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We have applied correlated quantum-chemical methods to investigate the three-photon absorption
~3PA! response of a porphyrin triad derivative, where the central macrocycle is linked in
mesopositions to two anthracene units via acetylenic bridges. The 3PA frequency-dependent
spectrum of this derivative is dominated by a single resonance feature in the transparent region,
associated with charge-transfer states between porphyrin and anthracene. The calculations indicate
a two order of magnitude enhancement in the 3PA cross section in the triad molecule with respect
to the individual entities, which is attributed to close one-, two-, and three-photon resonances
together with strong electronic couplings among the units. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1813437#

I. INTRODUCTION

Novel molecular and/or polymeric organic architectures
with efficient multiphoton absorption~MPA! properties are
desirable because of emerging applications notably in the
fields of optical power limiting, frequency-upconverted fluo-
rescence microscopy, photorefractivity, three-dimensional
optical data storage, or two-photon photodynamic therapy.1–7

Three-photon absorption~3PA! is a process in which an atom
or a molecule simultaneously absorbs three photons, which,
if possessing the same frequency, yield an excited state lying
at three times the photon energy above the ground state.
Compared to two-photon absorption~2PA!, longer excitation
wavelengths can be used in 3PA-based applications provid-
ing deeper penetration depths in scattering or absorbing me-
dia; in addition, the cubic dependence of the three-photon
process on the input light intensity leads to a stronger spatial
confinement, so that a higher imaging contrast can in prin-
ciple be obtained. In spite of such intrinsic advantages, three-
photon absorption has so far obtained limited attention,

mostly as a result of the very low cross sections associated
with such a fifth-order nonlinear optical process. Recently,
experimental observations of 3PA effects have been reported
in organic conjugated molecules.2,8–11 However, there have
been only few attempts to model the microscopic mecha-
nisms for such processes12–15or to propose guidelines for the
design of molecular architectures with enhanced 3PA cross
sections.

It is well recognized that the origin for the large optical
nonlinearities in conjugated organic systems arises from the
presence of a highly delocalizedp-electron cloud. This leads
to low excitation energies and large dipole matrix elements,
translating altogether into high nonlinear electrical polariz-
abilities, as readily seen from perturbation theory and a sum-
over-states~SOS! picture.16 Porphyrins constitute an impor-
tant class of organic chromophores known to be efficient
materials for optical limiting applications as a result of large
excited-state absorption cross sections;17 thus, they are po-
tentially attractive systems for MPA-based applications.
Anderson and co-workers have recently reported the synthe-
sis of a compound~hereafter referred to as AtPtA! in which
two anthracene moieties are covalently linked to a central
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porphyrin unit through two acetylenic bridges, see chemical
structure in Fig. 1.

Ultrafast nonlinear absorption studies indicate that AtPtA
presents sizable 2PA cross sections.18 While modeling the
two-photon absorption response of the triad structure19 we
realized that it also fulfills the requirements for 3PA in the
infrared spectral domain, which is of practical importance in
a number of MPA applications.20 Thus, we explored the ori-
gin for the 3PA response in the porphyrin-anthracene triad by
means of quantum-chemical calculations performed at the
highly correlated coupled-cluster single and double equation
of motion ~CCSD-EOM! level. It is shown that the signifi-

cant enhancement of the 3PA response with respect to the
individual isolated chromophores arises from the strong in-
teractions among the anthracene and porphyrin moieties, al-
lowing for significant electronic couplings between localized
and charge-transfer excitations, together with a particular
excited-state energetic scheme, leading to close one-, two-,
and three-photon resonances.

