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The two-photon absorption (TPA) cross section and the second hyperpolarizabitifitiie linear quadrupolar
molecule are theoretically investigated by using the ab initio calculation methods for a few series of quadrupolar
molecules. The relationships between the molecular structure and the TPA as well as the NLO property are
established. It is found that, as the strengths of donors and acceptors increase, (i) both the energy gap between
the first excited electronic statgs>, and the ground electronic statg;>, and that between the TPA-allowed
excited electronic staté> and|g> decrease, (ii) the energy gap differeni@, — Ecgl, which is the detuning

factor affecting the TPA matrix element, decreases, and (iii) the product of the transition dipole matrix elements,
ludtey, associated with the TPA increases. These effects are combined to make the TPA cross section
monotonically increase as the donor and acceptor strengths increase. The second hyperpolarizabilities of the
same series of quadrupolar molecules are also calculated by using both the finite-field method and sum-
over-state method. The relationship between the TPA and second hyperpolarizability is briefly discussed.

1. Introduction et al. showed, by carrying out the quantum chemistry calculation
with the finite-field method, thay of the donor-acceptor
donor type of quadrupolar molecule monotonically increases
as the strengths of the donor and acceptor incr&akethis
article, we shall study this NLO property of a few more series
of quadrupolar molecules by using both the finite-field and sum-
over-state methods. There are three purposes of the latter
investigation ofy. The first purpose is to confirm the general
trend thaty of the linear quadrupolar molecules are monotoni-
cally dependent on the donor and acceptor strengths. The second
purpose is to establish a qualitative relationship between the
TPA cross section and the second hyperpolarizability. The third
urpose is to test whether the sum-over-state calculatign of
ith HF—SCI (6-31G basis set) is quantitatively reliable in
comparison to the finite-field calculation ¢f Particularly, it
is important to test whether the sum-over-state calculation of
by obtaining required transition dipole matrix elements and
energy eigenvalues at the HISCI level is quantitatively
acceptable or not because the TPA matrix element will be calcu-
lated by using a similar sum-over-state expression. In section
2, the theoretical aspect of the two-photon absorption process
is briefly summarized. The main ab initio calculation results of
the TPA for a variety of quadrupolar molecules will be presented
in section 3. The second hyperpolarizabilities of the same
guadrupolar molecules will be presented in section 4, and the
tnain results of this article will be summarized in section 5.

Organic molecules with large two-photon absorption cross
section have been found to be useful for a variety of applications
such as three-dimensional optical storagetwo-photon fluo-
rescence excitation microscofy? and photodynamic therapy
(PDT)2 Therefore, it is quite important to understand the
relationship between the molecular structure and the two-photon
absorption cross section to provide a guideline for organic
synthetic approach to a new development of the TPA chro-
mophores and for further applications. On the basis of the
observations by Albota et al., it was found that those molecules
having large TPA cross section contain both donors and
acceptors that are connected to each other via conjugate
polyenes® Furthermore, the molecules they considered have
an inversion center such that they are often called quadrupolar
molecules where two peripheral donors (acceptors) are con-
nected to a central acceptor (donor). In parallel with the
experimental and theoretical studies on the TPA process of the
linear quadrupolar molecule, Kogej et al. presented a theoretical
work on the mechanism for enhancement of TPA in denor
acceptor (pushpull) conjugated chromophores by using the
guantum-chemical calculation meth8d.They found that,
depending on the two-photon-accessed excited electronic state
the TPA cross section can be greatly enhanced by modifying
the molecular structure maximizing the resonance enhancemen
effect. Also a systematic investigation of the TPA by combining
design, synthesis, and characterization _studies of hig_hly actives Two-Photon Absorption Cross Section
two-photon dyes was presented by Reinhardt et al. in ref 12. ) . .
They Considered two types Of two_photon dyesl acce.ptor The Ca|CU|atI0n Of the tWO-phOtOﬂ absorptlon Cross section
donor-donor-acceptor and donetbridge-acceptor, and found ~ ¢an be carried out by using the time-dependent perturbation
that some of the dyes they synthesized have TPA cross sectiongheory, where the field-matter interaction Hamiltonian is given
that are orders of magnitude higher than commercially available @S
organic dyes.

