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Porphyrin Dimers: A Correction Vector INDO/MRDCI Study

Lingyun Zhu, ' Yuanping Yi, Zhigang Shuai,*' Karin Schmidt, ¥ and Egbert Zojer$
Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of Sciences, 100080 Beijing, P. R.

China, Georgia Institute of Technology, School of Chemistry and Biochemistry, Atlanta, Georgia 30332-0400,
Institute of Solid State Physics, Graz Weisity of Technology, Petersgasse 16, A-8010 Graz, Austria

Receied: April 5, 2007; In Final Form: June 29, 2007

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 Q intermediate state proposed in literature does not provide a full description of the actual situation.

I. Introduction The most widely used theoretical methods involved in
Multiphoton absorption processes are highly promising for a c@lculating the 2PA or 3PA cross sectioms)(are sum-over-
number of processes including optical limitih@D microfab- states (SOS§ and response theoty. The SOS approaches

rication? and optical data storageMore recently, various involve a truncation in the summation over excited states
porphyrin systems have received particular attention in the with the actual number of considered states typically depending
context of multiphoton absorptién'? because of their large on the methodology. This is because that it is virtually
electron delocalization, flat structure, and high thermal stability. impossible to obtain information on all excited states for
At the same time, they have been commonly accepted as tumoimolecules relevant for practical applications described at the
markers and photosensitizers in photodynamic therapy of cancemecessary (highly correlated) level of theory. Such truncations
(PDT)" for decades and also they can be applied in various may, however, lead to uncontrolled errors in the calculated
photochemical processes that are promising for optical memory gptical coefficients8 The nonlinear response theory has been
and microfabricatiof? For example, fused d|_porphy|‘1‘mutad|yne widely applied in nonlinear optical (NLO) properties and
linked-self-assembled porphyrifispnjugation length extended multiphoton absorption calculatioA% However, it is usually
porphyrin?*2and aggregated porphyrifisave been extensively done for a fixed frequency away from any résonant structure
investigated, and the reported two-photon absorption cross . .

due to numerical convergence problems. Time-dependent

sections ¢2) in these range from 100 to 15 000 GM. density functional theory (TDDFT) has also been used to

Recently, Drobizhev et &P have found that: (1) a series of | : ) . iRl
covalent bridge-linked porphyrin dimers possess extremely large investigate 2PA properties by the Pacfitend Tretiak™ groups.

02, up to 10 000 GM in the near-IR, which is several hundred We note that, for third-order NLO properties, due to the
times larger than that obtained for the corresponding monomer Self-interaction problems in DFT, the charges are always
in the same region; and (2) subtly changedonjugated bridges ~ Predicted to be much more delocalized than reality, which re-
in the middle of dimers make a differencedgvalues. To better sults in a much amplified third-order polarizability. Develop-

understand the nature of the strong enhancement in theseng a better functional to correct such errors is a current
porphyrin systems and the bridge effects in porphyrin dimers, challenge in DFT?

we have implemented the correction vector (CV) method within - 14 cv metho@® for the computation of general dynamic

the multireference single and double configuration interaction NLO - .
. . . coefficients is convergent for the full frequency range
(MRDCI) method coupled with the intermediate neglect of relevant for multiphoton absorption. The advantage of CV is

differential overlap (INDO) Hamiltonian (MRDCIINDO) to that one needs only ground-state properties such as energy, wave
calculate linear absorption, two-photon absorption (2PA), as well f : d di Iyg | brop v th 9y, |

as three-photon absorption (3PA) spectra for the porphyrin unptlon, and dipole moment. _t gives exactly the same results
monomer and dimers. The structure to property relationships 25 if one sums over all the e>§C|t_ed states. We have successfully
are also explained on the basis of essential-state models. ~ €mployed the CV method within the MRDCI or the coupled-
cluster approximation coupled with either the INDO or the ab
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Il. 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 experimélitare 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 packagé?®

In the CV method324the NLO coefficients can be obtained

Zhu et al.

The orientationally averaged,, and y,, values are defined
as?3

1
Oy = i:x,y,z:-_% Qi (8)
! @y + i) 9)
av Ly 15 ijj iji

For the molecules studied here, the contributiom-cbmponents
can be neglected (theaxis is defined as connecting the two

on the basis of only the ground-state eigenvalue, €igenvector,cenira| zn atoms, thg-axis is perpendicular to theaxis, and
and permanent dipole moment. For thg f|rst_-order polarizability thexy plane is parallel to one of the porphyrin planes).jAsy
ojj(w), starting from the SOS expression, it can be expressed — Yryyx AN Vypx = Yyoos the Orientationally averagegh, can

as

oi(—w;w) =

GEIRIREGIGD Gl RIREG

Eq — Eg — hw — iT

=& 1

Eq— Eg+ho +iT
—hw — i ﬂj‘GD+
1

H— Eg+ ho +IT

;i‘ H— Eg
ki

= B O)FICH B(w)FICT

\E\GD@)

where|¢pM(w)0and |¢™(—w)Care defined through the follow-
ing first-order correction vectors equation:
(H — Eg + Ao + iTy)|¢(+0) = &GO 2)

