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Density functional theory (DFT) is used to study the static electronic dipole moments, polarizabilities,
polarizability anisotropies, and first- and second-order hyperpolarizabilities of azoles. These properties are
obtained with a finite field approach implemented in the DFT program ALLCHEM. The calculations were of
all-electron type using a local exchange correlation functional. To investigate the dependence of polarizabilities
and first- and second-order hyperpolarizabilities on the geometries, all structures were optimized with
ALLCHEM and MSINDO. The influence of the substituted atoms on the properties is discussed. The vibrational
contributions to the above properties of the considered compounds have also been computed using SCF theory
and analytic property derivatives. Several methods (basis sets and approaches to determine the electron
correlation contribution) have been employed to confirm the adequacy of the method, which was used. The
electronic and vibrational properties are connected with various aspects of the electronic and vibrational structure
and they are rationalized by simple concepts (resonance structures) and properties (fragments, derivatives).
The present results are in satisfactory agreement with the available experimental data.

1. Introduction

Five-membered heterocycles have been a favored class of
compounds of chemistry research for many years. Their structure
and stability, their aromaticity, and their reactivity have been
comprehensively reviewed.1 Aromatic species include pyrrole,
furan, and thiophene. Further substitution in the ring generates
a variety of other heterocycles, among which the azoles represent
a most prominent group. It is interesting to see how the
properties change upon this specific substitution of CH frag-
ments by N atoms. Although much has been said about the
aromaticity of such compounds, much less is known about their
polarizability. In nonlinear optics2,3 hyperpolarizabilities are the
focus of attention because of their importance for new materials
and devices. Nonlinear optical processes inπ-electron organic
systems have attracted considerable interest because their
understanding has also led to new theoretical insight.2 In this
sense it is hoped that a systematic investigation of polarizabilities
and second hyperpolarizabilities of azoles furnishes new infor-
mation and better understanding of these properties.

The focus of this work is therefore not the development of
new methods, but a comparative study of the structure-
polarization relationship for azoles. In this respect papers by
Keshari et al.,4 El-Bakali Kassimi et al.,5-7 and Kamada et al.8

on heterocyclic structures are relevant. Keshari et al.4 present
ab initio time-dependent coupled perturbed Hartree-Fock-

Roothaan studies of basic heterocyclic structures, among them
pyrrole, furan, and thiophene. They report linear polarizability
R, first hyperpolarizabilityâ, and second hyperpolarizabilityγ
for these compounds. The structures were optimized at the SCF
level with a 4-31G* basis set. This basis set was considered
inadequate for the calculation of polarizabilities and hyper-
polarizabilities. They undertook a basis set study for a smaller
set of compounds including thiophene with basis sets ranging
from STO-3G to 4-31G plus field-induced polarization functions
(FIP). Their best results forR were with the 4-31G+ FIP set.
Their calculated value for thiophene was 8% too small. The
agreement of calculatedγ values with the experimental values
was rather poor because of the choice of an outdated experi-
mental value. In a series of papers on azoles El-Bakali Kassimi
et al.5-7 reported static dipole polarizabilitiesR with various
basis sets on the uncoupled and coupled Hartree-Fock level
and the MP2 level. In the first paper5 they do not list the
experimental values in the tables, but from the text it is apparent
that their best results are on the MP2 level with a double-ú plus
polarization basis set. Their best agreement with the experi-
mental values is clearly better than that by Keshari et al. Noâ
or γ values are reported. In a more recent paper Kamada et al.8

report static polarizabilitiesR and hyperpolarizabilitiesâ and
γ for furan and thiophene.R andâ values were calculated on
the Hartree-Fock level by the coupled perturbed Hartree-Fock
method, whereasγ values were determined on the Hartree-
Fock level by finite field methods. Correlation effects were* Corresponding authors.
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investigated at the MP2 and MP4 level and on the coupled
cluster (CC) level. Three basis sets on the 6-31G level plus
polarization functions and diffuse functions were used. There
is an emphasis on the basis set and level dependence. The
agreement with the experimental values is between about 2 and
11% for furan and between about 2 and 12% for thiophene.
The best agreement is on the CCSD(T) level. Forγ values the
best agreement is again on the CCSD(T) level. The best value
for furan differs by 1.3% from the experimental value, but for
thiophene the calculated CCSD(T)γ value is too low by about
23%.

In the following we present results onR, â, andγ values for
a more comprehensive set of compounds on a level of accuracy
which is as good or better than the best reported values. The
emphasis is not on trends in basis sets, rather trends in
compounds. We also add a portion on the significance of
vibrational contributions which is not contained in the above-
discussed papers.