Due to the molecular centrosymmetry, the second hyperpo- Hy = —u{Ey(r,t) + Ex(r )} 1)
larizability (y) of the quadrupolar molecule is its first nonlinear
optical property and has been studied recently. Particularly, HahnHere,u is the electric dipole operator aiifr ,t) is the transverse
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electric-field operator of the light beam. In this paper, a double-
beam two-photon absorption will be considered first, and later (a)
the limiting case of the single-beam TPA will be discussed
mainly to make a comparison with the relevant investigations

reported recently. The frequencies of the two beams are denoted Donor_/

asw; andw,. Then, the formal expression of the TPA absorption CN  CN

coefficient is well-known & Bonom: “H, -CHj, -OH, -NH,, -N(CH3), ‘

N[ @107
Ot~ ( )( nn )[lkz TPl m(“’1 +w, - H,N
2¢Gh\VI\ My
(b) /—Acceptor
Ll )
s wg) w;  , @) Acceptor /

whereN/V is the number density of the chromophong,and L
n, are the refractive indices at the frequenciesvafand wo, q H CN N/H
respectively; ande, are the unit polarization vectors of the Acceptors: =< =< _—_< — >—0
two light beamslip andlyo are the incident beam intensities at NO
the front boundary of the optical sample (see ref 14 for more N
detailed discussion on the derivation of eq 2 for a few limiting (2CN) ®R)

cases). The second-rank tensorial TPA matrix eleméfty,
in eq 2 is given as

1 Uit Ugilkis
Frpa= z — + — 3
e (e (O wg) wy — (w; — wg)

Here, the TPA transition from the ground stége to the TP- Figure 1. The three types of linear quadrupolar molecules considered
allowed excited statd> was consideredi> is the molecular in this article are shown. The doneacceptor-donor (D-A—D) type
intermediate state, and the summation dvecludes the ground ~ molecules are drawn in Figure 1(a), where the donor varies fréin
and final states also. In eq @;-[Cdenotes the average over the 10 ~N(CHa).. The bond-length-alternation is defined & { Rq)/2 —
molecular orientation. Although it was assumed that the Fe Theacceptordonor-acceptor (A-D—A) type molecules are shown

lect deoh fi tant ligibl ller th in Figure 1(b). In this case, the BLA is similarly defined as above. To
electronic dephasing time constants are negligibly smaller anlnvestlgate the polyene length-dependence of the TPA matrix element,

the frequency detuning factof®; — (wi — wg)| and|wz — (wi a series of molecules in Figure 1(c) will be considered in section 3.
— wyg)|, as the incident beam frequencies become clogg te

wg, the dephasing contribution should be inserted in the physics and to investigate the dependence of the TPA cross
denominators of eq 3. However, in this paper, the case whensection on the conjugation length.

the field frequencies are sufficiently off-resonant to the inter-  For a one beam experiment, thgpa given in eq 4 can be
mediate state will only be considered. Furthermore, for the calculated, once the associated transition dipole matrix elements
single-beam experiment where the beam frequency is controlledand eigenvalues of the excited electronic states are determined
to be the half of the energy gap between the ground state andby using the ab initio method. In general, the calculation of

TPA excited statelf>, that is to sayw: = w2 = (wr — wg)/2, I'tpa involves a summation over the infinite number of
eq 3 can be greatly simplified as intermediate states. However, it is convenient to make a three-
state approximation, that is, to take into account only one
Usllig dominant intermediate state, which is neither the ground nor
ipp= 42 E—E, 4) the TPA state. Particularly, due to the centrosymmetry of the
1

linear quadrupolar molecule, the first excited st@e, which

is the lowest dipole-allowed singlet state with large oscillator
strength, is found to be the dominant intermediate state in the
calculation ofl'tpa, and thus, the approximatddra denoted

asT®, is given as

Assuming that the two incident beams are linearly polarized
along the Z-direction in the laboratory frame, the orientation
averagedrrpa Of a single-beam TPA is found to be

o g [N|fer)( e
A 2¢hc?\V)\n? /|64

2 4
5) ry, = e (6)
TPA Efe _ Eeg

where the constant 9/64 is from the orientation average, and\ye shall also use the notatiofi™.. to denote the TPA matrix
ITrpal Was defined in eq 4. PA

element calculated by including excited electronic states as
the intermediate states in eq 4.

