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Time-dependent density functional theory (TD-DFT) is applied to model one-photon (OPA) and two-photon

(TPA) absorption spectra in a series of conjugated cytotoxic dyes. Good agreement with available experimental
data is found for calculated excitation energies and cross sections. Calculations show that both OPA and
TPA spectra in the molecules studied are typically dominated by two strong peaks corresponding to different
electronic states. We find that doreaicceptor strengths and conjugated bridge length have a strong impact
on the cross-section magnitudes of low- and high-frequency TPA maxima, respectively. These trends are
analyzed in terms of the natural transition orbitals of the corresponding electronic states. Observed-structure
property relationships may have useful implications on design of organic conjugated chromophores with

tunable two-photon absorption properties for photodynamic therapy applications.

1. Introduction of a particular wavelength. This is intended to induce tumor
. . i . apoptosis, presumably through the formation of free radicals

Two-photon absorption (TPA) is defined as the electronic 5,4 singlet oxygen. A number of photosensitizers that utilize
excitation of a molecule induced by a simultaneous absorption one-photon absorbing mechanism have been described in the
of a pair of photons of the same or different energy. This |iterature. Even though TPA based approaches hold a consider-
phenomenon was first predicted by M:(gert-Mayer in 193%, 56 agvantage over conventional OPA technique due to spatial
but it was not observed until the advent of lasers. The emergenceqqq|ytion and deep penetration of long wavelength irradiation
of technologies that can exploit TPA has attracted significant tissues, only a few organic photosensitizers based on a TPA
interest in the fields of chemistry, biology, and photonics. This, achanism have been suggested (e.g., Rodamifig B).
In turn, |nsp|.red a broad quest searching for functional chro- Recently researchers started reevaluation of properties and
mophores with enhanced TPA properties: application of already known NLO compount&ls44 For

TPA s a third order nonlinear optical process. Its cross section example, utilizing complex interplay between substitution and
is quadratically proportional to the intensity of the incident light  pranching makes possible design of complex chromophores with
which provides improved spatial selectivity in three dimensions gynthetically tunable broad variation of nonlinear proper-
with up to one wavelength resolution. Moreover, TPA is induced tjgg12,1345 Compounds with high TPA activity are typically
at a frequency of half the actual energy gap which stretches thegescriped with general formula-Br—A—z—D or A—7—D—
accessible range of conventional lasers (longer wavelengths at;—a_ Several examples of such compounds were found in series
700-1300 nm) and ensures deep penetration depth into anof cyclohexanones (Figure 14 Significant TPA absorban-
absorbing medium. These distinct properties enable a largecies of cyclohexanones were reported in ref 51. It is remarkable
variety of TPA application:'® such as fabrication of opto-  that series of compounds with similar molecular structure
electronic logical circuits? high-resolution fluorescence mi-  (piperidones, in neutral and protonated form, Figure 1a) was
croscopy and characterizatidh?* three-dimensional optical  jdentified as cytotoxic chemotherapeutic agéRts® Later it
data storagé*> optical power limiting?®’ upconversion  yas proposed that combination of TPA activity with cytotoxicity

lasing?®-29 nqndestructi\g;e imaging of biological tissu€s?* made both series of compounds promising for bioimaging and
photc;(g)égamlc therap$?~*" and new nanobiophotonics applica-  two-photon photodynamic thera§:6° Structural characteristics
tions== of cyclohexanones and piperidones have been described in

In particular, photodynamic therapy is a relatively new numerous publicatiorf¥:5"6+65 Spectral characteristics, includ-
approach for targeted cellular apoptosis in biological tissues, ing OPA, TPA and fluorescence of some of those compounds,
with current applications in the treatment of tumors, cancers, have also been investigat&tt066 However, despite these
blood purification and blindnes8:4>42 This therapy in-  extensive experimental studies, theoretical investigations of these
volves a selective uptake and retention of a photosensitizer bymolecular structures have not been done yet. Given the
the target area (e.g., tumor) followed by irradiation with light technological importance and possible biomedical applications
of such materials, there is a clear need to further investigate
* Corresponding author. E-mail: serg@cnls.lanl.gov. the photophysical properties of these unique dyes.
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Figure 1. (a) General scheme of arylidenecyclohexanone and arylidenepiperidone derivatives and (b) structures of pideridnand
cyclohexanonel2—17) chromophored—17 studied in this work. Index denotes the number of vinyl units (i.e., the number of double bonds in
the conjugated bridge).

