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Few-states models are derived for the calculation of three-photon absorption matrix elements.
Together with earlier derived few-states models for two-photon absorption, the models are evaluated
against results from response theory calculations that provide the full sum-over-states values. It is
demonstrated that not even for systems with charge-transfer character, where few-states models for
two-photon absorption are in excellent agreement with response theory, do the models provide a
quantitatively correct description for three-photon absorption. The convergence behavior, merits,
and shortcomings of the models are elucidated in some detail. The role of various characteristics of
the electronic structure, such as symmetry, charge transfer, and conjugation—important for the
formation of a large three-photon cross section—is analyzed. As for two-photon absorption cross
sections, it is essential to consider generalized few-states models also for three-photon absorption,
that is, to account for dipolar directions and laser beam polarization. Despite their poor quantitative
performance, it is argued that few-states models at times can be useful for interpretation purposes
when applied to three-photon absorption. 2004 American Institute of Physics.
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I. INTRODUCTION From a theoretical perspective, the evaluation of a fifth-

Owing to the discovery of organic systems with signifi- Order property such gg®), which determines the 3PA cross
cant two-photon absorptioff PA) cross sections, the field of Sectiona®™, is indeed a computational challenge. However,
mu|tiph0ton absorption has experienced a growing interengCiSive simplifications can be achieved by realizing that, in
TPA, in particular, has generated a large number of experianalogy to TPA, the key quantity is ngt>) as such, but the
mental as well as theoretical studies in order to increase thigird-order transition tensor elements. The simplifying
general understanding and supply guidelines to control th§cheme employed for TPA, i.e., the evaluation of the second-
nonlinear optical processés!® Far less examined are the order transition matrix elementS,, as the residue of the
corresponding higher-order properties, such as three-photaguadratic response function, is for 3PA replaced by the cal-
absorption(3PA), although these might possess even greateculation of the third-order transition matrix elemeiits,, as
technological applicability in comparison with TPA. Three- the residue of the cubic response function. Response theory
photon absorption shares the conceptual features with TPAhus offers a considerable down shift of the computational
but with the more distinct characteristics that the dependenceffort by enabling first-, third-, and fifth-order properties to
on the intensity is cubic and that the spatial confinement ise computed with reference to the first-, second-, and third-
even higher. To a large extent, the range of potential applierder response functions. Thus with response theory, the
cations therefore overlap those proposed for TPA, i.e., upeross sections for a given order of the multiphoton process
converting lasing, optical limiting, nondestructive imaging, can be obtained from the same order of the polarizability.
and data storage.However, the essential ability of reaching  The explicit formulas for the transition matrix and tensor
an excited state with photon energies equal one-third of thelements are normally given as sum-over-std®99 ex-
excitation energy means that a typical band gap of 2 eV capressions. An option is therefore to enforce a truncation of
be overcome with radiation in the IR region. This opensthe SOS expression and only include a few dominating states
several possibilities within bioapplications as the penetratioyng excitation channels. This may be motivated by the in-
depth, in, for instance, human tissue, increases substantiallyreasing energy term in the denominator or the assumption
In general, the 3PA cross sections are low, but, on the othghat only a few excitation paths actually will contribute in a
hand, one can expect to benefit from the versatility of mod+y|| summation. The convergence rates with respect to the
ern synthetic chemistry to produce chromophores with highnclysion of states in the summation are known to be slow,
3PA cross sections. In this context, theoretical modeling W'”except for charge-transfé€T) systems which fortunately—
play an important role in order to guide the synthetic work. j;t not surprisingly—coincides with a class of systems pro-
posed for TPA and 3PA applications. These so-called few-
dElectronic mail: luo@theochem.kth.se states models where only a limited set of excited states and
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accompanying transition moments are addressed to represeftte energy absorbed in a two-photon process is thus propor-
the full excitation scheme clearly is inferior to responsetional to the square of the electric-field intensity and the
theory as a methodology, but the decomposition into simplémaginary part of third-order susceptibility, in accordance
properties such as excitation energies and transition dipoleith the expression

moments can enable valuable interpretation and promote al 3)

enhanced intuitive understanding through so-called structur%ﬂ Mﬁi
to-property relations. For TPA this has resulted in many de-\ dt volume

sign strategies for optimizing TPA cross sections. Another 3) _ o 0% o
advantage is that the quantities needed, excitation energies =6 IM[xjji (—wj0, —o,0) JETEETE, ®)

and transition momentS, are attainable within several Complhnd the energy absorbed in a three_photon process is propor-
tational schemes, and, hence, when a system has shown to final to the cube of the electric-field intensity and the imagi-

