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Solvent-induced two-photon absorption cross sections are calculated for apalkmolecule in solutions

using both self-consistent reaction field and internal finite field approaches. It is shown analytically and
numerically that the results from the two methods can be connected through induced local reaction field
factors. The two-photon cross sections of the studied ppsh polyene are found to be rather insensitive to

the choice of cavity shape. The solvent dependence of the two-photon absorption displays a pattern different
from that of the first hyperpolarizability.

Introduction spectra of atom%;,2%small molecule$;'**° large oligomerd&17

and two-dimensional charge-transfer molecdfes. combina-

tion with the HerzbergTeller expansion, the vibrationally
resolved two-photon spectra of aromatic molecules have been
calculated at thab initio level23with results that reproduce

The process of a simultaneous two-photon absorption (TPA)
was predicted by Qupert-Mayet 30 years before the first
experimental observatichAt present the situation is reversed
in that the experimental development of the two-photon experimental observations
spectroscopy is a great stimulus for theoretical efforts in the . '
field. Although the formal theoretical description of TPA has  ©One important aspect that has not been addressed much by
been well established for a long time (see the excellent summarytheory are the effects of a solvent on the TPA of molecules
of Mah#), the application of the theory has traditionally been &lthough these effects have been found to be important for a
addressed only in the context of the physics of atoms and smallVariety of other optical properties. Much work has been devoted
molecules. Apart from the interest in the TPA procpss se, in the past to .the understandllng of solvent-induced effects on
the fact that the two-photon and one-photon selection rules areP0th geometric and electronic structures as well as on the
different has made two-photon spectroscopy an additional andnonlinear optical responses, something we here want to ac-
complementary tool in the study of the organization of excited OMPlish for TPA applications as well. In this context, it is
states. However, the applicability of TPA has greatly developed '€lévant to mention that solvent effects on the TPA of denor
more recently due to improvements in experimental conditions, acceptor stilbene recently were studied by Kogej éf alt a
and multiple-photorrand in particular two-photonabsorption semiempirical Igvel using an internal finite f|e!d approaqh. Wg
spectra can today be found for a wide selection of systems. focus on three issues in the current .study: (!) the rellat.|on.sh|p
This interest for TPA stems to a large extent from the various, between the self-consistent reacﬂo_n fleld__and |nterna_l finite field
potential, technical applications that can be realized in the fields @PProaches for the TPA cross sections, (ii) the local field factors,
of medical therapy and photonies’ and the two-photon an_d (||_|) the comparison between results fror_n spherical and
spectroscopy has become linked to the synthesis of materialsellipsoidal cavities. A short pustpull polyene will be used as
with special properties with respect to nonlinearity, process- the model molecule, and some particular features of this
ability, and stability. One can here distinguish an important role Molecule will be discussed.
of theory and calculations to aid the synthesis, to obtain more
basic understanding of the underlying mechanisms, and to searchrheory for Two-Photon Absorption Cross Sections
for special structureproperty relations.

The direct way of computing a TPA spectrum is through the From a .macroscopic point.of view, two-photon absorption
explicit use of sum-over-state (SOS) expressions, in which, at C'0SS Sections of randomly oriented systems, such as gases and

least formally, all intermediate states have to be included. iquids, can be directly related to the imaginary part of the third
Usually, a satisfactory result can only be obtained after inclusion susceptlblllty;g@)(—w;a)_,—a),w). On a molecular, microscopic

of hundreds of states, and such a slow convergence makes thé€Vel, the corresponding property of interest is the second
explicit SOS method most impractical for simulations based on Nyperpolarizabilityy for which the SOS expression is written
first-principle approaches. This difficulty can readily be over- &

come by using response theory, in which the exact SOS value

is implicitly obtained by solving a set of linear matrix equations.  ¥,4,6(—®,®1,w,,03) = h’sz P_ 123X

So far response theory has been successfully applied to TPA [0t | KCI 2| I 2, | LT g2, O]
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where) P_; 1, 3represents the summation over the 24 terms broadening are connected to thg through

obtained by permuting the pairs of dipole moment operators

and optical frequencieg,—w,), (Up.w1), (Uy,w2), and fis,w3), 2

the primes denote omission of the ground st@igin the Opf =

summationsy is the fluctuation of the dipole moment operator

/I.‘ — M|u|00] A are the excitation energies, aiil are the o0 o ic the Bohr radiusg, the speed of lighto the fine

ifetime broadenings of the excited states. The averaged quantity .

of y is defined as structure constant, arw! the ph_oton energy, arg{w) provides
the spectral line profile, which often is assumed to be a

