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Nonlinear optical properties of zwitterionicconjugated systems were theoretically investigated with relation

to the electron correlation effects at the ab initio molecular orbital level. We examined the strong electron
correlation effects on the first- and second-order hyperpolarizabilities in the specific systems with effective
“m—o—n" and (or) “r—o—n" interactions. The electron correlation effects on the hyperpolarizabilities strongly
depend on the type of substituents, conformations, spacer size, and basis sets. It was found that the Hartree
Fock level calculations qualitatively predict the behavior of the hyperpolarizabilities after considering the
correlation effects. Through-space/-bond interaction analysis quantitatively revealed that the electron correlation
effects on the hyperpolarizabilities were induced mainly by éheonjugations on the spacer unit in the
zwitterionic o-systems.

Introduction One of the efficient ways to find a new NLO candidate is to

Nonlinear optical (NLO) materials have been actively studied d€sign NLO materials at the molecular level. Although it was
for their potential applications in the development of new reported that zwitterionico-systems show surprising NLO
electron-photonic devicés?6 In particular, organicr-conju- behaviors, the relationship between the molecular structures and
gated systems have been widely investigated as a representativByperp()'a”Zab'|'t'es concerning the electron correlat|on_ effects
of effective NLO materials due to the strong charge transfer in has not been clearly understood. In the present article, we
the systen®35 On the other hand, it was reported that even €xamined the first- and second-order hyperpolarizabilities for
weak conjugated systems also show prominentNLO propé@ftis,  various zwitterioniar-systems. Ab initio MO calculations were
For example, twistedr-systems are suggested as a new NLO Performed on the combinations of acceptdonor groups,
material3”~42 The twisted conformation breaks theconjuga- conformations, spacer size, and basis sets to investigate the
tion between the acceptor and donor units, leading to a charge-dependency of the NLO response on these factors. To under-
separated zwitterionic system. Large hyperpolarizabilities are Stand the role of-conjugations in the NLO behaviors, the TS/
expected from a large difference in dipole moments between TB interaction analysis was applied to t_he (_ale(;tron correlation
ground and excited states. Interesting NLO behaviors were alsoeffects on the NLO response of the zwitterionisystem.
reported in the theoretical calculations for zwitterionicon-
jugated system®&46 The large electron correlation effects on Methods
a first-order hyperpolarizability}) were observed in the specific Calculations of Hyperpolarizabilities. The static first- and
zwitterionico-systems' This is totally different from the NLO  second-order hyperpolarizabilitig8, andy,, are examined by
behavior of general accepterr—donor systems in which the  the finite field (FF) method* In a quasi-one-dimensional
electron correlation effects slightly correct the hyperpolariz- system, diagonal tensor componefiigy and yxxxx are con-
abilities at the HartreeFock (HF) level. Our previous work  sidered as the main components of fheand yo, where the
using through-space/-bond interaction (TS/TB) anaf{sig molecular-axis is assumed on tKeaxis. In the FF method, the
quantitatively revealed that such abnormally large electron Byyxx andyxxxx values are numerically calculated as
correlation effects on th@ value in zwitterioniar-systems result

from intramoleculaw-conjugationg!® Moreover, it was found {E(Fy — E(—F )} — 0.5{E(2F,) — E(—2F,)}
that the correlation effects on thevalue were controlled by Bxxx = 3 (1)
the second-order perturbation energy term between the highest Fx

occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) in the perturbation theory treatment ¥xxxx ™

for including the electron correlation effects. The electric field —6E(0) + 4{E(Fy) + E(—Fy )} — {E(2F,) + E(—2F,)}
dependency of the HOMOLUMO perturbation energy term

4

mainly causes the strong correlation effects onghalue. Fx )
*To whom correspondence should be addressed. E-mail: aoki@ @)
be.kyushu-u.ac.jp. . .

Cuf‘f(yﬁ‘gﬁuuuumigigny_ respectively. Th&(Fx) in eqs 1 and 2 represents the totgl energy
*JST, CREST. of the system under an applied electric fieffgt, To obtain the
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E(Fx), Hartree-Fock self-consistent field (HFSCF) calcula-
tions were conducted using a Hamiltonian including an electric
term, —rE, where ther and E are the operators for electron
coordinates and applied electric field, respectively. The FF
calculations were performed by the ab initio MO program
package GAMESS The FF method requires considerably
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contributions of the interactions to the hyperpolarizabilities are
examined by comparing these valuggx,deleteand yxxxdeete
with conventional one3xxx°" and yxxx°". All the proce-
dures described above were incorporated into the program
package GAMESS.

