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The correction vector method has been used to investigate structure to property relationships for multiphoton
absorption properties in covalently linked porphyrin dimers. The electronic structure of the system is described
within the multireference single and double configuration interaction (MRDCI) method coupled with the
intermediate neglect of differential overlap (INDO) Hamiltonian. We find a strong increase in the two-photon
absorption (2PA) and three-photon absorption (3PA) cross sections when going from an isolated porphyrin
to the dimers. The nature of the 2PA and 3PA active states as well as the cross sections show a strong but
not straightforward dependence on the length of the bridge between the two porphyrins. Our theoretical results
are in very good agreement with experimental data for 2PA. The resulting structure to property relationships
are analyzed on the basis of essential-state models, where it turns out that a three-state model considering
only the Qx intermediate state proposed in literature does not provide a full description of the actual situation.

I. Introduction

Multiphoton absorption processes are highly promising for a
number of processes including optical limiting,1 3D microfab-
rication,2 and optical data storage.3 More recently, various
porphyrin systems have received particular attention in the
context of multiphoton absorption4-12 because of their largeπ
electron delocalization, flat structure, and high thermal stability.
At the same time, they have been commonly accepted as tumor
markers and photosensitizers in photodynamic therapy of cancer
(PDT)13 for decades and also they can be applied in various
photochemical processes that are promising for optical memory
and microfabrication.14 For example, fused diporphyrin,5 butadiyne
linked-self-assembled porphyrins,4 conjugation length extended
porphyrin,6,12and aggregated porphyrins7 have been extensively
investigated, and the reported two-photon absorption cross
sections (σ2) in these range from 100 to 15 000 GM.

Recently, Drobizhev et al.15 have found that: (1) a series of
covalent bridge-linked porphyrin dimers possess extremely large
σ2, up to 10 000 GM in the near-IR, which is several hundred
times larger than that obtained for the corresponding monomer
in the same region; and (2) subtly changedπ-conjugated bridges
in the middle of dimers make a difference toσ2 values. To better
understand the nature of the strong enhancement in these
porphyrin systems and the bridge effects in porphyrin dimers,
we have implemented the correction vector (CV) method within
the multireference single and double configuration interaction
(MRDCI) method coupled with the intermediate neglect of
differential overlap (INDO) Hamiltonian (MRDCI/INDO) to
calculate linear absorption, two-photon absorption (2PA), as well
as three-photon absorption (3PA) spectra for the porphyrin
monomer and dimers. The structure to property relationships
are also explained on the basis of essential-state models.

The most widely used theoretical methods involved in
calculating the 2PA or 3PA cross sections (σ3) are sum-over-
states (SOS)16 and response theory.17 The SOS approaches
involve a truncation in the summation over excited states
with the actual number of considered states typically depending
on the methodology. This is because that it is virtually
impossible to obtain information on all excited states for
molecules relevant for practical applications described at the
necessary (highly correlated) level of theory. Such truncations
may, however, lead to uncontrolled errors in the calculated
optical coefficients.18 The nonlinear response theory has been
widely applied in nonlinear optical (NLO) properties and
multiphoton absorption calculations.19 However, it is usually
done for a fixed frequency away from any resonant structure
due to numerical convergence problems. Time-dependent
density functional theory (TDDFT) has also been used to
investigate 2PA properties by the Pachter20 and Tretiak21 groups.
We note that, for third-order NLO properties, due to the
self-interaction problems in DFT, the charges are always
predicted to be much more delocalized than reality, which re-
sults in a much amplified third-order polarizability. Develop-
ing a better functional to correct such errors is a current
challenge in DFT.22

The CV method23 for the computation of general dynamic
NLO coefficients is convergent for the full frequency range
relevant for multiphoton absorption. The advantage of CV is
that one needs only ground-state properties such as energy, wave
function, and dipole moment. It gives exactly the same results
as if one sums over all the excited states. We have successfully
employed the CV method within the MRDCI or the coupled-
cluster approximation coupled with either the INDO or the ab
initio Hamiltonian to study multiphoton absorption properties.24

It has been shown that the full spectra of 2PA and 3PA can be
obtained.
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II. Theoretical Methodologies

The chemical structures of the molecules studied in the
present work are displayed in Figure 1. The alkyl groups of the
molecules studied in the experiments15 are replaced by H atoms
in the calculations. The ground-state geometries of all com-
pounds are optimized at the DFT level with the hybrid B3LYP
functional and the 6-31G* basis set for C, N, Si, and H and the
LANL2DZ basis set for Zn, as implemented in the Gaussian-
03 package.25

In the CV method,23,24the NLO coefficients can be obtained
on the basis of only the ground-state eigenvalue, eigenvector,
and permanent dipole moment. For the first-order polarizability
Rij(ω), starting from the SOS expression, it can be expressed
as

where|φi
(1)(ω)〉 and|φi

(1)(-ω)〉 are defined through the follow-
ing first-order correction vectors equation:

Here,H is the CI Hamiltonian;EG is the ground-state energy,
ω is the fundamental input frequencies, and theµi are the
dipole displacement operators defined as:

Γ denotes a dampling factor (set to 0.1 eV in the calculations).
The indicesi and j are Cartesian coordinates. Equation 2 can
be directly solved via a Davidson-like algorithm for the
“monster” linear equation.23,24

To compute the third-order polarizabilityγijkl(-ω;ω,-ω,ω)
and the fifth-order polarizabilityεijklmn(-ω;ω,ω,-ω,ω,-ω)
necessary for describing 2PA and 3PA processes, the following
equations for the second-order correction vectorφij

