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Large Off-Diagonal Contribution to the Second-Order Optical Nonlinearities of A-Shaped
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The diagonal and off-diagonal tensor components of the first hyperpolarizability of a serfesludped
molecules are compared by means of ab initio and semiempirical molecular orbital calculations. The calculated
results are rationalized using expressions derived from a simple valence-bond charge-transfer model in which
one ground and two excited state are described as a combination of one valence-bond (VB) and two charge-
transfer (CT) states. In addition to the CT character, the angleb@ween the two donor (D)/acceptor (A)
branches is a key parameter to determine the relative magnitudes betw@gndine,,,components. In the
VB-2CT model,f«; presents a maximum value fof 2= 109.47, whereags«. andu, have the same sign.

On the other hand3,,, decreases monotonically with and its variations with the CT character follow a
curve with two extrema like for one-dimensional D/A chromophores. The ab initio and semiempirical
calculations as well as the VB-2CT model show thashaped molecules with large first hyperpolarizability

and specificy = Bxwdfzzcan be designed in order to build phase-matchable second-harmonic generation
crystals.

1. Introduction l‘T
Second-order nonlinear optical (NLO) materials have attracted z A AL A
much interest because of their potential applications in opto- D/z\e)\D D+/ \D D/ \D+
electronic technology.® Typical second-order NLO chro-

mophores are one-dimensionalconjugated systems end- VB CT1 CT2

capped with donor (D) and acceptor (A) moieties. A great deal Figure 1. Resonant forms of a-shaped molecule.

of theoretical and experimental works have been carried out ) N

over the past two decades toward a comprehensive understandive phase-matched nonlinearities are even smaller, whereas

ing of the structureproperty relationship&:® Significant other factors also influence the macroscopic NLO respoHses.

molecular hyperpolarizabilitigd can be achieved by optimizing ~ This is why compounds with large off-diagongttensor

the D/A strengths and/or extending the conjugation path. components appear as relevant alternatives to display large
However, some apparent problems exist in the NLO proper- macroscopic NLO responses.

ties of these 1-D compounds. One is the transpareefficiency Beyond the classical one-dimensional dipolar systems, a new

tradeoff, which is difficult to settle with conventional D/A  concept based on molecules with two- or three-dimensional

systems because the desirable increageisaccompanied by ~ geometries has been proposé@ctupolar molecules such as

a bathochromatic shift of the electronic transitioifMoreover, ~ 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) are typical ex-
most one-dimensional pusipull molecules favor the formation ~ amples that exhibit second-order NLO responses as large as
of centrosymmetric arrangement in crystal because of the their dipolar analogues. These nondipolar chromophores are:
dipole—dipole intermolecular interaction and exhibit no second- "egarded as promising NLO candidates because of their
harmonic generation (SHG) response. Another problem concerngmproved nonlinearity/transparency tradeoff and because of the
the phase-matching conditio”&%that is, an optimal molecular possibility of noncentrosymmetric arrangements owing to the
orientation in the crystal is essential to obtain efficient phase- lack of a permanent dipole moment. Moreover, these two-
matched SHG. For th&, 2, m, andmm2crystal point groups, dimensional c_hromophores h_ave b(_een observed to possess better
the optimal angle between the molecular charge transfer (CT) Phase-matching than one-dimensional chromophores because
axis (chosen generally to be thaxis) and the crystal principal  Of their larger off-diagonal componerft?+°

dielectric axis is predicted as 54.for 125.3) in the case of Besides octupolar systems, significant NLO responses have
one-dimensional pustpull molecules for which only one  also been observed in two-dimensionashape moleculé$ 2?
molecularS-tensor componenfi,zs is assumed to be nonneg- whereT thg two D/A pairs mters_ect at the dono_r or acceptor group
ligible. Unfortunately, as shown by Zyss and Ouéfawho constituting a DAD- or ADA-like structure (Figure 1). In such '
determined the relationships between microscopic (molecular) compounds, there are two CT axes, and the angle they form is
and macroscopic (crystal) nonlinearities, such an orientation defined as 8. TheseA-shaped molecules have been reported
allows only to recover, at the macroscopic scale, 38% of the 10 form transparent and phase-matchable noncentrosymmetric

m|croscoplc response For h|gher Symmetry Crystalsy the eﬁec_crystal structures that can exhibit Iarge second-order NLO
responses owing to the large off-diagonaitensor com-

* To whom correspondence should be addressed. ponentl®-23 In recent years, much interest has also been paid

10.1021/jp0272567 CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/15/2003



Optical Nonlinearities ofA-Shaped Molecules J. Phys. Chem. A, Vol. 107, No. 19, 2003943

to organometallic and coordination compounds among which NO, .
the dipolar two- and three-dimensional metal complexes which —l
turn out to be very promising candidates for NLO applica- /ﬂ\ Q\ Q Q\ z
tions24-26 In addition to improved phase-matching behavior and R R R R R R R R
noncentrosymmetric crystal packing, thermal stability has also . o
been reported for two-dimensional organic compouiids. i;:::::ézﬂs)z o om oo R oo

This theoretical investigation aims at deducing structure B3:R=F et

property relationships between the diagonal and off-diagonal
first hyperpolarizability tensor components Axshaped mol-

o . : ; - cN
ecules. This is performed in three steps: (i) semiempirical and 0 N on N o N NC_/ON
ab initio quantum chemical approaches are employed to calculate /(“\L Cj(
the p-tensor components of model systems as well as of

B P y || L . RI\ Y.

