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ABSTRACT: First hyperpolarizabilities (�) of triazine derivatives were studied by the ab initio method (HF/6–31G).
The � values of these molecules increase with a stronger donor and as the conjugation length increases, probably
because the electronic charge becomes more delocalized and the HOMO–LUMO energy gap (�E) and the bond
length alternation (BLA) decrease with variation of the chromophore structure. Also, the susceptibility of � to the
donor strength is found to be larger for a more elongated substrate. Noteworthy is the excellent linear relationship
between � and BLA and also the gas-phase substituent constants (�þ

gas ). This result may serve as a useful guideline
for the design of two-dimensional octupoles with large first hyperpolarizabilities. Copyright # 2004 John Wiley &
Sons, Ltd.
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INTRODUCTION

There is much interest in non-linear optical (NLO)
materials owing to their potential application in various
photonic technologies.1 To develop useful NLO materi-
als, it is important to synthesize efficient NLO molecules
with large first hyperpolarizabilities and assemble them
non-cetrosymmetrically in the solid state to achieve
significant second harmonic generation. The most exten-
sively investigated NLO molecules are donor–acceptor
substituted dipolar compounds. One of the most impor-
tant achievements in this area is the development of opto-
electronic devices with large electro-optic coefficients.1b

Recently, octupolar molecules with threefold symmetry
have received much attention as alternative NLO mole-
cules.2–5 Advantages of such molecules over more con-
ventional dipolar molecules include the following: (i) the
second harmonic responses of octupolar molecules do not
depend the polarization of the incident light because they
are more isotropic than the dipolar NLO molecules;2d (ii)
the coupling of excited states can lead to enhanced non-
linearity at virtually no cost of transparency;2f and (iii)
owing to the lack of ground-state dipole moment, two-
dimensional octupoles may favor the formation of
non-centrosymmetriccrystals, which is important for

practical applications.3 Various derivatives of subph-
thaocyanine, 1,3,5-trinitro-2,4,6-tristyrylbenzene, 1,3,
5-tricyano-2,4,6-tristyrylbenzene, 1,3,5-tricyano-2,4,6-
triethynylbenzene, triphenylamine and truxenone have
been synthesized and structure–property relationship stu-
dies have been reported.2–5

In this work, we studied the first hyperpolarizabilities of
triazine derivatives 1–3 by the ab initio method. The
results show that 1–3 exhibit significant first hyperpolar-
izabilities and that their � values show a linear relationship
with both bond length alternation (BLA) and gas-phase
substituent constants (�þgas). In this series, the acceptor is
the central triazine and the donors are the para-substituted
phenyl group (Ph—R) at the periphery, which are con-
nected by conjugation bridges. The conjugation length
varied from n¼ 0 to 2, where n is the number of C——C
bonds between the triazine and Ph—R.

RESULTS AND DISCUSSION

Structures of 1–3

The structures of 1–3 were fully optimized at the Hartree-
Fock level using the 6–31G basis set in the g98 program.6

The bond length, dihedral angle and charge density of
1–3 are summarized in Table 1. For all derivatives, the
dihedral angles between the central triazine moiety and
the peripheral phenyl groups are <7.3� indicating that 1–
3 are nearly planar. The length of the single bond (r1, r3,
r5) decreases and that of double bond (r2, r4) increases
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monotonically with a stronger donor and as the number of
conjugated double bond increases (Table 1). Conse-
quently, the BLA, calculated by subtracting the average
double bond length from that of single bond, i.e.
(r1þ r3)/2� r2 for 2 and (r1þ r3þ r5)/3� (r2þ r4)/2
for 3, decreases in the same order (Table 2).