(2)(ω1,ω2)
and the third-order correction vectorφijk

(3)(ω1,ω2,ω3) have to be
solved:

Finding the solution to eqs 4 and 5 is analogous to solving eq
2; γijkl(-ω;ω,-ω,ω) and εijklmn(-ω;ω,ω,-ω,ω,-ω) can then
be written in terms of the second-order (φij

(2)(ω1,ω2)) and third-
order correction vector (φijk

(3)(ω1,ω2,ω3)) as:

The orientationally averagedRav and γav values are defined
as:23

For the molecules studied here, the contribution ofz-components
can be neglected (thex-axis is defined as connecting the two
central Zn atoms, they-axis is perpendicular to thex-axis, and
thexy plane is parallel to one of the porphyrin planes). Asγxxyy

) γxyyx andγyyxx ) γyxxy, the orientationally averagedγav can
be written as:

As pointed out by Cronstrand et al.,19 the numerical calculation
for the orientationally averaged fifth-order polarizability,εav,
is a formidable task. We have tested the influence of theεyyyyyy

component on the 3PA cross section. We find that it does not
play any appreciable role for the porphyrin dimers, and thus
we will focus only on theεxxxxxxcomponent.

The 1PA, 2PA, and 3PA cross sections,σ1, σ2, andσ3, can
finally be derived from the imaginary parts of orientationally
averagedRav andγav andεxxxxxx. They can be expressed as:

In this contribution, we have used the MRDCI26 method with
the semiempirical INDO27 Hamiltonian linked to the CV method
to study the one-, two-, and three-photon absorption properties
of porphyrin derivatives. The Mataga-Nishimoto potential28 is
used to describe the Coulomb repulsion terms. (Parametrizing
the Si atom in INDO is probably inappropriate. But from the
first-principles DFT calculation for yPy, we find that Si (at the
end cap of yPy) does not participate in the active Kohn-Sham
orbitals, thus Si’s contribution is very minor (see Table S1 in
Supporting Information)). Details regarding the choice of the
CI-active space and the reference determinants in the INDO/
MRDCI procedure are available in the Supporting Information.
In general, we have paid particular attention to choosing a
consistent CI-active space and reference set for all studied
molecules. Therefore, we have extensively tested effects related
to varying the CI space and the number of reference determi-
nants. Because of the large size of the investigated molecules,
previously applied approaches including only between 2 (ref
29) and 6 (ref 30) orbitals for multiple excitations could not be
applicable here. Therefore, we have extended the capabilities
of the ZINDO code by making use of iterative diagonalization
schemes. In this work, the CI active spaces consist of up to 12
occupied and 12 unoccupied molecular orbitals, corresponding
to more than 300 000 configurations.

III. Results and Discussion

A. Molecular Structures. The DFT geometry optimizations
show that, in the monomer (compound yPy in Figure 1), the

Rij(-ω;ω) )

∑
R

[ 〈G|µi|R〉〈R|µj|G〉

ER - EG - pω - iΓ
+

〈G|µj|R〉〈R|µi|G〉

ER - EG + pω + iΓ]
) 〈G|µi| 1

H - EG - pω - iΓ |µj|G〉 +

〈G|µj| 1
H - EG + pω + iΓ |µi|G〉 (1)

) 〈φi
(1)(-ω)|µj|G〉 + 〈φj

(1)(ω)|µi|G〉

(H - EG ( pω ( iΓ1)|φi
(1)((ω)〉 ) µi|G〉 (2)

µi ) µî - 〈G|µî|G〉 (3)

(H - EG + pω2 + iΓ)|φij
(2)(ω1,ω2)〉 ) µj|φi

(1)(ω1)〉 (4)

(H - EG + pω3 + iΓ)|φijk
(3)(ω1,ω2,ω3)〉 ) µk|φij

(2)(ω1,ω2)〉 (5)

γijkl(-ω;ω,-ω,ω) )

Pijkl 〈φi
(1)(-ω)|µj|φkl

(2)(-2ω,-ω)〉 (6)

εijklmn(-ω;ω,ω,-ω,ω,-ω) )

Pijklmn〈φij
(2)(-2ω,-ω)|µk|φlmn

(3) (-3ω,-2ω,-ω)〉 (7)

Rav ) ∑
i)x,y,z

1

3
Rii (8)

γav ) ∑
i,j)x,y,z

1

15
(2γiijj + γijji ) (9)

γav ) 1
5

(γxxxx+ γyyyy+ γxxyy+ γyyxx) (10)

σ1 )
4π(pω)L2

ncp
Im Rav (11)

σ2 )
4π2(pω)2L4

n2c2p
Im γav (12)

σ3 )
4π3(pω)3L6

3n3c3p
Im εxxxxxx (13)
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porphyrin ring is planar and there is a twist of about 70° between
the plane of the phenyl ring and that of the porphyrin. When
having a single carbon-carbon triple bond bridging the gap
between two porphyrin rings (compound PyP), the steric
interaction between the closely neighboringâ-hydrogens of the
porphyrin rings distorts the molecule from planarity,15b,31

resulting in a dihedral angle of ca. 36° between the porphyrins.
This is in very good agreement with experimental and other
DFT optimized results.32 However, by adding another carbon-
carbon triple bond between the two rings to form the PyyP and
yPyyPy dimers, the minimum structures for the porphyrin rings
are coplanar again. This increases the conjugation length and
should make the backbone more polarizable. Also when an
additional benzene ring is inserted into the middle of the two
triple bonds of yPyyPy, the molecule yPyByPy remains
coplanar. However, when the benzene ring is replaced by an
anthracene, steric interactions again become stronger and the
plane of the anthracene moiety is twisted by ca. 32° in yPyAyPy.
The DFT optimized results for yPyyPy and yPyByPy dimers
are in agreement with X-ray investigations.33

