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Very large two-photon absorption (TPA) cross sections at the infrared region have been revealed for J-aggregates
of asymmetric zinc porphyrin using quantum-chemical calculation. The TPA properties are evaluated for
monomer and aggregates of a series of push-pull porphyrins, whose syntheses are known in the literature.
The two-photon absorption cross section can be greatly enhanced by increasing the strengths of the electron
donor/acceptor. We also present a quantum-chemical analysis on porphyrin aggregates to understand the role
of intermolecular interactions and the relationship between structural and collective nonlinear optical properties.
It has been observed that the TPA properties change tremendously as monomers undergo J-aggregation and
the magnitudes of TPA cross sections are highly dependent on the nature of aggregates. The importance of
our results with respect to the design of photonic and photodynamic therapy materials has been discussed.

Introduction

Two-photon absorption (TPA) is defined as the electronic
excitation of a molecule induced by a simultaneous absorption
of a pair of photons of the same or different energy. In recent
years, there has been growing interest in the design and synthesis
of organic nonlinear optical materials1-26 with large TPA cross
section value because of their potential application in power
limiting,27 up-conversion lasing,28 three-dimensional fluores-
cence imaging,29 pulse reshaping and stabilization,30 photody-
namic therapy,31-33 three-dimensional optical data storage,34 and
microfabrication.35 Furthermore, they can be very useful in the
production of memory devices. Current optical memory devices,
which use a heat mode recording method to store information
two-dimensionally, have a storage density limit of approximately
gigabits per square centimeter. The creation of 3-D optical
memory devices that use TPA materials and a photon mode
recording method is expected to significantly increase the poten-
tial storage density to as high as terabits of information per cubic
centimeter. This information density is the equivalent of∼1 ×
106 floppy disks, and the use of a TPA material would also
result in an ultrafast access speed. The development of the two-
photon technology depends much on the success of designing
new molecules with large TPA cross sections at desirable
wavelengths. It has been proposed that a molecular design that
would result in a large TPA cross section (σ(2)) would be
composed of sets of terminal donor/acceptors interspersed with
aπ-conjugation system. Porphyrins and phthalocyanines are thus
very likely candidates for 2PA materials because of their highly
conjugated largeπ-system. However, monomeric metal-free
porphyrins have shown only smallσ(2) values, typically∼10
GM where 1 GM) 10-50 cm4 s molecule-1 photon-1, when
measured using femtosecond pulsed lasers. One of the key
design strategies to enhance TPA properties is to modify the
porphyrin ring by changing the metal atom in the center of the
ring or by adding different donor (D) and acceptor (A) substi-
tuents at the ring. Another strategy would be to design the

oligomers or aggregates of porphyrins. Several recent experi-
mental observations1,2,10-16 reported thatσ(2) values can be
enhanced by 2 orders of magnitudes by designingπ-conjugated
dimers. Drobizhev et al.14 have found that ameso-butadiyne-
linked symmetrical porphyrin dimer possesses an extremely
large intrinsic (femtosecond) two-photon absorption cross
section in the near-IR region. This corresponds to a factor of
∼400 of enhancement for the dimer as compared to the parent
monomer, measured at the same wavelength. Collini et al.10 have
reported 30-fold enhancement of theσTPA value of H4TPPS2-

in the range 400-440 nm when aggregation occurs. All the
experimental data for dimer reported till now are for symmetric
porphyhrin systems. To better understand the nature of this
strong enhancement effect in aggregate systems and to elucidate
the role of molecular structure, we present here a comprehensive
study of two-photon absorption properties of a series of asym-
metric porphyrin monomers, dimers, and aggregates (Scheme 1).
Here, we have shown that the two-photon absorption can be
observed at wavelengths from 1100 to 1700 nm, a range that
spans the entire spectrum presently used in fiber telecom-
munications.