Table 1 gives the Mulliken charge densities of 1–3. In
1a, the negative charge is delocalized on the nitrogen
atoms of the triazine (z1) and phenyl (ZPh) groups,
whereas the positive charge is on the carbon atoms of
triazine (z2) and para-H (ZR). When the donor is changed
to a stronger one, z1 decreases and z2 increases gradually.
The sum of 3(z1þ z2) is the total charge density at the
triazine (Ztriazine), which decreases in the same order,
indicating a gradual increase in the electron density at
triazine as the donor is changed to a stronger one. On the
other hand, the positive charge at Ph—R is delocalized
between Ph and R. When R is changed from H (1a) to Me
(1b), ZPh increases, i.e. the charge density at Ph de-
creases, and ZR decreases, i.e. that on the donor increases,
probably because the carbon atom in Me is more electro-
negative than H. A further change to 1c–f slightly
increases ZPh and decreases ZR. Note that ZR of 1c and
d is more negative than that of 1e and f, i.e. the more
electronegative the atom is, the higher the charge density
at R becomes. However, the total charge density at Ph—
R decreases with a stronger donor, indicating a gradual
increase in the electronic shift from Ph—R to triazine
(see above).

When the conjugation length is increased from n¼ 0
(1) to n¼ 1 (2), both Ztriazine and ZPh—R decrease without
affecting ZR, and the electronic charge on the spacer
(Zspacer) has a large positive value. This indicates that the
charge density is shifted primarily from the spacer to
triazine and Ph, triazine and Ph have more negative
charge and the electron is more delocalized. A further
increase in the conjugation length to n¼ 2 (3) increases
Zspacer slightly without affecting Ztriazine, and shifts a
small amount of negative charge to Ph—R. Since the
number of carbons in the spacer increases from 2 to 3, the
average charge density on each carbon atom in the spacer
is much smaller in 3 than 2. This indicates a greater

electron delocalization in 3. Similarly, when the donor is
changed to a stronger one, Zspacer decreases and ZPh—R

increases, as observed in 1. Here again, a stronger donor
induces a greater charge delocalization. These results
reveal that the electronic charge is more delocalized as
the donor strength and the conjugation length increase.

Finally, the HOMO–LUMO energy gap (�E) and the
BLA, defined by the difference between the single and
double bond lengths, decrease with variation of the
chromophore structure (Table 2). Therefore, it may be
concluded that the more delocalized the electronic charge
is, the smaller �E and BLA become in this series of
compounds.

First hyperpolarizability

The first hyperpolarizabilities of the triazine derivatives
were calculated using the following relationships:7

k�jj ¼ ½k�J¼1k2 þ k�J¼3k2�1=2

k�J¼1k2 ¼ 3=5½ð�XXX þ �XYYÞ2 þ ð�YYY þ �YXXÞ2�
k�J¼3k2 ¼ 2=5ð�2

XXX þ �2
YYY þ 6�YXX þ 6�2

XYY

� 3�YXX�YYY � 3�XYY�XXXÞ

The tensor components of the static first hyperpolariz-
abilities were calculated analytically by using the
coupled perturbed Hartree–Fock (CPHF) method.8 The
calculated k�k values of the triazine derivatives are
summarized in Table 2 along with the Hammett substi-
tuent constants ð�þÞ:9

The first hyperpolarizability of a D3 symmetric mole-
cule can be expressed by a three-level model:

�YYY ¼ 1

h- 2
� �2

01�12

!2
01

� !4
01

ð!2
01 � 4!2Þð!2

01 � !2Þ ð1Þ

where �01 is the transition moment between the ground
and degenerate first excited charge-transfer (CT) state,
�12 is the transition moment connecting these degenerate
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excited states, !01 is the CT energy and ! is the energy of
the incident laser light.2a

Table 2 shows that the first hyperpolarizability values
of 1–3 are in the range (14–143)� 10�30 esu. The �
values of 1–3 increase with a stronger donor and in-
creased conjugation length. Figure 1 shows that the plots
of � of 1–3 against 1/�E2 are linear, as predicted by
Eqn (1). The excellent linearity in these plots indicates
that �01, �12 and the resonance correction term in Eqn (1)
are more or less the same in this series of compounds. In
addition, the slope of the plot increases with the conjuga-
tion length, apparently because of the smaller �E for
more extended molecule (Table 2). Similar straight lines
are also obtained when the � values of 2 and 3 are plotted
against BLA (Fig. 2). It is well established that the �
value of a dipolar molecule increases until it reaches a
maximum value and then decreases as the BLA decreases
from a large positive value towards a negative value.10 On
the other hand, the � values of octupolar molecules have
been shown to increase gradually with change in the
BLA.4a Hence the linear relationship between � and BLA
observed for triazine derivatives is not without precedent.
Moreover, the slope of this plot is much steeper when
n¼ 2 than when n¼ 1, owing to the smaller differences
between the BLA of 3a–f than of 2a–f (Table 2). This
result underlines the importance of increasing the con-
jugation length to design two-dimensional octupoles with
large � values in this series of compounds.