B. One-Photon Absorption. i. yPy Monomer.Figure 2a
presents the MRDCI/CV calculated one-photon absorption
spectrum of the yPy monomer. We find that the linear absorption
spectrum in the low-energy region is dominated by a very weak
Qx band at ca. 2.07 eV. There is another very weak band (Qy)
at ca. 1.95 eV, whose oscillator strength is about one-fifth of
the main Qx band. The authors of ref 15 attribute the lowest
band at ca. 1.9 eV (646 nm) to a Qy band and the other very
weak band at about 2.1 eV (595 nm) to Qx. The calculated
transition energies agree well with the experimental polarized
absorption spectrum in the low-energy region.15 (The slight
overestimation of calculated excitation energies is attributed to
an overcorrelation of the ground state34 in the MRDCI method.)
However, the assignment of the polarization of these two bands
is reversed between our study and the previous studies. This is
because the assignment in ref 15 is based on calculations35 for
the molecule (Zn1-(T)2 and Zn1-(TT)2, where R2 are H atoms)
that is different from our studied yPy molecule (R2 phenyl
rings). (To verify our theoretical results, we have performed
INDO/SCI calculations on the yPy molecule and the Zn1-(T)2

Figure 1. Chemical structures of the investigated porphyrin derivatives. TheXYZ reference system is also shown.
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and Zn1-(TT)2 molecules in ref 35. For yPy, INDO/SCI
calculated results are consistent with our INDO/MRDCI result
and show that the oscillator strength of Qx is larger than that of
Qy; for Zn1-(T)2 and Zn1-(TT)2 monomers, the oscillator
strength of Qy is larger than Qx, which is in agreement with the
calculation results in ref 35; see Table S9 in the Supporting
Information.)

In the high-energy region of the linear absorption spectrum,
there are two close-lying strong B-bands, By and Bx, peaking at
ca. 3.15 and 3.19 eV, respectively. The energetic splitting of
the Bx and By bands is 0.04 eV, which is somewhat smaller
than the experimental splitting (Bx at 2.73 eV and By at 2.81
eV).15 When using the above-described (presumably inappropri-
ate) assignment ofx- andy-polarized components in ref 15, the
relative oscillator strengths of Bx and By would again be reversed
between theory and experiment.

ii. Porphyrin Dimers. The MRDCI/CV simulated linear
absorption spectra of a series of porphyrin dimers are shown in
Figure 2b-f. For x-polarized light, all porphyrin dimers show
common trends when compared to the monomer: (a) The

oscillator strengths associated with the Qx bands are drastically
enhanced and the peaks are red-shifted, a feature that arises from
partial wave function delocalization between the two porphyrins
and the benzene or anthracene units. (b) The Bx bands split into
two sub-bands; Bx1 lies between ca. 2.7 and 2.9 eV and Bx2 is
found around 3.5-3.7 eV (see Table 1). These results are in
good agreement with the experimental trends,15 which also show
that the lowest-energy Q-band is strongly intensified and red-
shifted, while the B band splits into several sub-bands. (c) The
oscillator strengths of Bx1 are always larger than of Bx2. In the
experiments, however, the oscillator strength of Bx1 and Bx2 is
similar in yPyyPy and the intensity ratio is inverted in yPyByPy
and yPyAyPy. To test whether this discrepancy results from
the limited CI space in the MRDCI calculations, we have also
done a SCI calculation with much bigger CI-active spaces
(including the highest 70 occupied and the lowest 70 unoccupied
orbitals) for yPyByPy and yPyAyPy, but also there we find the
oscillator strength associated with Bx1 always larger than for
Bx2.

Figure 2. MRDCI/CV calculatedx-,y-polarized one-photon absorption spectra of the molecules shown in Figure 1.

8512 J. Phys. Chem. A, Vol. 111, No. 34, 2007 Zhu et al.



C. Two-Photon Absorption. Figure 3 shows the MRDCI/
CV calculated 2PA spectra of the investigated porphyrin
derivatives. In parts a and b of Figure 3, filled squares, open
circles, filled triangles, and open triangles show the contributions
of thexxxx, yyyy, xxyy, andyyxxcomponents ofσ2 of yPy and
PyP, respectively. In Figure 3c, we report the averaged 2PA
spectra (according to eq 12) for all porphyrin dimers. Table 1
gives the averagedσ2 values of the porphyrin derivatives.

i. yPy Monomer.For the yPy monomer, there are two 2PA
peaks (around 1.52 and 1.89 eV) in the spectral range below
linear absorption (see Figure 3a). All four plotted components
contribute to averaged signal; thexxxxcomponent is dominant
in the region of the low-energy peak, while theyyyycomponent
is the strongest one at the high-energy peak. The first 2PA
maximum is at a photon energy of 1.52 eV; the corresponding
averagedσ2 value at this energy is 46 GM. The second 2PA
peak is located at 1.89 eV, which corresponds to the main
experimental peak at 1.46 eV, because the photon energy of
main 2PA peak is higher than that of the main linear absorption
feature in the B-band region. The calculated averagedσ2 of the
second 2PA peak is 406 GM, which is overestimating the
experimental value (20GM).

ii. Porphyrin Dimers. From Figure 3b, we find that the
longitudinalxxxxcomponent of the 2PA amplitude in PyP dimer
is several orders of magnitude larger than that of any other tensor
component. This can be understood from the increased conjuga-
tion along thex-axis connecting the two porphyrins.