well described by a few-states model the accuracy can bgary part on the fifth-order susceptibility, in accordance with
further advanced in a higher-order computational model. Théne expression

calculations are then far more effective than implementing
the full SOS or response theory. In conjunction with this the E
objection naturally arises how well a restricted set of states dt
represent the full excitation scheme even from a pure quali-
tative standpoint. In practice, there is an additional issue in =200 IM[ x{}mn(— 00, — 0,0, — ©,)]
guantum chemical calculations, namely, how to estimate the < E“* EYE* ECEY* £ )
effects of truncations in the one-electron space by finite basis itk =l Em e

sets and also in thi-electron space in order to obtain con- By introducing the intensity as=nc/(27hw)E? (in cgs
verged results within the number of states included. The puranits),*® we can identify the two- and three-photon cross sec-
pose of this paper is to present few-states models for TP4ions as

and, in particular, 3PA, and to outline their validity for sev-

eral systems ranging from lithium hydride, which can be TPA_24772ﬁw2
treated at the full-configuration interactigi¥Cl) level of T n2c2
theory, to a series of large-conjugated systems.

time

absorbed energj;> %)

volume .
time

Im[)(i(f’k)|(—w;w,—w,w)], (8)

16071 2w
O'SPAITIm[)(i(j‘r’k)|mn(—w;w,—w,w,w,—w)].
n°c
Il. THEORY 9
A. Multiphoton absorption The conventional definitions of two- and three-photon ab-

sorption coefficients—denoted Ig/and vy, respectively—are
{8Pnd in, for instance, Ref. 14 and are introduced by the
variation of the intensity along the line of propagation

The starting point for all multiphoton absorption pro-
cesses is the rate of time averaged energy absorbed by mat
when subjected to radiatidf,

dl
d [absorbed ener = —al—=Bl1%2— I8
<a —% —(j-E). gz = "l =R =y (10
ime In order to comply with these definitions, the relations be-

1

volume @

All magnetic contributions as well as electric quadrupole andween the multiphoton cross sections’ and the multiphoton
higher-order multipole interactions are neglected, so the cumabsorptions’ coefficients are defined according to

rentj induced in the medium is given as

hw
P aTF’A=—ﬁ, (11)
== 2 N
at’
hlw’y
where P is the induced polarization inside the medium, USPA:T- (12)

which can be expanded as
oo e . The expressions above provide the relation between the mac-
P=P +P°+P°+P"+P°+---. (3)  roscopical observables and the microscopical origin of the

. . . TPA and 3PA processes via susceptibilities. However, the
Since only odd orders d? survives the averaging procedure, A :
formulas for the susceptibilities are computationally de-

we find that the two- and the three-photon absorption ar(la”nandin to evaluate, and the complex susceptiby) is
proportional to the third- and fifth-order polarization, respec- 9 ' P P '

as of today, not implemented in standard response theoretical

tively, approaches applicable to polyatomic molecules. Neverthe-
P3(w)e1vt= (3 Eve Lt eivtEve ot (4)  less, by examining the SOS expressions)f6t and x!* at

their respective resonant conditions, i.e.=w¢/2 and w
P> (w)e 't = ws/3, one can decompose the TPA and 3PA cross sections

5) ootk ot otk Aol of into two- and three-photon transition probabilitie$p
= XijumnEj'€ '“'EYT e 'EPe T ER e 'ERe 'l (5) and 8;p,

Downloaded 28 Aug 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



2022 J. Chem. Phys., Vol. 121, No. 5, 1 August 2004 Cronstrand et al.

Sp={| A atteSagl?ay: (13) 85p=35(286+35¢), (23

83p= (N amsrcTascl D av: (14

where the averages are to be performed over all orientational
directions. The expressions for the absorption cross sections
have thus been recast in terms of summations of squaretinere
multiphoton transition matrix elemen& g and T g Which
can be obtained at a lower order of response theory.

85p=%(566—35¢), (24)

. 8r= 2> Tiii Th. (25)
B. Two-photon absorption ik
The two-photon matrix elemerts,;, can be identified
from the SOS formula 6G:ijzk TinTijk - (26)

(Ol pwal1)(il | T) (O] ep|i)(i| pal f)
Sab= Z w;— w¢l2 wi— wil2

, (19

In complete analog with TPA, we relate the orientationally
where the summation includes the ground state arwl  averaged three-photon absorption probabilitias to the
e{x,y,z}. The total two-photon absorption probabilisif,  three-photon cross sectiar’™ as
for a molecule in gas phase or in solution can subsequently

be obtained by applying oriental averaging according to 47Taaga w3g(w)