In this article we conduct a computational study of OPA and conjugated organic chromophorés8! These studies have
TPA responses of series of arylidenepiperidone dyes (Figure shown an excellent quantitative performance of TD-DFT based
1b) as a function of their chemical composition and molecular on hybrid functionals for both OPA and TPA properties.
conformation using time-dependent density functional theory In this study, we apply the approach described aboffao
(TD-DFT) in combination with quasi-particle formalism for model linear and two photon absorption spectra of chromophores
nonlinear optical polarizabilitie¥. Details of our computational ~ 1—17 shown in Figure 1b. Our calculations start with optimiza-
approach are presented in section 2. In section 3, we analyzetion of ground-state geometries at the Hartr€eck (HF) level
the computational results and compare them to experiment.with a 6-31G basis set. We found a good agreement between
Finally, we discuss the trends that emerge and summarize ourobtained geometries and available experimental X-ray diffraction

findings in section 4. dat&” (see section 3). This is consistent with our previous
result€® and, subsequently, HF/6-31G optimization level was
2. Theoretical Methodology used across the entire series. TD-DFT formalism as implemented

in the Gaussian 98 program pack&gevas then used in
combination with the Becke three parameter hybrid exchange-
correlation functional (B3LYP§84 and 6-31G basis set to
calculate excited-state electronic structure. Finally, the modified
collective electronic oscillator (CEO) cdtde€® was used to

d calculate OPA and TPA responses based on Gaussian 98 output.
A detailed description of our computational technique is given
in refs 79 and 80.

The quantities of interest are firsta(w)) and third
(y(w,w,—w)) order frequency-dependent electronic polarizabili-
ties. The OPA intensity at frequenay is given by®° the
imaginary part of

Computer design of nonlinear chromophores should allow
accurate prediction of stable conformal structures of complex
molecules, their fluorescent properties, and nonlinear optical
responses and allow the understanding of the underlined
structure-property relations, which would ultimately guide
organic synthesis. In principle, wave function based correlate
ab initio methods (e.g., equations of motion with a coupled-
cluster approach (EOM-C&) can provide an accurate descrip-
tion of the electronic spectf.However, these techniques are
frequently computationally intractable, when applied to the
molecules of practical interest. Semiempirical methods are
numerically feasible, however, they are able to reproduce only
certain quantities assumed by underlying parametrization of the

*
Hamiltonian model®7! The nonlinear spectra are typically . Q, gty
dominated by higher excitation levels involving significant ow) = Z 5 2 @)
electronic correlations. Consequently, semiempirical models 7Q,"— (0 +1I)

have somewhat limited quantitative performance for nonlinear . » ) . ]
optical responses, while providing an excellent qualitative insight Whereug, is the transition dipole moment associated with the
into the nature of physical phenomena invol\?éd. electronic transition between the gl’OUf’g) @.nd excited 10
Adiabatic TD-DFT273 in the Kohn-Sham (KS) form is stgtesgg is the vertical trangi.tion frequency, amdis the line
currently the method of choice for calculating the excited-state Width. We assumed an empirical vallie= 0.1 eV for all OPA
structure of large molecular systeffg Recently TD-DFT and TP_A calculatl_ons. _S|m|IarIy, the TPA cross sectiapa is
extensions for the calculations of molecular nonlinear optical @ function of the imaginary part gf(w,w,—w):>7158587
properties have been suggested based on the residues of the
guadratic response functions for TP2and on the more general
quasi-particle formalism of the TD-KS equations for arbitrary
frequency-dependent nonlinear optical polarizabilitfe$.Sub-
sequently, the latter approach was applied to calculate OPA andwhereh is Planck’s constanty is the refractive index of the
TPA responses of several families of donor/acceptor substitutedmedium, ¢ is the speed of lightL is the local field factor

4 Zh 2
Orpa(@) = J;ZC(Z“ L* ImG (0,0, — 0)0 )
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Figure 2. Equatorial and axial conformations of compoundtop) and natural transition orbitals describing OPA and TPA states in the axial
conformer. The percentage indicates a fraction of the NTO pair contribution to a given electronic excitation.