From parts b and c of Figure 3, one can see that there typically
is a double peak structure in the 2PA spectra, with a first peak
around 1.5 eV and the high-energy main peak in the region
around 1.8 eV. The latter typically has a low-energy shoulder
around 1.7 eV. Such a double peak structure is also resolved in
several of the experimental spectra, in particular in PyyP and
very strongly in yPyAyPy. Both, in the experiments and in the
calculations, the lower-energy peak is in the energy region of
the lower Bx band, while the higher peak is at a photon energy
higher than the main linear absorption feature in the B-band
region.

In this context, it should be mentioned that, for centrosym-
metric molecules, 2PA states are different from one-photon
states due to mutually exclusive selection rules. Thus, while
the molecules investigated here have 2PA states that are in the
region of certain strongly one-photon active states, they differ

from those in their wave function symmetry. For example, in
the PyP dimer, the low-energy 2PA state (at 1.48× 2 ) 2.96
eV) corresponds to the S6 excited state, whose description is
dominated by a determinant with an electron excited from the
HOMO to the LUMO+3 molecular orbital. The corresponding
one-photon state (2.81 eV) corresponds to the S5 excited state,
dominated by a transition from the HOMO to the LUMO orbital.
It is found that LUMO (Bg) and LUMO+3 (Au) orbitals have
inverse symmetry, the HOMO has Au symmetry. That testifies
to our results that S6 is a two-photon allowed excited-state and
S5 is a one-photon allowed but two-photon forbidden excited
state.

Several trends can be seen in the calculated spectra: (a) It is
noted that, in the experiment, the 2PA peaks of the monomer
and the dimers are in similar photon energy ranges. So in the
calculation, we should also compare the high-energy 2PA peak
of the monomer with the high-energy 2PA peak of the dimers.
When going from the monomer, yPy (withσ2 ) 406 GM at
1.89 eV) to the dimer, yPyyPy, (withσ2 ) 28.7× 103 GM at
1.79 eV), there is a nearly 2 orders of magnitude increase in
σ2. This is fully consistent with the experimental trend (there is
∼400-fold enhancement in the dimer as compared to the parent
monomer), although in the calculations, theσ2 value is more
strongly overestimated for the monomer (σ2 ) 20 GM at 1.46
eV in the experiment) than for the dimer(σ2 ) 9100 GM at
1.40 V in the experiment). (b) Looking at PyyP, yPyyPy, and
yPyByPy, the experimental and theoretical trends are consis-
tent: there is a strong increase inσ2 (nearly doubling) when
going from PyyP (19.5× 103 GM at 1.86 eV) to yPyyPy (28.7
× 103 GM at 1.79 eV) both in theory and experiment andσ2

decrease again in yPyByPy (12.2× 103 GM at 1.81 eV; in this
molecule, the width of the experimental peak, however, seems
to be significantly increased). Also the shift of the 2PA peak to
lower energies when going from PyyP to yPyyPy and back to
a higher energy intermediate between the two in yPyByPy is
consistent between experiments and calculations. (c) The
absolute values of the cross sections of the strong peaks in PyyP,
yPyyPy, and yPyByPy are, however, significantly overestimated
by the calculations, while for PyP and yPyAyPy, also the
absolute magnitudes in the calculations agree well with those
in the experiment.36 This observation is insofar intriguing, as
only for PyP and yPyAyPy have steric interactions been found
to induce a twist between the planes of the two porphyrins. The

TABLE 1: MRDCI/CV and Tensor Method Calculated One-, Two-, and Three-Photon Absorption Properties of Porphyrin
Derivativesa

1PA 2PA 3PA

CV CV tensor exp CV tensor

compound
Qx

(eV)
Bx

(eV)
By

(eV)
peak
(eV) σ2

peak
(eV) σ2

peak
(eV) σ2

peak
(eV) σ3(xxxxxx)

peak
(eV) σ3(xxxxxx)

YPy 2.07 3.19 3.15 1.52 46 1.52 25 0.70 0.01 0.70 0.01
1.89 406 1.91 262 1.46 20 1.08 0.16 1.08 0.1

PyP 2.03 2.81 3.26 1.48 1755 1.48 1692 0.94 65 0.94 14
3.60 3.61 1.85 8022 1.86 7098 1.50 8600 1.21 2043 1.21 2450

PyyP 2.03 2.78 3.26 1.46 2175 1.46 1986 0.93 162 0.94 49
3.72 3.67 1.86 19473 1.88 20549 1.48 5500 1.25 5605 1.25 6440

YPyyPy 1.98 2.79 3.22 1.38 2205 1.39 1957 0.94 312 0.94 147
3.55 3.53 1.79 28655 1.81 31511 1.40 9100 1.19 6972 1.19 9030

YPyByPy 2.04 2.92 3.36 1.55 2874 1.56 2550 0.98 252 0.98 70
3.58 3.86 1.81 12188 1.80 9228 1.41 3800 1.20 4212 1.20 4130