The study of TPA properties of porphyrins has been the focus
of many recent works31-33 because they are suitable candidates
for the pharmaceutical industry because of their pronounced
TPA in the infrared region, which can be exploited in the field
of photodynamic therapy. One important potential application
of this property would be in the treatment of cancer. Porphyrin
derivatives are presently used as photosensitizers in one-photon
PDT for cancer treatment. Photofrin (actually a mixture of
porphyrins, including protoporphyrin, haematoporphyrin, and
hydroxyethyldeuterioporphyrin), one of the two FDA-approved
sensitizers, is usually irradiated at 630 nm, which limits the
penetration of light through the tissue to just a few mm. Hence,
the efficiency of the treatment is limited by the poor permeability
of the surface tissue to the visible light used to irradiate the
porphyrins. The maximum transmittance of skin tissue is in the
700-1500 nm region and the development of a PS with a
maximum absorbance in this region remains a major challenge.
The advantages of using light in these wavelength region are
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the ability to transmit through the silica fiber optic delivery
systems and the deeper penetration in water (more than 100
µm). Thus, TPA-PDT may allow the localized treatment of
cancer even at significant depths below the surface tissue. It is
thus highly desirable to design and synthesize two-photon
absorption materials acting at these fundamental wavelengths.
In this paper, we have investigated theoretically the molecular
designs of π-conjugated asymmetric porphyrin monomers,
dimers, and aggregates possessing strong infrared two-photon
absorption cross sections, which can be suitable candidates for
TPA-PDT materials.

In this paper, we report a systematic study of the TPA prop-
erties of push-pull porphyrins using a combination of density
functional theoretical (DFT) calculations with fairly extensive
basis set [6-31G (d,p)] for geometry optimization and Zerner’s
intermediate neglect of differential overlap/correction vector
(ZINDO/CV) method20,36-43 properties calculations. Recently,
we have shown that ZINDO/CV model allows obtaining com-
plex first hyperpolarizabilities36-42 and TPA20,43properties that
can be directly compared with the outcome of the experimental
measurements. To understand how the solvent polarity affects
the structure of the porphyrin molecules, we have used self-
consistent reaction field (SCRF) approach with polarizable
continuum model (PCM).44 To account for the solvent effects
on TPA properties, we have adapted the ZINDO/CV technique
with Onsager SCRF method.45

Computational Methods

Geometry optimizations were performed at the unrestricted
Kohn-Sham level utilizing the Becke3 hybrid exchange
functional combined with the Lee, Yang, and Parr correlation
functional B3LYP as implemented in Gaussian0346 package.
The calculation has been performed with the 6-31G(d,p) basis
set for carbon, hydrogen, and nitrogen. Effective core potentials
and basis sets of Stevens et al.47 were used for zinc. SCF
calculations involve basis sets which include diffuse functions
SCF ) tight to request tight SCF convergence criteria. In all
calculations, an ultrafine integration grid was used to ensure
numerical accuracy. The optimized structure was used to
calculate vibrational frequencies. Importantly, none of the
frequency calculations generated negative frequencies; this is
consistent with an energy minimum for the optimized geometry.
To explicitly take into account the solvent polarity effects, we
have adapted SCRF approach with the PCM44 in its integral
equation formalism (IEF) formulation as implemented in
Gaussian 03.46

The TPA process corresponds to the simultaneous absorption
of two photons. The TPA efficiency of an organic molecule, at
optical frequencyω/2π, can be characterized by the TPA cross
sectionsδ (ω). The TPA cross section is related to the imaginary
part of the second hyperpolarizabilityγ (-ω; ω,ω,-ω) by19-26

wherep is Planck’s constant divided by 2π, n is the refractive
index of medium,c is the speed of light, andL is a local field
factor (equal to 1 for vacuum). ZINDO/CV methodology is
adopted here to calculate the second hyperpolarizabilities.
Details about the methodology have been discussed in our recent
publication.20,36-43

To account the solvent polarity effect in the ZINDO/CV
approach, we have used expanded Onsager self-consistent
reaction field (SCRF) theory45 where self-consistent solute/
solvent interactions are described by multipolar terms up tol )
1-12. According to this procedure, the reaction fieldR can be
defined as

whereMlm is the moment of the solute charge distribution and
the proportional constant g is the modified Onsager factor that
can be defined as

for l ) 1 (dipolar term)

whereε is the dielectric constant of the solvent anda0 is the
radius of the spherical cavity.

In this study, we first optimized the geometry at the DFT/
PCM level in the presence of appropriate dielectric for different
solvents using the Gaussian-03 package. The optimized DFT
level geometry is then used as an input for ZINDO/SCRF/CV
calculation.