II. THREE-PHOTON ABSORPTION:
THEORETICAL BACKGROUND

From perturbation theory, the 3PA cross section,s3 , can
be derived from the imaginary part of the fifth-order polar-

FIG. 1. Chemical structures of porphyrin, anthracene, the porphyrin-anthracene AtPtA triad, and BDPAS. Selected bond lengths~in Å! are shown for AtPtA
@as obtained from x ray~Ref. 33!# and the individual molecules~as optimized at the DFT level!. TheXYZ reference frame is also shown.
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izability, e~2v;v,v,2v,v,2v!.21 However, as pointed out
by Cronstrandet al.,15 the numerical calculation ofe via the
full SOS approach is a formidable task. Under resonant
conditions,22,23 the 3PA cross section can be expressed as

s3~v!5
4p3~\v!3

3n3c3\
L6(

f
uTg→ f u2

•H G

~Eg f23\v!21G2J , ~1!

wherec is the speed of light in vacuum,L denotes a local-
field correction~equal to 1 for vacuum!, \v is the photon
energy of the incident light~a degenerate 3PA process is
assumed!, andG is a Lorentzian broadening factor~set to 0.1

eV in the calculations!. Tg→ f corresponds to the three-photon
transition amplitude from the ground state to a final three-
photon stateu f &, with tensori jk elements given by15,21

Tg→ f
i jk 5Pi jk(

m,n

^gum i um&^mum j un&^numku f &
~Egm2\v2 iG!~Egn22\v2 iG!

, ~2!

where Egm corresponds to the excitation energy from the
ground-stateug& to excited-stateum&, m i is the component of
the electric dipole operator along molecular axisi, andPi jk

denotes a complete permutation of the indicesi, j, and k.
From the general SOS expression,e~2v;v,v,2v,v,2v!
consists of 6!5720 terms, among which(3!)2536 terms
involve the following resonant factor:

1

~Egm2\v!~Egn22\v!~Egl23\v!~Egn822\v!~Egm82\v!
.

The T-tensor approach of Eqs.~1! and ~2! corresponds to
these 36 terms, which are relevant to the 3PA process; in-
deed, Pi jk generates exactly 3!56 terms, and its square
~3PA! gives rise to 36 terms.

Note that, in AtPtA, the longitudinalxxxxxxcomponent
of the 3PA amplitude~with the x axis oriented along the
vector joining the porphyrin macrocycle to the anthracene
moieties, see Fig. 1! is found to be several orders of magni-
tude larger than any other tensor component. In the follow-
ing, only this component is therefore calculated explicitly.
The three-photon absorption cross section can then be writ-
ten ~in cm6 s2/photon2!

s3~v!52.03310286~\v!3
L6

n3

3(
f
U(

m,n

^gumxum&^mumxun&^numxu f &
~Egm2\v2 iG!~Egn22\v2 iG!U

2

•H G

~Eg f23\v!21G2J . ~3!

For comparative purposes, the two-photon absorption~2PA!
spectrum,s2(v), was simulated using a similar approach,
i.e., on the basis of the two-photon transition amplitudes
Sg→ f with the i j tensor component defined as24

Sg→ f
i j 5Pi j (

m

^gum i um&^mum j u f &
~Egm2\v2 iG!

. ~4!

Note that for 2PA, there are four resonant terms among the
24 terms generated by permutation over the indices in a SOS
picture; these four terms are accounted for in Eq.~4!.

III. THEORETICAL METHODOLOGY

A proper description of high-lying excited states is es-
sential to provide a quantitative picture for the nonlinear op-
tical properties of conjugated systems, especially at higher
order. For instance, while a single configuration interaction
~SCI! formalism is in most cases reliable to describe the
second-order polarizability~b!,25 a minimal description of
the third-order response should include two-electron excita-
tion contributions.26 Since the single and double configura-
tion interaction method is not size consistent, the calculation
of g in large molecular systems usually proceeds through a
multireference single and double CI formalism27 allowing
for a better account of electron correlation effects. In this
work, we apply the coupled-cluster equation of motion
method with single and double excitations28 coupled to the
semiempirical intermediate neglect of differential overlap
~INDO! Hamiltonian ~Ref. 29! ~CCSD-EOM/INDO!. This
method has been shown to be efficient, size consistent, and
highly accurate to describe electronic excitations in conju-
gated systems.30 The semiempirical parametrization allows
us to carry out numerical computations for relatively large
organic molecules. Yeet al. have shown that the CCSD-
EOM/INDO approach provides reliable descriptions for the
excited states of both neutral and charged olig~othiophene!s,
oligo~phenylene!s, oligo~phenylene-vinylene!s, and poly-
enes.31 The Ohno–Klopman potential32 is used to describe
the Coulomb repulsion terms. The active space used in the
CCSD calculations includes 14 highest occupied molecular
orbitals~HOMO! and 14 lowest unoccupied molecular orbit-
als ~LUMO!, both for the ground state and the excited states;
by comparison to SCI results including all valence orbitals
with dominantp character, such an active space was found
to retain the dominant molecular orbitals in the expansion of
the excited states of interest.