81’8 0 0’g(0) 6
Co rf TP ( )

o-function.
7 = (119) z i t viig + Vi) 2) So far, we have only been concerned with the case of an
H=xy.z isolated molecule, or the infinitely dilute gas, and turning to

the condensed phase, as described with cavity models, we need
where the frequency arguments have been suppressed. If W&o consider the appropriate local field factors. Since we know
considery(—w;w,~w,w) for w = (1/2)wr, wherehws is the that the TPA isl2 dependent, wherg is the intensity of the

excitation energy of the two-photon stafgl then some terms  jight, it can be anticipated that the condensed-phase TPA cross
in eq 1 will be resonant; that is to say, the real part of one or gections can be written as

more factors in the denominators will vanish. Such terms will,
due to the resonance, dominate the complete summation, and it

@ _ 87,0 w?g(w)
OOf —_

is reasonable to neglect all nonresonant contributions. Having > 1, 0% (7)
done that, the expression fp(—w;w,—w,w) with w = (1/2)ws ) nT;
becomes
wherel,, is the local field factor aneb?,l' denotes the TP cross
Vagyo(—0;0,—0,0) = section of the _solute molecule. However, the expli_cit expression
[0, |KCIK| . | FB| 2, | MCIEn e 5| O for the !ocal field factors <_1Iepends on the t_echnlque used for
h—szp ZP ' « 7 G _ calculating the correspondlng solute properties. Tqu alternative
A A (0 — )iT{w,, — w) ways to do so were shown in our recent stfdyefining the

solute properties with respect to either the cavity field, as in
the self-consistent reaction field (SCRF) approach, or the local
field, as in the internal finite field (IFF) approach. In the former
case-where solute molecular properties are defined with respect
to the cavity fields-and when employing a spherical cavity,
i_rfsay%é ®) the local field factors become

R o (0]t | KIMe, | O] o 45| MCTIN| 125 OT)
iTy z 70’22 (0, — w) z 1'3; (wy— o)
-1

2
where we note that in the intermediate step the summation l, =3+ (8)
includesthe ground statédCas a consequence @turning into 2n,"+1
u, and that in the last step the two-photon transition matrix
elementS has been introduced for In the latter case, i.e., in IFF calculations, properties are
straightforwardly computed by applying a finite field of a
(O]t | KIR| 1 f0 (O] 5| KKt | strength determined from the reaction figf®. It has been
= + (4) shown in our previous studies that the field strength, without
W~ W — loss of accuracy, can be calculated directly (as opposed to self-

consistently) from the gas-phase dipole momerand polar-

We thus see that the TP cross section can be determined eithefzability o as

directly as the imaginary part of at the TP resonance or, R R LR

alternatively, by computing the individual TP transition matrix FF=01-fa) f u 9)
elementsS and then using eq 3. Using the latter technique, we . i .
benefit from the fact that the TP transition matrix elements can HOWeVer, it was also shown that the properties thereby obtained
be identified from the residue of the quadratic response (denoted by a superscript loc) can be transformed through
function® This method has been employed in our previous analytic relations to those defined with respect to cavity fields

work 16-18 and we therefore leave out the details here. (denoted by a superscript cav) so that they are equivalent to
' the properties computed in SCRF schemes adopting the dipolar

approximation. This aspect will be further demonstrated in the
Results and Discussion section. The local field and cavity field
properties have the following relationships:

The orientational average ¢fin eq 2, which is suitable for
comparison with experimental data measured on a randomly
oriented sample, gives a corresponding relation for the TP cross

section
cav loc
Wi =i (10)
Orp = (1/15) z (S.%k + 2315;) (5) I I |
s oG = latrg) (11)
However, two-photon absorption, unlike one-photon absorption, Sfja"z lia b °b° (12)
is dependent on the polarization of the incident light, and this o
equation is therefore only valid when the incident radiation is lj = d; + fiaagf"(—w;w) (13)

monochromatic and linearly polarized. For a more complete
treatment we refer to ref 21. Experimental spectra with line where the reaction field factor for a spherical cavity with radius



4720 J. Phys. Chem. A, Vol. 104, No. 20, 2000 Luo et al.

TABLE 1: Bond Length Alternation (au) of NH ,—(C;HHC ,C3HHC ;)—NO; in Different Solutions?

SCI-PCM IEF-PCM
€ CiC C.Cs CiCy BLA C.C; CCs CiCy BLA
SCF
1.00 1.330 1.456 1.340 0.121 1.3440 1.4413 1.3550 0.0917
2.28 1.337 1.447 1.348 0.104
6.02 1.345 1.434 1.359 0.082
13.3 1.348 1.430 1.363 0.075
32.6 1.350 1.427 1.365 0.070
78.0 1.351 1.426 1.365 0.068 1.3949 1.3896 1.3966 —0.00614
DFT
1.00 1.362 1.434 1.350 0.078
2.28 1.369 1.426 1.356 0.064
6.02 1.375 1.420 1.362 0.052
13.3 1.377 1.417 1.364 0.047
32.6 1.379 1.416 1.366 0.044
78.0 1.379 1.415 1.366 0.042