Results and Discussions

Comparisons of TPA cross sections obtained from experiment
and theory or from two different theoretical methods have many
difficulties. Direct comparison of theoretical results with experi-
ment is not possible since (1) spectroscopic measurements of
the cross sections have been performed only for a narrow
spectral range, and therefore, they do not provide complete infor-
mation on the TPA line shapes and peak maxima; (2) calcula-
tions have been done assuming a uniform empirical broadening
parameterΓ ) 0.1 eV for monomers andΓ ) 0.15 eV for
aggregates, which is not the case for real molecular systems.
Theoretical calculations focus on the maximum limit of the
resonant two-photon absorption cross section, which is an
intrinsic property of the molecule. When the molecule is placed
in a material made of a collection of molecules, the resonance
peak gets smaller and broadened. Ahn et al.12 and Drobizhev
et al.14 have measured the lifetime for porphyrin and its
covalently linked dimer, trimer, and tetramer. Collini et al.10

have measured the lifetime for H2TPP J-aggregates. All their
results show that lifetime decreases from monomer to covalent
aggregates or J-aggregates and soΓ should increase with aggre-
gation. For homogeneous broadening to be taken into account,
the natural line widths need to be known for our system, and
this is seldom the case. To simulate the experimental inhomo-
geneously broadened absorption profile, one needs to perform
summation of the absorption amplitudes over vibrational levels
of the first excited electronic state. Unfortunately, for a system
with hundreds of vibrational modes, the problem of evaluating
the generalized Franck-Condon amplitude is not a trivial one.

SCHEME 1: Structure of Tetrakis(4-sulfonatophenyl)
Porphyrin δ (ω) ) 3pω2

2n2c2
L4 Im〈γ (-ω; ω,ω,-ω)〉 (1)

R ) gL(ε)〈ψ|Mlm|ψ〉 (2)

gl(ε) ) 1

a2l+1

(l + 1)(ε - 1)

l + ε (l + 1)
(3)

g(ε) )
2(ε - 1)

(2ε + 1)a0
3

(4)
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Since we do not have actual experimental values, to make a
sensible comparison we have usedΓ) 0.1 eV for monomer
and Γ ) 0.15 eV for aggregates. So, this comparison can be
used only as a guideline.

To understand the impact ofΓ on two-photon absorption
properties we have computed the two-photon absorption proper-
ties usingΓ ) 0.08, 0.01, and 0.12 eV for the monomer andΓ
) 0.10, 0.15, and 0.2 eV for aggregates. Our results indicate
that δ value increases by 1.3 times for monomer asΓ varies
from 0.08 to 0.12 ev, whereasδ value increases by 1.6 times
for aggregates asΓ varies from 0.10 to 0.2 eV. To calibrate
our studies, we have first calculated the TPA cross section of
tetrakis(4-sulfonatophenyl) porphyrin diacid (H4TPPS2-) and
have compared this with the TPA cross sections obtained by a
different method and by experiments.10

We have calculated the TPA properties of H4TPPS2- and have
compared our results with the experimental data (as shown in
Table 1) available in the literature. We have optimized the
structure by HF, BYLP, and B3LYP methods in the presence
of solvents and have calculated the TPA cross section by TD-
DFT, TD-HF, and ZINDO/CV method. Our calculation shows
that B3LYP method is much better than BLYP or HF method.
The TD-B3LYP calculations were carried out using the same
basis set and effective core potentials as those used in the
ground-state DFT calculations. After optimization, the geometry
at the B3LYP level with the 6-31G(d,p) basis set the TD-B3LYP
theory was applied for obtaining the excitation energies and
transition dipole moments using Gaussian 03 quantum-chemistry
code. Frequency-dependent TPA cross section,σTPA, and the
resulting spectra were calculated utilizing 10 excited states and
line widths of 0.1 eV with the method recently reported by
Badaeva et al.48 A density matrix formulation of the time-
dependent Kohn-Sham equations is used to obtain expressions
for the frequency-dependent optical polarizabilities, which are
then used to compute the third-order optical response (second-
order nonlinear response) and, as a result,σTPA, as a function
of frequency was obtained. To assess the converged character
of the TPA values, the frequency-dependent TPA cross section,
σTPA, was calculated utilizing 5, 10, and 15 excited states. Our
calculation indicates thatδ value increases significantly as we
move from 5 to 10 excited states. However, we have noted only
a slight increment as we move from 10 to 15 excited states.
Our result indicates thatδ value calculated using 10 excited
states should be near the converged point.