2. Computational Method

In a series of previous papers9-11 we demonstrated the
suitability of the density functional theory (DFT) program
ALLCHEM12 for the calculation of polarizabilities and hyper-
polarizabilities of small- and medium-size molecules and
clusters. The computational details can be found there. In this
paper we repeat only the most essential features. ALLCHEM
is a DFT program which uses auxiliary functions13,14 and an
adaptive grid.15 The calculations were performed in the local
density approximation (LDA) using the exchange correlation
functionals proposed by Vosko, Wilk, and Nusair.16 To obtain
reliable values for the polarizabilities, a triple-ú plus valence
polarization (TZVP) basis set was used, which was augmented
with field-induced polarization (FIP) functions by Zeiss et al.17

We consider three examples, HF, H2O, and NH3, to demon-
strate that the basis set is of great importance. Thus, the results
of Calaminici et al.9 are compared with those of van Gisbergen
et al.18 and Sekino and Bartlett.19 These data are presented in
Table 1. We note that Gisbergen et al. employed a large STO
basis set, which has not been designed or optimized for
hyperpolarizability calculations. Thus, their hyperpolarizability
values may differ from those computed by Calaminici et al. or
Sekino and Bartlett. Both groups use basis sets designed for
polarizability calculations. Differences by a factor of 2 may
occur, although both Calaminici et al. and Gisbergen et al. use
the LDA method. Another paper by Aiga et al.20 does not
contain any data and can therefore not be included in the
comparison.

The structures of all studied compounds were fully optimized.
The electronic properties were calculated for the optimized
structures. Polarizabilities and hyperpolarizabilities were cal-
culated via the finite field method by Kurtz et al.,21 which was
implemented in the ALLCHEM program. We have also
computed analytically22 the polarizability and first hyperpolar-
izability of furan, isoxazole, thiazole, pyrazole, and imidazole,
to check the accuracy of our finite field procedure. The largest
discrepancy between the numerically and analytically computed

polarizabilities and first hyperpolarizabilities (their absolute
value has been considered) is 0.42% and 0.82%, respectively.
So for the polarizability and the first hyperpolarizability, our
numerical technique is associated with no significant loss of
accuracy in comparison to the analytical approach.22 For the
second hyperpolarizability, we may have a bit larger discrepancy
from the results produced by an analytical method. However,
we expect that this discrepancy will not be large enough to affect
the findings of our comparative study.

To test the suitability of semiempirically optimized molecular
structures for the calculation of molecular polarizabilities with
DFT methods, we have also optimized the studied azoles with
the new semiempirical program MSINDO,23-25 which is based
on an improved modification of the SINDO1 program.26

3. Electronic Contributions for Azoles

3.1. Structures and Dipole Moments.The structures of
thiophene, pyrrole, and furan and the considered series of azoles,
diazoles, and triazoles are illustrated in Figures 1 and 2. These
figures contain also the direction and relative magnitude of the
permanent dipole moments. The structures were optimized with
ALLCHEM and MSINDO. The calculated bond lengths and
bond angles are compared with experimental values.27-33 The
structural data are available as Supporting Information. The
agreement between the LDA/DZVP optimized and the experi-
mental geometries is very good. The largest deviation is 0.043
Å. The MSINDO values are of lesser accuracy with a maximum
deviation of 0.112 Å. On the other hand, the MSINDO values
for CH bond lengths show better agreement with experiment
than the DFT values.

All electric property values were calculated at the LDA level
for both DFT and MSINDO optimized geometries. The purpose
was to investigate the influence of the level of structure
optimization, DFT versus semiempirical, on the electric proper-
ties. The permanent dipole moments of the considered molecules
are listed in Table 2. Their relative orientations are shown in
Figures 1 and 2. For both DFT and MSINDO structures the
DFT values of the dipole moments are in good or very good
agreement with experimental values in the gas phase.32,34-38

TABLE 1. Comparison of âh and γj Values (au) with Various
Methods

compd âh γj compd âh γj compd âh γj

HF -9.57a 665a H2O -22.41a 2118a NH3 -34.10a 4595a

-9.23b 1000b -25.70b 3200b -55.40b 8000b

-7.30c 560c -18.00c 1800c -34.30c 4200c

a Reference 9.b Reference 18.c Reference 19.

Figure 1. Structure and dipole moment of thiophene, pyrrole, and furan
and their azole derivatives.
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3.2. Polarizabilities and Polarizability Anisotropies. For
the calculation of the static polarizabilitiesRj and polarizability
anisotropies|∆R| a Cartesian coordinate system is chosen with
the origin in the center of mass and thezaxis along the direction
of the permanent dipole moment of the molecule.

From the polarizability tensor we obtain

Table 3 lists the calculated and experimental polarizabilities and
polarizability anisotropies.39-43 From the several experimental
values reported for thiophene, pyrrole, and furan the oldest
value39 seems the least accurate for theRj values. For the rest,
the agreement between calculation and experiment is very good.
This is also the case for imidazole and pyrazole. This is true
for both values obtained with DFT and MSINDO geometries.
To substantiate the quality of our results, we repeated the
calculations forR and |∆R| for several azoles (thiophene,
pyrrole, imidazole, pyrazole, and furan) with the exchange-
correlation functionals PW86P8644 and BLYP.45 The maximum
differences forR and |∆R| with the two nonlocal functionals
compared to our local VWN calculations did not exceed 1.2%.
We can therefore expect that our calculated values with no
experimental counterparts are equally reliable. It should be
mentioned here that ab initio calculations on polarizabilities of
pyrrole,5 furan,6 thiophene,7 and their azoles have been reported.
The emphasis was on the basis set dependence of dipole
moments and polarizabilities. From these papers it is apparent
that a large basis set and correlation is needed to arrive at reliable
values.