calculated in the spherical cavity approximation, and natural transition orbital (NTO) analysi3. This approach
provides the most compact representation of the electronic
1 transition in terms of an expansion into single particle orbitals
E’Dzl_S(:ngim + Z(Viijj + i T Vi ) 3) by diagonalizing the transition density matrix associated with
! = each excitation. In this study, each excited state in question could
be well represented as a transition between a single pair of
orbitals with contribution of about 80% or more to the total
transition. Figures showing natural transition orbitals were
obtained using XCrysDen graphic pack&ge.

is the orientational average of the third-order polarizability tensor
vik,28 where indices andj refer to the spatial directions y
andz.

The first 12 singlet excited states were taken into account in
every calculation. Increasing of the number of the excited states
was found to have a negligible impact on GBVisible absorption
spectra and only a small effect (within 10%) on the magnitude  A. Molecular Geometries.All molecules studied (Figure 1b)
of the TPA cross sections. In the previous study we found 11 are derivatives of bis(benzyledene)piperidones and bis(benzyl-
states to be sufficient to reach asymptotic values in the resonantedene)cyclohexanones with different donor substituents (R) in
third-order responses in linear substituted conjugated chro-the para position on the side phenyl rings, and varying length
mophores? To evaluate solvent effects we use the polarizable of thez-bridges. Such Bx—A—a—D structures are typically
continuum model (PCM) based on the integral equation formal- associated with enhanced TPA properfigs>**Experimentally

3. Results and Discussion

ism (IEFf°92 as implemented in Gaussian #8Electronic characterized chromophor2s 4, 6—8, and12—17°85%have up
structures have been calculated for selected compounds in theo two unit (1 = 2) zz-bridge length. We also consider structures
presence of chloroform (medium polarity solvent witkr 4.81). 9—11to evaluate the TPA enhancements in chromophores with

Solvent-induced trends (red-shifts of the electronic transition longer sz-bridges. Additionally, two different conformers are

energies and enhancements of TPA cross sections; see sectiopossible for molecule$—11 with a methyl group of piperidone

3) remain the same for any other variation of PCM. ring being in the equatorial or axial position. For example, these
Finally, to understand the nature of the excited states involved conformers for compound are shown in Figure 2. We note

into linear and nonlinear absorption processes, we utilize athat geometry optimization leads to the distortion from the
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planarity of equatorial structure. Single-crystal X-ray analysis TABLE 1: Linear Absorption Properties of Compounds
shows “equatorial”, “axial’, and intermediate structuf®®576264  1-17

The energy difference between two conformations, estimated Qo QP g QqeOPA, lge,
through B3LYP/6-31G** or HF/6-31G** calculations, does not  compound eV eV D eV D
exceed 3 kJ/mol, which may imply that in solution at room- 1(eq) - 3.84(3) 7.59 5.28(12) 4.81
temperature one could find a statistical mixture of both  2(eq) - 3.34(2) 3.08 5.15(11) 3.32
conformers. Therefore, we study both “equatorial” and “axial” 3.6(3) 7.78
structures of compounds-8 with strong TPA absorbancies to gg?gé) 2.65 g’gg’((%)) 18-32 j-gigg g-gg
con_S|der the impact of the conformational geometry on the 4(eq) 275 3.02(1) 985 4.59(9) 6.48
optical properties of the chromophores. 4s(eq) 2.86(1) 10.54 4.51(7) 3.37
As stated above, quantum-chemical optimizations of the ggqu - gigg)) icl)g? g-giég)) ;g;
i ax - . . . .
ground-state. geometrles'of chromophores at HF/(g-S?;%gSGJeveI 8(eq) 3.00 299(3) 1045 4.1(6) T 82
agree well with the experimental X-ray crystal d&t&%57.62. 6s(eq) 201(2) 1235 4.11(6) 7’59
Compared, for example, with optimizations based on the BSLYP  g(ax) 3.00 2.97(2) 11.74 4.09(6) 7.64
functional, HF theory gives larger torsion angles between the 6s(ax) 2.91(2) 12.35 3.59(5),4.11(6) 7.46
plane of the central (pyperidone or cyclohexanone) ring and  7(eq) 255  272(1) 1315 3.83(5) 8.05
the side chains of the molecule, which is consistent with  7S(€d) 2.56(1) 13.55 3.76(5) 8.16
crystallographic data. Torsion angles (nonplanarity) of the ;S(‘:&) 255 5;(92) 13(1); g?gg ;gg
smallest molecules with one pair of vinyl bridge segmetts ( 8(eq) 235 269(1) 13.53 3.8(5) 829
4, 12—14) is much larger compared to torsional deformations  8s(eq) 2.53(1) 13.96 3.73(5) 8.35
of the molecules with longer-bridges 6—11, 15—17) reflecting 8(ax) 235  2.68(1) 13.65 3.81(5) 7.83
steric distortions (for example 3T.HF) and 22.9 (B3LYP) 9(eq) - 2.85(2) 134  3.77(6) 9.76
for compound and 4.3 (HF) and 0.4 (B3LYP) for compound ﬂ(eq) ) 247(1) 1559 3.40(5) 10.24
. (eq) - 2.63(2) 15.78 3.43(6) 11.36
7). The calculated electronic spectra of the chromophores under 15 . 3.45(2) 818 4.95(9) 475
investigation are expected to be sensitive to several generic 13 - 3.11(1) 81  4.56(8) 5.47