3-A. Bond-Length Alternation (BLA) vs TPA Matrix

In this section, the ab initio calculation results of the TPA Element. In Figure 1(a) the doneracceptor-donor (D-A—
matrix element'rpa, Will be presented for a few series of D) type quadrupolar molecules considered in this article are
guadrupolar molecules. The principle goals of these calculationsshown. Here, the central acceptor is a tetracyanobenzene, and
are to establish a structure-TRAesssection relationship for  the two peripheral donors vary from hydrogen to dimethylamino
the linear quadrupolar molecules, to understand the underlyinggroup. On the other hand, the (b) series of molecules in Figure

TPA

3. ab Initio Calculation of the TPA Matrix Element
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Figure 2. (a) The BLA, Qq, values of the B-A—D type molecules in Figure 1(a) are plotted with respect to the substituted donor. (b) The
calculated TPA matrix elementsl,"%ElAJzz (for n =1 and 20) in B/eV are plotted as a function ). (c) The energy (in eV) denominator in eq 6,
Ere — Eeg VS Qq. (d) lufetted (in D?) vs Q.

TABLE 1: BLA ( Qg), Energy Gaps,Eeq and Egg, in EV, and
the z-components of the Two Transition Dipole Matrix
Elements in D(Debye) of the Donot-Acceptor—Donor Type
of Quadrupolar Molecules Shown in Figure 1(a) (6-31G)

1 are accepterdonor-acceptor (A-D—A) type. The central
donor in this case is a diaminobenzene.
To characterize the molecular structure of the A-D or

A—D—A type quadrupolar molecules, the concept of the bond- 0 0. LA A V) E. (eV 2D 2 D
length alternation (BLA) will be used to analyze the ab initio Qo (B) Eeg(®V) Eo(eV) lued D) lid (O)
calculation results. The BLA for this purpose in this article is —H —0.1268 4.27 2.69 7.95 5.74
defined asi; + Rs)/2 — R, (see Figure 1 for the definitions of —Me ~0.1210 4.14 251 8.58 6.16
e 1 2 g —OH -0.1174 4.09 5.46 8.15 7.31
R). The BLA was used as a measure of the charge-transfer —nH, —0.0984 3.79 5.11 8.17 8.85
character of the puskpull polyene in its ground electronic ~ —N(Me). —0.0936 3.66 4.90 9.78 8.77

state!> 17 Likewise, the BLA of a single polyene bridge in a
given quadrupolar molecule will also be considered to be a 2(a) for a few substituents (see Table 1). As the donor strength
measure of the charge-transfer from the electron donors to theincreases from H to N(Mg) the CT-character increases and
acceptors. thusQq increases. Also, the energy gafisg andEzg, decrease

Let us first consider the DA—D type molecules. By carrying ~ (Table 1). As the strength of the peripheral donors increases,
out the ab initio HF-SCI (Hartree-Fock Singly excited the magnitudes of the two transition dipole matrix elements,
Configuration Interaction) calculation with the 6-31G basis set |tg and |uz|, increase (see Table 1). Now the calculated
in the Gaussian 94 and 98 prograt#3? the energy levels of [F(T”PA]ZZ, forn=1, 5, 10, 15, and 20, are presented in Table 2
twenty excited electronic states and the transition dipole matrix and particularly the one-intermediate-state-approximated
elements among them are fully calculated. The lowest excited [r(TlF),A]ZZ and T%zs/l]zz are plotted in Figure 2(b) as a function of
electronic state is found to be one-photon allowed from the Q,. Here, it should be emphasized that the one-intermediate-
ground electronic state. In the case of the linear quadrupolar state-approximated valuel{ J., is quantitatively similar to
molecule, the lowest excited state is not a two-photon-alloyved [F(TZPO) 2= Most of the other cases studied in this paper show that
state due to the symmetry of its electronic structure. That is to