2The geometries are optimized with the cc-pVDZ basis SEtom ref 34.

ais given by SCF/cc-pVDZ are different from those given in ref 34. For
instance, in water, the BLA from SCI-PCM at the SCF level is
R 2 —1) (14) 0.0682, a value that is much larger than the value ©0006 14
a2 + 1) from IEF-PCM3* Such a difference might be due to the different
basis sets used, or simply the different theoretical approaches.
with € being the dielectric constant of the solvent. The BLA values from the DFT B3LYP calculations are
significantly smaller compared to the corresponding SCF results.
Computational Details It was shown from NMR measurements in ref 33 that the
structures of a similar pustpull molecule, 3-(dimethylamino)-
propenal, in solutions should lie between the polyenic and
cyanine limits. This seems to indicate that (with the cc-pVDZ
basis set) SCF calculations for BLA values for NGC,H,)—

We focus our study on a short puspull polyene, NQ—
(CoH2)2—NHo, in different solutions. The geometry optimization
was carried out using the self-consistent isodensity polarized

continuum model (SCI-PCM) as implemented in the GAUSS- NH. i . .
i 5 e . 2 in nonpolar solutions are less reliable than those of DFT.
:_'?‘Nt94 plgogLam,dv;nh Dtunfmngt.s CCI %YDZ bgngsgtlat trlle A It should be mentioned that the geometries have also been
artreée-rock and density functional theory Evels. optimized with DFT/B3LYP using a 6-31G(d,p) basis set, which

siqur basis set, thetD(ljJnnifnt%/Huzinag? dou%basisl.set, wast' jare very close to those from DFT/B3LYP/cc-pVDZ and will
used in a previous study of the geometry and nonlinear optical ;¢ pe presented here.

properties of similar pushpull molecules in solutions with the Local Field versus Cavity Fi .

" . A y Field ApproachesAs mentioned
PC'\Q mt(_JdeF. The sotI#te prs()p(;rt!?s arle qa_lculzta)teo_l u;g:\?, SCRF above, the TPA cross sections calculated from the SCRF method
quadratic response thedfySadlej's polarizing basis as are directly connected to those obtained by the internal finite

alsg_?sgd for_ the ]Prr?pg'gﬁ_?_ UE;eSS OtheI’WrI]SQ s_tated. A IOCaIIyfieId approach through local field factors. Such connections have
hm;S Ik;ser:/irsg()jn icr)l ;[hg resegt vx?ouriva\I/mcfh ?m'litéigrggrzg”elalso been derived for polarizabilities and hyperpolarizabilities
. o B031 of hp | o | P of solutes’* We have calculated the dipole moments and static
implementatior?>" of the two-electron integrals. polarizabilities of NQ—(C;H,)>,—NH in two different solutions,
with € = 2.28 and 78.0, from the IFF approach with respect to
a local field and a cavity field, and from SCRF with multipolar
Geometries.There have been several theoretical studies on expansions including terms up lte= 1 (only the dipolar term)
the geometrical changes of puspull polyenes upon solvation  and!| = 6. A spherical cavity with a radius of 10.96 au was
in recent years, employing different approximations. Meytrs  employed and was determined from the molecular length plus
al.®2 used the internal finite field method and semiempirical the van der Waals radii of the outermost atoms.
calculations to simulate the solvent effects. Using the Onsager The calculated results with SCF geometries are listed in Table
reaction field model with a spherical cavity at the semiempirical 2. It shows that the dipole moments are the same for both the
level, Albertet al33 found that the finite field strengths used in  IFF approach and the dipolar SCRF calculation, where the
Meyers’ studies were unrealistically large; the reaction field multipolar contributions are found to be very small in general.
calculations gave much smaller geometrical changes than thoseT he difference between polarizabilities obtained from local field
with the finite field calculations. The sophisticated initio and cavity field approaches is quite large. The dipolar SCRF
integral equation formalism (IEF) for PCM calculations by results are well reproduced by the ones from the IFF approach
Cammiet al.4 provided results that are in good agreement with with respect to the cavity field as expected. Similar to the dipole
those obtained from a hybrid quantum mechanical and molecularmoment, the multipolar contributions are very small for polar-
mechanical (QM/MM) methoé® and with experimental obser- izabilities.
vations. Results for the dominant component of the TPA matrix
We use the standard PCM approach in the GAUSSIAN-94 elementSk and the TPA cross sectiorsp of the first excited
program to optimize the geometries of BW{CyH2),—NH; in state of NQ—(CzH2),—NH; at SCF geometries are shown in
different solutions. The generated geometries will be used later Table 3. The results confirm the equivalence of SCRF and IFF
for calculating the TPA cross sections. In Table 1, the bond results when the latter are transformed to refer to the cavity
length alternation (BLA) of N@—(C;H,),—NH> in different fields rather than the local induced fields.
solvents is summarized. The solvent effects on the molecular Ellipsoidal versus Spherical Cavity. At the present, only
geometry are quite significant. However, our BLA values of the spherical cavity model is available for SCRF calculations