The difference of the TS/TB analysis and other methods for

accurate total energies because of the numerically differential analyzing orbital interactions was discussed in ref 51. Advan-

treatments of eqs 1 and 2. Thus, we adopted the following
GAMESS options to keep highly accurate total energies. (a)
“ICUT 20" was used to disregard atomic orbital (AO)
integrals less than 160, (b) “ITOL = 30" was used to skip
the products of primitives whose exponential factor is less than
10730 (c) “CONV = —10" was used to define 18° as the
SCF density convergence criteria. (d) “FDIFF .FALSE.”

tages of the TS/TB analysis are as follows: (a) Electron

correlation effects are easily introduced in the analyses due to
AO integral-based treatments. (b) Two-electron integrals cor-
responding to the interactions we want to eliminate are

completely deleted. (c) Wave functions in the “deletion” states

satisfy the SCF.

option declared that a technigue to calculate only the change inModel Molecules

the Fock matrices since the previous iteration is not used. The

intensity of the applied electric fieldrx = 0.0007 au, was
adopted.

To confirm the validity of our FF results within the framework
of the HF level, we also performed the time-dependent HF
(TDHF) method®implemented in the GAMESS for the analytic
approach to the hyperpolarizabilities. Static hyperpolarizability
Bxxxwith w = 0 was estimated by using the $STDHF keywords
“NFREQ= 1" and “FREQ(1)= 0.0" to specify the use of only
one frequencyp = 0.0 au.

In this work, the electron correlation effects are considered
by the Mgller-Plesset second-order perturbation theory (MP2)
method§’ after the HF-SCF procedures. The frozen core
approximation was adopted for the MP2 calculations for
efficiency. In this approximation, chemical core orbitals are
omitted from the calculations. We confirmed in Results and
Discussion that this approximation does not affect the results.

Through-Space/-Bond Interaction Analysis.The TS/TB
interaction analysf§—52 was developed to analyze the specific
intramolecular interactions quantitatively at the ab initio MO
level. The procedures for the TS/TB analysis are as follows:

(i) AO integrals are calculated for two types of basis
functions. One is for conventional basis functions; the other one
is for artificially contracted basis functions with extremely large
exponents in the Gaussian-type functions, exgf).

(ii) To delete the specific orbital interactions, a new integrals
file for the TS/TB analysis is obtained by merging the two AO

integrals files in procedure i. The integral elements correspond-

ing to the remaining interactions are extracted from the
conventional AO integrals file. On the other hand, the integral

Figure 1la shows the structures of acceptor, spacer, and donor
units for zwitterionico-conjugated systems. The notation of the
“acceptor” (L—5) and “donor” @—c) are defined for the system
under an applied electric field. All the acceptor units have a
positive charge, whereas all the donor units have a negative
charge. In this work, polyethylene (PE) with all-trans structure
is selected as a-conjugated spacer unit. The spacer part is
abbreviated as REwhere the index " is the number of
—CH,—CH,— units. The acceptorNTH,CHj (5) is considered
as a reference unit forNTH=CH; (1) to examine the effects
of w-orbitals. We considered all the combinations between the
acceptor {—4) and donor §—c) units as listed in Table 1.

Figure 1b shows the Fisher's diagrams describing the
conformations of the zwitterionie-systems. The left and right
diagrams in panel b correspond to the views from the acceptor
—N*H=CH, (1) and donor—CO;~ (b) sides, respectively. The
torsion angleg; and¢, are defined by the dihedral anglegkl
andrstu, respectively. The letted, j} and{r, s} are shown
in the acceptor and donor units in panel a, respectively.kThe
[, t, andu are depicted in the “spacer” unit in the same panel.
It should be noted that thg cannot be defined for donerO~
(). The bend anglépengin the right diagram of panel b indicates
a deviation from the Spplane of the donor units. Thus, large
¢penaMeans the change in hybridization fron? $p sg in the
donor unit.

All the geometrical parameters of the molecules in Table 1
were fully optimized at the level of restricted HF (RHF)/6-31G-
(d). Optimized calculations at the HF level are not enough to
determine the geometries of the zwitterionic system, and the
incorrect geometries slightly affect the hyperpolarizability.

elements corresponding to deleting interactions are extractedHowever, to save cost, the electron correlation effects were not

from the artificial AO integrals file.
(iif) The HF—SCEF calculation using the new integrals file

provides us a total energy after deleting the specific interactions.

(iv) The TS/TB analysis was linked with MgllelPlesset

perturbation methods to include the electron correlation effects.

By comparing a “deletion” state after eliminating the specific
interactions with a conventional “full interaction” state, we can
guantitatively estimate the contributions of the interactions to

considered for the optimizations as a first step of the analysis.
Ab initio MO calculations for the geometry optimizations were
performed by the Gaussian03 program packdge.