Here,H is the Cl HamiltonianEg is the ground-state energy,
w is the fundamental input frequencies, and ffjeare the
dipole displacement operators defined as:
=1 — Gl GO 3)
T" denotes a dampling factor (set to 0.1 eV in the calculations).
The indicesi andj are Cartesian coordinates. Equation 2 can
be directly solved via a Davidson-like algorithm for the
“monster” linear equatiof?24

To compute the third-order polarizabilityx (—w;w,—w,w)
and the fifth-order polarizabilityejjmn(—w;0,0,—0,0,—)

Hi

be written as:

1

Yav = g (Vxxxx+ yyyyy+ Vxxyy+ Vyyx) (10)
As pointed out by Cronstrand et &%.the numerical calculation
for the orientationally averaged fifth-order polarizabilitg,,
is a formidable task. We have tested the influence ofjhgyy
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 theeyyxxxx COmponent.

The 1PA, 2PA, and 3PA cross sectiops, o2, andos, can
finally be derived from the imaginary parts of orientationally
averagedia, andyay andexuxxx They can be expressed as:

4n(hw)L?
01=%Im o, (11)
4% (hw)L*
e (12)
473 (hw)L®
3= 3n303h m ExXXXXXX (13)

In this contribution, we have used the MREEMmethod with

the semiempirical IND& Hamiltonian linked to the CV method

to study the one-, two-, and three-photon absorption properties
of porphyrin derivatives. The Matagaishimoto potentia® 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 KeBham

necessary for describing 2PA and 3PA processes, the followingorbitals, thus Si’s contribution is very minor (see Table S1 in

equations for the second-order correction ve@ﬁ??(wl,wz)
and the third-order correction vectgf(w1,02.3) have to be
solved:

(H— Eg+ Ao, + ir)|¢§f>(wl,w2)D= m|¢§1>(wl)u (4)

(H = Eg + hog + iD)|¢{(01,0,,0 0= 1] ¢2(w4,0,)0 (5)

Supporting Information)). Details regarding the choice of the
Cl-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 Cl-active space and reference set for all studied
molecules. Therefore, we have extensively tested effects related
to varying the Cl space and the number of reference determi-
nants. Because of the large size of the investigated molecules,

Finding the solution to egs 4 and 5 is analogous to solving eq Previously applied approaches including only between 2 (ref

2; yij(—w;0,~w,0) and €jmn(—o;0,0,~o,0,~o) can then
be written in terms of the second-orde{jz((wl,wz)) and third-
order correction vector(w1,w2,ws)) as:

Vin(—wi0,~0,0) =
Pii B(~w) |,l7,-|¢ﬁ)(—2w,—w)D (6)
Eijklmn(_w;wlw!_a);w,_w) =

Piamn (=20, —0) ] ¢ion(—30,—20,~w) 0 (7)

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.

IIl. Results and Discussion

A. Molecular Structures. The DFT geometry optimizations
show that, in the monomer (compound yPy in Figure 1), the
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Figure 1. Chemical structures of the investigated porphyrin derivatives. XYi&reference system is also shown.

porphyrin ring is planar and there is a twist of about Bétween B. One-Photon Absorption. i. yPy Monomer.Figure 2a

the plane of the phenyl ring and that of the porphyrin. When presents the MRDCI/CV calculated one-photon absorption
having a single carboencarbon triple bond bridging the gap  spectrum of the yPy monomer. We find that the linear absorption
between two porphyrin rings (compound PyP), the steric spectrum in the low-energy region is dominated by a very weak
interaction between the closely neighborfiipydrogens of the Q« band at ca. 2.07 eV. There is another very weak banjl (Q
porphyrin rings distorts the molecule from planadigy3! at ca. 1.95 eV, whose oscillator strength is about one-fifth of
resulting in a dihedral angle of ca. 3between the porphyrins.  the main Q band. The authors of ref 15 attribute the lowest
This is in very good agreement with experimental and other band at ca. 1.9 eV (646 nm) to a @and and the other very
DFT optimized resultd? However, by adding another carben weak band at about 2.1 eV (595 nm) tqg.Qhe calculated
carbon triple bond between the two rings to form the PyyP and transition energies agree well with the experimental polarized
yPyyPy dimers, the minimum structures for the porphyrin rings absorption spectrum in the low-energy regitér(The slight

are coplanar again. This increases the conjugation length andoverestimation of calculated excitation energies is attributed to
should make the backbone more polarizable. Also when an an overcorrelation of the ground stéts the MRDCI method.)
additional benzene ring is inserted into the middle of the two However, the assignment of the polarization of these two bands
triple bonds of yPyyPy, the molecule yPyByPy remains is reversed between our study and the previous studies. This is
coplanar. However, when the benzene ring is replaced by anbecause the assignment in ref 15 is based on calcul&tifmis
anthracene, steric interactions again become stronger and theéhe molecule (Zp—(T), and Zn—(TT),, where R2 are H atoms)
plane of the anthracene moiety is twisted by c&.iB%PyAyPy. that is different from our studied yPy molecule (R2 phenyl
The DFT optimized results for yPyyPy and yPyByPy dimers rings). (To verify our theoretical results, we have performed
are in agreement with X-ray investigatiofts. INDO/SCI calculations on the yPy molecule and thg-Z(r),
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Figure 2. MRDCI/CV calculatedx-,y-polarized one-photon absorption spectra of the molecules shown in Figure 1.