A-shaped molecules that have already been characterized ®

experimentally, (i) a one-valence-bond two-charge-transfer El:R-Nt F1,F2 G1,G2 HI,H2 1,1
- s i 1 i E3: R = CH=CHNH:
(VB-2CT) model is introduced and applied to determine the  E3:R=CH-ClNt, FI-ILR=NH, F2-I: R=OH

key factors that influence the diagonal and off-diagonal first
hyperpolarizability tensor components Afshaped molecules,
and (i) the VB-2CT model is employed to further explain the
trends observed in the calculated semiempirical and ab initio
data.

VB—CT models, which were first proposed by Mullikén
for investigating structural and spectral properties of molecular
D/A complexes, have long been used to provide both qualitative

ILKER = ~)—NH, 36, K6: R = —%‘
12,K2: R = —_)—N(CsHg),
i K3-R'—C7—NH I1,K7:R=— )
> - R= \ // 2
O

___s
14, Kd: R = —(")—N(C;Ho)y 38, K8: R=—NH,

and quantitative descriptions of physicochemical phenomena. JS,KS:R"@P 39, K9: R = —CH=CH-NH,
They already met some success in predicting struetpreperty ) 710, K10: R = —N(CHy),
relationships for the electronic hyperpolarizabilities of push JITRI=CN  KIK7:RI=NO, J11,Ki1: R =—CH=CH-N(CHy),

pull dipolar chromophoré&-32 but not for their extension to
vibrational hyperpolarizabilities which remains questionable in
what concerns the ratios between the electronic and vibrational
counterpart$4-38 This is however not a problem in this study ] ] )
which focuses on the SHG response because, compared to th¥hereas C1, C2, and C3 are the correspondingo-disubsti-
zero-point averaging correction, the vibrational SHG contribu- tuted isomers. With respect to the phenyl group, these substit-
tion is negligiblet For A-shaped molecules, a VB-2CT model ~ Uents arer donors ands acceptors;' and therefore, the global
is adopted because of the limitation of the two-state-\& effect will result fr.om thelr relative importance. D1 and D2 are
approximation in dealing with hyperpolarizabilities of systems DAD molecules in which the strong electron acceptor (NO
possessing two donors or two acceptors. Similar variations of 9roup) interacts with the amino- or hydroxy-donor groups. This
VB—CT models have been developed for various systems in Interaction is howg\_/er relatively weak because the D/A pairs
which additional higher excited states contribute to the NLO @re in themetaposition. Other structures are also proposed to
responses. Cho et #:4 have proposed one-valence-bond two- sample _the d|ffe_rent C_T domains |nc!ud|ng structure E wher_e
charge-transfer (VB-2CT) and one-valence-bond three-charge-the conjugated linker is longer than in urea as well as cyclic
transfer (VB-3CT) models for quadrupolar and octupolar compounds (FI) which display different values for theg2
molecules, respectively. More recently, Barzoukas and Blan- @ngle. The CT directions in the-H groups are not as obvious
chard-Desc® have presented a three-form three-state model @S those in the AE groups where thef2angle is about 60or
to tackle the two-photon absorption of dipolar and quadrupolar 120°- In the E-I groups, 2 is defined by the line passing
molecules, whereas Cho et“lelaborated a five-state model ~ through the heteroatom of the donor and the carbon atom
to describe the NLO properties of tetrahedral derazceptor connecting either the cyano groups for thelFmolecules or
octupolar molecules. the oxygen atoms for the E molecules. _

Section 2 outlines the computational strategy for calculating 1 "€ angle between the twoBA branches is about 120or

the 8 components oA-shaped molecules. The calculated results A1 A2, B1, B2, B3, D1, and D2, about 9or the E systems,
are presented and discussed in section 3. In section 4, the vB-2nd about 60for C1, C2, and C3 as well as for three-membered

2CT expressions for individu@l components as well as related rings (F1 and_FZ)._ In the five-membered rings, the angle between
guantities (CT character, dipole moment, dipole transition the CT axes is slightly larger than 30vhereas for the seven-

moments, and excitation energies) are derived and characterized"€mbered rings, the angle ranges from 24 t6 @776-77°

Then they are used to interpret the semiempirical and ab initio WN€N donor groups are in 2,5 and 3,4 positions, respectively.
calculations. In addition to the charges, one parameter to assess the amount

of charge transfer in the ground state is the geometry and in
particular the bond length alternation (BLA) of the carbon
backbone. For instance, in D/A polyenes when increasing the
The A-shaped molecules with DAD or ADA patterns, drawn strength of the D/A pair, and therefore when increasing the
in Figure 2, are chosen as prototypes or as reference compoundsharge transfer from the D to the A, the BLA decreases to reach
to address the correlation between the diagonal and off-diagonalzero in the cyanine limit, and then it changes sign and increases
B-tensor components. Al and A2 are homologues in which the in magnitude*® When the compound contains rings, aromaticity
carbonyl group acts as an acceptor and the amin®,bF effects also play a role in favoring or unfavoring bond length
dimethylamino moieties as donors. B1, B2, and B3 meia equalization. For the compounds of the-B groups, the
di-amino-,metahydroxy-, metafluoro-benzenes, respectively, geometry of the ring is little changed by the presence of donors

Figure 2. A-shaped molecules with doneacceptor-donor or accep-
tor—donor-acceptor patterns.

