINDO/S method in the
calculation of the excitation energies in PcZn can be summarized
as follows: (i) the Q-band energy can be predicted very
accurately using any geometry andπ-π overlap weighting
factor tested; (ii) all calculated excitation energies in the UV
region are significantly overestimated, making it difficult to
assign experimentally observed bands to theoretically predicted
transitions; (iii) the average deviation for the whole spectrum
of PcZn primarily depends on the value of theπ-π overlap
weighting factor used, while the influence of starting geometry
is relatively small; (iv) unlike suggested earlier,48 an increase
in the value of theπ-π overlap weighting factor significantly
shifts the energies of UV bands, worsening the agreement
between theory and experiment.

The overall performance of the NDDO-based PM3 method
is slightly better in comparison to the INDO-based ZINDO/S
approach (Supporting Information Table 6). Indeed, in this case,
not only the Q-band, but also the B1 and B2 band positions are
acceptably close to experimental values, although, as it will be
discussed below, it is hard to believe that the B-band spectral
envelope consists of only two electronic transitions.

UV-Vis and MCD Band Deconvolution Analysis: Com-
parison between Theory and Experiment.The reliability of
TDDFT methods for the calculation of vertical excitation
energies in inorganic, organometallic, and macrocyclic systems
was widely discussed in the literature,18 and with respect to the
application of these methods to phthalocyanines and their
analogues, two opinions are currently present. Ricciardi et al.
advocate use of modern TDDFT methods for the calculation of
the vertical excitation energies in phthalocyanines, based on an
excellent agreement between calculated transitions and promi-
nent absorption bands observed for PcZn.15 Their calculations,
however, indicated five degenerate transitions present in the
B-band region of the UV-vis and MCD spectra of PcZn, while
the presence of such transitions was not confirmed experimen-
tally in band deconvolution analysis.10,14,16Mack et al., however,
in a very recent review indicated that TDDFT-predicted vertical
excitation energies for transition-metal phthalocyanines should
be used with great caution, again because their deconvolution

TABLE 2: Experimental and PCM-TDDFT-Predicted a

Q-Band Position in PctZn as a Function of Solvent

experiment

solvent
λ

(nm) E (eV)
B3LYP
E (eV)

BP86
E (eV)

PBE1PBE
E (eV)

hexaneb 672 1.85 2.02 (2.02) 1.90(1.90) 2.06 (2.06)
toluene 677 1.83 2.01
dichloromethane 678 1.83 2.01
DMSO 678 1.83 2.00 (1.86) 1.89 (1.78) 2.03 (1.88)
∆(hexane- DMSO) 0.02 0.02 (0.16) 0.01 (0.12) 0.03 (0.18)

a Equilibrium PCM solvation TDDFT energies are presented in
parentheses.b Cyclohexane was used as a solvent for PCM-TDDFT
calculations.

Figure 14. Comparison between the predicted at the semiempirical
level of theory vertical excitation energies of PcZn and the experi-
mentally observed UV-vis spectrum of PctZn.
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models are in disagreement with the TDDFT calculations.25 To
date, the majority of simultaneous band deconvolution analyses
of MCD and UV-vis spectra of PcZn and other divalent main
group transition metals belong to Stillman’s group, which uses
the home-made SIMPFIT program for data analysis.49 Interest-
ingly, the spectra deconvolution model for the B-band region
also evolves from this research group. Indeed, for the B-band
region, early UV-vis and MCD data for axially ligated PcZn
and PcMg complexes were fit using two degenerate and several
nondegenerate transitions.10,50 Later, the same group provided
a low-temperature analysis of UV-vis and MCD spectra of an
axially ligated PcZn complex and suggested the presence of
five nondegenerate transitions in the same spectral region.14

Finally, recently, the same group used again two degenerate
and a number of nondegenerate transitions in the UV-vis and
MCD band deconvolution analysis of fluorinated zinc phthalo-
cyanines.16 The question remaining open is whether or not it is
possible to receive a good fit of experimental data pertaining
to PcZn using TDDFT-predicted vertical excitation energies
while taking into consideration the amount of error that is typical
for TDDFT calculations. To address this question, we conducted
band deconvolution analyses of room-temperature UV-vis and
MCD spectra of the PctZn complex considering vertical excita-
tion energies predicted using BP86 and B3LYP exchange-
correlation functionals in tandem with a molecular geometry

optimized at the B3LYP level. We chose the PctZn complex to
gain experimental data because: (i) use of axially ligated PcZnL
complexes leads to a deviation of the central atom from the N4