the deviation of T$J,, from [[¥%],, is less than 10%.
say, the ground state has even-padty-symmetry, whereas ™ ™ .
the first excited state has odd-parity,-symmetry. Thus, the However, the convergence of the calculath],; by taking

two-photon absorotion from. state toA: -state is not allowed into account a large number of excited-state contributions should
P ptor 10 il . be investigated further. To address this convergence problem,
because of the violation of the parity conservation rule. Thus

' two representative quadrupolar molecules are chosen, i.e,
the TPA state should hav@igsymmetry. In the cases of A . .
D—A-D type molecules, the third and fifth excited electronic D—A~D type molecule with B=H and A~D—A type molecule

states are found to be one-photon forbidden from the ground with A=H. The number of excited states considered is sixty

40) (60)
electronic state. Thus, the TP state could be either the third or&"d the calculatedirpy]zzand [7palz- for these two molecules
fifth excited electronic states. It turns out that the TPA coef-

are given in Tables 2 and 4 (see the seventh and eighth columns
6

ficient from |g> to the third excited state is much larger than ©Of these two tables). We found that the V?"“ﬁg@zz for

that from|g> to the fifth excited state. Thus, the TPA process these two molecules are quantitatively similar )., so

from |g> to |f>, where|f> is the third excited electronic state that the calculated values"§%,, for other molecules are

in the cases of BA—D type molecules, will be studied in detail.

likely to be close to the converged values.
From the optimized structures of the{A—D molecules,

The TPA matrix elements, botﬂ“f[lF),,)]ZZ and H“(TZFE’}]ZZ in-
the BLA, Qq, can be estimated and they are plotted in Figure crease as the CT-character (or BLA value) increases. To provide
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TABLE 2: TPA Transition Matrix Elements, [ T ], (for n = 1, 5, 10, 15, and 20) in BIEV, for the D—A—D Molecules
(6-31G)

donor 24z (T2 (T2 [T (T2 (T2 [TAz

—H 64.2 78.6 77.8 78.7 69.5 70.9 70.6

—Me 76.2 90.7 89.9 91.1 80.8

—OH 87.6 104 103 105 94.2

—NH, 117 126 125 127 116

—N(Me), 141 150 151 150 138
TABLE 3: BLA ( Qy), the Energy Gaps,E¢y and Ef?, in EV, The ab initio calculation results show that, as the number of
and the z-components of the Two Transition Dipole Matrix double bondsn, in one of the two polyene branches increases

Elements in D(Debye) of the Acceptor-Donor—Acceptor

Type of Quadrupolar Molecules Shown in Figure 1(b) from 2 to 8, the BLA of a single branch decreases fro0984

(6-31G) to —0.110 A (see Figure 4(a) and Table 5). Although the
. . magnitude of the BLA change is relatively small, this phenom-
acceptor  BLAQy (A) Eeg(eV) Ei(eV) lugd (D) luil (D) enon can be understood by noting that, as the conjugated polyene
—H —0.1280 4.17 6.79 9.61 12.3 bridge length increases, the extent of the charge transfer from
—NO; —0.1129 3.66 5.90 11.1 11.2 donors to central acceptor decreases so that the BLA, which is
:(F';'N :8:82% ggg g;i ﬁi’ ﬂg a measure of the-electron delocalization, negatively increase.