2. Compounds and Computational Methodology
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and/or acceptors (BLA< 0.01 A) so that they belong to the  TABLE 1: Calculated Dipole Moment and Static First
category of compounds where the ground-state electronic Hyperpolarizability Tensor Components of A-Shaped
structure is dominated by the VB form. On the other hand, in Molecules in Comparison with the @ Angle?

the A and E groups, the CT character is larger but the moleculesmolecules  1;  fxe  Byz Pz 20 7> BF ;¢

still present a polyenic structure and an important BLA (6:09 Al 1.43 54 —26 —40 114 —1.37 -11 14
0.12 A). The structures with three- and seven-membered rings A2 1.26 91 -5 -85 116 —1.07 1 6
present smaller BLA than the five-membered ring compounds. Bl 036 310 42 35 121 897 386 344
Indeed, for the F1, H1, and |11 compounds, the (average) BLA B2*  —-1.01 —218 -63 —38 116 574 —320 —256
amounts to 0.039, 0.046, and 0.040 A, respectively, whereas it B3 —0.61 —124 —43 21 120 5.89 —188 —145
reaches 0.082 A in G1. When replacing the amino group by a g; 78‘2& j)to 7936 73832 636 003'3075022%40372
weaker donor (the hydroxy group), the BLA increases and is, 3 105 -61 —-73 —202 59 030 —336 —263
in the same order, 0.060, 0.050, 0.055, and 0.095 A. The p1 219 274 -39 269 120 1.02 504 543
distinction between the three- and seven-membered rings and D2¢ 268 173 16 170 124 1.02 360 344
the five-membered rings is related to the tendancy of the three- E1 236 534 21 267 96 200 822 801
and seven-membered rings to give an electron, whereas the five- E2 2.63 333 0 235 95 142 568 568
membered rings tend to monopolize one more electron in order Ej i% iggi 2(1) 1;5:‘:’ 8877 11'56513 2311é$ gfg?
to form an aromatic entity. F1 447 374 —19 -54 60 —6.93 301 320
Group J consists of a series of (dicyanomethylene)pyran F2 457 282 10 107 61 2.64 399 389
chromophores exhibiting high optical nonlinearities and for G1 412 537 —40 2221 35 0.24 2718 2758
which the red shifts associated with chemical substitutions are G2 184 236 35 1569 33 0.15 1840 1805
smaller than in most other classes of chromophores but lead to E% gé; ggg _1525 22310821 2274 063206 22874562 229791?7
e o o e chromopnores o e 17 e 6 I 48 b7 7o el 761w s oo
12 472 725 —25 579 77 125 1279 1304

considered. Group K is obtained by substituting the cyano .

moieties of group E by nitro moieties that possess a strongerqua:tri‘t?e/é grr‘gﬁ] V:‘lﬂ“(els Oa::u %‘;aé‘ﬁ?: ;gngﬁ(%g’el'kéﬂ
n-acceptor charactéf. The backbone of these molecules lies ¢ 5415571 0 "au of first hyperpolarizability: 3.2063 x
in the xzplane with thez axis passing through their 2-fold axis  1g-sacsmey2 = 8,641 x 103 esu).> 7 = fodfaza  fr = Proc + Pz
(or approximate 2-fold axis). Most of the molecules of Jand K + g, 48, = e + Szzz ©(Z,Z) conformation.

groups present a valence bond form. However, the molecules

with the stronger acceptor (N and the smaller polyenic  tolerance of 0.001 au. Both static and dynamic quantities are
segment (K8, K10) display the smallest BLA (0-:66.07 A) reported. The SHG values have been determined for wavelengths

and are close to the cyanine limit. of 1907 and 1064 nm.
Because of their large size, molecules of groups J and K are _
treated at the AM% semiempirical level, whereas the—A 3. Computational Results