plane and results in a lowering of effective symmetry of these
complexes fromD4h to C4V, while the influence of thetert-butyl
substituents on the effective symmetry in PctZn is negligibly
small, and thus, this complex retainsD4h symmetry with the
central atom being four-coordinated; (ii) axial coordination of
nitrogen bases or cyanide ion to PcZn, as was the case for
Stillman’s group, significantly affects the energies of electronic
transitions observed in the B-band spectral envelope. Indeed,
the B-band spectral envelope observed in the case of argon-
isolated PcZn and in the case of a room-temperature solution
of PctZn is located between 2.85 and 4.09 eV,12 while that
observed in PcZnL complexes was observed between 2.60 and
4.22 eV.10,14 More importantly, in the case of tetracoordinated
PcZn12 and PctZn complexes, the B-band region consists of a
single negative component of a MCD FaradayA-term, while
two negative components of MCD FaradayA-terms were
observed in the case of PcZnL complexes.10,14,16(iii) PctZn is
very soluble in a variety of non-coordinating solvents that are
transparent in a wide spectral range.

Q-Band Region.Band deconvolution analysis of the UV-
vis and MCD spectra of PctZn in the Q-band spectral envelope
is presented in Figure 15 and Table 3. The MCD spectrum was
deconvoluted using a single prominent FaradayA-term followed
by a series of positive FaradayB-terms with lower intensities.
In agreement with the previous assignments6,8,10,12,14and in
accord with our TDDFT and PCM-TDDFT calculations, the
strong Q-band observed at 1.83 eV in the UV-vis spectrum
and the FaradayA-term centered at 1.83 eV in the MCD
spectrum of PctZn can be clearly attributed to the 11Eu excited
state. The lower-intensity, higher-energy bands observed in the
Q0-1 and Q0-2 band regions of PctZn can be easily attributed
to vibronic progressions originating from the Q0-0 electronic
transition.6 Taking into consideration the experimental temper-
ature for acquisition of UV-vis and MCD spectra of PctZn, it
is hard to expect that additional information on such vibronic
transitions will be useful in future analyses.

The analysis of Huang et al. of Spol’ski matrix data51 as well
as a more recent UV-vis and MCD band deconvolution analysis

Figure 15. Band deconvolution analysis of UV-vis and MCD spectra
of PctZn in the Q-band region: experimental data, black line; cumulative
fit curve, red line; MCDA-term, blue lines; MCDB-term, green lines.

TABLE 3: Band Deconvolution Analysis Parameters for
PctZn in Dichloromethane

band
number

E
(eV)

λ
(nm)

∆a

(eV)
Faraday

MCD term

1 1.83 678 0.0280 A
2 1.90 653 0.0133 B
3 1.88 661 0.0105 B
4 1.92 644 0.0129 B
5 1.96 634 0.0150 B
6 1.98 625 0.0155 B
7 2.02 613 0.0161 B
8 2.06 602 0.0176 B
9 2.10 592 0.0322 B

10 2.19 566 0.0399 B
11 2.32 534 0.0614 B
12 3.02 410 0.0725 A
13 3.15 393 0.107 A
14 3.23 384 0.124 B
15 3.34 371 0.0748 A
16 3.50 354 0.127 A
17 3.61 344 0.202 A
18 3.83 324 0.172 A
19 4.15 298 0.112 B
20 4.36 284 0.0984 Ab