YPyAyPy 2.02 2.72 3.46 1.46 3835 1.46 3484 1.4 4000 0.91 308 0.92 112
3.48 3.84 1.76 16929 1.77 15141 1.47 10100 1.16 5060 1.17 5320

a Experimental 2PA data15 are also listed. Averaged 2PA cross section in the units of 10-50 cm4 s (GM) and 3PA cross section of the xxxxxx
component in the units of 10-80 cm6 s2.
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reduced conjugation resulting from that twist can then be held
responsible for the comparably smaller calculatedσ2 in PyP
and yPyAyPy. In the other dimers, there is no steric inhibition
to a free rotation around the axis connecting the two porphyrins.
This might imply that in the experiments on PyyP, yPyyPy,
and yPyByPy in solution, one is dealing not only with planar
molecules as assumed here (based on the geometry optimizations
neglecting the interaction with the solvent). The reduced
conjugation in twisted conformers could then be responsible
for the measured “average” cross sections in those three
materials being significantly smaller than the calculated one.37

To be able to analyze the results based on essential state
models,38 we have compared the CV results with S-tensor39

calculations including 100 excited states. The 2PA cross section,
σ2 (ω), can be expressed according the relationship

wherec is the speed of light in vacuum.L denotes a local-filed

correction (equal to 1 for vacuum),pω is the photon energy of
the incident light, andΓ is a Lorenzian broading factor (set to
0.1 eV in the calculations). Sgff corresponds to the two-photon
transition amplitude from the ground state to a final two-photon
state|f〉, with the tensorij component defined as

whereEgm corresponds to the excitation energy from the ground
state|g〉 to excited state|m〉, µi is the component of the electric
dipole operator along the molecular axisi, and Pij denotes a
complete permutation of the indicesi and j. For linearly
polarized light, the averageσ2 can be written as40

We find that the trends obtained forσ2 with the two methods
are consistent. Thus we have been able to analyze the dominant
channels contributing to|Sgff|2(Egf)2 Γ/{(Egf - 2pω)2 + Γ2}.
It consists of a sum of terms of the typeµge

i µef
j /{Ege - 1/2

Egf}, where the numerator contains the transition dipoles between
the ground state an the intermediate state (over which the
summation occurs) and the intermediate state and the 2PA active
state; the denominator is given by the detuning energy of the
respective intermediate state.Γ is a broadening factor,pω is
the photon energy at the 2PA peak, andEgf is the transition
energy from the ground state to the 2PA final state.

CalculatingSgff then allows identifying the most important
intermediate excited states. In Tables 2 and 3, the dominant
channels of the perturbative S-tensor description for 2PA into
the main high-energy peak and into low-energy peak are listed.
Channels, in which the Qx, Bx1, and Bx2 states serve as
intermediate states, have been found to give rise to the largest
relative contribution to the overallσ2 because they possess large
µge and, in case of dimers, also largeµef (listed in Tables 2 and
3). Considering these one-photon states for|Sgff|2 gives rise to
the following: (i) channels involving only the one-photon state
Qx, (ii) channels containing only one type of Bi (i ) x1 or x2)
intermediate states, and (iii) mixed channels.38e,41 In the fol-
lowing, they will be referred to as MN channels (with M and
N being either Q, Bx1, or Bx2). Note that the sign ofµge‚µef into
Bx2 is reversed with respect toµge‚µef into Bx1 and Q for all the
dimers (see column 6 and 7 in Table 2). Thus, all channels that
involve Bx2 in combination with either Q or Bx1 (QBx2 and
Bx1Bx2 channels, see column 11 and 14 in Table 2) as
intermediate states lead to negative contributions toσ2.

This analysis provides the following insights: (a) A nearly
2 orders of magnitude increase when going from yPy to the
corresponding dimer yPyyPy can then be explained on the basis
of individual transition dipoles as well as the detuning energy.
As far as the B-channels are concerned, they are strongly
enhanced due to the increase ofµge and much more importantly
µef. The decrease of the detuning energies (Ege - Eef/2) results
in a further increased cross section. In yPyyPy, we also observe
a much larger contribution from Q-channels (see ratio (QQ+
QBx1)/(Bx1Bx1) as seen in the values in Table 2, which is due to
the much smaller detuning energies. (b) When considering the
combined solely Bxi-based channels (i ) 1,2) as BB contribution

Figure 3. MRDCI/CV calculated two-photon absorption spectra. (a)
and (b): filled squares, open circles, filled triangles and open triangles
show the contributions of thexxxx, yyyy, xxyy, andyyxxcomponents
of the two-photon absorption cross section, respectively, for the yPy
monomer and the PyP dimer; (c) are the orientationally averaged 2PA
spectra for all porphyrin dimers.

σ2(ω) )
4π2(pω)2L4

n2c2p
∑

f
|Sgff

ij |2{ Γ

(Egf - 2pω)2 + Γ2} (14)

Sgff
ij ) ∑ Pij ∑

m

〈g|µi|m〉〈m|µj|f〉
Egm - pω - iΓ

(15)

σ2(ω) )
4π2(pω)2L4

15n2c2p
∑

f
|∑

ij

Sgff
ii Sgff

jj * +

2 ∑
ij

Sgff
ij Sgff

ij *|{ Γ

(Egf - 2pω)2 + Γ2} (16)
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and the combined QBx1 and QBx2 channels as QB contribution,
it becomes evident from Table 3 that the low-energy 2PA peak
is dominated by QB, whose contribution is ca. 50% throughout
the dimers. The remaining 50% are provided by BB and QQ
channels, whose ratio can vary between 0.45 (PyP) and 1.7
(yPyyPy). (c) For the main high-energy peak (which is a
superposition of 2PA into several excited states), we find that
typically both Q- and B-based channels significantly contribute
to the 2PA response. The former play a strong role due to the

much smaller associated detuning energies, while the latter are
strong because of the larger transition dipoles from the Bx states
both to the ground as well as to the 2PA states. The relative
contributions vary significantly from molecule to molecule (see
Table 2), which makes an analysis based on a three-state model
with Qx as the intermediate state without considering Bx states
(as in ref 15) somewhat problematic.