systems are investiga_ted ab initio. The geometry optimizations Tables 1 and 2 list the calculated dipole moments and first
were performed at different levels of approximation (HF/6- pynerpolarizabilities of all the molecules shown in Figure 2.
311G** for A—D and MP2/6-31G** for E-I), whereas electron  Generally speaking, the dipole moment of such molecules is
correlation has been included in computing the first hyperpo- getermined by the D/A strengths: the stronger the D/A pair,
larizability and dipole moment. This has been carried out by tne |arger the dipole moment. In addition, it is also determined
adopting the numerical finite field (FF) procedtfravithin the by the charge distributions in the whole molecule and both the
Mgller—Plesset second-order scheme (MP2) (frozen-core ap-jnquctive () and mesomerx) effects contribute whereas the
proximation). In this approach, the dipole moment and first \riations of the first hyperpolarizability are generally dominated
hyperpolarizability tensor components are given by the (opposite by 7-electron effect§ This can explain why A2, which has
of the) first and third derivatives of the field-dependent energy stronger donors, possesses a smaller dipole moment than Al.
with respect to the external electric field. The various finite Similarly, the variations ofz, in the B and C groups can be
difference expressions are given in ref 47. The numerical errors explained by the increase of theacceptor character in the NH
have been reduced by using a tight {¥0a.u.) threshold on  on, and F series while the-donor character decreases.
the SCF energy as well as by adopting the Romberg proc&dure  For a molecule WithC,, symmetry, there are only three
to eliminate the higher-order contaminations. Field amplitudes nonzeroB-tensor components s Byya andp..: B2, B3, C2,
of 2kF with F = 0.(?008 andk ranging between 0 and 3 have 3, and D2 are found to posseSs, symmetry, whereas the
been used to attain an accuracy ot1D au on thes-tensor  symmetry is broken by the out-of-plane amine or methyl groups
components. By relying on our experience on the interplay in the other molecules. As a result, sofheomponents, which
between the size of the atomic basis set and the accuracy of th%tricﬂy vanish for aC,, symmetric molecule, become nonzero.
Ca|Cu|ati0n56,'49'50the 6'31‘"6(d) baSiS set Wh|Ch ContainS one However, because these molecu'es keep rough'y Gﬂe
set Of p0|al’i2ati0n fUnCtiOnS and diffuse funCtiOﬂS haS been Symmetry’ ’[hese nonzero Components are too Sma” SO tha’[ the
chosen to ensure semiquantitative accuracy of our estimatesso|lowing discussion is only concerned with tfig., fyy and
Only static properties have been evaluated at this level of theory-ﬁzzzcomponents. Because the molecules lie inthplane, the
All ab initio calculations have been performed using Gaussian By and/or B, components are usually larger than the corre-
98°! spondingpyy; values. Thefyy, and 8,,; components are com-
The AM1 parametrizatiatt with the “precise” option of the parable in magnitude for each molecule of the A and D groups,
MOPAC 2000 packagé has been used for optimizing the but larger differences between the two components are found
molecular geometry of the J and K molecules. The first for the molecules of the B and C grougkx;is much larger in
hyperpolarizability tensor components have been evaluated atabsolute value thafi,;,for the molecules of B group, whereas
the time-dependent Hartre€&ock (TDHF) levet with a cutoff a reverse situation is found for the molecules of the C group.
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TABLE 2: Calculated Dipole Moment and SHG First-Order Hyperpolarizability Components of A-Shaped Molecules®
w=0 A=1907 nmhw =0.65eV 1 =1064 nmhw = 1.17 eV A =1907 nm

Uz ﬂxxz ﬂyyz ﬁzzz 77b ﬂHc ﬂxxz ﬁyyz ﬂzzz 7’/b ﬂH ﬂxxz ﬂyyz ﬁzzz nb ﬂl\ 20 ,u(exp) BH (eXpt)h

J1 462 64 0 20 32 51 87 0 30 29 69 241 0 98 25 190 83
4.30! 88
J2 537 67 -1 22 30 62 91-1 33 28 8 270 —2 125 22 266 97 4.960.0& 272+3¢
3.82 221

J3 461 59 0 27 22 52 83 0 39 21 72 2281 116 2.0 196 72

J4 584 89 -1 o6l 15 90 129 -1 92 14 131 554 -3 435 13 632 76 5.1%0.0&# 298+18&
J5 344 133 -2 -2 —66 76 37 0 -4 -93 121 92 -1 -7 13 397 97 3.8%0.08 2424 4¢°
J6 537 58 -1 5 12 39 76 -1 13 58 73 217 -4 57 3.8 207 59 4.680.0# 98 + 5°9
J7 462 69 —1 8 86 46 86 -5 13 6.6 101 240-15 51 4.7 244 74 4.2%20.0&# 146+5°9
Jg8 512 27 0 -2 -—-13 15 36 -1 -1 —-36 20 85 -1 5 17 44 55

J9 556 47 0 26 18 44 64 0 38 1.7 59 173-1 115 15 159 54

Ji0 513 36 —1 4 90 24 48 -1 8 60 32 121 -3 30 40 78 55

Ji1 560 61 -1 39 16 59 85-1 58 15 83 248 —4 187 1.3 246 54

KL 622 92 -1 24 38 69 128 -1 37 35 98 401 -2 144 2.8 342 83
K2 6.67 134 -1 43 3.1 106 190 -1 66 29 153 657 —2 265 25 616 97
K3 643 87 0 32 27 71 126—-1 50 25 105 493 —2 222 22 498 73
K4 750 126 -1 60 21 111 188 -1 95 20 170 942 —4 527 18 139 76
K5 5.05 184 -5 3 61 109 264 -7 11 24 164 1093-22 118 9.3 854 98
K6 7.08 81 -1 6 13 51 114 -2 15 76 75 373 -5 85 44 281 59
K7 621 94 -2 11 85 67 131 -3 20 6.6 96 412-13 92 45 338 74
K8 685 3 -1 —-11 -32 15 47 -1 —-11 —-43 20 126 -2 —-16 —7.9 62 55
K9 746 70 -1 24 29 56 98 -1 38 26 80 309 —3 141 22 287 55
K10 698 49 -1 -5 -98 26 68 -2 -3 —-23 37 194 -4 10 19 126 55
K11 753 88 -2 41 21 77 126 -2 64 20 112 430 -5 244 1.8 458 55

aThe u and 3 values are evaluated at the RHF/AM1 and TDHF/AM1 level, respectiyelig given in au ang in 10fau.®n = BudPrz

3 Z#iﬁi
|
By==———— withp; = B, i, =%y, 2
5 |zl ' ,Z !
d Reference 22¢ EFISH measurements by Moylan et al. in chlorofdfihEFISH measurements by Ermer et al. in NFFR.Experimental
values for the N-hexyl substituted E6 or E7, whereas all of the calculations reported in this table are carried out with hydrogen atoms for
simplicity. " After accounting for the difference of convention between theory and experiment as well as for the new quartz reference
[Roberts, D. A.IEEE J. Quantum Elec. QE992 28, 2057. Mito, A.; Hagimoto, K; Takahashi, Glonlinear Opt.1995 13, 3].