McClain®® as a3PA —— 83p. (27)
3¢} I'¢
5TP:F5F+G5G+H5H y (16)
whereF, G, andH are defined as With the same convention concerning the units as for TPA

oo et [2tdler el 1. 1 the final cross sections will be obtained in units of
€5 [“+4ler-e (A7) cmP & photori .
G=—|e; €[> |eye,|?+4, (18)

H=4|e; -5 |?—|e;e?—1, (19
o€~ leved o D. Few-states models
and wheree; ande, are the polarization vectors of the fun-

damental laser beams. and Few-states models are obtained by truncating the sum-
mations in Eqs(15) and(22) to include a finite number of
=S s s 5.=5 S, S excited states. By confinement to two states, the Iong-m-
F ;, 2a0b ¢ g ab plane componers,, of the TP transition matrix can be writ-
ten as
8u=2, SavSa: (20
a,

4 (uf' =) AudAp,
which for linearly polarized light implies thaF=G=H Sz~ w; T e
=2. The relation between the macroscopic cross section and

the transition probability is given by

(28)

Where,u(z)f denotes the component of the transition dipole
Amlada wig(w) moment between the ground sta® and the final excited
=~ T, ™ (21)  state|f), andu2®andu '’ are the permanent dipole moments
of the ground and final states, respectively. It is clear that the
Provided that cgs units are used fay andco and atomic  two-states model is not applicable to molecules with an in-
units for 61p, @, andI's, the final cross sections will be yersion center. For such molecules, an intermediate Ktate

O_TPA

Co

given in units of crfis photon *. is required and the corresponding three-states model is writ-
ten as
C. Three-photon absorption 5,00 11
Mg
The three-photon transition tensor elemegy.. for three Szz=w_z—w2/2. (29
1 f

photons of identical frequency is defined as

T ZE P E (O pal M)y n)(N[ el F) 22 The corresponding two-photon absorption probability with a
abe abes (o —2wi3)(wy— wil3) linearly polarized light source is

whereX P, , . performs the summation over the six permu- . )

tations with respect to the indices b, andc. Orientational o1p=6(S,;9)". (30)
averaging similar to the case of TPA is perforrifem arrive

at a three-photon absorption probabilifyp for linearly (L)  An extension to multidimensional systems and an arbitrary
and circularly(C) polarized light that is written as number of states was originally proposed in Refs. 17 and 18,
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L g B(p™ - ) (- WD)+ (X ) - (X 1) = 2042 X %) - (X Ty

AEAE, 31

Here the emphasis lies on the vector nature of the transitioment fluctuation. This strategy is different from that sug-
dipole moments and the obvious implications of the abovagested by Eq(28) for two-photon absorption which is to
formula are that additional competing excitation channelsmaximize both the transition moment and the dipole moment
unavoidably will introduce destructive interference and re-fluctuation, and it contrasts the differences in the design of
duce the nonlinear response. multiphoton active materials.

For 3PA, the corresponding transition elem&pt, based
on a two-states model can be written as

20 (2= piH? = (ud")?
T2.72 2
2(,()f

_ 27[ 1o T2(8 )" = (1))

2
2(1)f

E. Response functions

During the last 15 years, response theory has rapidly
developed along two linesi) increasing the number of prop-
erties and(ii) enlarging the variety of wave functions. Pres-

(32 ently the computable properties include a wide selection of
electric and magneti¢time-dependentproperties of first,

and, for a one-dimensional system, the total three-photosecond, and third order and can be based on a manifold of

absorption probabilitydsp for linearly polarized light will  wave functions ranging from low-scaling Hartree—Fock to

become highly correlated coupled clust¢€C) methods. An advan-
(T,,)? tage is that the majority of available properties can be re-
O5p= 272 : (33) trieved within the same computational scheme irrespective of

the actual parametrization of the wave function. This en-
No analog to Eq(31) has presently been derived for 3PA. ables, for instance, the use of hierarchies of CC wave func-
For two- and three-dimensional systems, where several tertions in order to monitor correlation effects for a certain
sor elements may contribute to the total 3PA probability, theproperty, but also the possibility to perform rigorous com-
expression fows, cannot be casted in a simple form. Unlike parisons of the direct response results with SOS evaluations
TPA, a two-states model is sufficient to capture the key feaobtained at the same level of theory. The desired quantities in
tures of the excitation scheme for molecules withGuitn-  order to accomplish the latter analysis for multiphoton ab-
symmetrig as well as withsymmetrig¢ a center of inversion. sorption are the excitation energieg, the transition dipole
Equation(32) reveals some key features of three-photon abmoments between the relevant states, the second-order