For the|∆R| values the agreement among the experimental
values is not so good. Consequently, there are also deviations
between the calculated and some experimental values. For
example, the agreement between the DFT and MSINDO based
values with the experimental values measured by Calderbank
et al.43 is mediocre for pyrrole and its azoles. However, these
authors have imposed severe simplifications on their evaluation.
They consider the N-H bond in imidazole and pyrazole as the
principal axis, and they equate the in-plane polarizabilitiesR|

) R⊥ for pyrrole and pyrazole and assume the same out-of-
plane polarizability for imidazole and pyrazole. For pyrrole they
reportR| ) R⊥ ) 61.26 au, whereas we obtainedR| ) 62.63
au andR⊥ ) 65.70 au.

From a comparison of the calculatedRj values in Table 3,
we obtain the following order:

It is obvious that the present ordering is in principle
determined by the atomic contributionsRjS ) 32.01 au,RjC )
12.86 au,RjN ) 7.65 au, andRjO ) 5.50 au. Substitution of S
by NH is accompanied by a significant decrease inRj of about
9 au. Further substitution of NH by O leads to another decrease
of about 6 au. Replacement of CH by N is accompanied by a
decrease of approximately 5 au. To understand the relative order
of the azoles,

we have to consider the resonance structures in Figure 3. The
separation of charge generated by a push-pull effect of the
heteroatoms in an electric field increases the molecular polar-

Figure 2. Structure and dipole moment of diazoles.

Rj ) 1
3
(Rxx + Ryy + Rzz)

|∆R|2 )
3 tr r2 - (tr r)2

2

) 1
2
[(Rxx - Ryy)

2 + (Rxx - Rzz)
2 + (Ryy - Rzz)

2] (1)

TABLE 2. Permanent Dipole Moment µ (Debye)g of Azoles

molecule
DFT

geometries
MSINDO
geometries experiment

thiophene 0.478 0.613 0.533( 0.0005a

thiazole 1.664 1.623 1.61( 0.03a

isothiazole 2.503 2.602 2.44( 0.2a

pyrrole 1.936 1.833 1.74( 0.02a

imidazole 3.840 3.823 3.8( 0.4a

pyrazole 2.334 2.356 2.21a

furan 0.606 0.821 0.661( 0.006b

oxazole 1.636 1.580 1.50a

isoxazole 3.015 3.130 2.90a

thiadiazoles
1,3,4- 3.358 3.274 3.28( 0.03a

1,2,4- 1.532 1.458 1.49c

1,2,5- 1.554 1.829 1.565( 0.015a

1,2,3- 3.615 3.313 3.59( 0.13d

triazoles
1H-1,3,4- 5.813 5.744
1H-1,2,4- 2.923 2.844 2.72( 0.12a

1H-1,2,5- 0.122 0.317 0.22e

1H-1,2,3- 4.552 4.408 4.38e

oxadiazoles
1,3,4- 3.280 3.185 3.04( 0.04f

1,2,4- 1.151 1.086 1.2( 0.3a

1,2,5- 3.335 3.630 3.38( 0.04a

1,2,3- 3.667 3.541

a Reference 34.b Reference 35.c Reference 36.d Reference 37.
e Reference 38.f Reference 39.g 1 au) 2.54174 D) 8.47831× 10-30

C m.

thiophene. thiazole> isothiazole

. pyrrole. imidazole> pyrazole

> furan. isoxazole> oxazole

thiazole> isothiazole

imidazole> pyrazole

isoxazole> oxazole
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izability. Assuming equal charge separation for the azole and
its isoform, the larger distance between the positive and negative
charge in the isoform should lead to a larger polarizability. This
is indeed true for isothiazole and pyrazole. But this order is
reversed for isoxazole and oxazole. Here, we must consider that
charge separation X+ f N- is largest for X) S, less for X)
NH, and poor for X) O. In the latter case, the smaller distance
is actually more favorable for the charge transfer than the larger
distance because the system can avoid charge transfer from O
to N best at large distances between these two atoms.

Replacement of a second C-H group with nitrogen leads to
a further reduction of the azoleRj values. This means that the
diazoles have smallerRj values than the corresponding azoles.
If the various isomers are compared, the following sequences
can be seen forRj of diazoles and triazoles.