and Zn—(TT), molecules in ref 35. For yPy, INDO/SCI
calculated results are consistent with our INDO/MRDCI result enhanced and the peaks are red-shifted, a feature that arises from

and show that the oscillator strength of i® larger than that of
Qy; for Zm—(T)2 and Zn—(TT)> monomers, the oscillator
strength of Qis larger than @ which is in agreement with the
calculation results in ref 35; see Table S9 in the Supporting tound around 3.53.7 eV (see Table 1). These results are in

good agreement with the experimental tretfdshich also show
' that the lowest-energy Q-band is strongly intensified and red-

Information.)

In the high-energy region of the linear absorption spectrum

there are two close-lying strong B-bands,ad B, peaking at

ca. 3.15 and 3.19 eV, respectively. The energetic splitting of
the B, and B, bands is 0.04 eV, which is somewhat smaller
than the experimental splitting {Bat 2.73 eV and Bat 2.81
eV).15> When using the above-described (presumably inappropri-

ate) assignment of andy-polarized components in ref 15, the
relative oscillator strengths of,nd B, would again be reversed
between theory and experiment.

ii. Porphyrin Dimers. The MRDCI/CV simulated linear

Zhu et al.

oscillator strengths associated with thel@nds are drastically

partial wave function delocalization between the two porphyrins
and the benzene or anthracene units. (b) Thiea®ds split into
two sub-bands; B lies between ca. 2.7 and 2.9 eV ang B

shifted, while the B band splits into several sub-bands. (c) The
oscillator strengths of B are always larger than ofB In the

experiments, however, the oscillator strength of &1d Be is

similar in yPyyPy and the intensity ratio is inverted in yPyByPy

and yPyAyPy. To test whether this discrepancy results from
the limited ClI space in the MRDCI calculations, we have also
done a SCI calculation with much bigger Cl-active spaces
(including the highest 70 occupied and the lowest 70 unoccupied
absorption spectra of a series of porphyrin dimers are shown inorbitals) for yPyByPy and yPyAyPy, but also there we find the
Figure 2b-f. For x-polarized light, all porphyrin dimers show

oscillator strength associated with,Balways larger than for

common trends when compared to the monomer: (a) The By..
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TABLE 1: MRDCI/CV and Tensor Method Calculated One-, Two-, and Three-Photon Absorption Properties of Porphyrin

J. Phys. Chem. A, Vol. 111, No. 34, 2008513

Derivatives?
1PA 2PA 3PA
CVv CcVv tensor exp CcVv tensor
Q By By peak peak peak peak peak
compound  (eV) (eV) (eV) (eV) o2 (eV) o) (eV) o (eV) O3(000000) (eV) O3(x000000)
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 daté are also listed. Averaged 2PA cross section in the units of%ldh* s (GM) and 3PA cross section of the xxxxxx

component in the units of I& cmP 2,

C. Two-Photon Absorption. Figure 3 shows the MRDCI/
CV calculated 2PA spectra of the investigated porphyrin

from those in their wave function symmetry. For example, in
the PyP dimer, the low-energy 2PA state (at 1:48 = 2.96

derivatives. In parts a and b of Figure 3, filled squares, open eV) corresponds to theg®xcited state, whose description is
circles, filled triangles, and open triangles show the contributions dominated by a determinant with an electron excited from the

of the xxxx yyyy, xxyy, andyyxxcomponents o, of yPy and

HOMO to the LUMO+3 molecular orbital. The corresponding

PyP, respectively. In Figure 3c, we report the averaged 2PA one-photon state (2.81 eV) corresponds to theX®ited state,
spectra (according to eq 12) for all porphyrin dimers. Table 1 dominated by a transition from the HOMO to the LUMO orbital.

gives the averaged, values of the porphyrin derivatives.
i. yPy MonomerFor the yPy monomer, there are two 2PA

It is found that LUMO (B) and LUMO+3 (Ay) orbitals have
inverse symmetry, the HOMO has,Aymmetry. That testifies

peaks (around 1.52 and 1.89 eV) in the spectral range belowto our results that 8s a two-photon allowed excited-state and
linear absorption (see Figure 3a). All four plotted components Ss is a one-photon allowed but two-photon forbidden excited
contribute to averaged signal; tRexxcomponent is dominant  state.