The trends for the main peak of the dimers will first be
discussed for the planar molecules (PyyP, yPyyPy, and yPy-

TABLE 2: Dominant Excited States That Contribute to 2PA into the Main High-Energy Peaka

compound
final
state

intermediate
state Ege Egf µge µef

detuning
energy QQ QBx1 QBx2 Bx1Bx1 Bx2Bx2 Bx1Bx2

yPy S9 S5 (By) 3.15 3.78 12.02(µ y) 4.47(µ y) 1.26
S6 (Bx) 3.19 3.78 -13.15 2.23 1.30
S2 (Qx) 2.06 3.78 1.84 2.94 0.17

S10 S5 (By) 3.15 3.82 12.02(µ y) 1.29 1.24
S6 (Bx) 3.19 3.82 -13.15 -1.44 1.28
S2 (Qx) 2.06 3.82 1.84 2.11 0.15

PyP S25 S1 (Qx) 2.03 3.69 4.90 -6.57 0.19
0.37 0.69 -0.21 0.32 0.03 -0.20S5 (Bx1) 2.81 3.69 -17.43 9.07 0.97

S19(Bx2) 3.6 3.69 -7.44 -11.77 1.76

S26 S1 (Qx) 2.03 3.81 4.90 3.93 0.13
0.53 0.60 -0.21 0.17 0.02 -0.11S5 (Bx1) 2.81 3.81 -17.43 -4.53 0.91

S19(Bx2) 3.6 3.81 -7.44 6.91 1.70

S18 S1 (Qx) 2.03 3.59 4.90 3.27 0.24
0.25 0.71 -0.21 0.50 0.04 -0.29S5 (Bx1) 2.81 3.59 -17.43 -5.56 1.02

S19(Bx2) 3.6 3.59 -7.44 6.93 1.81

PyyP S26 S1 (Qx) 2.02 3.73 5.71 9.03 0.16
0.40 0.63 -0.16 0.25 0.02 -0.14S5 (Bx1) 2.78 3.73 18.72 12.90 0.92

S25(Bx2) 3.72 3.73 -8.01 15.63 1.86

S17 S1 (Qx) 2.02 3.60 5.72 6.64 0.22
0.43 0.57 -0.12 0.19 0.01 -0.08S5 (Bx1) 2.78 3.60 18.72 6.09 0.98

S25(Bx2) 3.72 3.6 -8.01 5.84 1.92

yPyyPy S24 S1 (Qx) 1.97 3.62 8.31 -6.90 0.16
0.66 0.48 -0.17 0.09 0.01 -0.07S6 (Bx1) 2.78 3.62 -18.42 7.09 0.97

S22(Bx2) 3.55 3.62 8.92 9.13 1.74

S23 S1 (Qx) 1.97 3.58 8.31 6.82 0.18
0.55 0.58 -0.20 0.16 0.02 -0.11S6 (Bx1) 2.78 3.58 -18.42 -9.02 0.99

S22(Bx2) 3.55 3.58 8.92 -11.18 1.76

S21 S1 (Qx) 1.97 3.55 8.31 -6.57 0.20
0.47 0.65 -0.22 0.22 0.03 -0.15S6 (Bx1) 2.78 3.55 -18.42 10.55 1.01

S22(Bx2) 3.55 3.55 8.92 12.98 1.78

S13 S1(Qx) 1.97 3.36 8.31 -9.78 0.29
0.50 0.56 -0.14 0.16 0.01 -0.09S6(Bx1) 2.78 3.36 -18.42 9.40 1.10

S22(Bx2) 3.55 3.36 8.92 8.25 1.87

yPyByPy S19 S5(Bx1) 2.92 3.60 -20.27 13.89 1.12
0.23 0.81 -0.31 0.70 0.10 -0.53S18(Bx2) 3.58 3.60 6.81 24.97 1.78

S1(Qx) 2.04 3.60 -6.80 5.07 0.24

S17 S5(Bx1) 2.92 3.56 -20.27 10.55 1.14
0.18 0.81 -0.32 0.91 0.14 -0.72S18(Bx2) 3.58 3.56 6.81 19.63 1.8

S1(Qx) 2.04 3.56 -6.80 3.18 0.26

yPyAyPy S12 S1(Qx) 2.01 3.52 8.70 -8.29 0.25
0.48 0.66 -0.24 0.22 0.03 -0.15S5(Bx1) 2.71 3.52 17.72 -10.50 0.95

S11(Bx2) 3.47 3.52 9.81 12.21 1.71

S8 S1(Qx) 2.01 3.42 8.70 5.93 0.30
0.30 0.54 -0.04 0.24 0.00 -0.04S5(Bx1) 2.71 3.42 17.72 8.57 1.00

S11(Bx2) 3.47 3.42 9.81 -2.03 1.76

S15 S1(Qx) 2.01 3.63 8.70 1.42 0.20
0.14 0.92 -0.45 1.49 0.35 -1.45S5(Bx1) 2.71 3.63 17.72 10.38 0.90