The chemical structures of the molecules studied in the
present work are displayed in Fig. 1. The x-ray crystal struc-
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ture of the Si~Me)3 end-capped zinc porphyrin-anthracene
~AtPtA! compound has been reported in Ref. 33 and has
been used as input for the CCSD calculations here. Interest-
ingly, the planes of the anthracene moieties were found to be
twisted by 40.9° with respect to that of the Zn-porphyrin
macrocycle,33 which should allow for electronic coupling
among the different units across the acetylenic bridges. The
ground-state geometries for the isolated anthracene and Zn-
porphyrin molecules were optimized at the density-
functional theory~DFT! level with the hybrid Beck three-
parameter Lee–Yang–Parr functionals and the 3-21G basis
set for C, N, Si, and H and the LANL2DZ basis set for Zn, as
implemented in theGAUSSIAN 03 ~Ref. 34! package. From
Fig. 1, we note a good agreement between the bond lengths
measured by x-ray diffraction in AtPtA and those optimized
at the DFT level in the anthracene and porphyrin molecules;
we can thus rule out geometric effects as a possible reason
for the different 3PA cross sections calculated in the crystal
structure geometry of AtPtA and in the DFT equilibrium ge-
ometries of the individual units.

It should be pointed out that in our approach, the geom-
etry optimization and the electronic excited-states structure
are treated at a different level. The former is well established
in computational chemistry. While for the excited states, es-
pecially when higher-lying excited states are involved, there
are no much choices in methodology; after all, the system
size is quite big. Such a combined approach is not so com-
monly practiced in computational chemistry, namely, it
means that the excitation does not occur at the minimum of
the molecular geometry which would be obtained in the sec-
ond method. However, the complexity of the problem goes
beyond the abilities of standard methods. Our previous re-
sults indicate that such a combination gives reasonable
agreement with the experiments.30,31

To test the reliability of our approach, we have also per-
formed theoretical calculations on 4,48-bis~diphenylamino!
preanalytical systems~BDPAS! stilbene, for which a well-
resolved 3PA spectrum has been measured by Drobizhev
et al.35 This spectrum allows~i! a clear identification of the
target–state in the 3PA process and~ii ! a reliable estimate of
the width ~G! of the spectral feature, which is an essential
parameter for a quantitative comparison between theory and
experiment.

IV. ESSENTIAL-STATE ANALYSIS
OF THE THREE-PHOTON ABSORPTION RESPONSE

Before discussing the three-photon absorption response,
it is useful to summarize the main features pertaining to the
one- and two-photon absorption spectra~a detailed analysis
will be presented elsewhere19!, as this analysis reveals the
nature of the intermediate excited states involved in the de-
scription ofs3 . The CCSD-EOM-INDO polarized linear ab-
sorption spectrum of AtPtA is shown in Fig. 2~a!. Along the
x axis ~the reference framework is defined in Fig. 1!, the
linear spectrum is dominated by porphyrin absorptions, with
optical features at 2.0 eV~weak! and 3.2 eV~strong!, corre-
sponding to theQ andB bands of isolated porphyrin, respec-
tively, and coming from theS2 andS4 singlet excited states

in the CCSD calculations. AlthoughS2 andS4 are described
primarily by an antisymmetric~destructive! combination and
a symmetric~constructive! combination of the HOMO-1 to
LUMO and HOMO to LUMO11 excitations,36 with the four
frontier molecular orbitals being mostly localized on the por-
phyrin ring ~see Table I and Fig. 3!, these excited states
~especially S4) have also significant contributions from
short-axis polarized electronic excitations of the anthracene
units. This is clearly seen from the transition density dia-
grams reported in Fig. 4~these transition charges provide a
local map for the overlap between the initial—here, the
ground state—and the final electronic states involved in the
optical transition37!.