Our calculated ZINDO/CVδ values are in 25% agreement
with the experimental value. Though the TD-B3LYP method
gave better results than ZINDO/CV method, we have investi-
gated the TPA properties of monomers and aggregates using
ZINDO/CV/SCRF method because of following reasons: (1)
Prohibitively high computational cost of using the TD-B3LYP/

SOS approach for higher aggregates and (2) it has been reported
by several publications49-51 that TD-DFT can overshoot the TPA
properties.

We have explored the effect of donor and acceptor substit-
uents on the TPA cross sections of D-A porphyrins. The TPA
cross section of 3,5-dinitro,N-methyl pyridinum as an acceptor
with different donor substituted porphyrins (as shown in Scheme
2) was calculated by ZINDO/CV/SCRF methods and is listed
in Table 2.

The two-photon absorption maxima shows high red-shift
toward desirable wavelengths of (800-1500) nm as the strength
of the electron donor increases. Therefore, a well-designed D-A
prophyrin system could be an excellent candidate for application
in biological imaging and photodynamic therapy. Our results
indicate that the TPA cross section increases with the increase
in electron donor strength. In fact, the largest TPA cross section
obtained, 9200 GM, is comparable with the largest TPA cross
section values reported9 in the literature for organic or orga-
nometalic compounds.

The electronic spectra of porphyrin derivatives are usually
interpreted using the four-orbital model of Gouterman,52 which
assumes that the HOMO (a2u/a1u) and HOMO-1 (a1u/a2u) of a
porphyrin molecule are nearly degenerate, while the LUMO and
LUMO-1 (eg*) are rigorously degenerate. Our calculations
indicate that the HOMO and the LUMO of the D-A porphyrin
molecules are strongly delocalized, indicating that it is a very
goodπ center. The LUMO of the ZnP compound does not show
strong charge separation which probably explains that the first
excited state dominated by the HOMO to LUMO transition is
not a charge-transfer (CT) state. The first excited state of
D-ZnP-A is a strong CT state, possessing both intense one-
photon and two-photon absorption cross sections. The HOMO
and the LUMO both show very strong charge separation but
with opposed signs. In the HOMO, the charge is mainly located
on the electron donor side, whereas in the LUMO, it is gathered
on the electron acceptor side. To understand the origin of high
TPA properties of D-A porphyrins, we have used a two-level
model where the TPA cross section can be defined as22,23

TABLE 1: Theoretical Two-Photon Absorption Cross
Section (in 10-50 cm4 s/Photon) for H4TPPS2-, Calculated
Using Different Methods and Compared with Available
Experimental Values

optimization method
〈δmax〉 calculation

method
water
〈δmax〉 experimentala

HF/6-31G(d,p)/PCM TD-DFT/PCM 12
BLYP/6-31G(d,p)/PCM TD-BLYP/PCM 18
B3LYP/6-31G(d,p)/PCM TD-B3LYP/PC 24 30
B3LYP/6-31G(d,p)/PCM ZINDO/SOS/Onsager 21
B3LYP/6-31G(d,p)/PCM ZINDO/CV/Onsager 22

a Experimental values have been obtained fromJ. Phys. Chem. B
2005, 109, 2.

SCHEME 2: Structure of Push-Pull Porphyrins
Considered in This Paper

TABLE 2: Theoretical (ZINDO/CV/SCRF) Two-Photon
Absorption Wavelength (λTPA in nm) and Two-Photon
Absorption Cross Sections (in 10-50 cm4 s/Photon) and
Dipole Moment Change between Ground and Excited States
(∆µ in Debye) for Porphyrins with 3,5-Dinitro, N-Methyl
Pyridinum as an Acceptor and with Different Donors

donor λTPA 〈δmax〉 〈∆µ〉
NMe2 1380 8700 45.9
NPh2 1320 9200 51.7
OMe 1280 7200 40.6
Me 1220 6400 32.5
F 1140 5200 26.5