The angle between the two CT axe®(3ee Figure 1) which The largeg), values of the molecules of the J and K groups,
is about 120 and 60 for B and C groups, respectively, appears as listed in Table 2, are attributed to their large off-diagonal
as the key factor affecting the relative magnitude of these two components which are always positive, whergas can be
components. Indeed, assuming that each D/A pair is character-either positive or negative. The geometry of these (dicyano-
ized by afaaa value oriented along the D/A axis, a large angle methylene)pyran chromophores is essentially planar except J2,
tends to generate large off-diagonal comporgt whereas a J4, K2, and K4 in which the bulky butyl groups distort the
small angle tends to generate large diagofal Because molecular geometries. In these out-of-plane structures, gther
inductive effects are rather important in these B systems components such gk are nonnegligible but small, and they
owing to the absence of stromgacceptor (B and C groups) or  are not reported here because this goes beyond the scope of
to the weak conjugation between the donor and the acceptorthis investigation. Although the variations gfin the J:-J7
(D group), changing the donor or adding a acceptor (nitro) and K1-K7 compounds are more or less consistent in what
can result in changes of both the sign and the magnitugk of concerns the rule of thumb “largehdeads to large;”, they
but in all cases remains small in comparison with other NLO  also present some deviations. Replacing the cyano groups by
systems such gs-nitroaniline or MNA28 Compared to the A stronger nitro groups leads to an increase in hhand 5.,
systems, in the E systems, the conjugated path is largerpthe 2 components with the exception gf,;in the J8-J11/K8K11
angle is smaller, and bof,, andf,,-have now the same sign. compounds that possess the smallest BLA. Similarly, when
The cyclic structures having small 2alues (G and H groups)  going from NH to N(C4Hg)» and then to N(Ph) the z-donor
possess rather substantil,, values and smaly = Suxdfz22 character increases leading to an increasgef whereas the
ratio. When going from G1 to G2 or from H1 to H2, both the evolution of 5,;;is nhonmonotonic. Substituting the aromatic
angle andy decrease, which therefore confirms the role 8f 2  linker by small polyenic segment leads to a reductiorfgf
for explaining the variations in. However, G1 (G2) possesses that can be associated to the small@rahgles. For the longer
a larger @ angle than H1 (H2), whereas tlfk«/f(., ratio is segment, (CHCH),, 5.2-is positive and 1.6 to 3.0 times smaller
smaller. In F1 and F2,&is very similar to the molecules of than f«, whereas for the smaller linker, (G+CH), the
the C group but thg,«,component is dominant. Moreover, the amplitude off,,,is much smaller while it can be either positive
negative (positive) value gf,,; occurs for the NB—(OH-)- or negative. When moving from the static to the dynamic cases,
substituted compound, whereas in C1 (C2);; is positive most substitution effects offix, Szzz and their ratio are
(negative). The situation is similar for the 11 and 12 compounds unchanged. The larger the frequency, the largergitensor
although the 2 angle is larger than in FAF2 and the amplitude ~ components. However, becaysg,increases more thafy, 7
of  decreases. These results show that Iggeandf,,,values decreases. The exceptions are the J8, J10, K8, and K10
can be obtained with a broad rangespfatios and that  is compounds for whichB,,, is smaller and either positive or
not the unique factor which influences them. negative.
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and CT forms and between the two CT forms, respectively. The
eigenvalues of this Hamiltonian (eq 1) are

B =3E FE-N-3(V-T’+8 (@
E,=E.+T 3)

—%(EV+EC—U+%m (4)

0.5

0.4

0.3

0.2

0.1
whereV = E¢ — Ey. The corresponding eigenfunctions are
0 L 1
-2 -1 0 1 2 ] 2 V2
V (in eV) Wy =sindgyg + 2 —5C0SO¢pcry + 2 —C0SO¢cr,  (5)

——T=1.0 t=1.0 —8—T=0.5 t=1.0

—a—T=1.0 t=0.5 —%—T=0.5 t=0.5 «/5( ber— bers) ©6)
Figure 3. Charge-transfer charactef)(as a function of the energy ¢ ¢
gap between the CT and VB configuratioNs=€ Ec — Ey) for different \/é «/E
values of the resonance integralsaqdT). W, = C056¢VB =3 5'n6¢cn =3 sin 5¢CT2 (7)