Second, the electronic energies of the first excited geate
and the TPA excited staié> are plotted as a function ofin
Figure 4(b) (see Table 5). As the chain length increases, the
energy differences, botf.gandEry, decrease, and the oscillator
strengths or transition dipole moments show nonmonotonic
behaviors. Now the energy denominator in eq 6, thdds—
Eeg is found to slightly decrease from2.48 to—2.71 eV (see
Figure 5(c)) as increases. However, the first transition dipole

a detailed picture of what is behind this phenomenon, the energy
denominatorEre — Eeq and|ugqts | are separately plotted with
respect tdQy in Figure 2(c) and 2(d), respectively. The product
of the two transition dipole moments (the energy difference
betweerEs andEgy) increases (decreases) as the donor strength
increases. This pattern was also observed in a series of
experimental and theoretical investigations carried out by Albota . 2 - . |
et all® Here, it is found that the energy denominator factor matrix elementluleg|, betwgerig and|e Increases almost 3
changes about 15% as the donor strength changes, whereas tht%'nes as the Ch"_im_ length increases frors 2 10 8. IF 's found
product of the transition dipole moments increases by almost It this dramatic increase ey is largely responsible for the
2-fold in magnitude. Therefore, the principle effect of the overall increase of the T_PA matrix elemzent. We a_Iso r_10te that,
substitution of a stronger donor on the TPA cross section is to due to the nonmonotonic change [afuc] drawn in Figure
increase the associated transition dipole matrix elements for a4(d), the approximatedrf3,].. exhibits a tumn-over behavior
series of molecules in Figure 1(a). This confirms the observation as the number of double bonds increases (see Figure 5). Here,
made in refs 10 and 11 thahe charge transfer from the it should be mentioned that the HF-SCI calculation method used
peripheral donors to the central acceptor plays the dominant in this article does not take into account the electron correlation
role in determining the magnitude of TPA cross section effects at all. The correlation effects can change the hyperpo-
In Figure 3(a), the calculate@, values for a series of larizability and presumably the two-photon cross-section sig-
A—D—A type quadrupolar molecules in Figure 1(b) are plotted. Nificantly, butit usually does not change the overall trend. Thus,
The calculated values g Eg, lﬂégl, and |zufze| are presented at this moment, it is not clear whether this turn-over behavior

in Tables 3. f?&,Jzzfor the series of AD—A molecules also is genuine or originates from the neglect of the electron

exhibit the same increasing patterns with respect to the acceptor‘:f)"e'atIOn effegt;.. Thus, a more thorough Investigation with
. 7 7 higher-level ab initio calculation methods is required to draw a
strength (see Figure 3(b) and Table Bj — Eeg and |uyte

with respect to BLA are shown in Figure 3(c) and 3(d), definite conclusion on the chain-length-dependence of the TPA

respectively, and the same trends are found in this case of- oo section. Perhaps, the approximation, that only a few
A—FI)D— A m)cl),lecules excited states are taken into account to calculgig, is not

i . o suitable for such a lengthy quadrupolar molecule. In this regard,
On the basis of these calculations, it is concluded that, as the gy d b g

| d - . bility of th bsti ) the theoretical work by McWilliams, Hayden, and Soos who
electron donating or accepting ability of the substituent increase, ., riad out one-dimensional Huckel, Hubbard, and Pariser

() bot(t; the energy r(_];apbbetween thhe first excited state anéj tEeParr—Pople models, can be modified to study the chain-length-
ground state and that between the target TPA state and t € dependence of the quadrupolar molecfes.

ground state decreaséi) the energy gap differencBse — Eeg,

decreasesand (i) the product of transition dipole matrix 4. Second Hyperpolarizabilities of Linear Quadrupolar

elements|ufyuZ/, associated with the TPA increases com- Molecules

bination of these three aspects makes the TPA cross section In this section, the second hyperpolarizabilitie§ 6f the

monotonically increase by the stronger donors and acceptors.linear quadrupolar molecules are calculated by using two
3-B. Chain-Length Dependence of the TPA Cross Sec- different methods, e.g., the finite-field method and the sum-

tion: Saturation Phenomenon.lt was recently shown that the  over-state method. In ref 13, Hahn et al. carried out ab initio

second hyperpolarizability of lengthy conjugated polyene calculation of a series of quadrupolar molecules that are Denor

molecule increases as the polyene chain length increases and\cceptor-Donor type and showed thatincreases as the donor

approaches to an asymptotic vafide?? Likewise, it is expected and acceptor strengths increase. As will be shown below, it is

that the TPA cross section would exhibit a similar pattern found that the trend observed in ref 13 is generally acceptable

because the TPA cross section is related to the imaginary partfor a variety of quadrupolar molecules, both—-B—D and

of the second hyperpolarizability.To study the chain-length ~ A—D—A types.