S11(Bx2) 3.47 3.63 9.81 -16.92 1.66

a Listed are the INDO/MRDCI calculated excitation energies (eV) of 2PA-active and intermediate states and transition dipoles (Debye); if not
specified, the component along thex-direction of the transition dipole moment is quoted. For dimers, we also give the relative participations of
resulting 2PA channels for the dimers; channels involving Qx as intermediate state are denoted as QQ, channels with Bxi (i ) 1,2) intermediate state
as BxiBxi channels and mixed channels with Qx, Bx1, or Bx2 as one of the intermediated states as QBxi and Bx1Bx2 channels, respectively.
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ByPy). In the first two molecules, there come significant
contributions from QQ channel(s). They are particularly en-
hanced in yPyyPy, in which they exceed 50% mostly to the
cost of all BxiBxj-related channels (i,j ) 1,2) caused by the much
larger transition dipole momentµge for the Qx state (with similar
detuning energies for the S26 state in PyyP and the S21, S23, and
S24 states in yPyyPy). The combined contribution of QBxi

channels is at least 30% (up to 43% in S21 of yPyyPy, compare
to 40-49% in PyyP) and remains essential, even though it is
somewhat diminished with respect to PyyP, whoseµef are larger
than in yPyyPy. The larger number of 2PA active states in the
relevant energy region in yPyyPy also results in some increase
in σ2. These aspects are responsible for the overall increase of
the cross section in yPyyPy compared to PyyP. In yPyByPy,
the Q-channel contributions are particularly small due to
relatively large detuning energies and smallµef. This cannot be
fully compensated by B-channel contributions, among which
we observe despite their largeµge andµef a strong compensation
of Bx1- and Bx2-based channels, resulting in a smaller overall
cross section.

In the two nonplanar dimers PyP and yPyAyPy, the larger
cross section in the latter molecule can be mainly explained by
a low-lying S8 state in which|µef| from Bx2 is substantially
smaller than its counterpart from Bx1; typically, as seen in all
other cases listed in Table 2,|µef| from Bx2 largely exceeds the
one into Bx1. Therefore, Bx2-related channels do not compensate
for the Bx1-based cross section, whose associated dipole
moments are appreciably larger than in PyP due to the enhanced
conjugation length. Additionally, alsoµge for the Q-channel in
yPyAyPy becomes larger than in PyP, being partly compensated
by a larger detuning energy. The main conclusion from the
above considerations is that, in the series of dimers, the actually
calculated trends for cross sections strongly depend on a subtle
interplay between the evolutions of transition dipoles (and for
the Q-channels, which are much closer to a double-resonance

situation, also the trends for the detuning energies). This makes
a detailed analysis of the actual origin of the trends virtually
impossible and also implies that the very details of the obtained
trends can be significantly influenced by changing “external”
parameters, like the molecular conformation (see above), or
possibly also by using different computational methodologies.

D. Three-Photon Absorption. Figure 4 shows thexxxxxx
components of the MRDCI/CV calculated 3PA spectrum of the
investigated porphyrin derivatives. Considering that thexxxxxx
component dominates the overall response, the expected cross
section for an isotropic solution corresponds to1/7 of the values
in Figure 4.19a

i. yPy Monomer.At this point, it should be mentioned that
due to symmetry selection rules in centrosymmetric molecules,
the one-photon allowed states are also 3PA active. For the
monomer (yPy), there is thus a very weak 3PA peak for
absorption into the Qx band at ca. 0.70 eV and a second, stronger
3PA into the Bx band at ca. 1.07 eV (compare Table 1).

ii. Porphyrin Dimers.In the porphyrin dimers, 3PA into Qx
band remains very weak; therefore, the corresponding energy
range (photon energies below 0.7 eV) is not shown in Figure
4. In the region of the Bx bands of the porphyrin dimers, there
are two 3PA peaks; the lower-energy 3PA peak between 0.90
and 1.00 eV corresponds to excitation into the Bx1 state and the
second (higher-energy 3PA peak between 1.15 and 1.25 eV)
corresponds to excitation into Bx2. (At the high-energy limit of
the plots, the onset of another strong peak is observed for several
of the materials; at these energies, however, one approaches a
triple resonance situation, which makes those states difficult to
access experimentally. They will thus not be further discussed.)
The 3PA cross section for excitation into Bx1 is increased by
about 3 orders of magnitude compared to excitation into the Bx

state of the monomer.σ3 for Bx2 is further increased by more
than an 1 order of magnitude. The largest longitudinal compo-
nent ofσ3 in the investigated energy range is found for yPyyPy

TABLE 3: Dominant Excited States That Contribute to 2PA into the Main Low-Energy Peaka

compound
final
state

intermediate
state Ege Egf µge µef

detuning
energy QQ QBx1 QBx2 Bx1Bx1 Bx2Bx2 Bx1Bx2

yPy S4 S6 (Bx) 3.19 3.13 -13.15 1.85(µy) 1.63
S5 (By) 3.15 3.13 12.02(µy) -1.97 1.59
S2 (Qx) 2.06 3.13 1.84 3.34(µy) 0.50

S3 S6 (Bx) 3.19 3.01 -13.15 -1.38 1.69
S5 (By) 3.15 3.01 12.02(µy) -1.37(µy) 1.65
S2 (Qx) 2.06 3.01 1.84 3.11 0.56