To explain these trends, we show the various resonance
structures and the charge separation in Figure 4. As we have
already seen for the azoles of thiophene and pyrrole, the larger
distance favors the largerRj value. This would mean that the

structures 1,2,3 are favored over 1,2,5 and 1,3,4 over 1,2,4. The
charge separation effect is enhanced by an increasing number
of resonance structures. This increase leads to a larger pull-
push effect, that is, to a larger variation of the induced dipole
moment (Figure 5) and consequently to a larger polarizability.
For X ) S the sequence

would be natural because 1,2,3 and 1,2,5 have five resonance
structures compared to three for 1,3,4 and 1,2,4. However, the
weight of resonance structures 4c and 5c should be lower than
that of 2c and 3c because the former have lost part of their
π-electron conjugation. This holds also for 4d and 5d. It can be
expected that this description is valid for X) NH, too.

However, for X) O the smaller distance between O and N
was more effective in the case of oxazole. This would favor
1,2,3 and 1,2,5 as well as 1,2,4 over 1,3,4. The first two have
the higher number of resonance structures compared with the
third isomer. 1,2,3 has three resonance structures with nearest-
neighbor charge separation, whereas 1,2,5 has only two. The
natural sequence for X) O would therefore be

A more refined consideration would have to consider the actual
distances in the molecules as calculated by the DFT and
MSINDO methods.

TABLE 3. Average Polarizabilities rj and Polarizability
Anisotropies |∆r| [au]h of Azoles with DFT and MSINDO
Optimized Geometries

DFT
geometries

MSINDO
geometries experiment

Rj |∆R| Rj |∆R| Rj |∆R|
60.6a 23.1a

65.2( 2.1b 21.6( 3.4b

thiophene 64.79 31.09 65.11 31.32 66.1c

66.08f 64.9( 0.6d 31.9( 7.9d

thiazole 59.99 29.76 60.63 30.21
isothiazole 59.48 30.02 60.61 31.32

53.5a 22.3a

pyrrole 55.77 25.33 55.47 24.84 55.8e 16.7e

imidazole 50.58 24.63 50.66 24.43 50.0e 16.1e

pyrazole 50.00 23.58 50.28 23.71 50.9e 16.7e

48.8a 20.7a

furan 49.70 22.77 49.55 22.39 49.1( 2.2b 15.3( 4.4b

50.63g 49.1( 0.5d 22.0( 3.2d

oxazole 44.49 21.55 44.78 21.45
isoxazole 44.62 21.35 45.10 21.70
thiadiazoles

1,3,4- 55.42 28.42 56.36 29.03
1,2,4- 54.32 27.90 55.74 29.28
1,2,5- 54.06 29.26 56.06 31.37
1,2,3- 56.08 30.05 57.44 31.86

triazoles
1H-1,3,4- 45.39 23.09 45.85 23.28
1H-1,2,4- 44.61 22.25 45.35 22.72
1H-1,2,5- 44.64 21.69 45.34 22.25
1H-1,2,3- 45.58 22.52 45.97 22.68

oxadiazoles
1,3,4- 39.39 19.84 40.11 20.22
1,2,4- 39.27 19.63 40.14 20.23
1,2,5- 39.95 19.50 40.79 20.28
1,2,3- 40.65 20.11 40.89 20.00

a Reference 39.b Reference 40.c Reference 41.d Reference 42.
e Reference 43.f Rj(- ω;ω), λ ) 790 nm, pure vibrational contribution
-0.015 au.g Rj(- ω;ω), λ ) 790 nm, pure vibrational contribution
-0.015 au.h 1 au) 1.48176× 10-25 cm3 ) 1.64867× 10-41 C2‚m2/
J.

X ) S 1,2,3> 1,3,4> 1,2,4> 1,2,5 DFT

1,2,3> 1,3,4> 1,2,5> 1,2,4 MSINDO

X ) NH 1,2,3> 1,3,4> 1,2,5> 1,2,4 DFT

1,2,3> 1,3,4> 1,2,4> 1,2,5 MSINDO

X ) O 1,2,3> 1,2,5> 1,3,4> 1,2,4 DFT

1,2,3> 1,2,5> 1,2,4> 1,3,4 MSINDO

Figure 3. Resonance structures of azoles.

Figure 4. Resonance structures of diazoles.

1,2,3> 1,3,4> 1,2,5> 1,2,4

1,2,3> 1,2,5> 1,2,4> 1,3,4
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3.3. First Hyperpolarizabilities. The calculated staticâ
components permit the calculation of the mean first hyper-
polarizability âh, which may be defined as nine-fifths of the
partial derivative of the mean polarizabilityRj with respect to
field Fz oriented along the direction of the permanent dipole
moment:

The values obtained with DFT and MSINDO geometries are
listed in Table 4. Comparing theâh values for DFT geometries
and MSINDO geometries, it is apparent that the geometry
dependence is here much more pronounced than for theRj
values. The maximum difference is 9.58 au for imidazole.