sorption. transition matrix elementS,,, and the third-order transition
(i) For symmetric molecules, only the transition dipole matrix elements’,,,. These are in multiconfigurational self-
moment between the ground state and the final gtataill consistent field response theory all evaluated through the fol-
contribute to the final cross section. lowing matrices®
(i) For nonsymmetric, polar, molecules, on the other
hand, the transition dipole moment between the ground and  Si7/=(0|[O] ,0,]0), (39)
final statesu’’ and the corresponding dipole moment fluc-
tuation Ay will always_coun_teract. o SE%]: —YX0|[O],[0,,0,1]/0), (39
In order to quantify this counteraction, it is useful to
introduce the following decomposition: EE]—<O|[OT [Ox,Ho]10), (40)
TZZZ T;‘ZZ+ T;ZZ (34)
0f\3 Ejil=30I[O] ,[0x.,[01,H,]11/0), (41)
_ 27(:"‘2 ) (35)
Toot 2w? where the operatoi®; are the nonredundant orbital and state

transfer operators. The overlap matri@$ andS3! are not

2 p2 (20— ulh? to be confused with the two-photon transition matrix ele-
T 27—w$ ' (38 mentsS,y,, which are calculated by the matrix equation
and the ratio Sab= NP (0/2)BIZINE (w¢) + NP(— w/2) AL NE (o)
1
_Ta (W) - +NA(wf/2)(E[ ,)+ oS- 0
T;zz (MOO_ Mff)Z !

A strategy for maximizingT,,, which is suggested by Eq.
(32) is to enhance the transition dipole moment between th&he corresponding matrix equation for the three-photon tran-
ground and the final states while minimizing the dipole mo-sition matrix elementd ., is written ag°
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Tabe= N0/ Thih(— 04/3,— 0¢/3,0 ) NZ(— 03N (— 0/3NF (0f) = NN w/3)[ Tigl( — w/3,2w4/3)
XNE(— w/3NFF(— wil3,0¢) + TH(— 0/3,20/3)NF(— 0 /BNPF(— w30 + Tigl(wr, — 20/3)
XNE(0)NPE(— 04/3,— 04/3)]= N} (0¢/3)[ BI3) NE(— 0/3)NF (0f) + Cil NE(— 04/3)NF ()]

+ NN/ BIFINE(— wi/3,00) + CIINE(— wi/3.0¢) 1+ AR INP(— 04/3)NEF(— wi/3,0¢)

+N(— w/3NEF(— wi/3.01) + Nf (0 NES(— w/3,— wi/3)]— AL NP(— 0 /3N (— (/3N (wr), (43)
|
where ment between the ground std@ and an excited staté) is
iven by the residue of the linear response function a
NX(wa) = (B2 - 0,82) 1X[1, Xe{AB,Cl, (aq) O Y e TESIEH ! sponse function as
(OlAIf)(f|B0)=A[BM. (50)
(EP)— 0(S2) N (1) =0, (45 L .
The transition dipole moments between excited states (
and #f) as well as the excited state dipole momergs-€) are
luated as double resid f th dratic response func-
[E[Z]—(wﬁ-wz)S[Z]]N-BC(wl,wZ) ggzs L:;e as double residues of the quadratic response func
=Tl (w1,0)NP(@1)NG(w)) (e|A|f)— 8,(0|A|0)
— CIPNP(@1) —BIFNF (wy), (46) = (AZ+ AINE(— 0 )N () + N (w;— w;)
[E)= (= 0 SNy, o) X (Eff1+ EfY + 08— orSINF— 0N (w).
= Tiom(— @1,0) N (= 0N (00) = XFINF (w9), (52)
Xe{B,C}. (47) We emphasize that the calculation of excited state properties

is performed with an optimization only of the ground state
The termsT}g/ andTld),, . which areseparatefrom the three-  |0). The information of the excited states enters through the
photon transition matrix elements, are short-hand notatiogigenvectors solved for in E5). It is also noteworthy that
for the dipole moment fluctuatioaw, which enters in the few-
3 3 3 3 states models for multiphoton absorption, is evaluated di-
il (@1,02) = (Effy ~ 155 ~ w025, (48 rectly from the double rSSidue of the IZecond-order response
functions. The agreement between the two described
approaches-4 directly through response artil) indirectly
—w3SEm(k,)), (49)  through restricted SOS or few-state models—crucially de-
. pends on the matriceS 3! and E[®l. For exact states, or at
and,.we refer to .R_ef. 20 for a th.orough _descrlptlon of thethe full-configuration interaction level, these will be zero,
Ferm{nolggy. Adm|tt|ngly, the 'matnx (_aquatlons are not Very y hereas in other cases, such as for instance Hartree—Fock,
illuminating, but there is an interesting remark to be mad

