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Abstract. The molecular second-order hyperpolarizabilities  Generally,8 increases when strong donor and acceptor
B of several series of substituted aromatic compounds hawgroups are attached andconjugation is elongated [3, 4]. But
been calculated using the CNPS-Cl method and pertur- very strong donor or acceptor groups and large-conjugated
bation theory. A systematical study was carried out and weystem usually cause redshift of the first electronic absorption
found that there was a close relationship between the molecpeak [5] and therefore the transparency of the NLO materi-
lar structure ang8. The 8 value usually increases with the als will decrease, which is unexpected in application fields.
strength of the substituents except for fluoro group. Chlorddowever, it seemed that the small conjugated system is more
is amphiprotic in contributing to molecular nonlinearity. Of suitable for the useful NLO materials, especially for the trans-
the donor group®r, CHz, OCH; and Cl are the best can- parency. In the present work, we have chosen several kinds
didates according td5, which is defined as the criterion of compounds with fairly small conjugated molecular system
of choosing the groups in molecular designing for secondand studied the effects of different substituents on the conju-
order nonlinear optical materials. The donor-acceptor paragatedr-electron system.

disubstitution is the most effective comparing to the meta- or

ortho-disubstitutions, and the contribution of the extending offhe molecular structures of the compounds discussed in this
conjugated system t@ is dominant whereas that of the sub- manuscript

stitutions takes second place.
O O Orom O
PACS: 42.50; 42.70 =

benzene benzaldehyde benzoic acid nitrobenzene

The current interest in finding organic nonlinear optical
(NLO) materials is a result of the promising potential applica- .
tions in optical information processing, telecommunications,1 Calculation method
and integrated optics [1], as well as the much larger non- . o o )

linear response, extremely fast switching time, and highetn the dipolar approximation, the polarization induced in
laser damage threshold compared to the currently studiedimolecule by an external field can be written as

inorganic materials. To have useful second-order nonlin-

ear optical properties, the compound must possess a large=aE+ BEE+yEEE+- -, (1)
second-order molecular nonlinearity and also be crystallized
in a noncentrosymmetric structure to have a nonz&o where the vector quantitieB and E are related by the ten-

Since optical nonlinear response of organic materials isor quantitiesy, 8, andy, which are often referred to as the
related to both the magnitude of the molecular hyperpolarizinear, second, third hyperpolarizabilities, respectively. In this
ability and the alignment of the molecules in the medium [2],formalism the even-order tensgris zero in centrosymmet-
the magnitude of the molecular second-order hyperpolarizic media, so a lack of a center of inversion in the organic
ability B8 should first be enhanced in order to increase thenolecule is required for nonvanishing gf
macroscopic nonlinearities of NLO materials. That is to say, An induced molecule in an electric field can be consid-
the molecular hyperpolarizabilif§ plays an important role in  ered as perturbation, the perturbing operatofis= —erE,
the NLO properties and a systematical studygoshould be  wherer is a general coordinate of the molecule. According
carried out. to perturbation theory and Born—Oppenheimer approximation
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the second-order hyperpolarizability tensor can be expressaable 1. The calculated values of benzene derivatives 10-*%esy)
as [6,7]

Acceptor ~ CHO COOH COCH; CN NO,
_e o o
,Bijk +,3ijk _ W Z Z Z (rénr:vnrlg(n +r|5n/r:1/nrén) B 6.34 4.78 5.55 8.67 10.72
N#£Q NN N'#£g
1 1 .
X < + > strength of the acceptor groups. For example, the nitroben-
(@ng — @) (gt @) (&ng+®)(@Wng— ) zene CsHsNO,) has the largesg whereas that of benzoic
n (ri ok ik ) 1 acid (C_7H602) is fairly gmall. Perhaps this is the result of the
gn''n’'nign T Tgn'in'ngn (@ng+ 2w) (wng+ ) accepting-electron abilities of the acceptors.
1 ) ' o Table 2 lists thed values of some disubstituted aromatic
> + (réwrﬁ,nrén + rgn,rl’mréo compounds, including benzaldehyd# KsO), benzoic acid,
(wng — 2w)(wng — @) nitrobenzene, and their para-substituted derivatives. In these
1 1 donor—acceptor systems the nittdQ,), carboxy COOH),
(wng— ) (wng — 20) + (0ng+ ®) (wng + 20) and aldehyde@HO) groups act as acceptor radit_:gls and vari-
K Al (2 2 ous donor groups are attached on the para-position so that the
+4Z [rgnrgnNn (“)ng_""‘) ) contributions of different donors to the hyperpolarizabilities
N o B are comparable. From the results we can see that when the
Hr i (r&aAr i ArK) (0f 4 20%)] conjugation system is para-substituted by F grgupill de-
1 crease, which reveals that F group is not a good donor and
x . (2) can reduce the intromolecular charge transfer, as well as the
(@3 g@?) (Wi — 4w?) molecular nonlinearity. Her€l is an amphiprotic group, its