We explain the sequence ofâh values for thiophene, pyrrole,
and furan by location of net charges on the heteroatom X. S is
positive, NH almost neutral, and O negative. Upon substitution
of CH by N in the ring, the resonance effect (Figure 3) induces
formally an X+ f N- charge separation, which leads to a further
shift into the negative value region. This effect is distance-
dependent and is enhanced for larger distances. Consequently,
the âh value is more negative for thiazole and imidazole than
for isothiazole and pyrazole, respectively. The situation is
reversed for X) O because oxygen resists the trend to acquire
a positive charge via resonance stabilization.

For the diazoles and thiazoles a similar explanation can be
used. For thiadiazoles and triazoles the sequence is

and can be explained by the distance dependence of the
separated charges in the resonance structures. The situation is
changed for oxadiazoles to

and bears some similarity to the reversal of the sequence of
oxazole and isoxazole.

3.4. Second Hyperpolarizabilities.Second hyperpolariz-
abilities are calculated as

The static values obtained with DFT and MSINDO geometries
are listed in Table 5. The trends are shown in Figure 6. Our
values for thiophene and furan show good agreement with newer
experimental values recently reported8 together with ab initio
data. An older experimental value41 for thiophene is much
smaller. It was measured with degenerate four-wave mixing
(DFWM) and we cannot compute such values to comment on
the experimental value.

To understand the trend for second hyperpolarizabilities, we
followed the same line of argument as in previous work on
azabenzenes.11 From the calculated atomic hyperpolarizability
values,γjS ) 9519 au,γjC ) 3475 au,γjN ) 718 au, andγjO )
567 au, it is possible to conclude thatγj values for azoles cannot
be explained by atomic contributions. The large difference
betweenγjS andγjN and betweenγjN andγjC is not reflected in
the azoleγj trend. As in the case of azabenzenes, an improvement
would be the consideration of fragments which model the
various types of ring bonds: C-S, N-S, C-C, C-N, N-N,
C-O, N-O. The calculated values for the model fragments
are the following: 11734 au for CH2S, 9023 au for HNS, 8254
au for C2H4, 8244 au for CH2NH, 7052 au for N2H2, 5972 au
for CH2O, and 5879 au for HNO. Here, the differences between
the various model fragments are remarkably reduced compared
to the atomic differences. These fragments are systems with
two π electrons. If one wants to account for the fact that the
heteroatom X contributes twoπ electrons, the following
fragments would be more suitable: CH2SH (26607 au), NHSH

Figure 5. Induced dipole moments of diazoles and triazoles.

TABLE 4. Average First Hyperpolarizabilities âh [au]c of
Azoles with DFT and MSINDO Optimized Geometries

DFT geometries MSINDO geometries

thiophene 34.40 26.00
36.16a

thiazole -97.42 -93.18
isothiazole -35.96 -35.35
pyrrole 6.49 10.47
imidazole -76.77 -67.19
pyrazole -35.67 -35.56
furan -33.17 -35.97

-33.44b

oxazole -5.26 0.93
isoxazole -51.76 -54.79
thiadiazoles

1,3,4- -153.98 -157.44
1,2,4- -53.68 -52.90
1,2,5- 6.98 0.70
1,2,3- -93.14 -90.48

triazoles
1H-1,3,4- -88.82 -86.74
1H-1,2,4- -34.43 -35.57
1H-1,2,5- -12.41 -17.74
1H-1,2,3- -77.61 -73.21

oxadiazoles
1,3,4- -3.41 -6.20
1,2,4- -15.11 -16.53
1,2,5- -39.18 -42.86
1,2,3- -41.85 -47.44

a âh(-ω;ω,0), λ ) 790 nm, pure vibrational contribution 1.64 au.
b âh(-ω;ω,0), λ ) 790 nm, pure vibrational contribution-3.79 au.c 1
au ) 8.63993× 10-33 esu) 3.20662× 10-53 C3‚m3/J2.

γj )
1

5
∑

ij

γiijj (3)
âh )

9

5

∂Rj

∂Fz

)
3

5
∑

i

âiiz (2)

1,3,4< 1,2,3< 1,2,4< 1,2,5

1,2,3< 1,2,5< 1,2,4< 1,3,4
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(11489 au), CH2NH2 (126666 au), NHNH2 (26683 au), CH2-
OH (23791 au), NHOH (5484 au). The systems are radicals
with threeπ electrons.

The trend in Figure 6 can be commented upon with the
following observations:

(1) The increment system of fragments governs the hyper-
polarizabilities. Substitution of CH by N does not automatically
lower theγj value because the C-C and C-N fragment have
similar γj values. However, substitution of C-C by N-N does
because the latterγj value is substantially lower. Isomers follow
the increment system most closely.

(2) An increasing number of resonance structures increases
the γj value. In the case of equal increment values, the larger
number of resonance structure is more favorable.

(3) The increment system based on CH2S and CH2NH cannot
explain the largerγj value of pyrrole compared to thiophene.
The fragments CH2SH and CH2NH2 are more suitable. But no
quantitative increment system can be derived. An increment
system which involves fragments with three ring atoms such
as H2CSCH2, H2CNHCH2, and so forth would be better.
However, this is too complicated to be useful.