Recently, we reported4b that the � values of crystal
violet derivatives could be correlated with the Hammett
equation by using the Brown–Okamoto constants (�þ).9a

Similarly, excellent linearity is observed in the plots of �
against gas-phase substituent constants (�þgas) for 1–3
(Fig. 3). Interestingly, the �þgas values show a better
correlation with the � values than the Brown–Okamoto
constants in the Hammett plots (plots not shown). As
stated above, the first hyperpolarizability of the
two-dimensional octupole is inversely proportional to
the CT energy [Eqn (1)].2a It is also found that the CT

Table 2. Hammett �þ, ||�||, HOMO–LUMO energy gap (�E) and BLA of triazine derivatives

1 (n¼ 0) 2 (n¼ 1) 3 (n¼ 2)

R �þa
gas ||�||b �Ec ||�||b BLAd �Ec ||�||b BLAd �Ec

a H 0.00 14.3 0.39042 33.0 0.13189 0.35607 59.3 0.12534 0.33210
b CH3 0.33 21.3 0.38404 43.6 0.13040 0.35193 74.1 0.12434 0.32869
c OH �0.55 25.9 0.37889 50.1 0.12922 0.34836 82.4 0.12388 0.32618
d OCH3 �0.80 29.6 0.38192 56.1 0.12877 0.35034 91.0 0.12354 0.32769
e NH2 �1.19 41.1 0.36653 75.6 0.12538 0.33739 120 0.12127 0.31653
f N(CH3)2 �1.73 53.6 0.35779 93.3 0.12508 0.33091 143 0.12099 0.31186

a Substituent constants in gas phase.9b

b 10�30 esu.
c �E¼ELumo�EHomo (a.u.).
d (r1þ r3)=2� r2 for 2, (r1þ r3þ r5)=3� (r2þ r4)=2 for 3.

Figure 1. Plots of � against 1/�E2: (�) 1; (*) 2; (!) 3 Figure 2. Plots of � against BLA: (�) 2; (*) 3

Figure 3. Plots of � against gas-phase substituent
constants (�þgas) (�) 1; (*) 2; (!) 3
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energy decreases gradually with a stronger donor (Table
2). Since the �þgas values are a measure of the electron-
donating ability of the aryl substituent, the linear relation-
ship between � and �þgas is not unexpected. Moreover, the
slope of the plot increases with the conjugation length
(1< 2< 3), as observed in Figs 1 and 2, i.e. the longer the
conjugation length, the more pronounced the substituent
effect becomes.

As stated above, BLA has been extensively employed
to explain the structure–NLO property relationship, be-
cause it is a qualitative measure of the extent of charge
transfer. Also, BLA can be quantitatively determined by
x-ray crystallography or calculated by using the ab initio
method. However, both methods require significant ef-
fort. On the other hand, �þgas values are readily available
in the literature and familiar to most chemists.9b The
results presented in this paper provide additional evi-
dence that �þgas values can be used in place of BLA to
explain the structure–NLO property relationship.

CONCLUSION

We have studied the first hyperpolarizability of the triazine
derivatives by the ab initio method. All of the derivatives
are planar and show significant � values. The first hyper-
polarizabilities of these molecules increase with a stronger
donor and increased conjugation length. The susceptibility
of � to the donor strength is larger for a more elongated
substrate. Noteworthy is the excellent linear relationship
between � and BLA and also �þgas. This result may serve
as a useful guideline for the design of two-dimensional
octupoles with large first hyperpolarizability.
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Chem. Soc., Perkin Trans 2 2001; 964–974; (h) Lambert C, Nöll
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