o _ _ contribution tog is different when the para-position of the
Herei, j, k are the components of cartesian coordinags, molecular conjugation system is attached to a different accep-
is the component of the second-order hyperpolarizability tentor group. When the substituted acceptor is very strongGthe

sor in the direction ofifk), ri,,, r} . represent the electron group acts as a strong donor and can improve the hyperpolar-

transition matrix element: izability obviously. But when the acceptor is relatively weak
_ _ _ _ (for example carboxy group), the improvementfofs very
Fgn=(@lr' N}, =(nir'|n’). (3)  small. Theg values of the other compounds are improved

greatly with the increasing of the electron-donating ability of
|g) is the ground state wavefunction while), |n’) are the their donors, of which th&r group is the best one.
wavefunctions of two different excited molecular states;, In order to understand the origin of the largevalues
wyg are the molecular transition frequencies from the exciteaf the Br-substituted compounds, the charge distribution of
to the ground state andis the external field frequency. The p-bromonitrobenzene was calculated. Figure 1 shows the mo-
change of the dipole moment between excited and grouni@cular structure and the net charge distribution in the ground
state iseAry, Ary =ry, —rg,. and the first excited states. The charge onBhgroup in the

We calculated the second-order hyperpolarizabilities ofirst excited state is much more than that in the ground state,

the chosen compounds with the CNP®CI quantum chem- which indicates thaBr is a strong electron donor. On the
istry program [8], in which we used the perturbation theoryother hand, théNO, group is a strong electron acceptor and
and (2) to calculate thg values. In terms of the calculated so the intromolecular charge transfer is frol@®, to Br group
results, we have changed the tensor to vector so that the caladong theNg — Br direction. It is this charge asymmetry
lated values are comparable with experimental results. Thuhat gives rise to a large second-order hyperpolarizability. Be-
the tensorBij is changed to vectoByec as follows, and the sides the good electronic property the p-bromonitrobenzene
semi-empirical parameters of related atoms are given in [9].has fairly good planar molecular structure, which supplies an

excellent electron tunnel and the molecular electron transfer

Bvec = (,3)2(+ﬂ§+ﬂ§)1/2, is more improved. That is, the large molecular nonlinearity
1 ) of the Br-substituted compounds is the result of the strong

Bi=3 > Bkt Buik+ i) . T k=X.y.Z. (4)  molecular charge transfer.
k A useful NLO material needs not only strong nonlinearity

but also good transparency [5, 10], so the cut-off wavelength
should be considered carefully when we design an effective

2 Results and discussion

2.1 Substitution dependencef O

Cy=Cs 0-596 /%0103 “0-589 /O 014
i ; ; Ng—Cs \Cs——Bru \ Qe ,\ — \__fam \ S
In order to investigate the effect of different acceptor group: /= N\ 7/ N\ 7T N\ T
on second-order hyperpolarizability we calculated five ben®®  “~© TR vwones e oomoon
zene CgHs) derivatives substituted with different acceptors, 0 ® ®

and the results are listed in Table 1. The Ca|Clj||ated I'€rig. 1. The molecular structure of p-bromonitrobenzene (1), and the charge
sults reveal that the enhancementfincreases with the distribution of the ground (2) and the first excited state (3)
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Table 2. 8 values of the para-disubstituted
molecules D€6H4-A* (X10—3OeSL) * A= H F Cl Br OH NH2 CH3 OCH3 NHCH3 NHCOCH;