Results and Discussion

Geometries and Electronic Structures of Zwitterionic
o-Conjugated SystemsTable 1 lists the geometrical parameters
of various zwitterioniar-systems optimized at the RHF/6-31G-

the total energy, electronic structures, and so on. The TS/TB (d) level. We first consider the conformations of the acceptor

treatment was also linked with the FF method to analyze the
relationship between orbital interactions and hyperpolarizabili-
ties#6 Because the total energy under an applied electric field

units. In the acceptorsNTH=CH; (1) and—N"CsHs (4) units,
the acceptors’ plane has a tendency to be nearly perpendicular
to the molecular plane of the spacer unit; e¢g.~ 90°. Thus,

was calculated after deleting the specific interactions, we can it was expected that thve-orbitals of the acceptor unit effectively

examine the contribution of the interactions to the hyperpolar-
izabilities. That is, hyperpolarizabilities after deleting the
interactions Bxxdelettandyxxxde'ee can be estimated by eqgs 1
and 2 usingz(o)delete’ E(Fx)delete’ E(_Fx)delete' E(ZFX)delete, and
E(—2Fx)"¢'®® calculated under considering the deletions. The

overlap with thes-orbitals of the G-C bonds in the PE spacer
(refer to Figure 1b). In contrast, modst with the —NTH,CH3
unit shows a different tendency from the models with*H=
CH, and —N*CsHs that the acceptors’ plane and the spacer
plane are located in the “periplanar” position; thatisx 180°.
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Figure 1. (a) Structures of acceptoll{5), spacer, and donoraf{-c) units for zwitterionico-conjugated systems. Italics next to the structures

represent the abbreviations for the units. Fé"H,CHjz (5) in parentheses is a reference model+fd*H=CH, (1). The figure in the box shows

the assignments of atoms for the definition of the dihedral angleand¢,. (b) Fisher diagrams describing the, ¢., and bend anglépens The
Ppena COrresponds to the deviation from the? ggane of the donor unit.

TABLE 1: Conformations of Zwitterionic ¢-Systems Obtained by Geometry Optimizations at the HF/6-31G(d) Basis Set

molecule spacer acceptor donor ¢12 (deg) ¢22 (deg) dpend (deg)
la PE; —N*tH=CH; (1) —C~ (CN)(a) 116.5 77.5 8.6
1b PE —N*H=CH (1) —CO; (b) 116.8 -33 0.2
lc(=1c) PE —N*H=CH, (1) -0 (¢ 115.4

2a PE —N*H3(2) —C~ (CN): (a) 58.8 86.5 11.7
2b PE; —N*H3(2) —CO; (b) 59.4 -3.8 0.3
2c PE —N*H3(2) -0 (0) 59.2

3a PE —N*H(CH;)2 (3) —C (CN)(a) 168.6 85.7 11.5
3b PE —N*H(CHs)2 (3) —CO; (b) 168.1 -3.6 0.2
3c PE —N*H(CH;)2 (3) -0 (o) 167.1

4a PEs —N*CsHs (4) —C~(CN); () 88.4 85.4 11.2
4b PE —N*CsHs (4) —CO; (b) 88.0 0.1 0.0
4c PE; —N*CsHs (4) -0 () 87.4

5c PE —N*H,CH; (5) -0 () 179.8

1oy PE, —N*tH=CH, (1) -0 (¢) 117.1

1c PE —N*TH=CH; (1) -0 () 117.3

aTorsional angleg; and¢, are shown in Figure 1b. Thg is not defined for—O~ (c). ° Bend anglegensare defined only for donor units and
described in the right-hand figure of Figure ¥hengis not defined for—O~ (c).

Such a conformational difference implies that the stabilizations (b) implies that there are smaill—o interactions between the

due toz—o interactions are strong in theN*H=CH, and donor—CO,~ and the spacer-€C bonds due to the orthogonal-
—N*CsHs systems. It was found that the spacer size dependencyity betweensr- and o-orbitals.
on theg; is negligibly small by comparing thg, of 1c (=1c), By considering the conformations of both acceptor and donor

1, andlcs. This means that the direct through-space interac-
tions between the acceptor and donor units are very weak.
Next, the conformations of the donor units are considered.

Ppend~ 10° was found in the-C~(CN), unit (a). It means that ) L .
S properties mixed into the 3gybridizations in the donor To confirm the zwitterionic electronic structures of the models

unit. That is, the carbon atom with a negative charge @r - in Table 1, the Mulliken’s net charges and dipole momej (
(CN), includes a lone pair orbital (n-orbital) property. The Were calculated for these models at the HF/6-Gld) level
dihedral anglep, ~ 90° in the —C~(CN), unit results int—o on the basis of the HF/6-31G(d) optimized geometries. The
and (or) n-o interactions between the donor unit and the spacer results were listed in Table 2, where the net charges on the atoms
C—C single bonds. It should be noted that we use an expressionwere summed up for each acceptor, spacer, or donor unit. It
“and (or)” throughout this work because of the mixed state of was found that all the models have zwitterionic properties; that
7- and n-orbitals. Similarly to the-C~(CN), unit, models with is, the acceptor unit was positively charged, while the donor
the —O~ unit (c) are expected to have—o and (or) n-o unit was negatively charged. The spacer unit is positively
interactions. On the other hand, thg~ 0° in the —CO,~ unit charged except fo#db and4c in which the spacer unit keeps a