. . . o he coupling contained i&[3 seemingly determines the rate
which establishes a connection to the more familiar SO pling gy

expressions. Let us compare E(Eb) and(42). In a situation f-agreement between the two approaches.
where the orbital and state transfer parameters couple t
reference state and the eigenstates of the unperturbed Ha
tonian, i.e.,HyO,|0)=E,|n), it is clear from Eqs(38) to The chosen systems range from lithium hydriteH) to
(41) that the second-order Hessian and overlap matrices wilbara-nitroaniline (pNA), some nearly one-dimensional con-
be diagonal and the third-order matrices will vanish. Thejugatedtransstilbene systems with various substituents, and
third term in the matrix equation for the TP transition mo- a series of organic chromophorésee Fig. 1 The chro-
ment[Eq. (42)] will therefore vanish and the remaining two mophores have previously been characterized as promising
terms will equal the SOS expression in Efj5). This case is TPA molecules and are either based bhN-diphenyl-
of special interest to us since the SOS and response afgf2-(4-pyridinyl)ethynyl]-0,9-n-decylfluorene-2-amine(AF)
proaches converge to the same final value for the absorpticor dithienothiophenéDTT) but modified with various elec-
cross sections, whereas, at other levels of theory, the twtson accepting(A) or donating(D) substituents. Computa-
approaches will be different even when including the com-ional limitations require a slight modification by shortening
plete spectrum of excited states. For this reason, we includethe alkyl chains, otherwise they agree with the systems de-
FCI calculation on lithium hydride. The same argumentsscribed by Kannart al?! and Kim et al??> The system de-
hold also in the case of three-photon absorption. noted DTT-AA bears close resemblance with a system pro-
For a comparative SOS approach, we also need excitaposed by Ventelort al?3
tion energies, transition dipole moments, and permanent di- Calculations on LiH were based on a geometry opti-
pole moments. In response theory the transition dipole momized at FCI with Sadlej’s polarization basis $&all other

Thin(@1,02,03) = (Bl = ©1Sidlm — @25 )

qﬁ COMPUTATIONAL DETAILS
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‘ sections the lifetime broadening has been assumed to be 0.1

D,A s s AD €V, whichis in accordance with what have been employed in
DIA similar studies for TPA.

DTT

TSn (n=1-5)
IV. RESULTS AND DISCUSSION

A. LiH
o
A: _,( D: — l Di; — We include calculations on LiH with the STO-3G basis
o X b set since we will be able to includal excited states in the
SOS summations both at the self-consistent fil@@P, or

equivalently Hartree-Fock, and the FCI levels. Table | pre-
Q Q A sents the results for two- and three-photon transition matrix
O’ elements between the ground stdt& * and the two lowest
singlet excited states & " symmetry. The results confirm
@ " s that, at the FCI level, the SOS and response methodologies
agree on the final property values, whereas, at the SCF level,
this is no longer so due to the contributions from the third-
order Hessian matrix. The discrepancy is more pronounced
for the higher-order property,,,in this case.
At the FCI level, we note a rapid convergence for all
X: 240 260 390 properties with respect to the number of states included in
the SOS summations. Already with inclusion of five of the
y total 29 excited states, the properties are converged to within
1%. At the SCF level, on the other hand, the number of states
are limited to four in the current basis set, and it is therefore
not meaningful to discuss the convergence of few-states
models. The SCF values predicted by SGH# states in-
FIG. 1. Molecular structures. cluded and response agree to within a few percentSgy
and forT,,, of the first excited state. For the second excited
state, however, the results predicted with the two methods
investigated systems were optimized at the density functionaliffer by a factor of 2. This shows that the quality of trun-

theory (DFT) level with the B3LYP exchange-correlation cated SOS models depends not only on the property at hand
functional and using theAussiAN 98(Ref. 25 program. The  put is also state specific.

DFT structure optimizations were performed using the
6-31++G basis séf for pNA and the 6-31G basis $&tor
the other molecules. The molecular properties—TPA andg' PNA
3PA matrix elements, the electric dipole transition moments, For more extensive systems and larger basis sets the
excitation energies, and permanent dipole moments—wernsumber of states soon becomes overwhelming and one there-
calculated with the response methodology as implemented ifore has to enforce truncations in the summatioRara-
the DALTON (Ref. 27 program and employing the Hartree— nitroaniline constitutes an interesting example of a CT sys-
Fock approximation with the 6-31G basis $&An exception  tem of moderate size. The highest occupied molecular orbital
is LiH for which the STO-3G basis $étwas used. in the ground stat& *A, is located on the Nklgroup. The

The choice of basis sets in the property calculations idinear absorption spectrum is strongly dominated by an in-
made with the intent of evaluating the proposed computatense transition to the A, state, which is characterized by
tional methods rather than to provide basis set limiting val-a one-electron excitation to the lowest unoccupied molecular
ues. It is also a result of the limited computational capacityorbital located on the NOgroup. Due to the fact that this
for large molecules. In the evaluation of three-photon crossgransition is so dominant, it is reasonable to assume that a

s
g
:

386

TABLE I. Two-photonS,, and three-photon matrix elemeris,, for LiH at the SCF and FCI levels with the
STO-3G basis set. All quantities are given in a.u.