4. VB-2CT Model

A typical A-shapedC,, molecule can be modeled, as shown
in Figure 1, by one VB and two CT forms. Within the VB-

where

2CT model, the electronic wave functions of the ground and cos o= % VT - 2/ (8)
excited states are written as combinations of the limiting 20/ (V—T)*+ 8t
covalent and charge-transfer wave functigns, ¢cr1, andgcro,
respective|y_ The Hamiltonian matrix in the basis SE(WB, The above formulas were first derived by Cho and co-wofkers
¢cT1, dcta) is given by for assessing the second hyperpolarizability of centrosymmetric
quadrupolar systems of which the first hyperpolarizability
E, -t —t vanishes. Wolff and Wortma#fh as well as Barzoukas and
H=|-t Ec -T Q) Blanchard-Desc€ provided a similar treatment for the case
—t —T E¢ where the coupling between the two CT forms is neglected,

i.e., T = 0. Before deriving the expressions of tfietensor
whereEy andE¢ denote respectively the electronic energies of components, we give a short description of theand /
the VB and CT forms—t = [dvs|H|pcTi= [dvs|H|pcT20and characters. From eq 8, and/are determined by the energy
—T = [pcmi/H|¢pcr2lare the transfer integrals between the VB gap V between VB and CT states as well as by the transfer

Eg (ineV)
Ey, (ineV)
N

—8—T=00

EOl (m CV)
Ep; (in eV)
W

0 0.1 0.2 03 04 05 0 0.1 0.2 03 04 0.5
4 ¢
Figure 4. Eqn = E; — Eo (left) andEq, = E; — Eo (right) as a function of for different values of (T = 1.0 eV) (top) as well as for different values
of T (t = 1.0 eV) (bottom).
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integralst andT. V is determined by the nature of D/A groups

J. Phys. Chem. A, Vol. 107, No. 19, 2003047

_ 1 . _ o A
and the conjugated linkers. A detailed discussion of the structure- Ho2 = {0, O'é“ sin 2 COSG) =1[0,0,v2(1 = 2/)u coso]

dependence o¥ for push-pull conjugated systems by Del
Zoppo et af’ illustrates that strengthening the D/A pair favors
the stabilization of the CT states and therefore decre4sekile

lengthening the conjugation path makes the charge transfer from

the donor to the acceptor more difficult and therefore increases
V. & approaches/2 (/ = 0) in the extreme limit o > 0 (eq
8), indicating that the ground state is totally determined by the
VB configuration. In the limit ofV < 0, 6 approaches 0/(
= 1/,) and the ground state is completely determined by the
two CT configurations in equal populations. Figure 3 shows
the variation o whenV ranges from-2 to+2 eV. The larger
t, the slower the variations of with V. On the other hand,
changingT mostly results in lateral shifts of the versusV
curve. Increasing leads to an increase ih which attains a
maximum in the region ol ~ V, whereas an increase ins
associated either with an increadeX T) or a decreaseV <
T) of Z Moreover, when the transfer integrélbecomes very
large,/ tends toward/,, whereag = 1/, characterizes the limit
of very large transfer integrals

From egs 24, the energy differences between the ground
and excited states read as

Eo =3V + 3N +2/(V- TP+ 8¢ =2T+1, /22
9)
Ep,=v(V— TP+ 82 =—1 (10)

J/(1—2)

Figure 4 illustrates the variations d&; and Eg, with / for
different values of th@ andt parameters. Whe¥ ranges from
positive to negative, i.e., when the CT character incredsgs,
decreases, whereds, drops first and then increases after
reaching a minimum a¥ = T. The smallestEy; (=2T) is
obtained fo®V < 0 and corresponds, as discussed above, to the
situation where the ground state is dominated by the two CT
forms ¢ = /,). On the other handso, presents a minimum for
/ = 4. When fixing T, the largett, the larger both excitation
energies. Similarly, for a givet) Eq; decreases whehbecomes
smaller, whereasy, does not depend oil because all its
dependence is included in the changeg in

The dipole moment of the VB form is negligible compared
to that of either CT forms, that igys ~ 0. Under the Cartesian
axes defined in Figure 1, the dipole moments of the two CT
forms can be written as

Ucr, = u(—sin 6, 0, cosH) (11)

Uct, = u(Sin 6, 0, cosh) (12)
whereu is the absolute magnitude of the dipole moment of
each CT configuration. By invoking the usual approximations
of VB—CT treatmentsL}bVB |,12|¢CT1D= @VB |ﬁ|¢c‘r2lj= 0 and
[pcrilit|pct20= 0, the permanent dipole moment as well as the
transition dipole moments read:

o= (0, 0,1 cog 6 cosé) = (0, 0, Zu cosh) (13)

1, = (0, 0,ucos0) (14)
t, = (0, 0,usin’  cosh) = [0, 0, (1— 2/)u cos6] (15)

ltg; = (—1 €0sd sin 6, 0, 0)= (— v2/u sin6, 0, 0) (16)

17)
U= (—usindsing, 0,0)=(— +/(1— 2/)usinb, 0, 0)
(18)

For all states, only the component of the dipole moment is
nonzero. In particular, from eq 13, the dipole moment of the
ground statey, is proportional to co® (2/). Stronger D/A
groups tend therefore to produce a larger dipole moment. For
symmetry reasons, only three transition dipole elemeris,

Us, and i, are different from zero. Within the three-state

model, the totalBy, response can be decomposed into two
contributions, a so-called dipolar terff , and a two-photon-
like term, A1, From egs 9 and 10 and 438, we have

ﬂXXZ:ﬂ)I(DXZ—’_ﬁ-)I(—)l(:Z
() — )
- E012 e EoiEo1
1. 1 2
- 5”3 sin® 26(5 + EE

2
EoiFo

1

eyt T

2

e I

VI —2)