acceptor, D-donor

CHO 6.34  4.24 7.88 2124 7.74 1003 824 10.06 13.94 11.77

COOH 478  3.26 416 17.02 804 958 7.40 907  9.33 15.48

NO, 10.72 873 1576 27.02 12.82 18.01 1432 16.16 19.89 21.66
Table 3. 1 values of different donor groups (unit: nm) so there is no charge transfer along this directigy, and

wy are much larger than the components alongthgis and

Br CHs Cl OCHg OH NHCOCH NHz NR; their directions are the same as the charge transfer direction
(NO; — CHj3). The calculated results reveal that nearly all
the contributions tg and . are from theiry components, if

we neglectByx then the second-order hyperpolarizability

of p-methylnitrobenzene can be considered one dimensional
to a good approximation along thyeaxis. That is to say, in-
NLO material. To solve this problem we define: tromolecular charge transfer is indeed the origin of molecular
second-order nonlinearity and they have the same direction.

(D) 15 10 10 25 25 45 58 85
Amo) 2 3 0 7 7 20 13 20

S=AB/A=(Bs—Bu)/*, (5)
. S 2.2 Substituent location effect
here 85 is the second-order hyperpolarizability of a substi-

tuted molecule, angdy, is that of a unsubstituted molecule, so For disubstituted aromatic compounds, the molecular second-
Ap is the substituent contribution to the molecular seconderder hyperpolariability must be different because of the dif-
order hyperpolarizabilityp. (unit: nm) is the redshift wave- ferent substituted location of the radicals. We calculgted
length caused by the studied group attached on the benzeti® benzaldehyde, benzoic acid, and nitrobenzene derivatives
ring. SoSincludes the substituent contribution to the molecu-and studied the substituted location dependencg when
lar nonlinearity and the substituent effect on the transparenayie donors of these molecules was attached on para-, meta-,
of the material. Table 3 lists the values of different donors and ortho-position, respectively. Table 4 gives ghealues of
and p, m, o refer to para-, meta- and ortho- substituted poshese derivatives.
ition, respectively. Of the donors in Table 4, F an@l groups are differ-

We can give an order of the donors above accordingnt from the othersg of ortho-substituted molecules by F
to their Svalues approximatelyBr > CHz > Cl > OCHs &~ s the largest whereas the para-substituted ones is the small-
NHCOCH; > NH; ~ NHCH;z > OH. Considering nonlinear est. The changes ¢f of the Cl-substituted molecules are
properties and cut-off wavelengtBy, Cl, CHs, andOCHs  more complicated. When the acceptor is fairly strong (for ex-
groups are the best candidates for useful NLO materials. ThugnpleNO, or CHO), 8(p) is larger than the others adm)
S may act as the standard of choosing groups in designing relatively weak. But when the acceptor is weak (for ex-
suitable nonlinear molecules. ample COOH). (o) is the biggest ang(m) is very small.

Since the intromolecular electron transfer usually occurgrom the other results in Table 4, one can immediately note
from a donor to an acceptor the molecular second-order hythat 8 values of all para-disubstituted molecules are biggest,
perpolarizabilitys should be anisotropy [11]. The following then the meta-disubstituted benzenes, and finally the ortho-
are the calculated results of p-methylnitrobenzene and Fig. @isubstituted ones. In other words, we can draw a conclusion

shows its molecular structure and coordinate system. from these data that the para-disubstituted molecules with
various donor—acceptor combinations usually have strongest

Mx My Mz M molecular nonlinearities except for F aBtigroups. F ancl

0.24 674 0 674(D) groups have their own characteristics.