units, we can conclude that the effectiwe-o—s and (or)
m—o—n interactions are expected in modé&ks 1c (=1c3), 44,
4c, 1cy, and1cs.
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TABLE 2: Mulliken Net Charges® and Dipole Moment ux functions involved in the 6-3tG(d) basis set are required for
(in au) for Zwitterionic o-Systems at the HF/6-3¥G(d) estimating thefBxxx values in 1c and 4c. Especially, the
Level expanding anionic orbitals of donerO~ unit in thelc and4c
molecules acceptor spacer donor  ux (au) should be described by using the diffused basis functions.
la +0.682 +0.411 —1.093 —17.09 Table 4 shows the main components of the static second-
1b +0.677 +0.160  —0.837  —16.46 order hyperpolarizabilityyxxxx, for the zwitterionico-systems.
lc(=1cy) +0672  +0177  -0849  -14.59 The yxxxx values were calculated by the same way asfihe&
2a +0.500 +0.584 —1.084 —16.42
2h 40.497 10.336 —0.833 _1584 values. In both the HF/6-31G(d) and MP2/6-31+G(d) results,
2 +0.492 +0.357 —0.849 ~13.99 the order ofyxxxx values wasla > 1c > 4a > 4c > others.
3a +0.642 +0.444 —1.086 -16.91 Similarly to thefxxx case, the HF results well estimated the
3b +0.634 +0.201 —0.835 —16.31 order of yxxxx values in the MP2 results. The order pfxxx
ig ig-ggi ig-gig :8-%‘2 j‘;-‘?‘g values is the nearly same as thatfykx values at the same
b 10892 0057 0835 1716 basis set; that isla > 1c > 4c > 4a > others. The only
4c +0.848 40001  -0849  —15.27 difference in the order betwegtxxx andyxxxx values was the
5c +0.543 +0.304 —0.847 —14.37 inversion of4aand4c. A remarkable increase of thexxxvalue
1cs +0.682 +0.171 —-0.853 —19.30 was observed irla, 1c, 4a and4c, the MP2/HF value was
1c +0.686 ~ +0.168  —0.854  —24.07 x10.4 tox11.7 for these models. In the HF/6-31G(d) and MP2/
aNet charges were summed up for each acceptor, spacer, or dono6-31G(d) results, the order of thexxx values waslc > la >
unit. ® HF/6-31G(d) optimized geometries were useRefer to 4c > 4a> others. On the other hand, the order/gfxxvalues
Table 1. waslc > 4c > la> 4a> others in the HF/3-21G and MP2/

. ) 3-21G results. In both the 6-31G(d) and 3-21G resultsyilgx
nearly neutral charge. The large dipole momenjs,in Table  yaues of 1c and 4c were overestimated compared to the
2 were produced by the charge separation in these models. 6-31+G(d) results due to the lack of diffuse functions.

atzabiltes n Zwitlrionic #-Systems.Table 3 shows the TS 8bsolute magniudes of figocandy xoovalues srongly
main components of the static first-order hyperpolarizability, g%poenngd‘g?glg%?gig(j; tﬁ?}%%g%%;“g;?sn; ggmHg\?vg\w/ec;ther
B for various zwitterioniay-systems listed in Table 1. The 54 mentioning that the HF/3-21G results provide us NLO

Pxxx values were calculated by the FF method at the 3-21G, - . N
. candidates with large hyperpolarizabilities, elg, 1c, 4a and
6-31G(d), and 6-31G(d) levels on the basis of the HF/6-31G- 4c predicted by MP2/6-3£G(d) results.

(d) optimized geometries. To investigate the electron correlation o

effects on the8xxx values, we compared thixxx values by the To know the effects of the frozen core approximation on the
HF and MP2 methods. The notation “MP2/HF” in Table 3 MP2 results, thefxxx and yxxxx values ofla, 1b, 1c, and5c
indicates the ratio of the MP2 results to the HF results. were calculated at the level of 6-8G(d)//HF/6-31G(d) without

First, the results for the 6-31G(d) basis set were considered. USind the approximation (see Table 5a,b). By comparing them
The order of thefxxx values wada > 1c > 4c > 4a> others with the reSL_JIts in Tables 3 and 4, it was found that the frozen
in the HF/6-33G(d) results. Thela, 1c, 4a, and4c showing core approximation does not change_the val_ues of hyperpolar-
large fxxx values correspond to the models in which we expect izabilities. On the other hand, the bass set size convergence of
the 7—o—x and (or)z—o—n interactions as mentioned in the Pxxx and yxxxx values was examined by calculating the
above subsection. Thus, it was concluded thatthe— and hyperpolarizabilities using larger basis sets, 6-&kd,p),