SCF FCI
Property State Sos Response SGs Response
S,, 117 42.417 42.406 76.490 76.490
2157 10.680 10.344 —8.2558 —8.2558
Ty 113+ 5939.8 5857.6 13355.1 13355.1
213+ —663.65 —1134.7 —39.695 —39.695

&The SOS calculations include all states in the given representation.
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TABLE II. A comparison of truncated sum-over-states values with responsejon channels are an order of magnitude largerTeor, than

results fgr two-photors,, and three-photorT,,, matrix elements. Results for S,,, and cancellations may thus have a greater influence

are obtained for the 2A; charge-transfer state of pNA at the SCF/6-31G the final val Similar feat h Iso b d ibed

level. All quantities are given in a.u. on the Tinal value. simiar rea ures _qve also peen egc()ll’l e
for the second-order hyperpolarizabilipby Normanet al.

States S, Tozz We also note that the often advocated two-states model for
1 _62.867 17676 pNA is accurate neither for two- nor for three-photon absorp-
2 ~62.836 ~1763.8 tion.

3 —62.774 —1746.3

4 —61.970 —1596.7 C. trans -stilbene

5 -80.226 -3210.7 o _ . .

6 —75.316 —2214.0 The combination of being a nearly one-dimensional
7 —71.047 —3032.2 m-conjugated system and hosting several possible locations
8 —70.996 B suitable for substituents makasns-stilbene(TS) an attrac-

9 —71.030 -3012.1 : ) )

10 _71165 _30219 tive and frequently employed model system in nonlinear op-
1 —70.458 —2042.4 tics. We here consider the effects of adding a strongly elec-
12 —70.416 —2954.8 tron accepting N@group(A) and a donating Nkigroup(D)

13 —70.946 —3106.7 at terminal locations and the effects of increasing the conju-
14 —70.548 —3236.4 gation length.

15 —70.528 —3236.6

The TS backbone belongs to ti&,, point group, and
Response —70.142 —5442.7 thus possesses a center of inversion. This aspect of symmetry
is important in multiphoton absorption processes, since two-
and three-photon spectra for molecules with high symmetry

may be spectroscopically separated. This fact must then also

two-states mlodel including the ground and the CT S'[atebe taken into account when constructing few-states models,
should describe the response properties well. For the sa & we pointed out in connection with E@8). The donor-

reason, one also neglects th_e ele_zctronic response in Fhe Sh%rcgceptor substitutions may, or may not, alter the molecular
in-plane and out-of-plane directions. The CT state is als%ymmetry, and we will separate “symmetric” substitutions

two- and three-photon allowed, and the two-states model % at maintain the symmetry from “asymmetric” substitutions
commonly adopted also here.

In Table Il and Fig. 2, we show the two- and three-
photon transition matrix elementsS{, and T,,) for the
X1A,—2 1A, transition as determined at the SCF level. We
compare the analytic response values with the SOS meth
truncated at inclusion of between 1 and 15 singlet excite
states ofA; symmetry. The most striking observation to be
made in Table Il is the difference in convergence rateSgr
andT,,,. WhereasS,, can be considered to be converged at
eight states with an agreement of 2% with respect to th
response value, we cannot reach convergence at all,for
When including 15 states the SOS valueTgf, still under-
estimates the response value by 50%. The number of excit

that break the symmetry.

Since symmetric substitutions are defined to maintain
the molecular symmetry dfans-stilbene, the dipole fluctua-
tion A will be zero in such cases. As a direct consequence,

e three-photon absorption matrix elem&g, will, within

two-states model, be determined solely ©Y. We see
that, although the number of included states is small—only
three states for symmetriin the C,y, point group and two
states for asymmetrign the C4 point group molecules—the
few-states modelFSM) predictions forS,, agree well with
the results from response calculations, see Table Il and Fig.
3. All major transition channels thus appear to be addressed
% the two-photon case. In contrast to this observation, the
FSM predictions foiT,,, are in poor quantitative agreement
with the response results. The FSM results for TS and