a Band half-width.b Part of the L-band spectral envelope
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of argon matrix data by VanCott et al.12 for PcZn suggested
the presence of an additional nf π* electronic transition in
the Q0-2 region at ca 2.05 eV. This transition was assigned to
a 19eu (Nmesolone pair)f 7eg (LUMO) excitation by VanCott
et al.12 as well as Mack and Stillman.17 The presence of the
lowestz-polarized 11A2u state in the Q0-2 region, however, has
never been confirmed computationally at either semiempirical
or TDDFT levels of theory. As mentioned above, the relative
energies of the predominantly nitrogen lone-pair-based molec-
ular orbitals are extremely sensitive to the theoretical method
and exchange-correlation functional (in the case of TDDFT
calculations) used in the calculations. In all DFT calculations,
the nitrogen-based 19eu molecular orbitals have energies well
below the HOMO and are within the energies of the occupied
π-orbitals that are involved in the formation of the B-band region
of the UV-vis and MCD spectra of PcZn. Not surprisingly,
the first TDDFT-calculated electronically allowed 11A2u state
was observed in the B-band region rather than the Q0-2 spectral
envelope. We would like to point out, however, that the HOMO
- 1 molecular orbital calculated using a DFT approach coupled
with pure exchange-correlation functionals is 11b1g, which
predominantly consists of pyrrolic nitrogen lone pairs. Accord-
ingly, an electronic transition from this orbital to the LUMO
(11b1g f 7eg) results in the 11Eg excited state with a predicted
energy close to that suggested by Huang et al. and VanCott et
al. for the position of the first nf π* band in the Q0-2 band
spectral envelope (Supporting Information Table 4). Although
the 11b1g f 7eg transition is electronically forbidden, coupling
of the 11Eg excited state with an eu symmetry fundamental
skeletal vibrational normal mode of the phthalocyanine core can
easily result in a weakz-polarized absorption band located in
the Q0-2 region, observed even at low temperatures. Taking into
account that TDDFT calculations with pure exchange-correlation
functionals give a closer (in comparison to the hybrid ones)
agreement between theory and experiment, we would like to
suggest that the band observed in the Q0-2 spectral envelope is
a vibronically allowed 11b1g f 7eg transition. Such an assign-
ment can, indeed, resolve the long-time disagreement between
experimental evidence of the presence of az-polarized band in
the Q0-2 band region and previous theoretical predictions.
Because it is difficult to prove experimentally to which of the
vibration modes thez-polarized absorption band located in the
Q0-2 region belongs to, it will be interesting to confirm our
assumption using more accurate quantum mechanical calcula-
tions in the future. So far, all CASPT2,52 SAC-CI,53 and DFT/
MRCI54 results published on phthalocyanine systems involved
calculations regarding onlyπ-π* transitions, while the high
computational cost of these methods along with the limited
computational resources did not allow us to obtain additional
insight into the energies of n-π* transitions of interest.

B-Band Region.Band deconvolution analysis of UV-vis and
MCD spectra of PctZn in the B-band spectral envelope is
presented in Figure 16 and Table 3. As mentioned above, UV-
vis and MCD spectra of PctZn are very close to those obtained
for PcZn in an argon matrix12 but differ significantly from those
of pentacoordinated PcZnL complexes described by Stillman’s
group.10,14It should be noted that the number and the nature of
excited states contributing to the B-band spectral envelope
remains unclear despite the large experimental effort provided
by several research groups. In the majority of band deconvo-
lution analyses conducted by Stillman’s group on PcZnL
complexes,10,16,17two FaradayA-terms were used in the B-band
spectral envelope, while VanCott et al.12 suggested the presence
of at least three electronic transitions in this region. Moreover,
low-temperature argon matrix experiments clearly indicate the
presence of vibrational progression for the lowest energy band
observed in the B-band region, and such progression has never
been taken into consideration by Stillman’s group in band
deconvolution analyses. Finally, the low-temperature band
deconvolution analysis of the [PcZnCN]- complex provided
recently by Stillman’s group14 resulted in five bands originating
from two Jahn-Teller splitted FaradayA-terms and a single
B-term, but this strategy was criticized later by Ricciardi et al.15

Indeed, it is hard to believe that the Q0-0 electronic transition
does not exhibit a small Jahn-Teller distortion, while similar
π f π* electronic transitions responsible for the observed1Eu

excited states in the B-band region do exhibit large (on the order
of 0.124 eV) Jahn-Teller distortions. Overall, reasonably
assuming the presence of vibronic bands for each allowed
electronic transition, the band deconvolution analysis of the
B-band spectral envelope is a very challenging task. This task
can be accomplished, however, if accurate methods for the

TABLE 4: Gas-Phase TDDFT-Predicted Vertical Excitation
Energies in PcZn Using Pure BP86 Exchange-Correlation
Functional and Centers of Experimentally Observed Bands
from Band Deconvolution Analysis

transition
BP86
E (eV)

experimental
E (eV)

1 1Eu 2.00 1.83
1 1Eg 2.15 2.02
2 1Eu 2.88 3.02
3 1Eu 3.09 3.15
4 1Eu 3.15 3.34
1 1A2u 3.16 3.23
5 1Eu 3.45 3.50
6 1Eu 3.50 3.61
2 1A2u 3.80 4.15
7 1Eu 3.82 3.83