(or) 7—o—n interactions play an important role on the first- 6-31++G(d), and 6-3%+G(d,p) (see Table 5c,d). It was found
order hyperpolarizability. In the MP2/6-315(d) results, the that these results were very similar to the 6+&(d) results in
fBxxx values were increased in all the models compared with Tables 3 and 4. Th.erefore,.we can conclude that the r.esul'ts by
the HF results due to the consideration of the electron correlation "€ 6-31G(d) basis set with the frozen core approximation
effects (see “MP2/HF” terms). In particular, a remarkable &€ _adequate for examining the hyperpolarizabilities of zwitte-
increase of thgxxx value was observed iba, 1c, 4a, and4c; rionic o-systems.

the MP2/HF value was<7.6 to x8.8 for these models. The Spacer Size Dependency of Hyperpolarizabilities in Zwit-
Bxxxvalues in the MP2 results show the same order as those interionic o-Systems.The spacer size dependency of e

the HF results; that iga> 1c > 4c > 4a>> others. Thisimplies ~ andyxxxxvalues was examined fdrc (=1¢s), 1cs, and1cs by

that the order of th@xxx values in the MP2 results with high ~ using the FF method at the 3-21G, 6-31G(d), and -G{d)
computational costs can be qualitatively estimated by the orderlevels based on the HF/6-31G(d) optimized geometries. The
of the Bxxx values in the HF results with small costs. results for fxxx and yxxxx values are shown in Table 6a,b,

Next, to examine the basis set effects, the 6-G1d) results respectively.
were compared with those for the 6-31G(d) and 3-21G basis First, we considered the spacer size dependency gfthe
sets. The order gixxx values wad.c > 4c > la> 4a> others values (see Table 6a). As the spacer size increasegixite
in the HF/6-31G(d) results. The MP2/6-31G(d) results show value decreases in the HF/6-BG(d), while increasing in MP2/
the same order g¥xxx values as the HF/6-31G(d) results. The 6-31+G(d) results. This means that the HF method cannot
order of Bxxx values in the 3-21G results was the same as that describe even qualitatively the spacer size dependency of the
in the 6-31G(d) results; that i4c > 4c > la > 4a> others, Pxxx values in the MP2 results. In addition, the MP2/HF value
although the absolute magnitudes of fhgx values in the 3-21G largely increases as the spacer size increases. Thus, the
results were much larger than those in the other basis sets.correlation effects should be included for obtaining corf&i
Within the framework of the 6-31G(d) or 3-21G basis set, the values of the system with a large spacer. In contrast, in the
HF results qualitatively estimated the orderbgkx in the MP2 6-31G(d) and 3-21G basis sets, fhex values of both the HF
results. However, théxxx values forlc and4c were overes- and MP2 methods increase with the spacer size. Thus, within
timated in both the 6-31G(d) and 3-21G results compared with these basis sets, the HF results provide us qualitatively correct
the 6-31%G(d) results. Therefore, it was found that diffuse descriptions ofSxxx values in the MP2 results. However, the
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TABLE 3: Main Components of First-Order Hyperpolarizability, fxxx (in x 10 au), for Zwitterionic o-Systems Obtained at
the 3-21G, 6-31G(d), and 6-31G(d) Levels*

3-21G 6-31G(d) 6-3:G(d)
moleculed HF MPZ MP2/HF HF MPZ MP2/HF HF MPZ MP2/HF!

1la 12.71 138.27 x10.9 4.12 36.12 x8.8 4.35 38.35 x8.8
1b 1.23 5.37 x4.4 0.83 2.81 x3.4 0.70 2.26 x3.2
1c 38.11 576.61 x15.1 5.92 58.87 x9.9 3.84 32.82 x8.5
2a 0.47 1.16 x2.4 0.48 1.20 x2.5 0.84 4.15 5.0
2b 0.38 0.82 x2.2 0.39 0.82 x2.1 0.34 0.82 x2.4
2c 0.68 2.20 x3.2 0.61 1.90 x3.1 1.11 5.80 5.2
3a 0.47 1.03 x2.2 0.45 0.95 x2.1 0.41 1.04 x2.5
3b 0.41 0.82 x2.0 0.40 0.78 x2.0 0.32 0.64 2.0
3c 0.61 1.63 x2.7 0.52 1.29 x2.5 0.54 1.50 x2.8
da 8.47 86.07 x10.2 2.96 24.12 x8.2 2.48 18.87 x7.6
4b 1.05 471 x4.5 0.71 2.51 x3.5 0.63 2.02 x3.2
4c 29.48 430.20 x14.6 4.46 42.40 x9.5 2.53 19.20 x7.6
5¢ 0.61 1.67 x2.7 0.53 1.35 x2.5 0.58 1.86 x3.2

aAll the calculations were performed by the FF method based on the HF/6-31G(d) optimized geornBefes.to Table 1°Frozen core
approximation was adoptetl*MP2/HF” represents the ratio of the MP2 result to the HF result.