% TS-DD overestimate the response values, whereas for TS-AA
-651 S22 ] the response values are somewhat underestimated.
5_7& i The attachment of both an acceptor and a donor will
X localize the otherwise conjugated highest occupied and low-
@ -15¢ ] est unoccupied molecular orbitals at the donor and acceptor
g0l groups, respectively. In addition, it will alter the symmetry
i, and introduce a competition between terms involving only
_ the transition dipole momentul")® and terms involving
3-20r Tozz 1 transition moments in a combination with permanent dipole
el momentsu’Ax? in Eq. (32). This is the reason for the
N substantial discrepancy between FSM and response results
30} . which exceeds a factor of 8 fdr,,, in TS-AD, and it is
a5 clearly seen as a drop in the FSM values for three-photon

0 2 4 6 8 10 12 14 16 absorption in going from TS-DD and TS-AA to TS-AD. We
Number of states note that the response results show that, in comparison with

FIG. 2. The convergence &, andT,,,for pNA with respect to the inclu- 19, 15-DD, anq TS-AA, the asymmetric TS-AD system Is

sion of excited states. the most effective three-photon compound. The implication
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TABLE IIl. A comparison of truncated sum-over-states values with response results for two-B)ptenu.)
and three-photof,,{ X 10* a.u.) matrix elements. Results are obtained for accepioand donorD) substi-
tutedtransstilbene(TS) with increasing conjugation length (TS-APat the SCF/6-31G level. The excitation
energiesAE are given in eV.

SZZ TZZZ

Molecule State AE Osc. str. SO% Response sds Response
TS 11B, 4.59 0.941 S 1.14 0.94

21A, 5.82 - 20.6 20.3 - o
TS-DD 1!B, 4.35 1.211 1.92 1.54

21A, 5.87 o 99.4 112.6 - o
TS-AA 1B, 4.22 1.304 e 2.09 2.29

21A, 5.50 = 172.3 180.1 =
TS-AD 21 4.05 1.336 228.6 221.2 0.52 4.40
TS-AD, 21A 3.78 1.938 329.1 301.2 2.74 7.45
TS-AD, 21A 3.54 2.526 428.8 382.1 6.70 11.49
TS-AD, 21A 3.36 3.117 518.3 456.3 13.06 16.43
TS-ADs 21A 3.11 3.684 730.0 633.6 21.26 27.23

&Calculations ofS,, for molecules with an inversion center employ a three-states model, whereas a two-states
model is used otherwis@dentical to that used in the calculationsBf,,).
bCalculations ofT,,, employ a two-states model.

of this fact is that the design strategy mentioned in conneci5%. This is possibly caused by the mixed nature of the
tion with Eq. (34), which favors molecules in th€,;, point  expression for the few-states model for asymmetric systems,
group, is cast in doubt. e, u’Au.

When increasing the conjugation length tié term The strength of the attached acceptors and donors will
grows more rapidly, as seen in Fig. 4, and dominate the totadlso influence the 3PA probability. Table IV shows a clear
value of T,,, for molecules with at least four double bonds. correlation betvveelﬁgP and the strength of the acceptor and
Figure 3 shows that the three-photon transition matrix eledonor groups.
ments for the donor-acceptor substituted stilbenes are sys-
tematically underestimated with a constant amount by th%
few-states models, which means that the relative error will be™
strongly reduced with conjugation length. The quality of the ~ Two important classes of systems, independently pro-
few-states models is clearly lower when the contributingposed for TPA applications, are based on theonjugated,
terms,T1,,and T2,, are of similar magnitude. organic, backbones DTT and AF, see Fig. 1. The conjugation

A perhaps less obvious feature of Table Ill is that while bridges for all compounds contain ring structures. All DTT
the agreements fof,,, improves with conjugation length, compounds have an identical backbone, but differs with re-
the deviations forS,, increase and reach a final value of spect to the terminal substituent acceptor—acceptor, donor—

donor, or acceptor—donor combinations. We have utilized
two different donors, namely, NH(denoted byD) and

Chromophores
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FIG. 3. The correlation between results obtained with few-states models and Conjugation length
the response method for two-phot8y, and three-photoiT,,, matrix ele-
ments. The systems included are derivatives of stilbériangle, AF

(square, and DTT(ring).

FIG. 4. The components of,,, in a two-states model fotransstilbene
with increasing conjugation length.
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TABLE IV. Three-photon absorption probabilitgs(x 10° a.u.) for the

2 1A’ state oftransstilbene with various accept¢€N and NH) and donor
(CHs, OCH;, and NH;) substituents. Results are obtained at the SCF/6-31
G level using response theory.

fact that few-states models fail to predict the same ordering
of the compounds as the response values with respect to the
strength ofT,,,. As we noted for the TS systems, there is a
drop in the FSM values for three-photon absorption when

CN NG, going from the symmetric DTT-DD and DTT-AA systems to
CH, 48.9 119 DTT-AD. Again this has its explanation in the competition
OCH, 62.8 160 between permanent and transition dipole moments along the
NH, 106 289

axis of conjugation, and, again, this observation has no coun-
terpart in the response calculations.