geometric parameters such as torsional distortions and bond- 14 - 2.96(1) 9.82 4.46(7) 5.21

length alternation (BLA). The latter parameter reflects the degree 15 3 2.96(1) 12.12  4.05(4) 7.8
g . 15s 2.88(1) 12.42 4.08(5) 7.66
of conjugation along the molecular backbone and can be defined
. . . 16 255  2.69(1) 13.25 3.79(4) 8.28
as the difference in length between the single and double bonds ;& 256(1) 13.61 3.74(4) 763
(r(C—C) — r(C=C)) for the vinyl bridge$® For our compounds 17 252 266(1) 13.63 3.77(4) 8.41
BLA was estimated to be about 0.14 A at the HF/6-31G level, 17s 2.50(1) 14.05 3.70(4) 8.38
which is consistent with our previous findings. a Experimental values of the absorption maxifa.°"™ are taken

B. Linear Absorption. The calculated absorption maxima  from ref 58.Qq°" andQ4°™ are the calculated vertical absorption
and transition dipole moments are summarized in Table 1 and energies of the first (e) and second) @ptically allowed excited states
compared to experimental data when possiBRS. Theory with corresponding transition dipole momemtg anduge. The letter

- : : “s” after the compound number refers to computational results obtained
predicts two strong absorption bands corresponding to the with the PCM solvation model. The respective excited-state numbers

excited states denoted as e in the visible region and the are given in the parentheses.
near UV, respectively. The two-peak spectra are observed in
experiment as well, however, only the low energy peak was 115 Compound
reported® and given in Table 1. TD-DFT based on the B3LYP & 1.0 9, 7.8
hybrid kernel shows consistent agreement with experiment (see % 0.9 1 \
Table 1). Overall, calculations accurately reproduce the red shifts £ 08
of the absorption maxima with increasing don&) &trength g 074
and elongation of ther bridges. Compared to experiment, the ¢ 067
vertical absorption maxima in the TD-DFT calculations are 2 %57
mostly blue shifted by-0.1-0.3 eV. This shift can be assigned 5 %47
to solute-solvent interactions, which typically reduce the 2 °27
excitation energies. Indeed, IEFPCM calculations of chro- 02
mophores3, 4, 6, 7, 8, 15, 16, and17 in chloroform (see Table g'g‘. ho. S
- T T T

