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The accurate prediction of vertical excitation energies is very important for the development of new materials
in the dye and pigment industry. A time-dependent density functional theory (TD-DFT) approach coupled with
22 different exchange-correlation functionals was used for the prediction of vertical excitation energies in the
halogenated copper phthalocyanine molecules in order to find the most appropriate functional and to determine
the accuracy of the prediction of the absorption wavelength and observed spectral shifts. Among the tested
functional, B3LYP functional provides much more accurate vertical excitation energies and UV-vis spectra.
Our results clearly provide a benchmark calibration of the TD-DFT method for phthalocyanine based dyes and

pigments used in industry.
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Introduction

Phthalocyanines'™ are a class of compounds that have
received a great deal of interest in recent years as the second
most important class of colorant because of their tinctorial
power and superior properties such as outstanding stability
to light, heat, acids and alkalis, and copper phthalocyanine is
the single largest-volume colorant sold. In addition, their
absorption may be extended into the near infrared by suit-
able chemical engineering.”'* The properties and effects of
these infrared-absorbing phthalocyanines are diverse and
cover many important hi-tech applications, including photo-
dynamic therapy, optical data storage, reverse saturable ab-
sorbers and solar screens. The majority of these applications
exploit the unique optical properties of phthalocyanines, and
thus a variety of spectroscopic techniques such as UV-vis
spectroscopy, magnetic circular dichroism (MCD), and
fluorescent as well as time-resolved fluorescent spectro-
scopy were used in the characterization of the excited states
of phthalocyanines and their analogues.

For the prediction of the optical properties of phthalo-
cyanines, especially vertical excitation energies, several
methods have been used, such as the Pariser-Parr-Pople
(PPP)">'® method, the semi-empirical CNDO/S'” and INDO/
S'® methods, and time-dependent density functional theory
(TD-DFT).!*?! Further accuracy, beyond that achieved using
semi-empirical methods, is needed for the design of new
dyes and pigments. Recently, the TD-DFT method correctly
reproduced the visible absorption of large organic molecules
as well as dyes and pigments.”? Although TD-DFT methods
significantly improve the prediction of vertical excitation
energies, the type of exchange-correlation functionals should
be considered for the reliability of TD-DFT methods.

In this work, we present an analysis of the structure and
optical properties of the halogenated copper phthalocyanine

(no,mB(Hal)-CuPc) molecules using TD-DFT method coupled
with 22 different exchange-correlation functionals including
long-range corrected (LRC) functionals according to the
variation in the substituted halogen atom species (Hal = Cl
or Br) at the o and P positions of isoindole ring with
different number (n and m = 0, 4, 8 or 16) in order (i) to
determine the most appropriate functional; (ii) to determine
the accuracy with which TD-DFT can predict the absorption
wave-length of phthalocyanine based pigments; (iii) to
determine the ability of TD-DFT to reproduce spectral shifts
observed. We have compared the calculated absorption
spectra with the experimental data for the conventional
phthalocyanine blue and green pigments, Bluel5, Green7,
and Green36. Bluel5 is a complex of copper with phthalo-
cyanine and Green7 and Green36 are synthesized by re-
placing most of the hydrogen atoms of Bluel5 with halogen
atoms (chlorine and bromine). We believe that the present
results are important for the practical application of computer-
aided materials design using phthalocyanines and their ana-
logues.

Computational Details

In this work, vertical transition energies were evaluated at
the TD-DFT level of theory. The lowest-lying 40 core mole-
cular orbitals which are attributed to 1S orbitals of carbon
atoms are excluded in the TD-DFT calculations. And 80
excited states are calculated to obtain the UV-visible ab-
sorption spectrum with the range of wavelength from around
380 nm. We have compared the performance of widely used
22 DFT functionals — local density approximation (LDA)
(SVWN#) pure generalized gradient approximation
(GGA) (BLYP® PW91, PBEPBE,”” BP86,® VSXC?),
hybrid GGA (B3LYP,**! B3PW91, B3P86, B98, BILYP,
mPWPW913? PBEIPBE, BHandHLYP,>® and BHandH),



A Benchmark Calibration of the TD-DFT Methods

B porp
o aora’
Hal=Cl or Br
4a(Hal)CuPc 4f(Hal)CuPc
4o 4p(HaI)CuPc ; 4a,4p'(Hal)CuPc 8a(Hal)CuPc ; é 8p(Hal)CuPc
16(Hal)CuPc

40,8p(Hal)CuPc  8a,4B(Hal)CuPc

’