in the region of the low-energy peak, while tywgyycomponent Several trends can be seen in the calculated spectra: (a) Itis
is the strongest one at the high-energy peak. The first 2PA noted that, in the experiment, the 2PA peaks of the monomer
maximum is at a photon energy of 1.52 eV, the corresponding and the dimers are in similar photon energy ranges. So in the
averagedr, value at this energy is 46 GM. The second 2PA calculation, we should also compare the high-energy 2PA peak
peak is located at 1.89 eV, which corresponds to the main of the monomer with the high-energy 2PA peak of the dimers.

experimental peak at 1.46 eV, because the photon energy ofWhen going from the monomer, yPy (withy = 406 GM at
main 2PA peak is higher than that of the main linear absorption 1.89 eV) to the dimer, yPyyPy, (with, = 28.7 x 10° GM at

feature in the B-band region. The calculated averageaf 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

1.79 eV), there is a nearly 2 orders of magnitude increase in
o,. 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, thevalue is more
strongly overestimated for the monomes & 20 GM at 1.46

is several orders of magnitude larger than that of any other tensoreV in the experiment) than for the dimes(= 9100 GM at
component. This can be understood from the increased conjuga-1.40 V in the experiment). (b) Looking at PyyP, yPyyPy, and
tion along thex-axis connecting the two porphyrins. yPyByPy, the experimental and theoretical trends are consis-
From parts b and c of Figure 3, one can see that there typicallytent: there is a strong increase d¢a (nearly doubling) when
is a double peak structure in the 2PA spectra, with a first peak going from PyyP (19.5¢ 10° GM at 1.86 eV) to yPyyPy (28.7
around 1.5 eV and the high-energy main peak in the region x 10® GM at 1.79 eV) both in theory and experiment amd
around 1.8 eV. The latter typically has a low-energy shoulder decrease again in yPyByPy (12210° GM at 1.81 eV; in this
around 1.7 eV. Such a double peak structure is also resolved inmolecule, the width of the experimental peak, however, seems
several of the experimental spectra, in particular in PyyP and to be significantly increased). Also the shift of the 2PA peak to
very strongly in yPyAyPy. Both, in the experiments and in the lower energies when going from PyyP to yPyyPy and back to
calculations, the lower-energy peak is in the energy region of a higher energy intermediate between the two in yPyByPy is
the lower B band, while the higher peak is at a photon energy consistent between experiments and calculations. (c) The
higher than the main linear absorption feature in the B-band absolute values of the cross sections of the strong peaks in PyyP,
region. yPyyPy, and yPyByPy are, however, significantly overestimated
In this context, it should be mentioned that, for centrosym- by the calculations, while for PyP and yPyAyPy, also the
metric molecules, 2PA states are different from one-photon absolute magnitudes in the calculations agree well with those
states due to mutually exclusive selection rules. Thus, while in the experiment® This observation is insofar intriguing, as
the molecules investigated here have 2PA states that are in theonly for PyP and yPyAyPy have steric interactions been found
region of certain strongly one-photon active states, they differ to induce a twist between the planes of the two porphyrins. The



8514 J. Phys. Chem. A, Vol. 111, No. 34, 2007 Zhu et al.

1800 correction (equal to 1 for vacuunf is the photon energy of
1600 ' the incident light, and” is a Lorenzian broading factor (set to
1400 0.1 eV in the calculations).,St corresponds to the two-photon
1200 transition amplitude from the ground state to a final two-photon
1000 state|f[] with the tensoij component defined as
800-| _ _
oo™ L,
‘g 400- ' & Egm — fiw — il
ﬁ- 200 -
& o whereEgm corrc_asponds to the excitation energy from the groynd
€ 40000 state|gto excited statéml]u; is the component of the electric
80 dipole operator along the molecular axjsand P; denotes a
"o_ 30000, comp_lete permutation of the indicds gnd j. For linearly
- polarized light, the average, can be written &8
bN
20000- A’ (how)?L* o
ofw)=—"T"— Z z S;;Q%L: +
10000. 15n°ch I
2y SL4S (16)
13 14 15 16 17 18 19 20
photon energy (eV) We find that the trends obtained fop with the two methods
F+ are consistent. Thus we have been able to analyze the dominant
50000 (c) T channels contributing t¢S;t|*(Egr)? T/{ (Egt — 2hw)? + T'%}.
T / It consists of a sum of terms of the typggu/{Ege — 1/2
% 40000 | —®=—PyP * [’““A\ Egtt, where the numerator contains the transition dipoles between
s —o—PyyP L] the ground state an the intermediate state (over which the
<g 30000- :‘: yPy’éPy - f ) summation occurs) and the intermediate state and the 2PA active
g —Z—mAz:yy L “A\‘ A state; the denominator is given by the detuning energy of the
£ 20000+ L AT respective intermediate stafe.is a broadening factohw is
3 % 5 the photon energy at the 2PA peak, ag is the transition
g energy from the ground state to the 2PA final state.
2 . CalculatingSy— then allows identifying the most important
" MRS intermediate excited states. In Tables 2 and 3, the dominant
13 14 15 16 17 18 19 20 channels of the perturbative S-tensor description for 2PA into
photon energy (eV) the main high-energy peak and into low-energy peak are listed.