,Bxxx ,Byyy ,Bzzz ,3

0.75 1430 0 1432(x 10_30650 Table 4. Calculatedg values of the chosen aromatic molecules(¢—%esy)

o F cl Br  OH NH, CHg OC
The molecule lies in thexfy) plane and we chose the acceptor § § o

(NOg)-donor CHg) axis asy axis, the noncoplanar hydrogen
atoms of methyl group are neglectgd,,andu, are zero be-

Benzaldehyde derivatives

I : 424 788 2124 7.74 1003 824 10.06
cause the axis is perpendicular to the molecular plane ancﬁ1 620 369 992 847 78 753 932
0 7.02 389 797 681 448 528 858
Benzoic acid derivatives
X p 326 216 1702 804 958 740 9.07
m 533 044 783 773 710 6.44 821
0 6.26 601 912 405 369 447 740
Nitrobenzene derivatives
O,N CHs
p 8.26 1576 27.02 12.82 1801 1432 16.16
>y m 871 585 1228 1151 1277 11.34 1255

11.08 6.10 1203 886 983 1055 9.85

. . . 0
Fig. 2. Molecular structure and coordinate system of p-methylnitrobenzene
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Table5. B values of the multisubstituted benzaldehyde moleculesTable7. g values of the unsaturated carbonyl compoungdq 3Cesy)

(x10-3%esy p-Ri—CeHs—(CH=CH),—~CO-CgHs—Rx-p

Substituted locations 3,4 2,4 2,34 2,345 2,3,4,5,6 Series R1 R2 n=0 n=1 n=2 n=3 n=4

OH 6.88 8.27 5.77 6.11 5.80 1 H H 8.59 19.66 31.81 50.70 84.04

CHj3 9.38 6.98 9.02 10.49 11.25 2 OCH;z H 25.66 49.89 97.93 159.45 250.45

OCH;z 1259 8.62 42.03 34.99 55.36 3 NH, NO, 39.98 78.24 128.66 190.04 279.66
4 OCH; NOy 58.53 101.62 152.98 234.70 345.39

2.3 Multisubstitution effect

conjugation system and the second-order hyperpolarizability
Here the multisubstituted molecules refer to the benzaldehydg we have calculated the ( values of some unsaturated car-
molecules with two or more donors. To understand the contribonyl compounds and the results are listed in Table 7.
butions of multisubstitutions to the molecular nonlinearitywe  The carbonyl group in the molecule acts as an acceptor
calculated the benzaldehyde derivatives substituted with twand the whole conjugated system was disturbed, which can
or moreOH, CHz or OCHs donors. Table 5 gives the calcu- produce a large hypsochromic shift of cut-off wavelength of
lated results. transmission. Of these kinds of compounds some excellent

To our surprise, the results in Table5 show that théNLO matericals such as BMC (4-bromé+#ethoxy chal-

second-order polarizabilitie® have not yet been improved cone) were found [12, 13], and this is just the reason why we
obviously because of the multisubstitution of thel or CH;  investigate these kinds of compounds in the present work. We
groups. Some of thg values even decrease comparing to thastudied four series of unsaturated carbonyl compounds substi-
of the para-disubstituted molecules. So it is not effective tduted with different groups at their two benzene rings, and the
improve the molecular nonlinearity through the multisubsti-corresponding four teams of data can be fitted by least-square
tution of OH or CHs donors. On the contrar@)CHs multi-  method as following, respectively:
substituted compounds have fairly biggevalues, especially ) .
for the 2,3,4-trisubstituted and the 2,3,4,5,6-penta-substitutegeries  Equation

ones. It is effective to improve the molecular nonlinearity1 In B = 0.482n+ 2.495
through the multisubstitution ®CHs group. _

Table 6 lists thes values of the p-hydroxybenzaldehyde 2 Inf =057+ 3320
(C;Hg0,) derivatives. These molecules are the derivatives of Ing =0.47M+3.804
p-hydroxybenzaldehyde substituted with one or @id; or 4 Ing=0.438n+4.128