dependence of the TPA cross section, a series of molecules in First of all, the finite-field-calculateg,,,; denoted agr,

Figure 1(c) with varying number of double bonds is considered. for the two distinctive types of quadrupolar molecules are
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Figure 3. (a) The BLA, Qy, values of the A-D—A type molecules in Figure 1(b) are plotted with respect to the substituted acceptd?(T”&J;j}z[
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Figure 4. The calculated BLAQ, value as a function of the number of double bondss shown in Figure 4(a). The relative energies of the first
excited stateje>, and the TP-absorbing excited stdfe;, are plotted with respect toin Figure 4(b). The energy denominator of ede, — Eeg
vs n is plotted in Figure 4(c), antlirtey vs nis in 4(d).

TABLE 4: TPA Transition Matrix Elements, [ T2, (for n =1, 5, 10, 15, and 20) in BEV, for the A—D-A Molecules (6-31G)

acceptor [z [Tz [TreNz2 [TreAz2 [TfPAz2 [T{PAz2 (F{pAz2
—H 305 302 314 315 307 307 307
~NO, 351 318 304 305 309
—CN 416 384 387 388 389
R 476 436 427 429 424

presented in Tables 7 and 8. Both 3-21G and 6-31G basis setgequire any detailed calculation of the electronically excited state
in GAMESS® program were used to calculajer. yee's of wave functions, it is a convenient procedure to obtain various
both the B-A—D and A—D—A quadrupolar molecules exhibit ~ NLO properties. However, since in this article the sum-over-
increasing patterns as the strengths of the substituted donor andtate expression for the TPA matrix element was used, we find
acceptor increases. For instance, by replacing the hydrogen atonit necessary to independently test whether the-ISEI calcu-

for the D—A-D molecule with dimethylaminggg increases by lated excited electronic state wave functions are guantitatively
three and half times. Since the finite-field method does not reliable or not. This can be achieved by carrying out sum-over-
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3201 . with eq 7. It is noted that the sum-over-stat® depends om
— T — to some extent. However, they are quantitatively similar to one
280 1 another and the finite-field-calculategr is close toy%. Even
though y@ is found to be approximately twice ofrr, the
3 240 general increasing trend with respect to the donor and acceptor
c . strengths is unchanged. Thus, one of the goals of this investiga-
u& 2001 tion, confirming the general trend found in ref 13, is believed
= to be achieved.
160 The sum-over-state expression §é® consists of two terms,
and the first and second terms are negative and positive,
120 respectively. Thusy™ can be written as
A A YO =0+ P 8)
Figure 5. [}z of the series of molecules in Figure 1(c) is plotted wherey)’ andy? represents the first and second terms in eq
as a function oh. 7, respectively. These two contributions are separately calculated
TABLE 5: BLA ( Qy), the Energy Gaps,Eeq and Eg, in EV, for n = 20 &% and yff_o); the two series of quadrupolar
and the z-components of the Two Transition Dipo?e Matrix molecules are presented in Tables 7 and 8. The two contributions
Elements in Debye of a Series of Molecules shown in Figure are quantitatively comparable so that the interference of the two
1(c) for Varying Number of Double Bonds (6-31G) pathways is found to be crucial.
N BLA Qy(A) Ee(eV) Eg(eV) |4 (D) |ufl (D) Now, the chain-length qlependence;q_fby usin_g both the
> —0.0984 379 511 817 .85 sum-over-state an_d finite-field methods, is m_vestlg_ated, and the
3 ~0.1024 359 4.65 13.6 9.23 ab initio calculation results are summarized in Table 9.
4 —0.1051 3.45 4.35 16.6 961 Assuming that the benzene ring provides two double bonds,
5 —0.1069 3.36 4.13 18.9 9.51 the total number of double bonds, denoted\asn the series
6 —0.1082 331 3.98 20.8 9.07 of molecules in Figure 1(c) varies from 6 to 18. Within this
8 —0.1099 3.25 3.78 24.0 7.70