TABLE 4: Main Components of Second-Order Hyperpolarizability, yxxxx (in x10° au), for Zwitterionic o-Systems Obtained at
the 3-21G, 6-31G(d), and 6-31G(d) Levelst

3-21G 6-31G(d) 6-3:G(d)
moleculed HF MPZ MP2/HF HF MPZ MP2/HF HF MPZ MP2/HF
1a 136.45 1850.61 x13.6 32.62 382.44 x11.7 38.77 445.43 x11.5
1b 3.50 26.60 x7.6 1.44 9.53 6.6 1.35 6.88 5.1
1c 358.25 6759.80 x18.9 37.21 489.67 x13.2 22.23 259.97 x11.7
2a 0.60 1.94 x3.3 0.64 2.13 x3.3 4.61 34.32 x7.5
2b 0.27 1.15 x4.3 0.27 1.10 x4.1 0.51 1.83 x3.6
2c 1.04 5.54 x5.3 0.86 453 5.3 4.40 34.94 x7.9
3a 0.44 1.51 x3.4 0.40 0.96 x2.4 0.72 2.56 x3.5
3b 0.26 0.81 x3.1 0.24 1.03 x4.3 0.38 2.15 5.7
3c 0.62 2.30 x3.7 0.44 1.67 x3.8 0.77 3.24 x4.2
da 90.32 1149.57 x12.7 22.99 253.70 x11.0 18.72 193.88 x10.4
4ab 3.19 22.80 x7.2 1.36 9.15 x6.7 1.23 5.85 x4.7
4c 309.61 5576.57 x18.0 29.22 369.08 x12.6 13.20 143.00 x10.8
5¢ 0.66 2.85 x4.3 0.48 1.68 x3.5 1.02 5.34 x5.2

aAll the calculations were performed by the FF method based on the HF/6-31G(d) optimized georhBiies.to Table 1° Frozen core
approximation was adopted“MP2/HF” represents the ratio of the MP2 result to the HF result.

PBxxxvalues in the 6-31G(d) and 3-21G results were considerably neutralization of the spacer unit was also observed with the
overestimated and enlarged explosively as the spacer sizespacer length. The charge separation increases the absolute
increases. The difference in tAgxx behavior among these basis values of the dipole momenty, and the polarization is related
sets is mainly related to the consideration of diffuse functions. to the spacer size dependency of fh&x andyxxxx values.

Next, the spacer size dependency of jhgxx values was Conformation Dependency of Hyperpolarizabilities in
considered (see Table 6b). In the 6433(d) results, therxxxx Zwitterionic o-Systems.We estimated the torsion angles
values monotonously increase with the increase of the spacerg; and ¢, dependency of the hyperpolarizabilities fba—c
size in both the HF and MP2 results. Similarly to thgxx and 5c to examine conformational effects on tifexx and

values, the MP2/HF value increases accompanying the increase/xxxx values. These calculations were conducted by the FF

of the spacer size. Thus, the electron correlation effects becomemethod at both the HF/6-31G(d) and MP2/6-31G(d) levels

a more important factor for estimating threxxx values of the on the basis of the HF/6-31G(d) optimized geometries (see

system with larger spacer unit. The spacer size dependency byFigure 2).

6-31G(d) and 3-21G is qualitatively similar to the 6-3&(d) First, to examine the effect of-orbitals in the acceptor unit,

results. The only exception was that the MP2/HF value does ¢1 dependency of hyperpolarizabilities fdrc and 5¢ were

not monotonously increase in the 3-21G results with the spacercompared in panels a fgtxxx and b foryxxxx Only ¢1 was

size. changed under the fixed geometry in the other parameters. It
There is no direct relationship between the hyperpolarizabili- was found that the hyperpolarizabilities fdc remarkably

ties and the charge distribution under no electric field. However, changed depending @n in the MP2 results. ThBxxxandyxxxx

the polarization of the system can be considered as one of thevalues have a maximum at; = 90°, and monotonously

efficient indices for predicting the NLO properties. Thus, to decrease with a deviation from the angle. At the angles 0

examine the relationship between the charge distribution andand 180, the Sxxx andyxxxx values become nearly zero. This

the spacer size dependency of fhex and yxxxx values, the means that the hyperpolarizabilities 1t were controlled by

Mulliken’s net charges and dipole momeny, were calculated  the “7—o” orbital overlap between the-orbitals of the-NTH=

for 1c (=1¢3), 1oy, andlcs, and also listed in Table 2 (HF/6- CH, and theo-orbitals of C-C bonds in the spacer unit. The