In view of Fig. 3, one is inclined to consider the errors in
N[OgHg]» (denoted byD,;) but a common acceptor, namely, the few-states models as stochastic. A more careful analysis,
NO, (denoted byA). The DTT-backbone belongs to i, however, reveals that the disagreements of response and the
point group, and the terminal donor—acceptor substitutiongew-state models for DTT do follow a pattern. We note that
will therefore result in two different classes of molecules:the ESM results for symmetric molecules overestimate the
symmetric(in the C,, point group with DD or AA substitu-  response values by a factor of approximately 1.5, whereas,
ents or asymmetri@n the Cs point group with AD substitu-  for the asymmetric molecules, an underestimation by the
ents. In contrast toransstilbene, DTT has a permanent di- same factor is observed. We emphasize that the situation is
pole moment. The dipole moment of DTT, however, ISyt improved by inclusion of the four lowest singlet excited
perpendicular to the axis of conjugation, and much of thestates in the summations. All AF compounds are more or less

g:’;‘fj'so% rot?]etqes 2y22:§gyAﬁsAp§ zfmwll)lu:liesrjgzlk):s ﬂr]neolsymmetric, and the three-photon matrix elements are under-
) y U poun . y ?stimated by the few-states models just as for the DTT sys-
metric, and therefore less readily characterized in terms Ot

symmetry. ems.

As depicted in Table V and Fig. 3, the agreement be- Notwithstanding the deviation for each particular com-
tween the few-states models and res'po,nse method, fis pound, both methods do agree about the general features of

striking for all compounds. The deviation for TPA is occa- (N€ WO types of systems. The DTT systems have undoubt-
sionally 10%, but mostly below 5% if DTT-DD is disre- edly larger multiphoton capabilities, both for TPA and 3PA,
garded. This is in sharp contrast to the performance of FSM§1an the AF systems. Most likely one can expect that docu-
for T,,, which—in spite of these molecules being true CT mented good TPA systems also will function as good 3PA
systems and the clear agreementsSgs—shows substantial materials. The final conclusion is that, unlike TPA, few-states
discrepancies when compared against response results. Thi@dels cannot routinely be employed in order to calculate
mean value of deviation is close to 40%, and the errors caBPA for extensive systems, though they may still provide
occasionally exceed 200%. Perhaps even more crucial is thaluable tools for interpretation of observed features.

TABLE V. A comparison of truncated sum-over-states values with response results for two-i$ofaru.)

and three-photon T,,{x10*a.u.) matrix elements, and three-photon cross sectian¥” in
10 %2 cmP & photon L. Results are obtained for a series of chromophores at the SCF/6-31G level. The excita-
tion energiesAE are given in eV.

S,; T2z oA
Molecule State AE  Osc.str. SOS Response SJS Response SOS Response
AF-240 2'A" 4,08 1.328 129.2 1294 231 4.05 0.53 1.87
AF-260 2ia 411 1.222 156.4 148.2 1.61 4.30 0.26 2.19
AF-370 2'A" 430 0.365 79.5 81.9 0.22 1.65 0.01 0.41
AF-385 2'A" 413 1.477 15.7 14.0 3.20 3.78 1.05 1.54
AF-386 21A" 427 1.159 65.0 60.9 1.84 2.61 0.39 1.15
AF-390 2" 416 1.430 123.2 118.2 2.36 3.86 0.59 1.64
DTT 1B, 3.17 1.886 11.54 7.48 6.20 2.63
21A1 4.34 99.0 94.0
DTT-DD 1B, 3.10 2.153 15.15 9.78 9.99 4.20
21A1 4.19 107.3 190.2
DTT-D,Dy, 1B, 3.04 2.545 22.06 14.68 20.0 9.04
2'A;, 407 206.5 256.5
DTT-AA 1!B, 3.01 2.275 18.79 13.35 14.1 7.25
21A,  4.04 622.0 674.4
DTT-AD 2 297 2.219 436.4 430.0 13.51 18.31 6.99 12.9
DTT-AD,, 21A7 297 2.390 424.9 416.7 17.44 20.15 11.6 15.8

#Calculations ofS,, for DTT molecules withC,, symmetry and AF-370 employ a three-states model, whereas

a two-states model is used otherwiggentical to that used in the calculationsBf,)).
bCalculations ofT,,, employ a two-states model for all molecules except AF-370 where a three-states model
was usedidentical to that used in the calculations $f,).
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