Becausa:i’, = 0, 3,2;reduces to the dipolar term:
Q1o p

ﬂZZZZ ﬂZDZZ
(o) s — )
=" "=
Eoy
_ _ 3u%in®2 cos D
2By,
12/(1— 2/)(1 — &)
_ 12/ )( u o 0

2
EOZ

X X z
Ho1H12H20

)sir120 cos6
2,

=1~ m;ﬁ(é

1

+

)sin20 cos6
2,

=41- 2/’ +

sin’ 0 cos6 (19)

cos 6

12731 — 2/)4(1 — &)
=12 tz( Woog

(20)

Figure 5 illustrates the variation gfo, Ar., and 0, as a

function of /for T = 1.5, 1.0, 0.5, and 0 eV using the
assumptions of = 1.0 eV and 2 = 12C. In this plot as well
as for Figures 68, we used the expression in terms of the
andT parameters; that is, any other quantity (SUCE®S...) is
expressed in terms of these three parameters. \WWke0, both
TP and 82, increase with increasing until a maximum is
attained and then they decrease. However, the former reaches
the maximum at relatively smallérvalues 8}, is smaller than

B>, only for large value of/ This inversion of the relative
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amplitudes of 3, and p%., appears at relatively smallet
values wherT gets smaller. In the extreme caseTof 0, 5o,
becomes larger thag,;, for / > Y, whereasfl, is much
smaller. The transfer integrdl has a great effect on the off-
diagonal componentgl,, and f,, which increase wher

decreases. In Barzoukas and Blanchard-Desce’s tredfhient
the D—A—A—D-like quadrupolar molecules, the couplifigs

neglected as a result of the disconnection between the twd D
pairs. The situation is however different for DAD (ADA)-like
quadrupolar or the guanidinium-type octupolar molecules in
which all of the D-A pairs share the same acceptor (donor)
and the coupling between any two CT forms cannot be ignored
any longer. The situation is different for the diagonal dipolar
term. Indeed, first alpfD,, versus/ curves are identical when
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varyingT. In addition,ﬂ?zzis positive whery ranges from 0 to
Y, (6 from 7/2 to 7/4) and becomes negative when=
1/,—1/,. Positive and negative extrema are observed/for
0.137 and 0.363, respectively. Consequently,[ify;versus/

ratio although the later two are intertwined. Ttgd0 term is
equal to unity for 2 = 90°, smaller than unity for 2 < 90°
and larger than unity for the other case$ 026 < 18C°). In
particular for 2 = 60°, tg?0 = /3, whereas for 8 = 120,

curves are similar in shape with these of one-dimensional D/A tg?0 = 3. Within the domain of variation of [0, /2], the 1/(1

systems?.32 Nevertheless, they differ in several ways: (i) the
coupling between the two CT stat€eF) (modifies (throughy)

— 4/) factor is, in magnitude, always larger than unity and
becomes very large fof ~ Y/,. This factor is positive for <

Eozas well as the dipole moments and (ii) the coupling between Y4 but negative fov” > /4. The third term, [Eoo/Eo; + (Eoo
the VB state and the two CT states increases the gap. IndeedFo1)7, is more complex to analyze. Itis larger than 3 wiigp
for a one-dimensional D/A system, the square of the gap, as > Eo: or equivalently wher > T%(t? + 2T?) which implies

predicted by the VB-CT model, amounts t9? + 4t2,38 whereas
for A-shaped molecules witfi = 0, it attainsV2 + 8t2. In
addition, 32 ,is modulated by the angle between the two D/A
axes. Figure 6 illustrates the variations &l , S, and 2,
with /for t = 1.5, 1.0, and 0.5 eV using the assumptiong of
= 1.0 eV and 2 = 12¢°. Whent increases, alp components
decrease, and the relative importanceﬁlﬁjZ with respect to
both Sy, components decreases while thg/B.., ratio in-
creases.

Figure 7 compares the diagonal and off-diagghaompo-
nents for T=t = 1.0 eV as a function of 2 (= 120¢° or 60).
Following egs 19 and 2(,,,andpyx, exhibit different behaviors
as a function of 8. With 20 ranging from 0 to 18C, 3,,,drops
monotonically, wherea8; increases first, attains a maximum
for 260 = 109.47, and then drops. From eqgs 19 and 20, the

thatt should be large enough with respectlitoMoreover, for

t > T/4, it can be shown that BJ/Eq; + (Eo2/Eo1)q > 1. Thus,
for 20 = 12(°, 5 is expected to be often larger than unity. This
corroborates why, for @ = 12(°, the total off-diagonal
componentSu; = fo, + Pi, is always larger thag,,; On

the other hand, the diagonal contribution increases when the
angle between the two D/A arms becomes smaller. Figure 8
illustrates the variation af with / for 20 = 120° and different
values of theT andt. In the range of’ = 0—1/,, 5 increases
with increasing; and largem values correspond to small@r

and largert. Becausef,,; = 0 for / = Y4, n displays an
asymptotic behavior in that region. Wheéngoes from/, to

1/,, the absolute value of drops first and then increases after
reaching a minimum.