Hieringer et al.46 performed a basis set study for the second
hyperpolarizability of furan. They used basis sets of quadru-
pole-ú and double-ú, in the valence and core regions, respec-
tively. Their best result for furan isγj(0;0,0,0)) 12930 au. This
has been computed with a QZP+2d basis set and the GRAC
potential. The CCSD(T) value reported by Kamada et al.8 is
14750 (6-31G+pdd). Our proposed electronic contribution for
furan (16455.3 au; Table 5) is in reasonable agreenemt with
both these estimates.

As has been stated, the polarizability and hyperpolarizability
results, which have been discussed, are static. For completeness
and to facilitate comparison with experiment, we have also
computed some frequency-dependent property values for

thiophene and furan. Various authors, including Sekino and
Bartlett,19 Rice and Handy,47 and Pluta and Sadlej,48 have
demonstrated that reasonable estimates of frequency-dependent
properties can be determined from eq 4:

where P[SCF(ω)] and P[SCF(0)] denote dynamic and static
property values, computed using time-dependent Hartree-Fock
(TDHF)49 and Hartree-Fock theory, respectively, whileP[M(ω)]
and P[M(0)] are the corresponding dynamic (estimated) and
static (calculated) property values. Dalskov et al.50 extensively
discussed the range of applicability of the scaling procedure
(eq 4), as well as its additive counterpart, for taking into account
dispersion. In this work the scaling method has been used to
find the frequency-dependent properties at the DFT level. In
Table 5 we cited the second hyperpolarizability values of
thiophene and furan, measured by using optically heterodyned
optical Kerr effect experiments. Thus, we have computed
γj(-ω; ω,ω,-ω) as well asRj(-ω; ω) andâh(-ω; ω,0). Both
calculated and experimental values were determined atλ ) 790
nm.8 The frequency-dependent polarizabilities and hyperpolar-
izabilities are given in Tables 3-5. It is observed that the
computed and experimentalRj(-ω;ω) andγj(-ω; ω, ω,-ω) are
in reasonable agreement. The experimentally and theoretically
determinedγj(-ω,;ω,ω,-ω) correspond to the electronic con-
tributions.8 Zhao et al.41 measured the orientationally averaged
second hyperpolarizability of thiophene, using degenerate four-
wave mixing (DFWM) of tetrahydrofuran (THF) solutions.41

They foundγ ) 8139 au (atλ ) 632.8 nm). The discrepancy
observed between our value and that reported by Zhao et al.
apparently is due to the different NLO procedure employed (it
is known that the NLO properties greatly depend on the
process51 and the environmental effects). In addition, the value
reported by Zhao et al. has been measured in solution, while
our value has been computed considering an isolated molecule;
that is, no environmental interactions are taken into account.
The scaled hyperpolarizability values for thiophene and furan
are larger than the experimental values given in ref 8. Two

TABLE 5. Average Second Hyperpolarizabilitiesγj [au]d of
Azoles with DFT and MSINDO Optimized Geometries

DFT geometries MSINDO geometries experiment

thiophene 23349.08 23336.45 8139a

28953.90c 26206b

thiazole 23579.40 23298.78
isothiazole 19527.15 20291.27
pyrrole 25935.09 25065.90
imidazole 25949.19 24964.07
pyrazole 18243.89 17889.83
furan 16455.30 15669.37 14889b

20697.50c

oxazole 14020.18 13122.78
isoxazole 11973.58 11945.02
thiadiazoles

1,3,4- 20045.36 20200.18
1,2,4- 16604.49 17134.80
1,2,5- 15013.36 16244.22
1,2,3- 20071.45 22996.86

triazoles
1H-1,3,4- 20515.80 19444.82
1H-1,2,4- 15575.81 15586.55
1H-1,2,5- 13053.79 13013.66
1H-1,2,3- 18182.91 18438.20

oxadiazoles
1,3,4- 10464.30 10009.87
1,2,4- 9149.80 9188.19
1,2,5- 8636.66 8835.91
1,2,3- 9536.88 10000.87

a Reference 41.b Reference 8.c Pure electronic contribution to the
optical Kerr effect,γj(-ω;ω,ω,-ω), determined by using the scaling
relation (4).d 1 au) 5.03717× 10-40 esu) 6.23597× 10-65 C4‚m4/
J3.

Figure 6. Trend of second hyperpolarizabilities.

P[M(ω)] ) {P[SCF(ω)]/P[SCF(0)]}P[M(0)] (4)
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results are not adequate to define a trend. However, application
to carefully selected molecules, for which reliable experimental
data are available, may indicate possible ways for its improve-
ment. To the best of our knowledge, no experimental first
hyperpolarizability values for the considered molecules are
available.