The simulatedy-polarized spectrum shows two main
features at 3.5 eV~y component of the porphyrinB band! and
above 5 eV ~long-axis polarized anthracene absorption!;

FIG. 2. ~a! CCSD-polarized linear absorption spectrum of AtPtA. The solid
and dashed lines correspond to polarization along theX andY axes, respec-
tively. The experimental spectrum is plotted in the top right corner for the
sake of comparison.~b! The corresponding two-photon absorption spectrum.
~c! The corresponding three-photon absorption spectrum. The main reso-
nance features are labeled, see text for discussion.
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these play, however, a minor role in the three-photon absorp-
tion response and will not be discussed further. Finally, we
note that, although the theoretical transition energies are sig-
nificantly overestimated, the overall shape of the one-photon
absorption spectrum compares very well to the experimental
spectrum reported in Ref. 33, which is depicted in Fig. 2~a!
for comparison; the experimental spectrum is characterized
by ~i! bands peaking at;1.8 eV ~weak! and ;2.6 eV
~strong! and associated to the porphyrinQ andB bands, re-
spectively; and~ii ! the emergence of an additional intense
band at;4.7 eV assigned to anthracene localized excita-
tions. It is worth stressing that the oscillator strength associ-
ated with theQ band is significantly enhanced in AtPtA as
compared to Zn porphyrin~not shown!, a feature that arises
from partial wave-function delocalization between the por-
phyrin and anthracene units, see the analysis of the transition
density diagrams above.

In the spectral range below linear absorption~i.e., below
absorption into theQ band at;2 eV!, the 2PA spectrum of
AtPtA, displayed in Fig. 2~b!, is dominated by a single peak
at ;1.65 eV, associated with a singlet excited state (S6)

located at;3.3 eV above the ground state and coupled
through significant transition dipole moments toS2 andS4 ,
see Fig. 5. As in the case ofS4 ~the dominant one-photon
state!, the lowest two-photon excited state involves both por-
phyrin and ~smaller! anthracene contributions; theS6

excited-state wave function is indeed primarily described by
electronic transitions from the HOMO-1 to the LUMO16
and~to a lesser extent! LUMO12 orbitals, which are mostly
confined on the central porphyrin macrocycle and anthracene
end caps, respectively~Table I, Fig. 3!. As a result, theS2

→S6 andS4→S6 excitations involve a reorganization of the
electron density over the whole AtPtA structures~as illus-
trated by the transition densities diagrams on Fig. 4!; the
amplitudes are small, which translates into transition dipoles
of intermediate size. The~orientationally averaged! 2PA
cross section~characteristic of isotropic samples! at the reso-
nance ~;1.65 eV! is calculated from Eq.~4! to be 320
310250cm4 s ~the longitudinal component amounts to
1600310250cm4 s). For the sake of comparison, we also
computed the~orientationally averaged! 2PA cross section
from the SOS expression of Im~g~2v;v,v,2v!!, which
amounts to 340310250cm4 s. The ~slight! deviation be-
tween the results obtained by the two methods arises from
the fact that the SOS results also include contributions from
non-two-photon resonant terms. The latter are key to under-
stand the static third-order susceptibility,29 but are not as rel-
evant for the 2PA or 3PA resonant behaviors.

Figure 2~c! shows the simulated frequency-dependent
3PA spectrum of AtPtA in a spectral range for which the
molecule is transparent for both one- and two-photon absorp-
tion ~however, due to the simple treatment used here to ac-
count for line broadening, the residual lower-order absorp-
tion cannot be quantified!. As in the case of 2PA, the 3PA
spectrum below 1.65 eV is characterized by the presence of a
single strong resonance at about 1.5 eV. From Eq.~3!, the
longitudinal component of the 3PA absorption cross section
at this resonance is;2.3310277cm6 s2/photon2.