1) red-shift excitation energi(_as by0.1-0.2 e\(, which gives 300 350 400 450 500 550
better agreement of experimental absorption maxima and A nm
theoretical transition frequencies. Compared to the gas-phaseFi ure 3. Calculated normalized,linear absorption spectra of com-
C{ilculations, the sollvent. also slightly increases the transition pogunds4.—9. The OPA spectra are similar for th?e equa?orial and axial
dlpo]e moments, which, in turn, leads to the larger TPA Cross conformations of the methyl group in the piperidone ring.
sections in solvent. Further improvement of the theoretical
spectra may be obtained by taking into account vibrarional maximum (&) is not very sensitive to the substitution, but does
structure of electronic transitions based on the Frar@éndon grow with thes bridge length. Calculated OPA parameters for
analysis’®97 axial and equatorial conformers of compourls? have no
Calculated linear absorption spectral line shapes for severalsignificant difference. Therefore, only spectra for equatorial
compounds are shown in Figure 3. The intensity of the first conformations are shown in Figure 3. As expected, absorption
peak (e) augments with an increase of the donor strength andspectra of piperidone and cyclohexanone derivatives are similar,
elongation of ther bridge. We observe near additivity of each since mostly carbonylic part of piperidone and cyclohexanone
vinyl unit contribution to the oscillator strength{ uge), tge rings participates in the conjugation path contributing to the
being the transition dipole moment. However, the second OPA. For most of the compounds (e.g., with dimethyl- and
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Figure 4. Natural transition orbitals describing the OPA and TPA states in compdiLOwasd11. Percentage indicates a fraction of the NTO pair
contribution to a given electronic excitation.

diethylamino substituents), the lowest singlet statg {Sthe
most active state in the OPA spectra. In some compounds,transition orbitals of gstate (e) in chromophore (Figure 2)
however, the largest peak in the OPA spectra corresponds toshow pronounced electronic density shifts to the conjugated
the second (§ or even third (9 excited states (e.g., chro-
mophoresl, 2, 5, 6, 7). In compound?, solvent stabilizes the
dipole-allowed OPA state back into the first excited state.
To analyze the nature of the excited states contributing to even and odd symmetries, respectively. This reflects the change
the linear absorption we show the relevant transition orbitals of the wave function symmetry upon optical excitation to the
for selected compounds in Figures 2 and 4. The excited statesstate e. This transition can be well represented as a linear
for the considered family of chromophores witlh symmetry
have A and A’ symmetries. In our molecular family, the ground  which is a typical case for pustpull chromophore& Similar

state A is symmetric with respect to the mirror plane, and all

OPA allowed states ‘Aare antisymmetric with respect to this
plane. This partition has close analogy with @d B, states in
the centrosymmetric molecules, which are accordingly sym- contribution and, subsequently, less charge-transfer (CT) char-
metric and antisymmetric with respect to the center of inversion. acter compared to e. This may be the reason stateret as
Electronic states e and eontributing to the OPA response of

all molecules have a delocalized-7* character. For example,

center of the molecule: an electron is localized predominantly
on the donor termini whereas a hole is extended over the core
part of the chain. Wave functions of an electron and a hole have

combination of neutral and zwitterionic basis resonance forms
description is applicable to the higher lying OPA stdté~egure

2). Here, wave functions of an electron and a hole have odd
and even symmetries, respectively, ahtias less zwitterionic

sensitive to substitutions as state e in the OPA spectra (Figure
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3). The same description is valid for OPA states in all molecules
1-17. For example, relevant transition orbitals of chromophores
10 and 11 with longerz-bridges are shown in Figure 4. Even
without donor substituents, state e in compodddas a weak
CT trend toward the acceptor center of the molecule. We further

note that all OPA states are not pure charge transfer ones (when
an electron and a hole are well separated spatially), but rather

states which undergo electron density redistribution from the
donor to the acceptor, and thus have only a partial charge-
transfer character.

In contrast, the lowest excited state i® chromophore7
(Figure 2) can be identified as a pure CT state with very small
overlap between the electron (conjugated chain) and hole
(piperidone ring) wave functions. This state has very weak
transition dipole and always shows up as;a086S; electronic
transition in the computations of chromophotesl2. It is well-
known and understood that TD-DFT based on pure and gradient-
corrected functionals fails to describe CT st&&¥°This can
be only partially corrected by hybrid functionals such as
B3LYP 884Most likely the low-lying CT states are not artifacts
of TD-DFT and do exist in the compounds with piperidone ring
1-11. TD-HF calculations (not shown) predict this transition
as well (though at higher energy). An important question,
whether this CT transition affects molecular fluorescence by
becoming the lowest state after the vibrational relaxation of the
excited-state geometry, is a subject of future studies. Experi-
mentally, molecules with cyclohexanone rin§2—17 show

much stronger fluorescence compared to some of the compounds

with piperidone ring$8 which indirectly supports the existence
of low-lying CT states inl—12.