Figure 3. MRDCI/CV calculated two-photon absorption spectra. () Channels, in which the Q B, and B states serve as
and (b): filled squares, open circles, filled triangles and open triangles INtermediate states, have been found to give rise to the largest

show the contributions of thexxx yyyy xxyy andyyxxcomponents relative contribution to the overadh because they possess large
of the two-photon absorption cross section, respectively, for the yPy uqcand, in case of dimers, also largg (listed in Tables 2 and
monomer and the PyP dimer; (c) are the orientationally averaged 2PA 3). Considering these one-photon Statequmz gives rise to
spectra for all porphyrin dimers. the following: (i) channels involving only the one-photon state

reduced conjugation resulting from that twist can then be held @ (ii) channels containing only one type of B = x. or X))
responsible for the comparably smaller calculatedn PyP intermediate states, and (iii) mixed chanri&fs'!In the fol-
and yPyAyPy. In the other dimers, there is no steric inhibition '0Wing, they will be referred to as MN channels (with M and
to a free rotation around the axis connecting the two porphyrins. N being either Q, &, or Be). Note that the sign gigeruer into
This might imply that in the experiments on PyyP, yPyyPy, Bx2iS reversed with respect IQye et int0 B and Q for all the
and yPyByPy in solution, one is dealing not only with planar _d|mers (see_column 6 ar_1d 7in Tab_le 2). Thus, all channels that
molecules as assumed here (based on the geometry optimizationdVoIve By in combination with either Q or 8 (QB. and
neglecting the interaction with the solvent). The reduced BuBx channels, see column 11 and 14 in Table 2) as
conjugation in twisted conformers could then be responsible intermediate states lead to negative contributions,to
for the measured “average” cross sections in those three This analysis provides the following insights: (&) A nearly
materials being significantly smaller than the calculated®Bne. 2 orders of magnitude increase when going from yPy to the
To be able to analyze the results based on essential stat&orresponding dimer yPyyPy can then be explained on the basis
models3® we have compared the CV results with S-teR%or of individual transition dipoles as well as the detuning energy.
calculations including 100 excited states. The 2PA cross section,AS far as the B-channels are concerned, they are strongly

o> (w), can be expressed according the relationship enhanced due to the increase«gfand much more importantly
Uer. The decrease of the detuning energieg ¢ E.f2) results

Mz(hw)zL“ ) in a further increased cross section. In yPyyPy, we also observe
Oy(w) = —— Z ‘%t 2 (14) a much larger contribution from Q-channels (see ratio (QQ
n’ch (Ey — 2hw)* +T? QB)/(BxBx) as seen in the values in Table 2, which is due to

the much smaller detuning energies. (b) When considering the
wherec is the speed of light in vacuurh.denotes a local-filed combined solely B-based channels € 1,2) as BB contribution
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TABLE 2: Dominant Excited States That Contribute to 2PA into the Main High-Energy Peak?

final  intermediate detuning
compound state state Ege = Uge Uet energy QQ QR QBx BuBua BwBxe BuBe

yPy S S5 (By) 315 3.78  12.02( 4.47(Y) 1.26

Ss (B 3.19 3.78 —-13.15 2.23 1.30

S (Q)) 2.06 3.78 1.84 2.94 0.17

Sio S5 (By) 315 3.82  12.02(% 1.29 1.24

Ss (By) 3.19 3.82 —-13.15 —1.44 1.28

S (Q)) 2.06 3.82 1.84 211 0.15

PyP Ss S1(Q) 2.03 3.69 4.90 —6.57 0.19
S5(By) 281 3.69 —17.43 9.07 097 037 069 —-021 0.32 0.03 -0.20

S16(By) 36 369 -7.44 -11.77 1.76

S S1(Qy) 2.03 381 4.90 3.93 0.13
S5(Bya) 2.81 381 —17.43 —4.53 091 053 060 -021 0.17 0.02 -0.11

S19(Bx) 36 381 -744 6.91 1.70

Sis S1(Qy) 2.03 3.59 4.90 3.27 0.24
S5(Bu) 281 359 -17.43 —5.56 102 025 071 -021 0.50 0.04 -0.29

S10(Bx2) 36 359 -—7.44 6.93 1.81

PyyP S6 S1(Q) 2.02 3.73 5.71 9.03 0.16
S5(By) 278 3.73 18.72 12.90 0.92 040 063 -0.16 0.25 0.02 -0.14

S25(Byo) 3.72 3.73 -8.01 15.63 1.86

Si7 S1(Qy 2.02 3.60 5.72 6.64 0.22
S5(By) 2.78 3.60 18.72 6.09 0.98 043 057 -0.12 0.19 0.01 -0.08

