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Abstract

In  our interest to accurately predict the
photophysical properties of organic molecules that exhibit
multiphoton absorption optical processes, we applied
density functional theory (DFT)/time-dependent DFT
(TDDFT) for the calculation of structures, and one-
photon absorption (OPA), two-photon absorption (TPA)
spectra, for series of relevant compounds. In our recent
work TDDFT was validated regarding the exchange-
correlation functional to be used for molecules that
exhibit excited state charge-transfer characteristics, the
application of quadratic response for TPA properties, and
the inclusion of solvent effects, as applied, for example, to
4,4 °-dimethyl-amino-nitrostilbene and a donor-acceptor
(DA) fluorene-based system. In this work we discuss the
prediction of TPA cross-section enhancements for large
porphyrin dimers.

1. Introduction

Materials that exhibit TPA attracted significant
interest in recent years due to applications in
photodynamic therapy!"?, multiphoton microscopy',
photopolymerization™, and optical storage’™. At the
same time, linear response TDDFT! has become a useful
and widespread tool in predicting OPA properties'’’.
Indeed, we have previously shown that by applying DFT®
and TDDFT with hybrid exchange-correlation (x-c)
functional®, structures and OPA ground and excited
spectra of porphyrins, and related material of interest for
reverse saturable absorption could be accurately predicted.
Effects of the chemical modification of Zn porphyrin
were elucidated for meso-tetraaza substitutions and
tetrabenzo annulations, explaining structural and spectral
properties of these materials!!”. A comparative study
between TDDFT and TDHF for spectra of Zn porphyrin,

Zn  meso-tetraphenylporphyrin, and  halogenated
derivatives!'!), validated our calculations. For further
0-7695-3088-5/07 $25.00 © 2007 IEEE
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validation, we also examined a broad range of
n-conjugated systems, in addition to free-base por})hyrins,
phthalocyanines, and their metal complexes!'”. The
average error for the calculated excitation energies was
comparable to the results predicted by highly correlated
ab initio methods, as was also demonstrated for quidoinal
porphyrin monomerst',

The rediction of TPA  cross-sections is
challenging!'¥), and although the TPA cross-section can be
calculated by invoking essential state models to the full
sum-over-states approach, the required accuracy of the
results motivated additional improvements. Recently we
re-examined!"”! the calculated TPA spectra of 4,4’-
dimethyl-amino-nitrostilbene[16], as well as of AF-69,
representing a large class of substituted fluorenes!'”.

In particular, we assessed improvements in
comparison with experimental data by applying the
Coulomb-attenuated method (CAM)-B3LYP (x-¢)
functionall’®, as well as a modified version (mCAM-
B3LYP), to account for the change in charge-transfer
characteristics. The importance of applying the
appropriate (x-c) functional for charge-transfer has been
recently further emphasized!". In addition, the
application of quadratic response within TDDFT was
investigated®®), proven important for the accuracy of the
results, as well as the effects of solvent. Overall, we have
shown that while the CAM-B3LYP (x-c) functional
accurately predicted the excitation energies in DANS, our
improved mCAM-B3LYP was more appropriate in
predicting the excitation energies in AF-69, pointing out
the importance of taking into account accurately the long-
range exchange contribution. A good agreement was
obtained for the TPA cross-sections, further validated for
coumarins®®!), while the TPA characteristics of fluorene-
based materials were also recently explained>*!;

In this work we report results for porphyrins (P), as
recent studies'®” showed a remarkable enhancement of the
TPA cross-section in changing from a single porphyrin
unit to porphyrin dimers linked by ethyne (y) or butadiyne
(vy), e.g., for yPy as compared to PyP, emphasizing



however the challenge in comparing the predicted OPA
and TPA with experimental values in this case. To
carefully assess the (x-¢) functional we carried out
calculations also for porphin, in comparison with previous
work, to be reported separately®’),

2. Computational Details

In this study we follow the theoretical methods that
we have previously outlined'*'”. The geometry of each
system was optimized using B3LYP with a 6-31G** basis
set?®  Linear response (LR), single residue quadratic
response (SRQR), and double residue quadratic response
(DRQR) TDDEFT calculations were carried out with
Dalton'™"), Solvation effects were examined by applying
the self-consistent reaction field model with a spherical
cavity (SCRF-S), and also the polarizable continuum
model (PCM). The solvent used in the OPA and TPA
experimental spectra measurements for the zinc porphyrin
systems was dichloromethane with 1% pyridine. In order
to simulate the effect of the pyridine, the geometry of yPy
was therefore re-optimized with one and two pyridine
molecules coordinated to the zinc atom (see Figure 1).
Results are reported for the system with one pyridine
molecule, which will be denoted yPy(1pyr).