As a consequence, it turns out feasible to modulate the CT

ratio between the off-diagonal and diagonal components readscharacter and thef2angle in order to design chromophores

E
22+
EOl

_ ﬁxxz_ 1 tg20

7,]_ﬁzzz_é:l'_‘]'/

Eo2|?
(E—)] *
The amplitude ofy can be analyzed by considering three
contributions: the) factor, the 1/(1— 4/) term and theEg,/Eo;

with specificy values while keeping large second-order NLO
responses. Moreover, both DAD- and ADA-type molecules can
be characterized by the VB-2CT model, the only difference
between these two classes of compounds is the sign or direction
of 4 and consequently, of the differefitcomponents that are
proportional to the third power @f. For simplicity,u« is chosen
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positive so that negativg values correspond to the situation because of the conjugated linkérunlike the case in A1 and
whereu and 8 are antiparallel. In the next section, the VB- A2 in which the donors connect directly with the acceptors.
2CT observations are used to rationalize the ab initio and Moreover, for the molecules of the F and | groups, increasing

semiempirical results of section 3. the donor character by substituting the OH by the,Njrbup
increasegyy; but leads to a sign change 6y, By going from
5. Further Discussions and Conclusions the I to H species, the distance between the D and A moieties

increases, whereas thé angle is reduced by a factor of almost
2. After factorizing out théd dependence, i.e., by dividingx,
and f8z;; by sir? 6 cos 6 and cog 0, respectively, the H
compounds present larggty, and f;,, values than the |

) . " compounds, in agreement with larger values ahd/orT in |
dependence presents one maximum, whefigais positive for than H. Indeed, for given@values, increasingandT leads to
weak D/A pair but negative for strong ones, giid;presents 5 yecrease gf (Figures 5 and 6). A similar reasoning applies
two extrema (for/ values close td/s and ¥g). f;;;decreases 1, he difference N between G1 and H1 (G2 and H2)
monptonically with 2, whereas By increases, attains a | haereas folB,. the variations are much smaller. '
maximum at B = 109.47, _and then decreases. In the VB-2CT treatment, one ground-stateaBd two excited

(i) Pucis larger thanfzif the angle between the two DIA  giate5 §and S are involved in the sum-over-state analysis.
branches is larger than 128ndt > T/4. This also happens for gy herimentallyt7.23two low-lying excited states have also been
smaller values of @ providedt and/or 1/(1— 4/) are large  yetected and their splitting associated with the coupling between
enough. On the other hand, when the angle is sifiglicanbe e As shown by eqs 16 and 17 (as well as 9 and 10), the
larger thanf, especially around the intermediate values'of  rg|ative magnitude of the transition dipole moments and
that correspond to the extrema @ versus/. oscillator strengths are not only dictated by th ghgle but

(ili) Larger fz = fxa + Pyyz + Pzzz~ Pxxz + PzzzCan be also by the CT character and coupling term. Furthermore, like
achieved when the two components are positive, in particular i yef 17, the second transition is polarized parallel to the CT
when / ~ /g, whereasf, can be small for/ ~ %. As a axis, whereas the first is polarized perpendicular to it. As a
consequence, the elaboration of structypeperty relationships consequenceiy contains contributions from bothy &nd S,
and the subsequent design of NLO chromophores for solid Statewhereasﬁzzz depends only on S Only a two-level term
applications which would be solely based on EFISH (for electric gntributes tQB,22 Whereas both two-level (dipolar) and three-
field-induced second harmonic generation) measurements carngyg| (two-photon like) terms contribute B In addition, as
be misleading in cases whefig and};z;are large and cancel  can pe seen in Figure 5, the contributionfg, from three-

The VB-2CT structure property relationships for th&tensor
components of DAD- and ADA-typeA-shaped molecules can
be summarized as follows:

() Pxxz Is always positive £ parallel to u), and its /

each other. level terms is larger than that from two-level terms except in
(iv) For a fixed value of; increasingdTl induces a diminution case withT approaching zero.

of fxx, does not affecf,,, and therefore decreasgsvhereas In summary, the VB-2CT model turns out to be a simple but

increasingt is mostly associated with a reduction of il useful means to qualitatively describe the electronic component

components and an increasezin of the NLO properties ofA-shaped molecules in addition to

The combined VB-2CT and ab initio Study has demonstrated dipo|ar, quadrupo|ar, ey pusfpu” Systemsl For tha_shaped

that both electronic and geometric factors influence the mag- molecules with DAD- or ADA-patterns, it gives predictions

nitude off3;andpzz;as well as of their ratigy. In simple cases  agreeing well with quantum chemical calculations of the first
such as the comparison between the molecules of the B, C, F.hyperpolarizability. It further shows that by building compounds

G, H, and I groups, the geometric factor explains wrig small with a suitable angle between the D/A axes and by tuning the
(C, G, and H groups) or large (B, F, and | groups). The general CT character, specific ratios between the off-diagonal and
situation, where the electronic factors associated with the diagona]ﬁ_tensor components can be achieved while maintain-
interactions between the donor and acceptor moieties play anjng large NLO responses. By considering this property with their
important role on the sign and magnitude of theomponents,  high thermal stability and the nonlinearity-transparence tradeoff,

is however often more complicated. Strong D/A pairs often yield it appears that\-shaped molecules are promising candidates
large dipole moments for the CT states and are therefore in favortg puild phase-matchable SHG crystals.

of large ground-state dipole moments and first hyperpolariz-

ability tensor components. This explains, for instance, the  Acknowledgment. M.Y. and B.C. thank the Belgian Na-
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