8B(Cl)8a(Br)CuPc

4a',4s'(C|j4a, 4p(Br)CuPc

40,4p(Cl)4c’, 4'(Br)CuPc 8a(C1)8B(Br)CuPc

Figure 1. Structures and abbreviations of copper phthalocyanine
(CuPc) and halogenated copper phthalocyanine molecules (no.,mf3
(Hal)-CuPc) in this study.*?

and long-range corrected DFT(CAM-B3LYP,** LC-BLYP,
LC-OLYP, LC-PBEPBE, LC-wPBE, LC-TPSSTPSS, and
LC-tHCTH)* functionals- for the TD-DFT calculation. In
addition, we have considered the amount of Hartree-Fock
exchange for the hybrid GGA functional from 20% to 50%.
In this TD-DFT calculation, we have used the structures
optimized at B3LYP/SDD level of theory, where the
Stuttgart/Dresden double-( (SDD)***7 basis sets was used
because Pople-type basis set does not support for bromine
atom at the double-C level, such as 6-31G. The SDD basis
sets treat 10 core electrons of the chlorine and bromine
atoms and 28 core electrons of the copper atom with an
effective core potential (ECP), and contract the valence basis
sets from (8s7p6d) primitive sets to (6s5p3d). The effective
core approximation includes relativistic contributions which
become significant for the heavy atoms. In addition, because
copper atom has unpaired electron, all calculations have
been expanded to an unrestricted open-shell treatment.
Vibrational frequency analyses have been carried out for all
optimized no,mPB(Hal)-CuPc structures at the same level of
theory. All of the geometry optimization, vibrational fre-
quency and TD-DFT calculations were carried out with
GAUSSIAN 03%* software.

Results and Discussion

Structure and Energy of na,mpB(Hal)-CuPc. The na.,
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Figure 2. UV-visible absorption spectra of CuPc, 16(Cl)CuPc, and
4B(C1)8a.,4B'(Br)CuPc molecules. The red dotted box and the
green shadow box indicate the visible region and the green trans-
mission region, respectively. CuPc, 16(CI)CuPc, and 4p(Cl)8a.,
4B'(Br)CuPc indicate commercial Bluel5, Green7 and Green36
pigments respectively.*?

mf(Hal)-CuPc molecules are designed by replacing peri-
pheral hydrogen atoms of copper phthalocyanine (CuPc)
molecule with different number (n and m = 0, 4, 8 or 16) of
substitutuents (Hal = Cl or Br) at the o and B positions of
isoindole ring, and then we consider symmetry adapted
conformational isomers as shown in Table 1 and Figure 1. If
the halogen atoms are simultaneously substituted to o and o'
sites, the na,mPB(Hal)-CuPc molecules may be deformed due
to an interaction between substituted halogen atoms. As we
will show later, the ability to quantify the out-of-plane
deformations making up the distortion is crucial to obtaining
an explanation of why large red-shifts are seen for the

Table 1. Designed halogenated copper phthalocyanine molecules
(no.,mP(Hal)-CuPc)”

N' Models

4o(Hal)*CuPc
1 4B(Hal)CuPc
(Can)’
40,4B(Hal)CuPc
40.,4B'(Hal)CuPc
2 8B(Hal)CuPc
8a(Hal)CuPc
(Dan or Dag)

B Borp’

40,8B(Hal)CuPc
3 8o,4P(Hal)CuPc 4
(Can, Cyor &)

16(Hal)CuPc

(Dan, Dy or Dag)

40,4B(Cl4a,4B'(Br)CuPc
40,4B'(ChH4a,4B(Br)CuPc
8a(C)8B(Br)CuPc
8B(C1)8au(Br)CuPc
(C4h, Cyor S4) (C4h, Gy or S4)
“All structures of copper phthalocyanine and halogenated copper
phthalocyanine molecules in this study are listed in Figure 1. The
abbreviated notations follow ref. 14. “Number of halogen atoms per each

isoindole fragment. “Hal = Cl or Br. “The available symmetry. “Isoindole
fragment has Cl and Br atoms without hydrogen atom.

4 4a(Ch4a',8B(Br)CuPc
(Mixed 4B(CD8a.,4p'(Br)CuPc
form)®
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nonplanar na.,mB(Hal)-CuPc molecules.