OCH; groups. As we have discussed previoushs; and
OCH; groups are effective in improving the second-order hy-From the results we can see tifaincreases rapidly with the
perpolarizability, but the results show that the/alues have extending of the molecular conjugated system and the rela-
not been enhanced obviously after p-hydroxybenzaldehyde &nships betweefi andn (the numbeC=C in the molecular
substituted byCHz or OCH; group, some of them even be- System) of these four series of compounds are very simi-
come smaller than that of p-hydroxybenzaldehyde. It seemédr. The molecules, except for series 1, are substituted with
that theg values of the molecules in Table 6 were determined®CHg, NO>, or NH; radicals at their benzene rings, these rad-
by OH donor, which is inactive in improving the molecular icals can improve thg values obviously when the number
nonlinearity. TheCHz, OCHz donors have few contributions is certain for every molecule. But the changegafaused by
to B when a hydroxy group exist in a molecule. these radicals are much weaker than that of the extending of
the molecular conjugation system, that is the increase, of
as can be easily noted from the data in Table 7. So it can be
2.4 Carbonyl location and conjugated system dependence concluded that the contribution of the extending of the con-
of B jugation system tg8 is dominant and that of the substitution
takes second place.
It is well known that the conjugated donor—acceptor-substi- The electron-accepting ability of the carbonyl group is
tuted molecules have generally large hyperpolarizabilities benuch weaker than that of nitro group, but the carbonyl group
cause the delocalizet-electrons give rise to charge transfer. lies in the molecular-conjugated system and so it can greatly
In order to ascertain the relationship between the moleculanfluence the charge transfer of the delocalizeélectron,

Table6. g values of the multisubstituted p-hydroxybenzaldehyde Table8. g values of the molecules piRCgHs— (CH=CH),—~CO-

(x1073%sy) (CH=CH)m—CsHa-Rz-p’ (x10-3Cesy
Substituted locations dEHz 2 3 2,3 3,5 2,6 R1 R2 n=4 n=3 n=2 n=3 n=2 n=2 n=1
m=0 m=1 m=2 m=0 m=1 m=0 m=1
B 6.64 886 7.8 990 7.03
H H 84.04 37.87 30.21 50.70 23.24 31.81 14.51
Substituted locations ®CH; 2 3 23 3,5 2,6 OCHs H 25045 189.29 144.04 159.45 119.24 97.93 65.66

NH2 NO, 179.66 207.80 182.81 190.04 138.13 128.66 92.60
B 698 620 776 658 9.52 OCHs NO, 345.39 288.04 225.53 234.70 193.46 152.98 117.37
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and therefore the molecular nonlinearity, as can be proved b§Hs;, OCHz, andCl are the best candidates according to the
the calculateg values in Table 8. investigations above. Furthermore, the substituted location
For the same kind of substituted compounds theialues  dependence g8 of the disubstituted molecules is also obvi-
are different with the change of the carbonyl location. To sim-ous and the calculated results reveal that the donor—acceptor
plify the problem, we express the carbonyl location througtpara-disubstituted molecules are the most effective structure
differentn andm values. When the carbonyl is located onwhereas the ortho-disubstituted ones are weakest. For the mo-
the end of the conjugation system & 0), the molecular lecular nonlinearity of the multisubstituted compounds the
second-order hyperpolarizability shows the maximum valuemultisubstitutions ofOH and CH3 are not effective, but the
But with the moving of the carbonyl group to the middle trisubstitution and the pentasubstitution ©CH; can im-
of the conjugated molecule the value decreases until it is prove 8 values greatly. When a®H group attached on the
minimum while the carbonyl group lies in the middle of the benzene ring th€Hsz, OCH; donors will have few contribu-
molecule (h = n). With the moving of the carbonyl to the tions togs, and it seemed that ti@H donor can determine the
middle of the molecular system the distance of the chargmoleculars values.
transfer becomes shorter and shorter, which is the main rea- Besides the substitution effect the carbonyl location and
son that thes values decrease. The changeis about conjugated system dependencefoélso play an important
30-60x 10~*esu per C=C double bond distance moved. role in the second-order NLO materials. The corresponding
All of the results and discussions above show that the caecalculated results tell us thatincreases rapidly with the ex-
bonyl group has the greatest contributions to molecular nortending of the conjugated system and when the carbonyl is
linearity when it is located on the end of the molecule. Onlocated on the end of the conjugation system the molecule
the other hand, when the two benzene rings were attached aexhibits the largest second-order hyperpolarizability. The sys-
ceptors or donors the carbonyl group should be near to thematical investigations of the second-order hyperpolarizabil-
substituted acceptor. Such molecular structure can give risées in this paper are expected to be useful for designing
to fairly strong molecular nonlinearity, which is the basis ofeffective NLO crystal materials.
a useful NLO material.
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