31+G(d)//HF/6-31G(d)). It was found that the charge separation arrows in the panels indicate the optimized for 1c. The

between the acceptor and donor units was slightly acceleratedhyperpolarizabilities ofL.c at the HF level have,; dependency

by the enlargement of the spacer length. Moreover, the similar to the MP2 results, though their absolute magnitudes
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TABLE 5: Calculation Level Convergency of the First-Order, fxxx Hyperpolarizabilities (in x 10° au), and Second-Order
Hyperpolarizabilities, yxxx (in x 10° au), for la—c and 5¢&

(a) fxxx at the 6-31#-G(d) Level
[Without Frozen Core Approximation]

(b) Yxxxxat the 6-3]:"6((1) Level
[Without Frozen Core Approximation]

6-31+G(d) 6-31+G(d)
moleculé HF MPZ MP2/HP HF MPZ MP2/HP®

la 4.35 38.36 x8.8 38.77 445.56 x11.5

1b 0.70 2.26 x3.2 1.35 6.88 x5.1

1c 3.84 32.84 x8.6 22.23 260.17 x11.7

5c 0.58 1.86 x3.2 1.02 5.33 x5.2

(c) pxxx Obtained with Larger Basis Sets
6-31+G(d,p) 6-3H-+G(d) 6-31+G(d,p)
moleculé HF MpPZX MP2/HP HF MP2 MP2/HP HF MP2 MP2/HP
la 4.37 39.32 x9.0 4.27 37.51 x8.8 4.29 38.43 x9.0
1b 0.70 2.25 x3.2 0.70 2.23 x3.2 0.69 2.23 x3.2
1c 3.80 32.67 x8.6 3.61 30.53 x8.5 3.57 30.39 x8.5
5c 0.58 1.85 x3.2 0.55 1.75 x3.2 0.55 1.75 x3.2
(d) yxxxx Obtained with Larger Basis Sets
6-31+G(d,p) 6-3H-+G(d) 6-3H+G(d,p)
moleculé HF Mp2 MP2/HF HF MpX MP2/HP HF MpX MP2/HP

la 39.11 458.39 x11.7 37.76 433.77 x11.5 38.06 446.15 x11.7
1b 1.34 8.30 x6.2 1.33 7.97 x6.0 1.32 8.22 x6.2
1c 21.95 258.20 x11.8 20.51 237.76 x11.6 20.24 236.37 x11.7
5c 1.01 5.02 x5.0 0.94 4.74 x5.0 0.94 4.57 x4.9

a All the calculations were performed by the FF method based on the HF/6-31G(d) optimized geornBReies.to Table 1¢ All the orbitals
were considered in the MP2 calculatiof$:rozen core approximation was adopted@he ratio of the MP2 result to the HF result.

TABLE 6: Spacer Size Dependency of the First-Orderfxxx (in x10° au), and Second-Order Hyperpolarizabilities, yxxxx (in
x10P au), for 1c (=1c3), 1¢y, and 1g?

() Bxxx
3-21G 6-31G(d) 6-31G(d)
moleculé HF MPZ MP2/HF HF MPZ MP2/HF HF MPZ MP2/HF
1lc(=1c) 38.11 576.61 x15.1 5.92 58.87 x9.9 3.84 32.82 x8.5
1c 213.64 7069.65 x33.1 5.85 86.14 x14.7 3.03 33.93 x11.2
16 1582.33 47544.49 x30.1 7.63 231.36 x30.3 2.42 39.54 x16.3
(b) VXXXX
3-21G 6-31G(d) 6-31G(d)
moleculé HF MPZ MP2/HF HF MPZ MP2/HF HF MPZ MP2/HF
1lc(=1lc) 358.25 6759.80 x18.9 37.21 489.67 x13.2 22.23 259.97 x11.7
1 4501.19 162957.24 x36.2 68.82 1339.67 x19.5 28.99 469.11 x16.2
16 31634.07 583741.93 x18.5 155.32 5761.33 x37.1 34.19 840.57 x24.6

aAll the calculations were performed by the FF method based on the HF/6-31G(d) optimized geornBefes.to Table 1°Frozen core
approximation was adopte@iThe ratio of the MP2 result to the HF result.

are considerably small. In contrast, mo8elexhibits small and
nearly constant hyperpolarizabilities regardlesgofThus, the
o—o interactions betweer-NTH,CHs and the spacer unit in
5c are negligibly small and do not contribute to the hyperpo- fxxx and yxxxx values were produced not only by the-o
larizabilities. From the comparison betwetnand5c, it was
concluded that the—o interactions inlc effectively produce

for 1a. The HF results ofia show small hyperpolarizabilities

depending on the conformation. By considering the results of

the ¢1 dependency irlc and theg¢, dependency irla, large

interactions at the acceptor side but also by dker and (or)
o—n interactions at the donor side. Converselyl& model

1b shows small and constant hyperpolarizabilities regardless
of ¢ at both levels of HF and MP2. This means thabrbitals

of —CO,~ in 1b cannot make efficient—o interactions to the
C—C g-orbitals of the spacer unit. The geometryldf in which

the donor and spacer units keep nearly a coplanar structure, also

the large hyperpolarizabilitiegixxx and yxxxx at the suitable
conformation neawp; = 90° when considering the electron
correlation effects.