Relative energies of the no.,mp(Hal)-CuPc molecules for
different types of structures are listed in Table S1 in the
Supporting Information. The no,mp(Hal)-CuPc molecules
containing halogen atoms, up to three at each isoindole ring,
prefer a planar structure by avoiding simultaneous sub-
stitution at the o and B' sites. Otherwise, if the no,mp(Hal)-
CuPc molecules are deformed, the saddle structure is ener-
getically more stable than the planar or propeller structures.
The energy difference is found to be larger for bromine (AE
> ~4.0 kcal/mol) than chlorine (AE < ~2.0 kcal/mol). The
relative energy has been also investigated for mixed all halo-
genated no,mB(Cl)n'o,,m'B(Br)-CuPc molecules in Table S2
in the Supporting Information. All no,mB(Clhn'c.,m'(Br)-
CuPc molecules are stable in the deformed saddle structure,
and it is likewise for the 16(Hal)CuPc molecules. Well-known
commercial Bluel5, Green7 and Green36 pigments respec-
tively correspond to CuPc, 16(Cl)CuPc and 4B(C1)8c.,4p'(Br)-
CuPc in our notation. It implies that the nonplanar defor-
mation of the tetraazatetrabenzoporphyrin chromophore
plays an important role in the manufacture of the commer-
cial dyes and pigments.

Optical Properties of no,mp(Hal)-CuPc. Colored pig-
ments which look green are characterized by two absorption
maxima at 400-450 nm and 580-700 nm in the UV-visible
absorption spectrum, and the other part of the light is
transmitted. On the other hand, blue colored pigments have
one absorption maximum in the long wavelength region,
600-700 nm. If we remember that Green7 and Green36
pigments are achieved by halogenation of the Bluel5
pigment, it can be recognized that the halogenation leads to a
change of the UV-visible absorption spectrum by the non-
planar deformation. Figure 2 shows the UV-visible absorption
spectra of CuPc, 16(Cl)CuPc, and 4B(Cl)8a.,4p'(Br)CuPc
molecules, which are Blue15, Green7 and Green36 pigments
respectively. Bluel5 has two absorption maxima, the Soret
and Q bands. Each band is located in the UV region, ~340
nm, and the visible region, ~600 nm, respectively. Compared
to Bluel5, Green7 and Green36 show large red-shifts of the
Soret and Q bands. The shift is twice as large for the Soret
band than the Q band, which thus moves the Soret-band to
the visible region, 400-450 nm.

As mentioned in the previous computational details, the
UV-visible absorption spectra have been calculated with 22
different DFT functionals (LDA, pure GGA, hybrid GGA,
and LRC-DFT functionals) in comparison with experimental
spectra for Bluel5, Green7 and Green36 pigments in Figure
3. In the case of hybrid GGA functionals, several types of
functionals are available depending on the ratio of Hartree-
Fock exchange, from 20% to 50%. The amount of Hartree-
Fock exchange affects the difference in energy between
occupied and unoccupied molecular orbitals, which deter-
mines vertical excitation energies. Here, we considered 20%,
21.98%, 25% and 50% of Hartree-Fock exchange. Previous
literatures also reported the performance of DFT functionals
for phthalocyanine and porphyrin based molecules and they
addressed LDA and pure GGA functionals have a good
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Figure 3. Calculated UV-visible absorption spectra of (a) CuPc
(Bluel5), (b) 4B(Cl)8a.,4B'(Br)CuPc (Green36), and (c) 16(Cl)-
CuPc (Green7) at DFT level of theory with 22 different functionals
(LDA, pure GGA, hybrid GGA, and LRC-DFT functionals) and
experimental spectrum. Experimental absorbance is converted
from transmitance data by Beer-Lambert law, A = log(1/T), where
A = absorbance and T = transmitance.*’

agreement with experimentally observed UV-visible absorp-
tion spectra.’”*! However, the previous researches could not
consider the halogenation effect, such as electronic and
structural influence. In contrast, na,mB(Hal)-CuPc molecules
allow us to find the most appropriate functional and to
determine the accuracy of the prediction of the absorption
wave-length and observed spectral shifts. To compare the
calculated absorption spectra with the experimentally observed
transmittance, we converted the experimental transmittance
to absorbance by Beer-Lambert law, A = log(1/T), where A
= absorbance and T = transmittance.*

The calculated UV-visible absorption spectra of CuPc
(Bluel5) in Figure 3(a) shows all functionals except LRC-
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Figure 4. UV-visible absorption spectra of non-planar halogenated
copper phthalocyanine molecules (no,mp(Hal)-CuPc) according
to the deformation of the tetrabenzoporphyrin chromophore. The
deformation angle is defined as seen in the inset. The numbers
beside the molecule names refer to the deformation angles (in
degrees).*