Si5(By) 3.72 36 —8.01 5.84 1.92

yPyyPy Sa S1(Qy) 197 3.62 8.31 —6.90 0.16
S5 (Bya) 278 3.62 —18.42 7.09 097 066 048 -0.17 0.09 0.01 -0.07

$2(Bye) 3.55 3.62 8.92 9.13 1.74

S S1(Qy) 197 3.8 8.31 6.82 0.18
Ss(Bxa) 2.78 3.58 —18.42 —9.02 099 055 058 —-0.20 0.16 0.02 -0.11

$22(Bx) 3,55 3.58 8.92 —11.18 1.76

S S1(Q)) 197 355 8.31 —6.57 0.20
S (Bx) 2.78 3.55 —18.42 10.55 101 047 065 —-0.22 0.22 0.03 -0.15

S52(Bx) 355 3.55 8.92 12.98 1.78

Siz (o)) 197 3.36 8.31 —9.78 0.29
Ss(Bx1) 278 3.36 —18.42 9.40 1.10 050 056 -0.14 0.16 0.01 -0.09

S22 (By) 3,55 3.36 8.92 8.25 1.87

yPyByPy So S5(Bx) 2,92 3.60 -—20.27 13.89 1.12
S1s(Bx2) 3.58 3.60 6.81 24.97 1.78 023 081 -031 0.70 0.10 -0.53

Si(QY 2.04 3,60 —6.80 5.07 0.24

Si7 S(B) 2.92 356 —20.27 10.55 1.14
S1s(Bx2) 3.58 3.56 6.81 19.63 18 018 081 -032 091 0.14 -0.72

S1(QY 2.04 356 —6.80 3.18 0.26

yPyAyPy S SiI(QW 2.01 352 8.70 —8.29 0.25
S5(Bx1) 271 3.52 17.72 —10.50 095 048 066 —-0.24 0.22 0.03 -0.15

S11(Bx) 3.47 352 9.81 12.21 171

S SiI(QY 2.01 342 8.70 5.93 0.30
S5(Bx1) 271 342 17.72 8.57 1.00 030 054 -0.04 0.24 0.00 -0.04

S11(Bx2) 3.47 342 9.81 —2.03 1.76

Sis S1(Qy) 2.01 3.63 8.70 1.42 0.20
S5(Bx1) 271 3.63 17.72 10.38 0.90 0.14 0.92 -045 149 035 -—1.45

S11(By2) 3.47 3.63 9.81 —16.92 1.66

aListed are the INDO/MRDCI calculated excitation energies (eV) of 2PA-active and intermediate states and transition dipoles (Debye); if not
specified, the component along tkelirection of the transition dipole moment is quoted. For dimers, we also give the relative participations of
resulting 2PA channels for the dimers; channels involvip@Qintermediate state are denoted as QQ, channels with-B1,2) intermediate state
as BiBx channels and mixed channels with, ., or B as one of the intermediated states as@Bd BuByx. channels, respectively.

and the combined QBand QB. channels as QB contribution, much smaller associated detuning energies, while the latter are
it becomes evident from Table 3 that the low-energy 2PA peak strong because of the larger transition dipoles from thst&es

is dominated by QB, whose contribution is ca. 50% throughout both to the ground as well as to the 2PA states. The relative
the dimers. The remaining 50% are provided by BB and QQ contributions vary significantly from molecule to molecule (see
channels, whose ratio can vary between 0.45 (PyP) and 1.7Table 2), which makes an analysis based on a three-state model
(yPyyPy). (c) For the main high-energy peak (which is a with Qy as the intermediate state without consideringsttes
superposition of 2PA into several excited states), we find that (as in ref 15) somewhat problematic.

typically both Q- and B-based channels significantly contribute  The trends for the main peak of the dimers will first be
to the 2PA response. The former play a strong role due to the discussed for the planar molecules (PyyP, yPyyPy, and yPy-
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TABLE 3: Dominant Excited States That Contribute to 2PA into the Main Low-Energy Peak?

final  intermediate detuning
compound state state Ege Egt Uge Uef energy QQ QR OBy BuBa BwBxe BuBe

yPy S S5 (By) 3.19 3.13 -13.15 1.85¢Y) 1.63

S5 (By) 3.15 3.13 12.02¢) —1.97 1.59

S (QW 2.06 3.13 1.84 3.340) 0.50

S Ss (By) 3.19 3.01 -13.15 —1.38 1.69

S (By) 3.15 3.01 12.02¢) —1.37w) 1.65

S (Qy) 2.06 3.01 1.84 3.11 0.56

PyP S S5(Bx) 281 295 —17.43 -14.13 1.34
S19(By) 3.60 295 —7.44 23.07 2.13 0.19 0.87 -0.38 1.01 0.19 -0.88