range of conjugation length, there is no simpledependence
where the exponent is a constant! However, in the short
chain-length regiony roughly increases ds,* and in the long
chain-length region froml = 14 to 18,y exhibits approximately

TABLE 6: TPA Transition Matrix Elements, [ (3., and
[T of the Molecules in Figure 1(c) (6-31G)

N [T$2 .. (D¥eV) [C&) 2. (DeV) N2-dependence. Due to the expensive computational cost, the
2 117 126 total number of excited states considered in the summation, eq
3 198 214 7, is limited to be five. Nevertheless, the finite-field calculation

4 250 270 results are quantitatively similar to the sum-over-state results,

2 g;g ggg y®. Also, the negative and positive contribution§, andy %,

8 273 292 are found to be similar for the quadrupolar molecules with short

conjugation length. However, the positive contributigrs),
state calculation ofy,.,;; by using the ab initio calculated becomes dominant as the chain-length increases.
transition dipole matrix elements and energy eigenvalues used On the basis of the sum-over-state expressions, egs 4 and 7,
in the calculation of the TPA matrix element. The sum-over- respectively, for the TPA matrix element and the second
state expression of is given as hyperpolarizability, these two quantities are not directly related
to each other, even though the molecular parameters determining
() ertty) ) r2) these two prop_erties, e.g., transition dipole moments qnd energies
o a7 T e of the electronic states, are actually the same. Also it should be
& ErmgEndEng pointed out_that the static _second hyperpolarizabijityat zero
frequency, is a real quantity, whereas the TPA cross section is
|(/lz)gm|2|(ﬂz)gn|2 related to the imaginary part gffor the frequency correspond-
E— ing to the two-photon resonant€Therefore, there is no a priori
mn Emg(Eng)2 reason that the two properties are quantitatively related to each
other. However, due to their monotonically increasing behaviors
The multiplication factor 24 originates from the number of observed in the above calculations, we found that the square of
permutations of the indices. The first term represents the sum[l“g‘F),A]ZZ is approximately proportional tger (or y™). Thus,
over the pathways involving a sequential optical transitions, e.g., for the linear quadrupolar molecules, it is possible to suggest
lg> — |p> — |[n> — |m> — |g>, whereas the second term that the magnitude of the second hyperpolarizability can be a
corresponds to the contributions from the following sequence measure of the TPA cross section.
of optical transitions|g> — |n> — |g> — |m> — |g>. The Before we close this section, it should be mentioned that the
difference between the two terms is whether the sequential basis set 6-31G used in this article ignores the effect associated
transition pathway involves the ground electronic state or not. with the diffuse functions. As discussed in ref 26, there is not
In Tables 7 and 8, the sum-over-state calculatgefor the nearly as much agreement on which basis set is adequate for
D—A-D and A—D—A types of linear quadrupolar molecules excited states as for ground states. If there are low-lying Rydberg
are presented. Here(™ denotes thes,,,,value calculated by  states that are missing, one can get a distorted picture. To
usingn electronically excited states for the summation in eq 7. partially take into account this effect, for a single quadrupolar
For exampley®@ is the case when the two excited states, molecule, e.g., acceptodonor—acceptor type molecule with
and|f>, are only taken into account for the calculationygf,, acceptor=H, we carry out a series of calculations with 643%-
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TABLE 7: Second Hyperpolarizability, y,,2;(x 10734 esy), of the Donor—Acceptor—Donor Type of Quadrupolar Molecules?