Figure 16. Band deconvolution analysis of UV-vis and MCD spectra
of PctZn in the B-band region: experimental data, black line; cumulative
fit curve, red line; MCDA-term, blue lines; MCDB-term, green lines.
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prediction of vertical excitation energies in phthalocyanines and
related compounds can be found. Taking into consideration that
the TDDFT approach coupled with pure exchange-correlation
functionals gives very good agreement between theory and
experiment in the Q-band region, we tried to conduct band
deconvolution analyses of the B-band spectral envelope using
TDDFT-predicted vertical excitation energies as a starting
approximation. TDDFT calculations using a BP86 exchange-
correlation functional and a molecular geometry optimized using
the B3LYP method predict six degenerate1Eu excited states
and two nondegenerate1A2u excited states in the B-band region.
In the first attempt of a simultaneous band deconvolution
analysis, we have ignored all possible vibronic satellites of
electronically allowed transitions as well as the possible
vibronically allowedz-polarized band arising from the coupling
of the 21Eg excited state with an eu vibration of the phthalo-
cyanine core. Accordingly, the B-band spectral envelope was
deconvoluted using only six degenerate and two nondegenerate
transitions. In spite of the oversimplified model used for the
band deconvolution analysis, the agreement between vertical
excitation energies obtained theoretically and experimentally is
excellent (Table 4), suggesting that modern TDDFT methods,
indeed, can be used for the accurate prediction of absorption
spectra in complex macrocyclic systems. Of course, our initial
model can only serve as a proof of the concept. Indeed, addition
of the vibronic components to the allowed electronic transitions
observed in the B-band spectral envelope as well as considering
the presence of the 21Eg excited state in the low-energy limit
of B-band region will further improve the quality of band
deconvolution analyses in PctZn. The positions of these vibronic
satellites, however, are not clear and currently cannot be resolved
by spectroscopic methods, making an accurate experiment-based
band deconvolution analysis in the B-band region virtually
impossible. Of course, experimentally, it is hard to prove the
presence of eight electronic transitions in the B-band region
because of the severe overlap between these electronic transi-
tions and the presence of their vibronic components in this
spectral envelope. Such a severe overlap cannot be resolved
even in matrix-isolated samples in the low-temperature limit.
On the other hand, and consistent with the closely spaced
π-orbitals calculated at the DFT level, an excellent agreement
observed between calculated vertical excitation energies and
band energies used in the band deconvolution analyses allows
us to suggest the presence of numerous electronic transitions
in the B-band spectral envelope.

Conclusions

A TDDFT approach coupled with 14 different exchange-
correlation functionals was used for the prediction of vertical
excitation energies of zinc phthalocyanine (PcZn). In general,
the TDDFT approach provides a more accurate description of
both visible and ultraviolet regions of UV-vis spectra of PcZn
in comparison to the more popular semiempirical ZINDO/S and
PM3 methods. It was found that the calculated vertical excitation
energies of PcZn correlate with the amount of Hartree-Fock
exchange involved in the exchange-correlation functional. This
correlation was explained on the basis of the calculated
difference in energy between occupied and unoccupied molec-
ular orbitals. The influence of PcZn geometry, optimized using
different exchange-correlation functionals, on the calculated
vertical excitation energies in PcZn was found to be relatively
small. The influence of solvents on the calculated vertical
excitation energies in PcZn was considered for the first time
using a PCM-TDDFT method and was found to be small, in an

excellent agreement with the experimental data. For all tested
TDDFT and PCM-TDDFT cases, an assignment of the Q-band
as an almost pure 2a1u (HOMO) f 7eg (LUMO) transition,
initially suggested by Gouterman, was confirmed. Pure exchange-
correlation functionals indicate the presence of six1Eu states in
the B-band region of the UV-vis spectrum of PcZn, while
hybrid exchange-correlation functionals predict only five1Eu

states for the same energy envelope. The first two symmetry-
forbidden nf π* transitions were predicted in the Q0-2 band
region, while the symmetry-allowed nf π* transitions were
found within the B-band energy envelope when pure DFT
exchange-correlation functionals were used in TDDFT calcula-
tions. The presence of a symmetry-forbidden but vibronically
allowed nf π* transition in the Q0-2 spectral envelope explains
the long-time controversy between the experimentally observed
low-intensity transition in the Q0-2 region and previous semiem-
pirical and TDDFT calculations, which were unable to predict
any electronic transitions in this area. To prove the conceptual
possibility of the presence of several degenerate1Eu states in
the B-band region of PcZn, room-temperature UV-vis and
MCD spectra of PctZn in non-coordinating solvents were
recorded and analyzed using band deconvolution analysis. It
was found that the B-band region of the UV-vis and MCD
spectra of PctZn can be easily deconvoluted using several MCD
A-terms with energies close to those predicted by TDDFT
calculations for1Eu excited states. Such a good agreement
between theory and experiment clearly indicates the possibility
of employing a TDDFT approach for the accurate prediction
of vertical excitation energies in phthalocyanines within a large
energy range.
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