C. Two-Photon Absorption. Calculated TPA properties of
compoundsl—17 are summarized in Table 2. The second
column of the table gives available experimental TPA cross
sections®1:192 Direct comparison of theoretical results with

J. Phys. Chem. A, Vol. 109, No. 32, 200K281

TABLE 2: Theoretical Two-Photon Absorption Properties
of Compounds 1-17 and Available Experimental Values of
TPA Cross Sectionsgeyt 2

max

Oexpr QgETPA7 agEmaxl QQETPAl Oge™,

compound GM eV GM eV GM
1(eq) - 4.12(4) 88 5.28(12) 102
2(eq) - 3.84(4) 125 - -
3(eq) 162+ 73 3.38(4) 298  4.8(10) 223
3s(eq) 3.22(3) 489  4.8(11) 379
4(eq) 504+ 140  3.36(4) 291  4.76(10) 244
4s(eq) 3.18(3) 407  4.64(11) 235
5(eq) - 3.48(4) 309 4.74(11) 668
5(ax) - 3.48(4) 239  4.70(11) 543
6(eq) 130+ 40 3.32(3) 562  4.40(9) 531
6s(eq) 3.26(4) 696  4.42(9) 546
6(ax) 130+ 40 3.30(4) 363  4.36(8) 382
6s(ax) 3.24(4) 486  4.36(9) 430
7(eq) 683+ 180 3.02(3) 788  4.18(9) 522
7s(eq) 2.86(3) 922  4.1009) 542
7(ax) 683+ 180 3.00(3) 1028  4.14(9) 571
7s(ax) 2.94(3) 1228  4.10(9) 441
8(eq) 829+ 200 3.00(3) 1108  4.14(9) 568
8s(eq) 2.84(3) 1434  4.08(9) 592
8(ax) 829+ 200 2.96(3) 1210 4.1(9) 656
9(eq) - 3.16(4) 727 4.24(9) 1312
10(eq) - 2.74(2) 2057  3.76(9) 507
11 - 2.90(3) 1518  3.88(9) 2776
12 - 3.74(3) 188  4.94(9) 143
13 - 3.38(3) 295  4.66(10) 62
14 - 3.30(3) 477  4.66(10) 311
15 135+ 30 3.26(3) 343  4.34(8) 394
15s 3.22(3) 667  4.30(8) 618
16 635+ 160 2.96(2) 981  4.08(7) 590
16s 2.86(2) 1314  4.00(7) 571
17 6754+ 200 2.94(2) 1089  4.06(7) 635
17s 2.80(2) 1500  4.00(7) 713

a Q4™ and Qqe ™A are the calculated transition energies of the
first (E) and second (fEexcited states active in TPA. The cross sections
o™ and oge™® are given for the maxima of the TPA peaks at
approximately half of the corresponding transition energies. The letter

experiment is not possible since spectroscopic measurementss” after the compound number refers to computational results obtained

of the cross sections have been performed only for a narrow
spectral range (850900 nm), and therefore, they do not provide
complete information on the TPA line shapes and peak maxima.
Moreover, calculation have been done assuming a uniform
empirical broadening parametEr= 0.1 eV which is not the
case for real molecular systefisSubsequently, this comparison
can be used only as a guideline. Previously we observed an
agreement between TD-DFT calculations and experimental dat
within 30% for TPA cross sections for similar organic com-
pounds’®81 Overall, the predicted TPA cross sections closely
follow the experimental trends and agree within a factor of 2
for the absolute values. Similar to linear absorption, theory
predicts two strong TPA absorption bands corresponding to the
excited states denoted as E arld Bypically the lowest TPA
peak E corresponds to the fourth)(8r third (S) excited states
and lies above the band-gap state e and CT states (see Tabl
2). The second TPA maximun i attributed to a high-energy
excited-state varying between:Ssmall molecules) and /S
(large cyclohexanones) positions in the TD-DFT calculations.
In contrast to the large solvent stabilization of dipole-allowed
OPA transitions (Table 1), the solvent only weakly affects the
energies of TPA states due to their dipole-forbidden nature.
IEF—PCM calculations of chromophorés 6—8, 15, 16, and
17in chloroform (Table 2) red-shift excited state energies only
by ~0.05-0.1 eV. However, the TPA cross-section amplitudes
increase notably by-10—30% when solvent effects are taken
into account, which is consistent with our previous resffts.
This can be rationalized by recalling the high sensitivity of two-

a

with the PCM solvation model. The excited-state numbers are given
in the parentheses. 1 GM 1070 cnt* s photorn™.

photon absorbancies to the transition dipole moments between
the relevant states?