donor Ve Ve y® e y® Y4 y® P e
—H 3.81 4.20 5.64 4.37 11.27 2.40 546  —9.58 15.04
~Me 5.43 6.13 8.82 6.92 15.13 3.91 779 —1212 19.91
—OH 5.67 5.99 9.05 6.53 13.80 2.72 736 —12.60 19.96
~NH, 8.28 8.82 17.40 13.26 21.40 7.53 1222  —1859 30.81
~N(Me), 13.34 14.3 27.65 21.23 31.19 12.05 1842  —24.98 43.40

ayer denotes the second hyperpolarizability calculated by using the finite-field method with the GAMESS pragrdrandy.*! denote the
yer -values calculated with basis sets, 3-21G and 6-31G in GAMESS, respectifeig. obtained by using the sum-over-state expression, eq 7,
with n excited electronic states in the summation (6-31G basis set in Gaussian 98 was used).

TABLE 8: Second Hyperpolarizability, v,,,,(x 1073 esy), of the Acceptor—Donor—Acceptor Type of Quadrupolar Molecules

acceptor ™ Ve y@ y® y® ¥ y > e
—H 3.63 4.14 9.29 9.13 5.03 3.36 489  —9.62 1451
(3.75) (3.75) (3.75) (3.67) (2.90) (~3.07) (5.97)
~NO, 10.50 12.64 18.25 18.25 11.18 7.26 1078  —24.32 35.10
—2CN 11.41 13.13 34.11 29.24 24.78 12.26 1224  —27.48 30.72
R 1555 18.49 47,53 40.34 27.33 19.37 2158  —32.19 53.77

aThe same notations used in Table 7 are us&tese values are calculated by using 6-&K(d) basis set in Gaussian 98 and all other values
were obtained with 6-31G basis set.

TABLE 9: Second Hyperpolarizability, y,,.,(x 10734 esy, of Also the chain-length-dependence of the TPA cross section
the Donor—Acceptor—Donor Type of Quadrupolar of a given D-A—D quadrupolar molecule with varying

lgﬂgrll%%ules in Figure 1(c) for Varying Number of Double conjugation length was investigated. It was found that the TPA

PR 5 5 cross section _reaches a I|m|t_|ng v_alue When the number of

Yer VEr A A AL S 4 double bonds is about 14. It will be interesting to further study

829 882 1740 1326 12.19 21.4-7.3 287 the saturation phenomenon by using simplified model Hamil-

26.61 29.66 58.15 42.61 42.04 59.420.6 79.7 tonians to understand the physical picture behind it.

57.74 6579 1250  95.67 9557 122:636.9 159.5 The second hyperpolarizabilities of the same series of
133'.26 i%:g gégg gg:g égg:g %izgié %gg:g qu_adrgpolar molecules were also calculated by using both the
2410 3056 5187 5711 6738 6526816 734.2 finite-field and sum-over-state methods. It was found that the

two methods provide quantitatively similar results. We found
(d) basis set that has the polarization functions sufficient for that y of the linear quadrupolar molecules monotonically
decent descriptions of geometries and at least few diffuse increases as the strengths of the donor and acceptor increase.
functions to see if Rydberg states are important. In total, twenty AlSO, the chain-length-dependence pf was investigated.
excited states were considered to calculate the TPA transition©Overall, we found that the second hyperpolarizability is ap-
matrix elements I(ngll, and second hyperpolarizability,®. proximately proportional to t_he TPA cross section for those
20) \vith 6-31+G(d) was found to be 210D guadrupolar molecules considered in this article. However, it

(
T\i}eﬁs.ICU|areTTPA bout 70% dr29 Table 4) calculated is necessary to carry out further investigation experimentally
eV. This value is about 70% dfyp, (see Table 4) calculated 4 theoretically to quantitatively establish the relationship
by using 6-31G basis set. Also the second hyperpolarizabilities, between the two

vy calculated by using the sum-over-state expression, eq 7,
are presented in Table 8 (see the second row). NoteytPat
calculated with 6-3+G(d) basis set is 2.90« 1073 esu,
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