S1(QY) 2.03 2.95 4.90 9.05 0.56

PyyP S S5(Bw) 2.78 291 1872 13.92 1.33
Si5(Bx) 3.72 291 -8.01 22.64 227 018 0.82 -0.34 0.95 0.16 —0.77

S1(QY) 202 291 5.72 8.41 0.57

yPyyPy S Ss(Bxa) 2.78 276 —18.42 -14.10 1.40
S»2(Bx2) 355 2.76 8.92 —23.05 2.17 032 100 -051 0.78 0.20 -0.79

S1(QY) 1.97 276 8.31 8.51 0.59

yPyByPy S S5 (Bx) 292 3.10 —20.27 14.47 1.37
Si5(Bx) 3.58 3.10 6.81 26.34 203 0.18 083 -0.34 0.96 0.16 —0.79

S1(QY) 204 310 -6.80 6.70 0.49

yPyAyPy S S5 (Bx) 271 2.90 17.72 —19.07 1.26
S11(Bx) 3.47 2.90 9.81 25.44 202 025 093 —-043 0.85 0.18 -0.78

S1(QY) 2.01 2.90 8.70 —-9.41 0.56

alisted are the INDO/MRDCI calculated excitation energies (eV) of 2PA-active and intermediate states and transition dipoles (Debye); if not
specified, the component along tkelirection of the transition dipole moment is quoted. For dimers, we also give the relative participations of
resulting 2PA channels for the dimers; channels involvip@Qintermediate state are denoted as QQ, channels with=-B1,2) intermediate state
as BBy channels and mixed channels with, ., or B as one of the intermediated states asq@Bd BuByx. channels, respectively.

ByPy). In the first two molecules, there come significant situation, also the trends for the detuning energies). This makes
contributions from QQ channel(s). They are particularly en- a detailed analysis of the actual origin of the trends virtually
hanced in yPyyPy, in which they exceed 50% mostly to the impossible and also implies that the very details of the obtained
cost of all BiBy-related channels,{ = 1,2) caused by the much  trends can be significantly influenced by changing “external”
larger transition dipole momept. for the Q state (with similar parameters, like the molecular conformation (see above), or
detuning energies for the&state in PyyP and the§ Sy3, and possibly also by using different computational methodologies.
Sy4 states in yPyyPy). The combined contribution of ,QB D. Three-Photon Absorption. Figure 4 shows thexxxxx
channels is at least 30% (up to 43% in 8f yPyyPy, compare components of the MRDCI/CV calculated 3PA spectrum of the
to 40—-49% in PyyP) and remains essential, even though it is investigated porphyrin derivatives. Considering thattoexxx
somewhat diminished with respect to PyyP, wheseare larger component dominates the overall response, the expected cross
than in yPyyPy. The larger number of 2PA active states in the section for an isotropic solution corresponds/tof the values
relevant energy region in yPyyPy also results in some increasein Figure 419
in o,. These aspects are responsible for the overall increase of i. yPy MonomerAt this point, it should be mentioned that
the cross section in yPyyPy compared to PyyP. In yPyByPy, due to symmetry selection rules in centrosymmetric molecules,
the Q-channel contributions are particularly small due to the one-photon allowed states are also 3PA active. For the
relatively large detuning energies and small This cannot be monomer (yPy), there is thus a very weak 3PA peak for
fully compensated by B-channel contributions, among which absorption into the (band at ca. 0.70 eV and a second, stronger
we observe despite their largge anduer a strong compensation  3PA into the B band at ca. 1.07 eV (compare Table 1).
of Bx- and Be-based channels, resulting in a smaller overall  ii. Porphyrin Dimers.In the porphyrin dimers, 3PA into,Q
cross section. band remains very weak; therefore, the corresponding energy
In the two nonplanar dimers PyP and yPyAyPy, the larger range (photon energies below 0.7 eV) is not shown in Figure
cross section in the latter molecule can be mainly explained by 4. In the region of the Bbands of the porphyrin dimers, there
a low-lying S state in which|uefl from By, is substantially are two 3PA peaks; the lower-energy 3PA peak between 0.90
smaller than its counterpart from typically, as seen in all and 1.00 eV corresponds to excitation into thg ®ate and the
other cases listed in Table R from By, largely exceeds the  second (higher-energy 3PA peak between 1.15 and 1.25 eV)
one into Bq. Therefore, By-related channels do not compensate corresponds to excitation into B (At the high-energy limit of
for the Bg-based cross section, whose associated dipole the plots, the onset of another strong peak is observed for several
moments are appreciably larger than in PyP due to the enhanceaf the materials; at these energies, however, one approaches a
conjugation length. Additionally, als@ge for the Q-channel in triple resonance situation, which makes those states difficult to
yPyAyPy becomes larger than in PyP, being partly compensatedaccess experimentally. They will thus not be further discussed.)
by a larger detuning energy. The main conclusion from the The 3PA cross section for excitation intg;Bs increased by
above considerations is that, in the series of dimers, the actuallyabout 3 orders of magnitude compared to excitation into the B
calculated trends for cross sections strongly depend on a subtlestate of the monomeuss for By, is further increased by more
interplay between the evolutions of transition dipoles (and for than an 1 order of magnitude. The largest longitudinal compo-
the Q-channels, which are much closer to a double-resonancenent ofos in the investigated energy range is found for yPyyPy
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o~ 018] B detuning energies between the various states. Information on
§ o046l (a) a ] the mathematical details of few-state models for 3PA can for
_g_ 0441 [—a—yPy /'\_ _,.’ example be found in refs 19b,44. .
& o2l "y i The most relevant channels for 3PA into the &nd B, states
& / g - can be found in Tables S10 and S11 in the Supporting
5 010 n Information. Here we have classified the channels depending
g 0.081 / on whether the first (one-photon allowed) intermediate state is
= 006 /' the Q, the By, or the B, state; the second intermediate state is
g 0041 H then one of the 2PA active states discussed above. In general,
§ 0.02- X - we find that B-channel contributions strongly dominate over
& 000 Q-channel contributions. As far as the former are concerned,
06 07 08 09 10 11 12 13 the contributions of B related channels, in the calculations,
photon energy (eV) are typically larger than those involving Bstates due to the
9000 larger calculated transition dipole moment between the ground
NS 8000 (b) N ﬂ state and B.
2 70001 [y _pyp ‘(\‘ / IV. Conclusions
:; g::_ 727;%;)’ */ \‘\oo To summarize, we have successfully implemented the cor-
E —v— yPyByPy| ,{[\, 2{ Y rection vector method within MRDCI/ INDO to study the
g 40007 . vPyAyPy| [ RS Ny structure-properties relationships for 2PA and 3PA of co-
© 3000 [/ [ K7 valently linked porphyrin dimers. The ground-state-based CV
= 20004 i method is found to be fully consistent with approaches like the
E 1000 ] S-tensor approach for 2PA and the T-tensor approach for 3PA
2 0 (or the SOS method) but avoids the difficulty to resolve excited
© : . : . states.
08 09 10 11 12 13 The calculated spectra and trends are in good agreement with
photon energy (eV)