Calculated TPA spectral line shapes for several compounds
are shown in Figure 5. We first discuss comparison of TPA
spectra of axial and equatorial conformers given in Figure 5a.
Unlike the linear absorption, these conformers have different
TPA cross-section maxima, while the absorption frequencies
are similar. We note that for small molecule$—6), the
equatorial conformers have better TPA absorbancies compared
to the axial ones. This trend is, however, reversed for larger
compounds (e.g./—8). A possible rationalization of this
observation is that the electronic excitations in the smaller
molecules are in the strong confinement regime when position-
ﬁ]g the lone pair in the molecular plane is beneficial for
electronic delocalization, whereas the excited states of the larger
compounds have better delocalization in a perfectly planar axial
conformer. These subtleties of geometrical structure do not affect
the linear absorption, but may show up in the nonlinear optical
responses.

Variation of the TPA spectral line shapes with increase of
the donor (R) strength and elongation of thebridges is
illustrated in Figure 5b. Similar to the linear absorption, we
observe significant red-shifts of the transition energies. The
intensity of the first peak (E) grows with the increase of the
donor strength and elongation of thebridge (see Figure 5b).
Again, the second maximum (Eis not very sensitive to the
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substitution (compare, e.g5, 6, and8), but does grow with
thes bridge length (e.g5 vs 9). These trends of TPA activities

roughly representing the length of thebridge for compoundg, 5, 9,
and1l (R = H) and4, 8, and10 (R = N(C;Hs),). The lines connecting
the points serve as a visual guide.

as a function of the inverse number afelectrons in the
molecules. Such near-linear relationship is typical for band-
gaps state in many conjugated polym&ts'® and is not
completely unexpected. A remarkable observation is that this
scaling law holds for both E and Beaks corresponding to the
higher lying electronic states in molecules with and without
substituents, and the slope of all curves is about the same.
Dependence of the TPA amplitudes on thebridge length
shown in Figure 7b is not so straightforward. Intensities of both
E and E peaks vary dramatically in unsubstituted molecules.
Peak Eis particularly sensitive to the elongation of théridge.

The situation is different for substituted chromophores. We
observe a strong enhancement of E, whereas amplitudeisf E
not affected byr bridge length. The cyclohexanones compounds
(12—17) exhibit the same trends as their piperidone counterparts
(2—4, 6—8) mediated by substitution and variation;obridge
length. The TPA cross sections of large cyclohexanones are
closer to that of axial piperidone conformers.

To compare quadrupolar molecular architectures with the
dipolar ones, we investigated TPA properties of a modified
compound10 (Figure 1), with one of the two conjugated
branches removed (not shown). Our calculations of the new
molecule show that the excitation energies of TPA states
increase by about 20%, whereas the related transition dipoles
decrease by 3050% due to reduced conjugated chain length,
compared to compounti0. Subsequently, TPA cross sections

are summarized in Figures 6 and 7. Energies of the excited stateslecrease by -34-fold. Observed trends can be well explained

E and E are both shifted to the red by0.5 eV (~0.25 eV or

with simplified sum-over-states expressiénwhere the TPA

60—100 nm peak shifts of the respective TPA maxima) with cross section is proportional to the squared product of two
an increase of the terminal donor strength (Figure 6a). The 4-fold transition dipoles over the excitation energy.

enhancement of the TPA cross section with substitution is even  The transition orbitals shown in Figures 2 and 4 associated
more dramatic (Figure 6b). Changing the terminal group from with TPA states E and'Hook remarkably similar to their OPA
methylamino to a somewhat stronger ethylamino donor sub- counterparts e and,eespectively. Since the TPA photoexci-
stituent has a weak effect on the transition energies, but doestation does not change the symmetry of the total electronic wave
increase the TPA cross sections. Figure 7a shows evolution offunction, both electron and hole transition orbitals have even

the TPA transition frequencies with the size of théridge.

symmetries. However, the charge-transfer pattern discussed for

We observe nearly perfect linear scaling of state energies plottedthe OPA transitions above, is applicable to the TPA states as
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