PyP S6 S5 (Bx1) 2.81 2.95 -17.43 -14.13 1.34
0.19 0.87 -0.38 1.01 0.19 -0.88S19(Bx2) 3.60 2.95 -7.44 23.07 2.13

S1 (Qx) 2.03 2.95 4.90 9.05 0.56

PyyP S6 S5 (Bx1) 2.78 2.91 18.72 13.92 1.33
0.18 0.82 -0.34 0.95 0.16 -0.77S25(Bx2) 3.72 2.91 -8.01 22.64 2.27

S1 (Qx) 2.02 2.91 5.72 8.41 0.57

yPyyPy S5 S6 (Bx1) 2.78 2.76 -18.42 -14.10 1.40
0.32 1.00 -0.51 0.78 0.20 -0.79S22(Bx2) 3.55 2.76 8.92 -23.05 2.17

S1 (Qx) 1.97 2.76 8.31 8.51 0.59

yPyByPy S6 S5 (Bx1) 2.92 3.10 -20.27 14.47 1.37
0.18 0.83 -0.34 0.96 0.16 -0.79S18(Bx2) 3.58 3.10 6.81 26.34 2.03

S1 (Qx) 2.04 3.10 -6.80 6.70 0.49

yPyAyPy S6 S5 (Bx1) 2.71 2.90 17.72 -19.07 1.26
0.25 0.93 -0.43 0.85 0.18 -0.78S11(Bx2) 3.47 2.90 9.81 25.44 2.02

S1 (Qx) 2.01 2.90 8.70 -9.41 0.56

a Listed are the INDO/MRDCI calculated excitation energies (eV) of 2PA-active and intermediate states and transition dipoles (Debye); if not
specified, the component along thex-direction of the transition dipole moment is quoted. For dimers, we also give the relative participations of
resulting 2PA channels for the dimers; channels involving Qx as intermediate state are denoted as QQ, channels with Bxi (i ) 1,2) intermediate state
as BxiBxi channels and mixed channels with Qx, Bx1, or Bx2 as one of the intermediated states as QBxi and Bx1Bx2 channels, respectively.
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around 1.2 eV, corresponding to 7.0× 10-77 cm6 s2 (the
averagedσ3 is 1.0 × 10-77 cm6 s2), which is comparable to
that of an organometallic dendrimer (σ3 ) 1.5× 10-77 cm6 s2)
measured by Samoc et al. in very recent paper.42

For comparative reasons, we have again used a perturbative
tensor-based approach (the T-tensor method19,43) to computeσ3.
σ3(ω), when averaged over molecular orientations assuming an
isotropic sample, can be written as (assuming linearly polarized
light)

wherec is the speed of light in vacuum,L denotes a local-field
correction, andn the refractive index of the medium (both set
to 1 for vacuum).Tgff corresponds to the three-photon transition
amplitude from the ground state to a final three-photon state
|f〉, with tensorijk component defined as

wherePijk denotes a complete permutation of the indicesi, j,
andk, obtaining trends that are again consistent with the results
of the CV method. Thus, we have been able to analyze the
dominant channels contributing to|Tgff|2(Egf)3 Γ/{(Egf - 3pω)2

+ Γ2} for 3PA into the high-energy main peak and the low-
energy peak, in analogy to what is discussed above for 2PA.
Here, the involved channels for 3PA into a particular final state
|f〉 involve two intermediate states, and the magnitude of a
certain channel is again determined by transition dipoles and

detuning energies between the various states. Information on
the mathematical details of few-state models for 3PA can for
example be found in refs 19b,44.

The most relevant channels for 3PA into the Bx1 and Bx2 states
can be found in Tables S10 and S11 in the Supporting
Information. Here we have classified the channels depending
on whether the first (one-photon allowed) intermediate state is
the Qx, the Bx1, or the Bx2 state; the second intermediate state is
then one of the 2PA active states discussed above. In general,
we find that B-channel contributions strongly dominate over
Q-channel contributions. As far as the former are concerned,
the contributions of Bx1 related channels, in the calculations,
are typically larger than those involving Bx2 states due to the
larger calculated transition dipole moment between the ground
state and Bx1.

IV. Conclusions

To summarize, we have successfully implemented the cor-
rection vector method within MRDCI/ INDO to study the
structure-properties relationships for 2PA and 3PA of co-
valently linked porphyrin dimers. The ground-state-based CV
method is found to be fully consistent with approaches like the
S-tensor approach for 2PA and the T-tensor approach for 3PA
(or the SOS method) but avoids the difficulty to resolve excited
states.

The calculated spectra and trends are in good agreement with
experimental observations. In particular, we also find an increase
of the 2PA cross section by about 2 orders of magnitude when
going from the monomer yPy to the corresponding dimer
yPyyPy. Also most experimental trends for dimers with different
linking groups are well reproduced. The observed trends are
analyzed on the basis of few-state models, where it turns out
that including only the Qx state as an intermediate state (as done
previously) is not sufficient. While the increase in the 2PA cross
section when going from the monomer to the yPyyPy dimer
can be clearly explained by the increase ofµge and much more
importantly µef and the decrease of the detuning energies
(Ege- Eef/2), the observed evolution among the various dimers
depends on a subtle interplay between various transition dipoles
and detuning energies.

For 3PA, where the active states are in principle the same as
for linear absorption, the cross section into the Qx-band remains
negligibly small. For the dimers, a now more than 3 orders of
magnitude increase in the cross section is obtained for the Bx1

band compared to the B-band of the monomer, while the cross
section into Bx2 is even another order of magnitude larger.
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