Results and Discussion
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TABLE 2: Dipole Moments and Static Polarizabilities of
NO,—(C,H,),—NH; in Different Solutions Obtained from
Cavity Field, Local Field, and Self-Consistent Reaction Field
Approaches and a Spherical Cavity

IFF SCRF

property loc cav =1 =6

€=2.28
Ux 3.48 3.48 3.49 3.52
Uy —0.16 —0.16 —0.16 -0.17
Uz 0.30 0.30 0.30 0.31
Olxx 117.0 122.0 122.1 123.6
Olyy 66.8 68.3 68.3 68.6
Oz 26.7 27.0 27.0 27.1

€e=78.0
Ux 4.21 4.21 4.21 4.32
Uy -0.29 -0.29 -0.29 -0.30
Uz 0.12 0.12 0.12 0.12
Olxx 127.9 141.3 141.4 146.0
Olyy 65.9 69.4 69.4 69.9
0Ozz 26.3 26.8 26.8 27.0

a All values are given in atomic units.

TABLE 3: TPA Cross Sections of the First Excited State of
NO,—(C,H,),—NH, Obtained from Cavity Field, Local Field,
and Self-Consistent Reaction Field Approaches and a
Spherical Cavity?

IFF SCRF
loc cav =1 1=6
state Sx O Sx O Sx O Sx  Orp
€e=228 S 56.4 603 62.3 742 62.6 744 63.8 773
e=178 S 54.7 565 69.6 930 70.5 942 73.3 1019

a All values are given in atomic units.

of TPA cross section® Such a model appears not to be suitable
for descriptions of chainlike pustpull polyenes, and we are
motivated to examine the performance of the spherical cavity

J. Phys. Chem. A, Vol. 104, No. 20, 2000721
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Figure 1. Solvent dependence of the static first hyperpolarizability
B(0; 0, 0) and the TPA cross section of the first excited state of-NO
(CoH2)2—NH2. The SCF/cc-pVDZ geometries are used. All properties
(au) are calculated using the IFF approach and an ellipsoidal cavity.

model against other geometrically more reasonable models. Athe one-photon absorption is red-shifted by 70 and 80 nm for

simple solution to obtain this is to construct the ellipsoidal cavity
within the IFF approach. In this case, the reaction field factor
f is given by®
R _ 3 Km(l_’(m)(e_l)é
™Mo aaa, et+t(@-ek, M

(15)

wheredmn is ao-function, a,, a,, anda, are the principal axes
of the ellipsoidal cavity, and, is defined as

n = [Tas[(s-+ a2(s+ (s + 8] x
(s+ay) " (16)

fulfilling the relation«x + «xy + k; = 1. For a spherical cavity
ki = 1/3. The finite field strength is here determined by eq 9.

the cc-pVDZ and Sadlej's basis sets, respectively, when going
from the gas phase to the most polar solution. This has some
practical advantages since most applications require the one-
photon wavelength to fall into the optical visible region. The
calculated results show quite strong basis set dependence,
especially when the molecule is dissolved in strongly polar
solutions. This is partly due to the basis set dependence of the
dipole moment, which determines the reaction field strength.
Two results obtained from the spherical cavity calculations are
also listed for comparison. These show that the cavity shape
has noticeable effects on bathanddp, but still perhaps less
than one might expect. It is of course predominantly a
consequence of fact that the TPA of pughull polyenes is
governed by the component along the molecular axis. The
change of cavity shape has thus only a minor effect on properties
along this particular direction, and it thus seems that, for the
study of structure-property relationships, the use of a spherical

The calculated TPA cross sections and the one-photon cavity is yet a reasonable approximation.

absorption wavelength obtained from the cc-pVDZ and Sadlej's

TPA Cross Section versus the First Hyperpolarizability.

basis sets with SCF geometries are listed in Table 4. In general,Recently, Kogegt al2? studied the structureproperty relation-

TABLE 4: TPA Cross Sections and One-Photon Absorption Wavelength of N@-(C,H,),—NH,, in Different Solutions?

€e=10 €=2.28 €=13.3 €=232.6 €e=78
A (nm) o7p (aU) A (nm) O7p (aU) A (nm) O7p (aU) A (nm) O7p (aU) A (nm) O7p (aU)
cc-pvVDZ
490 595 520 739 553 806 557 789 559 780
513 602 541° 565
Sadlej
512 612 547 858 585 1057 590 1064 592 1065

a All results are calculated using the IFF approach and an ellipsoidal c&WRigsults by employing a spherical cavity.
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