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
that of an organometallic dendrimers(= 1.5 x 10-77 cf <) analyzed on the basis of few-state models, where it turns out
measured by Samoc et al. in very recent pdper. that including only the Qstate as an intermediate state (as done
For comparative reasons, we have again used a perturbativePreviously) is not sufficient. While the increase in the 2PA cross
tensor-based approach (the T-tensor mefhjito computess. section when going from the monomer to the yPyyPy dimer
os(w), when averaged over molecular orientations assuming an¢an be clearly explained by the increasg:gfand much more
isotropic sample, can be written as (assuming linearly polarized importantly uer and the decrease of the detuning energies

Figure 4. MRDCI/CV calculatedxxxxcomponent of the three-photon
absorption spectra of (a) the monomer and (b) the dimers.

around 1.2 eV, corresponding to 70 10777 cmf & (the
averagedos is 1.0 x 10777 cmP s?), which is comparable to

light) (Ege— Eef2), the observed evolution among the various dimers
depends on a subtle interplay between various transition dipoles
473 (hw)3L® o and detuning energies.
o4(w) = ——— Z ‘2 Z Tgingif* + For 3PA, where the active states are in principle the same as
3an’ch-35 ] for linear absorption, the cross section into theb@nd remains

negligibly small. For the dimers, a now more than 3 orders of
magnitude increase in the cross section is obtained for the B
band compared to the B-band of the monomer, while the cross
section into B, is even another order of magnitude larger.

e
3 Z TgLngJf
]

a (17)
(Ey — 3hw)® +T?

wherec is the speed of light in vacuurh,denotes a local-field

correction, and the refractive index of the medium (both set ~ Acknowledgment. This work is supported by NSFC (grant

to 1 for vacuum)Tgs corresponds to the three-photon transition nos. 10425420, 20433070, 20421101, 90503013) as well as the
amplitude from the ground state to a final three-photon state super computer center of the Chinese Academy of Sciences.
|f0) with tensorijk component defined as

2 P )

mn

Supporting Information Available: Frontier Kohn-Sham
orbitals of yPy monomer from the first-principles DFT calcula-
tions; quantum-chemical calculations (choice of the Cl-active
space and the reference determinants in the INDO/MRDCI
procedure); transition energy and transition dipole moment in
where Py denotes a complete permutation of the indicgs the x,y direction for Q- and B-band of yPy, 4(T), and Zn-
andk, obtaining trends that are again consistent with the results (TT), compounds; dominant channels that contribute to 3PA
of the CV method. Thus, we have been able to analyze theinto the high-energy main peak and the low-energy peak. This
dominant channels contributing | (Egr)® T/ (Egr — 3hw)? material is available free of charge via the Internet at http:/
+ I'?} for 3PA into the high-energy main peak and the low- pubs.acs.org.
energy peak, in analogy to what is discussed above for 2PA.
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