Z
Figure 1. Structures of yPy(1pyr) and yPy(2pyr)
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3. Results and Discussion
A.yPy

The addition of the ethynyl groups to the basic zinc
porphyrin reduces the symmetry from Dy, to Dy, red-
shifts both the Q and B bands, and substantially
strengthens the Q-band. While the Q-band is still weak
compared to the B-band, the Gouterman four-orbitals are
perturbed by this additional conjugation. The role of the
intensity of the Q-band in TPA is evident from the three-
state approximation for the centrosymmetric molecule, as
the Q-band states are the primary intermediate state for
the lowest TPA bands. Table 1 lists the calculated
excitation energies and oscillator strengths for the Q and
B states in comparison with experiment. The calculations
using B3LYP were carried out with different basis sets
and solvation models. Similar to porphin, the computed
excitation energies and intensities are overestimated.
Increasing the size of the basis set tends to red-shift the
calculated Q and B states, resulting in better agreement
with experiment, although adding diffuse functions seems
to have little effect. The inclusion of a single pyridine
molecule (p) coordinated to the zinc atom in yPy results
in a more significant red-shift, particularly when using the
PCM model, closer to the experimental data. However,
the application of continuum solvation models increases
the calculated intensity.

Table 1. Calculated Excitation Energies and Oscillator

Strengths for yPy
Q B B,
B3LYP, no solvent;
6-31G* AE 217 219 3.07 3.16
f 019 000 122 147
B3LYP; no solvent;
6-311G* AE 211 214 3.03 312
f 020 000 126 143
B3LYP; no solvent;
6-311+G* AE 215 216 3.03 3.10
f 0.18 0.00 112 143
B3LYP; no solvent;
63114 +G* AE 215 216 3.03 310
f 019 000 1.12 143
B3LYP; 1p; 6-31G** AE 2.09 214 299 3.11
f 0.21 0.00 0.99 114
B3LYP; 1 p; 6-
311G** AE 206 212 296 3.05 3.08
f 021 000 103 022 0.98
g?g.p; SCRF-S;6- A 218 220 3.07 3.4
f 023 000 125 1.67
B3LYP; SCRF-S; 6-
7 311G* AE 216 218 3.24 3.10
f 0.23 0.00 1g§ 1.63




aii 9‘ B,l( Bii

B3LYP; 1p+SCRF-

S: 6-31G™ AE 208 3.14 2.97 ?:OL 3.10
L ) o f 025 000 115 090 048
B3LYP; 1p+SCRF-
S;6-311G" ] AF ?.05 212 ?.794 304
f 025 000 116 1.28
B3LYP; 1p+PCM;
6-31G* AE 205 214 287 299
f 031 000 131 141
B3LYP; 1p+PCM;
6-311G* AE 2.03 ) 212 285 297
f 031 000 134 141
B3LYP; 1p+PCM;
6.311+G™ AE 201 73.10 280 293
f 031 000 131 137
SrMBILYPRi6 AE 207 214 349 326
f 017 000 124 147
CAM-B3LYP;
1p+PCM:6-31G** AE 2.04 %E, 3.06 73“.13
f 026 000 152 1.69 L
mCAM-B3LYP; 1p;
6-31G* AE 210 216 306 3.19 3.3
f 020 000 085 119 045
mCAM-B3LYP;
1p+PCM: 6-31G** AE 207 216 295 3.05
f 030 000 141 155
Measured; CH,Cl, AE 192 207 273 280
f 015 0.00 066 0.94

The calculated absorption spectra applying different
(x-c) functionals, namely B3LYP, CAM-B3LYP, and
mCAM, in comparison with experiment, with a pyridine
coordinated to the porphyrin, are shown in Figure 2. The
calculated CAM-B3LYP B-band is blue-shifted nearly 0.5
eV from experiment, compared to about 0.3 eV for
B3LYP, with the mCAM value about midway between
those two results. Upon applying PCM, this error is
reduced to about 0.2 eV for B3LYP.
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Figure 2. OPA spectra of yPy1pyr calculated using
TDDFT with different functionals and 6-31G** basis set
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The calculated Q-band excitation energy is closer to
experiment and less dependent on the applied functional,
as all three functionals predict this excitation energy to be
less than 0.2 eV higher than measured, and in good
agreement with the experimental intensity. When the
PCM is included, the error is reduced to about 0.1 eV.
The calculated and measured TPA spectra for yPy are
reported elsewhere!™. It is shown that while the reported
measured maximum TPA cross-section is about 20 GM at
a transition energy of about 2.9 eV (corresponding to
degenerate photons at 1.45 eV), the QRSR-TDDFT
results predict a much larger cross-section at a higher
transition energy. The over-prediction of the TPA cross-
section can be attributed to the over-prediction of the
energy of the two-photon state and resulting large
resonance enhancement, as evident from Eq. (1), where
the cross-section is estimated by the three-state
approximation (type )"l In the case where the two
incident photons have the same energy (E;,), the cross-
section ¢ is given by