Next, theg, dependency in the hyperpolarizabilities k&b
are shown in panels ¢ fg#xxx and d foryxxxx to know the
contributions of donors-C~(CN), and —CO,~ to the hyper- supports the weak—ao interactions (see Table 1).
polarizabilities. In panels ¢ and d, ondy was changed under To examine the validity of our calculations using the FF
the fixed geometry in the other parameters. The hyperpolariz- method, the TDHF method withh = 0 was applied to the
abilities of 1a at the MP2 level show the strog dependency. estimations ofsxxx values forlc and5c at the HF/6-3%G(d)

The values have a maximumgyt = 90° and disappear at, = level on the basis of the HF/6-31G(d) geometries. The FF and
0 and 180. The arrows in these panels depict the optimiged  TDHF results were compared in Figure 2e. It was found that
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Figure 2. Torsion angle dependency on the hyperpolarizabilities in zwitteriersgstems by the FF method: (B)xx for 1cand5c, (b) yxxxxfor
1cand5c, (c) Bxxx for laand1b, and (d)yxxxx for 1a and 1b. The FF calculations were performed at the levels of HF/&G(d) and MP2/6-
31+G(d) based on the HF/6-31G(d) optimized geometries. The arrows represent the optimized angle. Panel e ghawothparison between
the FF and TDHF methods ibc and5c¢ at the HF/6-3%G(d)//HF/6-31G(d) level. All of the geometrical parameters except for the torsion angle
were fixed in each panel.

the fxxx values by the FF method well reproduced those by the calculated by the TS/TB analysis to cut theonjugations of
TDHF method for both models. Therefore, it was confirmed the spacer unit iric.

that thefxxx values of the zwitterionier-systems by the FF In the deleted-type state, we deleted the orbital interactions

method were reasonable within the framework of the HF between thal-type functions at the £-C,4 position as shown

method. in the structure at the bottom of Table 7. That is, the orbital
Through-Space/-Bond Interaction Analysis ofg-Conjuga- interactions corresponding to all the combinations between

tion Effects on Hyperpolarizabilities. The TS/TB analysiswas  d-functions belong to € and those belonging to sCwere
applied to modellc to examine the relationship between the eliminated by the TS/TB method, where titéunctions involve
o-conjugations and hyperpolarizabilities in the zwitterionic dxx, dyy, dzz dxy, dxz, anddyz functions. In the delete-type
o-systems. The analysis was performed at the level of the state, thefxxx and yxxxx values decreased at both the HF and
6-31+G(d) on the basis of the HF/6-31G(d) geometries. Table MP2 levels. However, the MP2/HF term for tfigxx value did

7 shows the hyperpolarizabilitiegixxx yxxxx and dipole not change compared with that in the full interaction, and the
momentux of 1c in “full interaction”, “delete d-type”, and MP2/HF term for theyxxxx value slightly increased. The
“delete diffuse” states. The system has all the orbital interactions absolute magnitude of the value was slightly reduced by the
in the full interaction state, corresponding to the conventional deletion. These results imply that td€unctions of the spacer
calculation. The delete-type and delete diffuse states were unit make small contributions to theconjugation, leading to
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TABLE 7: Through-Space/-Bond Interaction Analysis of Bxxx (in x10® au), yxxxx (in x10° au), and Dipole Momentuy (in au)
for 1c at the 6-314+-G(d) Level?

Bxxx YXXXX MX

state HF MP2 MP2/HF HF MP2 MP2/HF HF
full interactior? 3.84 32.82 x8.5 22.23 259.97 x11.7 —14.59
Deleted-type® 2.69 22.96 x8.5 15.90 192.96 x12.1 —14.25
Delete diffusé —1.01 5.03 x (—5.0) 2.13 —6.58 x (—3.1) —0.23

a All the analyses were performed on the basis of the HF/6-31G(d) optimized geome8ietem includes all the intramolecular interactions
with no deletion® The interactions betweettype functions at the £and G were deleted (see the structure beloWjhe interactions between
diffuse functions at the £and G were deleted (see the structure beloWjrozen core approximation was adopte@he ratio of the MP2 result
to the HF result.

Cut of o-conjugation

the small changes in both the charge distributions and hyper-that the o-conjugations on the spacer unit cause the large
polarizabilities. electron correlation effects on the hyperpolarizabilities.

In the delete diffuse state, the interactions between the diffuse
functions at the g-C, position were deleted. In this case, we ~ Acknowledgment. This work was supported by the Precur-
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