As indicated above, we have also calculated the 3PA
coefficient of BDPAS,35 which has been measured by Drobi-
zhev et al. Applying the same methodology leads to an
xxxxxx component of the 3PA cross section~with x being
the charge-transfer axis! that is more than two orders of mag-
nitude larger than the other components. It amounts to 2.88
310280cm6 s2/photon2 for a fundamental energy of 1.24 eV
~3PA into theS1 state!. This is three orders of magnitude
lower than in AtPtA.

To allow a comparison with experimental spectra in so-
lution, it is necessary to take into account spatial averaging
over all possible molecular orientations and the local-field
corrections~note that solvent-induced changes of transition
energies and dipole moments go beyond the scope of the
present contribution!. According to Cronstrandet al.,15

orientational averaging contributes a factor of 2/35 or 1/7
~when a single component dominates the 3PA tensor!, in the
case of circular or linear polarization, respectively. Within
the simple Lorentz model, the local-field correction isL
5(n212)/3. For dichloromethane~with a refractive index
n51.4242), one obtainsL655.86 andL6/n3 @the solvent-
related term entering into Eq.~3!# becomes 2.03. Thus, these

TABLE I. Main configurations and CI coefficients~with amplitudes larger
than 0.3! for the essential one-, two-, and three-photon excited states of
AtPtA.

Excited state Configurations and CI coefficient

S2 HOMO-1→ LUMO 0.69
HOMO→ LUMO11 0.61

S4 HOMO→ LUMO11 0.56
HOMO-1→ LUMO 20.52
HOMO-2→ LUMO12 20.38

S6 HOMO-1→ LUMO16 20.63
HOMO-1→ LUMO12 0.45

S31 HOMO-1→ LUMO13 0.44
HOMO-12→ LUMO 0.34

~HOMO-3,HOMO!→~LUMO11,LUMO12! 0.31
S41 HOMO-3→ LUMO 0.52

HOMO-3→ LUMO13 20.35
HOMO-1→ LUMO13 20.35

FIG. 3. Schematic representation of the one-electronic structure of AtPtA,
porphyrin, and anthracene from INDO calculations. The bold lines represent
molecular orbitals mostly localized on anthracene, the plain lines orbitals
mostly localized on porphyrin.
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combined effects contribute overall factors of;0.12 and
;0.30 for the two light-polarization conditions. The theoret-
ical 3PA value for BDPAS in an isotropic dichloromethane
solution and for a linearly polarized light~i.e., experimental
conditions in Ref. 35! is then estimated to be;8.6
310281cm6 s2/photon2, at the theoretical peak position of
1.24 eV. This is very close to the experimental value of 5
310281cm6 s2/photon2 at the experimental peak position of
1.06 eV ~Ref. 35! ~note that our choice of 0.1 eV for the
dampingG translates into a peak width of 0.3 eV when plot-
ting the 3PA spectrum as a function of state energy, which is
consistent with the measurements in Ref. 35!.

We have also calculated the 3PA cross section for the
individual anthracene and porphyrin molecules; looking at
the same frequency range, these are found to be two orders
of magnitude smaller than in the triad molecule. In order to

understand the microscopic mechanism for such a large en-
hancement of the 3PA cross section in the triad molecule, we
have analyzed the dominant channels contributing toTg→ f

and identified the involved excited states, see Fig. 5~note
that the different pathways fors3 result from all possible
combinations of these channels!. As expected from the dis-
cussion of the one- and two-photon spectra above,S6 is an
essential intermediate state, i.e., the three-photon response
involves large contributions from channels such asuS0&
→uSm&→uS6&→uSf&, whereSm stands forS2 or S4 and Sf

corresponds toS31 or S41 ~plus additional smaller contribu-
tions in the same energy range!. S31 andS41 are two close-
lying three-photon excited states. The dominant electronic
configuration to the wave-function expansion forS31 is a
single electron promotion from HOMO-1 to LUMO13,
while the HOMO-3 to LUMO transition provides the largest