4. Vibrational Contributions for Azoles

The clamped nucleus approximation, which assumes the
sequential application of the electric field to the electronic and
nuclear motion, allows the resolution of the electric properties
to electronic (Pe) and vibrational contributions.52,53 The vibra-
tional property has two contributions: one is due to zero-point-
vibrational-averaging,Pzpva and the other is the so-called pure
vibrational term,Ppv. Thus, the total propertyPt is given by the
sum

The pv and zpva contributions to the polarizabilities and
hyperpolarizabilities are given by54-57

whereωR is the harmonic frequency,FRbb is the cubic force
constant, andQR is the normal coordinate. Analytical expressions
for [A]n,m are given,54 while n and m are the orders of the
electrical and mechanical anharmonicity, respectively. The order
of the derivatives, which have been taken into account in the
present study, is given in parentheses: potential energy (4),
dipole moment (3), polarizability (2), and first hyperpolariz-
ability (1). These derivatives have been computed analyti-
cally.58,59 Details for the procedure, which was followed, have
been given elsewhere.51,60

The zpva corrections have been computed for the dipole
moment and the polarizability. ForPzpva, first- and second-order
derivatives of the corresponding electronic properties are
required according to eqs 8-10. Analytic second-order deriva-
tives are available only for the dipole moment and the
polarizability. Numerical evaluation of the second-order deriva-
tives ofâe andγe is, computationally, very expensive and usually
unstable. Thus, we restricted ourPzpva properties to the dipole
moment and the polarizability. The pv contributions have been
computed for the polarizability and hyperpolarizabilities. Only
properties of order equal or higher than 2 have a pv contribution.

We acknowledge that the vibrational properties should be
computed with the method that was used for the calculation of
the electronic properties. However, the TZV FIP2 basis set,
which was used for the calculation of theγe values, would
involve a computational cost for the calculation of the property
derivatives, which is prohibitive. Thus, we have used the Pol
basis set,61 at the SCF level, for the calculation of the vibrational
properties since at this level analytical derivatives are available.
The Pol basis sets for C, N, and O involve [10s6p4d/5s3p2d],
while for H use [6s4p/3s2p]. They were derived using the basis
set polarization method, which is related to the Hellmann-
Feynman theorem.61 We have shown that the vibrational
properties are less sensitive to the basis set than their electronic
counterparts.11,51,62,63These findings have been confirmed by
the present work. It will be demonstrated and discussed in the
next section that the Pol basis sets give vibrational property
values, which do not have significant differences from those
produced by the basis sets TZVP FIP1 and TZVP FIP2, which
have been used for the computation of the electronic properties.
Considering pyrrole as an example, we note that TZVP FIP2
and Pol have 250 and 175 functions, respectively. It is added
that the computation of analytic derivatives of the properties,
which are used for the calculation of the vibrational properties,
is extremely demanding in terms of computing time for the size
and number of molecules considered in this work. Using these
findings, we have chosen to use for the computation of the
electronic polarizabilities and hyperpolarizabilities the TZVP
FIP basis sets, while for the vibrational properties the Pol sets
are considered adequate. According to the theory we employ
for the computation of the vibrational properties, the required
property derivatives should be computed at the equilibrium
geometry, which corresponds to the chosen method, that is, Pol/
SCF. The vibrational properties have been computed using
CADPAC,58,59 SPECTRO,64 and Gaussian 98.22

Most of the vibrational property values are static; that is, time-
independent electric fields are considered. Static vibrational
properties are much larger than the dynamic ones, and they are
more interesting to discuss because they reveal in a more
pronounced way specific aspects of the vibrational structure.
However, some selected frequency-dependent property values
will also be presented to facilitate comparison of our results
with the experimental data. In Table 6 we present the vibrational
contributions to the dipole moment, polarizabilty, and first and
second hyperpolarizabilities of the considered compounds. We
will first discuss the zpva corrections toµ and R and subse-
quently the pv contributions toR, â, andγ.

4.1. zpva Corrections. We first comment on the zpva
corrections to the dipole moment and the polarizability. We note
that

where |0〉 and Re denote the ground-state vibrational wave
function and the equilibrium geometry, respectively. Theµzpva

values of the considered compounds are very small. The smallest
µzpva value has been observed for furan (0.001 au). The other
computedµzpva values are in the range

The very small µzpva corrections do not affect the good
agreement that exists between the computed electronic (DFT)
and the experimental dipole moment values (Table 2).

Pt ) Pe + Pzpva+ Ppv (5)

Rpv ) [µ2](0,0) + [µ2](2,0) + [µ2](1,1) + [µ2](0,2) (6)

âpv ) [µR](0,0) + [µR](2,0) + [µR](1,1) + [µR](0,2) +
[µ3](1,0) + [µ3](0,1) (7)

γpv ) [R2](0,0) + [R2](2,0) + [R2](1,1) + [R2](0,2) + [µâ](0,0) +
[µâ](2,0) + [µâ](1,1) + [µâ](0,2) + [µ2R](1,0) + [µ2R](0,1) +

[µ4](2,0) + [µ4](1,1) + [µ4](0,2) (8)

Pzpva) [Pe](1,0) + [Pe](0,1) (9)

[Pe](0,1) ) -
p

4
∑

R

1

ωR
2(∑b

FRbb

ωb
) (∂Pe

∂QR
) (10)

and

[Pe](1,0) )
p

4
∑

R

1

ωR (∂
2Pe

∂QR
2) (11)

Pzpva) 〈0|Pe(R)|0〉 - Pe(Re) (12)

0.01e |µzpva| g 0.041
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The computedRjzpba obey the following relationships:

TheRjzpvacorrection is small in comparison toRe; for example,
it is 2.4% and 2.9% ofRje for thiophene and furan, respectively.
TheRjzpva values should be taken into account when computed
values are compared to the experimental ones. However, in the
present case the observed good agreement between the calcu-
lated and the experimental data (Table 3) is not going to be
substantially affected.