DFT showing largely red-shifted Q-band give a good agree-
ment with experimental data although LDA and pure GGA
functional show a little red-shifted Q band around 620 nm
compared to blue-shift of Q band at hybrid GGA functionals
around 590 nm, and hybrid GGA functionals give strong-
absorption intensity. In contrast, UV-visible absorption spectra
of halogenated CuPc (Green7 and Green36) molecules
depend on the type of functionals, as shown in Fig. 3(b) and
3(c). The results show that hybrid GGA functionals (20-25%
of Hartree-Fock exchange) provide a good agreement with
experimental data for Green7 and Green36 pigments (even
Bluel5), while LDA and pure GGA functionals give an un-
expected absorption peak around green transmission region
(480-580 nm) because of the exaggerated red-shift of both
Soret and Q bands by halogenation. It means LDA and pure
GGA functionals underestimate the difference in energy
between occupied and unoccupied molecular orbitals induced
by halogenation. And, the “half-and-half” hybrid GGA func-
tionals, such as BHandHLYP and BHandH, overestimate the
vertical excitation energies of the halogenated green pigments
(Green7 and Green36). In addition, LRC-DFT functionals
still show largely red-shifted Q-band. The analysis of mole-
cular orbital energy levels shows that LRC-DFT gives under-
estimated HOMO-LUMO gap. Therefore, the red-shifted Q-
band just can be understood from the underestimated HOMO-
LUMO gap, because Q-band corresponds to HOMO to
LUMO+1 excitation.

In order to comprehend the reason why the halogenation
induces such large red-shifts, we have attempted to verify
the relation between the magnitude of the nonplanar de-
formation and the red-shift by analyzing the deformation
angle with respect to the variation in the substituted halogen
atom species (Hal = CI or Br) at the a and P positions of
isoindole ring with different number (n and m = 0, 4, 8 or
16). The deformation angles of no,mp(Hal)-CuPc are listed
in Table S3 in the Supporting Information. The UV-visible
absorption spectra regarding the magnitude of the defor-
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mation angle clearly shows the close dependency of the red-
shift on the deformation angle in Figure 4, where the mole-
cules with deformation angles in increasing order of magni-
tude are CuPc (Bluel5) < 16(Cl)CuPc (Green7) < 4a(Cl)da',
8B(Br)CuPc < 8a(CH8P(Br)CuPc < 4B(Cl)8a,4p'(Br)CuPc
(Green36) < 16(Br)CuPc. Furthermore, the difference in
color between two commercial green pigments, Green7 and
Green36, can be discriminated by the deformation angle.
The more deformed Green36 (29.53°) appears yellowish
green with a larger red-shift and the less deformed Green?7
(18.68°) appears bluish green with a smaller red-shift.

Conclusion

A TD-DFT approach coupled with 22 different exchange-
correlation functionals was used for the prediction of vertical
excitation energies of the halogenated copper phthalo-
cyanine (no.,mB(Hal)-CuPc) molecules. In general, the TD-
DFT approach provides a more accurate description of both
visible and ultraviolet regions of UV-vis spectra of CuPc in
comparison to the more popular semi-empirical methods. It
was found that the calculated vertical excitation energies of
no,mPB(Hal)-CuPc correlate with the amount of Hartree-
Fock exchange involved in the exchange-correlation func-
tional. The hybrid generalized gradient approximation (GGA)
functionals with 20-25% of Hartree-Fock exchange provide
a good agreement with experimental data for all pigments,
while LDA and pure GGA functionals give an unexpected
absorption peak and the “half-and-half” hybrid GGA func-
tionals overestimate the vertical excitation energies of the
halogenated pigments and LRC-DFT functionals show
largely red-shifted Q-band. When only a limited number of
structural conformations are possible for the dye and pig-
ment, the vertical excitation energies can be predicted with
good accuracy. Especially B3LYP functional provides much
more accurate UV-vis spectra than other hybrid GGA func-
tionals. We have shown deviation of the vertical excitation
energies according to the variation of dihedral angles, which
reflects the spectral shifts between Green7 and Green36. It
implies that the nonplanar deformation of the chromophore
plays an important role in the manufacture of the commer-
cial dyes and pigments.

The results clearly provide a benchmark calibration of the
TD-DFT method for phthalocyanine based dyes and pigments
used in industry. We believe that these data are important for
the practical application of computer-aided materials design
using phthalocyanines and their analogues.
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