FIG. 4. Transition density diagrams associated to the electronic excitations dominating the description of the three-photon absorption response.For the sake
of clarity, the transition densities have been magnified by relative ratios of 10 for~a! and ~b!; 30 for ~c!; 40 for ~d!, ~e!, and~f!.
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contribution to theS41 wave function~Table I, Fig. 3!; these
two transitions correspond to charge-transfer excitations
from porphyrin to anthracene and vice versa, respectively
~note, however, that these excited-state wave functions are
very disperse with a large number of small contributions, see
Table I!. The magnitude of the overall charge transfer
amounts to;0.7 ueu in both S31 andS41. Because of such a
dominant charge-transfer character, these excited states have
vanishingly small oscillator strength to the ground state, and
hence do not appear in the linear absorption spectrum; how-
ever, they are characterized by sizable transition dipole mo-
ments to the dominant two-photon stateS6 ~Fig. 5!, with
major contributions on the anthracene moieties~Fig. 4!.

The large enhancement of 3PA cross section in the triad
molecule can hence be explained as follows:

~i! The strong coupling between the porphyrin and an-
thracene moieties that gives rise to relatively large dipole
matrix elements between the following pairs of states:S0

with S2 andS4 ~B band!, S2 andS4 with S6 ~2PA state!, and
S6 with S31 andS41 ~3PA target states!.

~ii ! The closeness of the one-, two-, and three-photon
resonances that lead to small detuning factors; for instance,
the photon energy for the three-photon resonance is detuned
by only 0.5 eV relative to the one-photon resonance into the
Q band,ES2

2\v;0.5 eV. At the same photon energy, it is
also close to the 2PA resonance intoS6 , ES6

22\v

;0.2 eV. These two energy differences enter into the de-
nominator in Eq.~3! and their small values result in a sig-
nificant enhancement of the 3PA cross section.~In this con-
text, one, however, has to keep in mind that, if one-, two-,
and three-photon states lie too close in energy, in practical
applications, higher-order nonlinear absorption processes
will be obscured by lower-order ones.! Finally, it is interest-
ing to note that~i! in spite of a less favorable energy factor,
theB-band (S4) contribution to 3PA is comparable to that of
the Q band (S2), due to the larger transition dipole moment
to the ground state; and~ii ! although larger transition mo-
ments are involved, the three-photon resonances associated
with either theB band (S4) or theQ band (S1 andS2) have
much smaller intensity than those to theS31 andS41 excited
states@because these lead to larger detuning factors at the
denominator in Eq.~3! and involve a smaller number of pos-
sible pathways#.

V. CONCLUSIONS

To summarize, we have investigated the three-photon
absorption response of a porphyrin-anthracene triad~AtPtA!
using a highly correlated CCSD-EOM/INDO method. The
3PA cross section of AtPtA has been found to be two orders
of magnitude larger than those of the individual entities and
about three orders of magnitude larger than the values re-
ported for BDPAS.

Such an enhancement of the 3PA response is associated
to the presence of three-photon states with a predominant
intramolecular charge-transfer character, which show large
transition dipole moments to a major two-photon excited
state delocalized over the porphyrin and anthracene moieties.
The latter state itself is strongly coupled to the excited states
leading to the porphyrinQ and B bands that dominate the
linear absorption spectrum. In a simplified picture, the se-
quence of excitationsS0→(S2 /S4), (S2 /S4)→S6 , and S6

→(S31/S41) can be regarded as progressively shifting the
electronic density from the central porphyrin macrocycle to
the external anthracene chromophores. This, together with
the particular excited-state energy scheme leading to closely
lying one-, two-, and three-photon resonances, provides the
mechanism for the enhanced 3PA cross section in the triad
structure. Although this theoretical prediction has still to be
confirmed experimentally, it paves the way towards the de-
sign of molecular architectures for 3PA applications. In par-
ticular, it would be interesting to explore the 3PA response of
2PA active materials; such a study is currently in progress.
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