δ2-state)
4π2a0

5Rω2

15c0

Mge
2∆µge

2

Ege
2Γ

(5)
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wherea0 is the Bohr radius, c0 is the speed of the light,R is the
fine structure constant,ω is the photon energy,Mge is the
transition dipoles between the ground state|g> and a TPA state
|e>. ∆µge

2 denotes the square of the change in dipole moment
between ground and excited CT states andEge is the transition
energy between the ground state|g> and a TPA state|e>. ∆µge

values for all the D-A monomer porphyrins are also reported
in Table 2. The results of our calculation indicate that as the
charge-transfer character of the ground electronic state increases
with increasing donor strength, (1) drastic increase of change
in dipole moment between ground and excited CT states occurs;
(2) the transition dipole matrix elements|Meg| amplitude
increases monotonically; and (3)Ege decreases monotonically.

In case of the dimer, we have taken the optimized monomer
structure and have varied only intermolecular distance and the
slip angle (the angle between the dipole direction and the line
connecting the two centers). We assumed that the two monomers
are stacked coplanar with their transition dipoles exactly anti-
parallel. The interaction between two monomers in the dimer
may be understood using the excitonic coupling model53 as used
on the point dipole approximation. According to this model,
because of the dipolar interaction, there will be a splitting of
the excited energy levels in the magnitude of

whereµDM is the transition dipole moment,R is the distance
between two monomer centers as shown in Scheme 3, andR is
the slip angle. A J-aggregate (as shown in Scheme 3) is formed
when the porphyrin molecules arrange into a slanted stack.

The intermolecular interactions are sufficiently strong to
significantly change the optical properties of the aggregates com-
pared to the corresponding monomer. Many of the unique prop-
erties of the aggregate arise form the fact that the constituent
molecules are strongly electronically coupled so that optical
excitation of the chromophore produces a state that is delocalized
over several monomer units. In addition, excitonic coupling
between transient dipoles on neighboring chromophores will
split the electronic transition into a broad band of state. This
splitting can influence the magnitude of nonlinear optical prop-
erties as well as the degree of optical transparency at the wave-
lengths of interest. The macroscopic photoactive properties such
as absorption, emission, and nonlinear optical properties strongly
depend on the interaction between the chromophores. To
evaluate whether the excitonically coupled monomer model is
applicable for porphyrin dimers or not, we carried out ZINDO/
CV calculation of the electronic transition energies, oscillator
strength of the model dimer for compound 1. For ZINDO/CV
calculation, we have used DFT optimized monomer structure
at dioxane solvent and then have varied the distance,R, from
3.5 to 8 without changing the monomer geometries. Our results
indicate that an excitonically coupled monomer picture is
reasonable for interplane separations greater than about 4.46
but breaks down for shorter distances. We cannot neglect totally
the orbital overlap between two monomers at the distances of

below 4.46. To calculate the TPA properties of J-type dimers
in different solvents by ZINDO/CV method, we have used
monomer structures optimized in different solvents. We used
R ) 4.5 and slit angle) 30° for J-type dimers, as measured by
NMR.54 Table 3 reports the two-photon absorption maxima of
J-type dimers of different D-A porphyrins. The J-dimer shows
the expected shift in the absorption to the red with respect to
the monomer. The red shift in case of J-dimer is due to the
dipolar excitonic coupling between two monomers. The two-
photon absorption cross section of J-type dimer is 5-7 times
higher than the corresponding monomer. Our results indicate
that one can tune the TPA cross section close to an order
magnitude with the formation of J-aggregates. Recent experi-
mental11-14 measurements have shown that the TPA cross
sections of the Zn-porphyrin dimer and the Zn-porphyrin tetra-
mer are about 6000 and 8000 GM, respectively. Since the Zn-
porphyrin dimer and the Zn-porphyrin tetramer are covalently
bonded, this increment can be due to the overlap of molecular
orbital. The dimer presented here has excitonic interaction, so
we have shown here for the first time that the TPA cross section
can be increased to more than 50 000 GM by designing D-A
porphyrins excitonic coupling. One of the most promising
applications of the gigantic 2PA efficiency of aggregates in the
IR region found in this study could be two-photon-induced
photodynamic therapy. The fact that the conjugated porphyrin
aggregates have such a high two-photon cross section implies
that it can have practical applications in high-density optical
data storage, 3D fluorescence imaging, and microfabrication.