1 =32”4gmnx
70 15(ch)y

E; P ) 0
(E,-—EA)ZI“W' |l»1,»f| (2005 ®/w+1)

where g,,.., is the maximum in the line width function, ®,,,
is the angle between the two transition dipole moment
vectors. While the three-state approximation is often not
adequate for quantitative results, it can be useful in
analysing the origin of the TPA intensity. The transitions
to the TPA states calculated to be near 3.6 eV require
photons with an energy of 1.8 eV, which is close to
resonant energy with the calculated one-photon states
near 2.1 eV, in comparison with the measured TPA,
which required photons near 1.5 eV. Applying CAM-
B3LYP, a TPA was calculated near 4.28 eV, which is
highly resonant with the OPA state calculated near 2.14
eV, thus resulting in an unphysically large result for the
cross-section.

B. PyP

The OPA for PyP?* shows that the calculated spectra
tend to be blue-shifted and more intense than the
experimentally measured data. However, the excitation
energy calculated for the Q-band with the B3LYP
functional is in excellent agreement with experiment.
CAM-B3LYP results in Q-band blueshifts of 0.1 eV, and
reduces the oscillator strength to 0.71.

The experimental B-band for PyP has a narrow
intense peak at about 2.6 eV and a much broader feature
peaking near 3.0 eV, with a combined oscillator strength
of 291. The calculated B-bands are blue-shifted
compared to experiment, and appear to be more intense
than experiment. However, the combined CAM-B3LYP
oscillator strength of the two states is in good agreement



with experiment, while B3LYP, which predicts two
strong transitions and two weak transitions in this region,
show a combined oscillator strength in good agreement
with experiment.

The TPA for PyP 1is presented in Figure 3.
Calculated results are given for both the bare PyP and
with the two coordinated pyridines using both the B3LYP
and CAM-B3LYP functionals. Experimentally, a strong
TPA peak is observed, reaching 8,500 GM, near a
transition energy of 3.0 eV. Applying B3LYP for the
bare PyP, two smaller TPA features are predicted, one
about 0.5 eV lower in energy than experiment and the
other 0.5 eV higher than experiment. Including the two
pyridines in the calculation induces a red-shift in the
lower TPA peak, and while the position of the second
peak does not change, the red-shift in the Q-band state
brings it into resonance with this state causing an
unphysically large result for this TPA cross-section.
When CAM-B3LYP is used on the bare molecule, the
first TPA peak is blue-shifted relative to experiment, but
when the two pyridine molecules are included, excellent
agreement with experiment is obtained. A peak TPA
cross-section of about 15,000 GM is predicted near the
transition energy of 3.06 eV, but the experiment did not
go above 3.0 eV and the TPA cross-section is still
increasing at that energy. This result highlights the
challenge in accurate predictions, because the OPA
calculated with CAM-B3LYP is not in as good an
agreement with experiment.

PyP TPA

| = DZhBILYPE-IG: (R(FWHM=0 22 oV)

A D2n BILYP/BI1G: ras (FWHMS0 22 oV)
©  Expenment

02n B3LYPI6-31G; fR(SCRF=CH2C12)

i

D21 BILYP/-31G: res (SCRF=CH2CE2)
02 BILYP/-31G: SOHFWHM=0 22 V)
D2h BILYP/-31G: SOS(FWHMs0 22
oVi2}

D2 CAMBILYP/B-31G: ras simple

= « DZh CAMBILYP/S-31G: 1t

TPA cross-section (GM)

©  DZNCAMBILYPIS-31G: res.

2pyr..C2h BILYP/B-A1G:

4 Zpyr.C2h BILYPS31G: res.

'
e 20y7.,C2h CAMBILYP/B-31: 01

@ 2pyr.C2h CAMBILYP®-31G: res.

YPRJ1G: M

&  2py C2hmCAMBILYP/S-31G: res.

Transition Energy (eV)

Figure 3. TPA spectra of PyP

4. Conclusions

In this work, we presented results of structures and
spectra  for porphyrin-based materials applying
DFT/TDDFT, as potential systems to be examined for
TPA applications, of significant interest. Although the
accuracy of the results is mostly consistent with previous
work, it is notable that challenges remain in theoretical
and computational developments for attaining a predictive
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capability for materials that exhibit nonlinear optical
absorption.
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