To understand the origin of gigantic two-photon absorption
properties of the J-aggregates of D-A porphyrins, we have used
a two-level model. Our calculations indicate that in the case of
J-type dimers, the increment of TPA cross sections is due to
three factors, and these are (1)∆µeg values are about 2.0-2.3
times greater than that of the corresponding monomer, (2) the
transition dipole matrix element|Meg| amplitude increases from
monomer to dimers, and (3)Ege decreases from monomer to
dimers.

Dimers are only a first approximation to the aggregates pres-
ent in real materials. In a real chromophore-polymer system
at higher chromophore loading, the chromophore may exist in
a wide range of forms including monomers, various types of
dimers, higher aggregates, and large nano- or microcrystalline
states. So, it is very important to understand how the TPA cross
section values vary with the increase in the number of monomers
in both J-aggregates. In case of higher aggregates, we have taken
DFT optimized monomer structure using solvent dielectric
constant, as the optimized structure and the monomers are
separated by 4.5 to each other. The slit angle is kept as 30° for
J-type aggregates. Figure 1 shows how the two-photon absorp-
tion cross section changes with the number of monomers in
the aggregates. Our calculations indicate that theδ values for
J-type aggregates increase tremendously, about 50-70 times

SCHEME 3: Model Structure of J-Dimer of Porphyrins

∆E ) 2µDM
2/4πε0R

3(1 - 3 cos2 R)sin3 R (6)

TABLE 3: Theoretical (ZINDO/CV/SCRF) Two-Photon
Absorption Wavelength (λTPA in nm) and Two-Photon
Absorption Cross Section (in 10-50 cm4 s/photon) and Dipole
Moment Change between Ground and Excited State (∆µ in
Debye) for Porphyrins J-Dimer with 3,5-Dinitro, N-Methyl
Pyridinum as Acceptor and Different Donors

donor λTPA 〈δmax〉 〈∆µ〉
NMe2 1498 47 900 104.6
NPh2 1423 53 000 113.9
OMe 1370 39 000 88.64
Me 1290 34 000 71.6
F 1190 27 000 54.9
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from monomer to pentamer and then approaches saturation. This
can explain the recent experimental observation10 of strong
enhancement of TPA cross section of tetrakis(4-sulfonatophe-
nyl)porphyrin diacid in water solvent. They have reported 30-
fold enhancement of the TPA cross section values upon
aggregation. To understand the origin of very high two-photon
absorption properties of higher J-aggregates, we have performed
calculations of∆µeg and |Meg|. Our calculations indicate that
both ∆µeg values and transition dipole matrix element|Meg|
amplitude increase with the increasing number of monomers
in aggregates till pentamer and then become near saturation,
whereasEge decreases monotonically till pentamer and then
become near saturation.

Conclusion

In this paper, we have reported for the first time the TPA
properties of aggregates of push-pull porphyrin chromophores.
We have analyzed a variety of effects on the TPA properties
for porphyrin monomers and aggregates. We have designed a
series of D-A Zn-porphyrin derivatives that possess exception-
ally large TPA cross sections at the desirable fundamental
wavelengths of 1.1-1.5 m, which can be highly suitable candi-
dates for the applications in biological imaging and photon
dynamic therapy. The evolution of the CT state with respect to
the electron donor/acceptor substitutions has been discussed.
Our results indicate that for D-A porphyrin system, as the donor
strength increases, (1) change of dipole moment between ground
and excited CT states increases tremendously, (2) the transition
dipole matrix element|Mge| amplitude monotonically increases,
and (3)Ege decreases monotonically. We have demonstrated
that the TPA cross section values of J-type aggregates are 50-
70 folds higher than that of monomers and it is because (1)
∆µeg values for higher aggregates are about 5-7 times higher
than that of the corresponding monomer and (2) the transition
dipole matrix element|Meg| amplitude increases and (3)Ege

decreases monotonically. The large enhancement of two-photon
absorption in aggregates has potential for application in imaging
and localized activation of photochemical processes. An im-
portant consequence of the extremely high TPA cross section
will allow the use of very low laser intensity to produce a given
fluorescence signal, which can be of significance in biological
applications. We believe that push-pull porphyrin aggregates
are interesting systems with potential to increase the impact of
two-photon processes in photonics, materials processing, chemi-
cal sensing, and biological applications.
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