4.2.rpv Contributions. In all the considered cases we observe
that (Table 6)

A similar trend has been found in our recent study of
azabenzenes.11 Pyrrole, imidazole, pyrazole, and triazoles have
considerably largerRjpv values than the other azoles. All these
compounds have in common the N-H group. To avoid the
presentation of too many numerical data, we concentrate our
analysis on pyrrole. The other derivatives with the N-H group
follow the same pattern. Pyrrole was selected as a test case
because, although there are numerous studies on its vibrational
and electronic structure,65,66there are still aspects that have not
been considered in the literature. In the following the molecular
plane of pyrrole is theyz plane and the dipole moment is
oriented along thez axis. It is observed (Table 7) thatRxx

pv is
much larger than theRyy

pv and Rzz
pv components. The dominant

contribution toRii
pv is made by [µ2](0,0). This implies that the

polarizability components, and in particularRxx
pv andRyy

pv, could
be very well described by the double-harmonic approximation.
The [µ2](0,0) contribution toRxx

pv was computed by using various

basis sets (e.g., Pol, TZVP FIP2 etc.17,61,67,68), at the SCF, DFT,
and MP2 levels of theory, to document the adequacy of the
employed method (Pol/SCF) for the specified task. It is observed
that there is satisfactory agreement between the Pol/SCF results
and those given by TZV FIP2/DFT, as well as the other
employed methods. By comparing the Pol/SCF and Pol/MP2
results, we deduce that correlation at the MP2 level has a small
effect on [µ2](0,0).

The size of the pure vibrational contribution relates to the
vibrational (harmonic) frequencies of the molecules. It is
observed that the Pol/SCF harmonic frequencies are in reason-
able agreement with the experimental ones69 (Table 8). It is
thus expected that the Pol/SCF vibrational properties will, at
least, present the correct trends.

Analysis of [µ2](0,0) via eq 13,

for pyrrole has shown that the observed property, 17.1 au (Table
7), is due to two, mainly, vibrational modes, that is, those with
frequencies 494.01 cm-1 (10.30 au) and 833.94 cm-1 (6.82 au).
These are associated with the N-H and C-H wagging motions,
respectively.70,71The property value in parentheses denotes the
contribution to Rxx

pv([µ2](0,0)), associated with the specified
mode.

We have also made some test computations on the saturated
analogue of pyrrole, that is, C4NH9, using the 6-31G/SCF
method. The trend found in pyrrole has confirmed that this
derivative hasRzz

pv([µ2](0,0)) ) 26.89 au and most of this
property (92.6%) is due to the wagging motion of N-H.
Comparing the results for C4NH5 and C4NH9, we deduce that
conjugation reduces the contribution of the N-H motion.

TABLE 6. Vibrational Contributions to the Dipole Moment
µzpva, Polarizability rjzpva and rjpv, First and Second
Hyperpolarizabilities, âhpv and γjpv, Respectively, in aua

molecule µzpva Rzpva Rpv âpv γpv

thiophene -0.010 1.46 2.85 3.6 5417
thiazole -0.010 1.16 2.62 -70.3 4152
isothiazole -0.020 1.16 2.58 13.9 3514
pyrrole -0.024 1.51 7.37 -305.1 25588
imidazole -0.035 1.26 6.47 -257.4 15782
pyrazole -0.018 1.24 5.77 -49.7 14493
furan -0.001 1.34 3.51 -11.7 5102
oxazole -0.013 1.06 2.99 -32.5 3194
isoxazole -0.010 1.03 2.73 14.2 3046
thiadiazoles

1,3,4- -0.018 0.89 1.93 -30.0 2761
1,2,4- -0.005 0.87 2.54 21.5 2403
1,2,5- -0.015 0.87 2.48 29.5 1997
1,2,3- -0.016 0.88 2.26 -37.4 4208

triazoles
1H-1,3,4- -0.041 0.99 6.10 -286.8 14057
1H-1,2,4- -0.024 0.97 5.63 -166.9 11307
1H-1,2,5- 0.011 0.96 4.37 161.7 10857
1H-1,2,3- -0.029 0.97 4.26 -63.5 7435

a The computations have been performed with the Pol basis set at
the SCF level.

two heteroatoms:

1.03e Rjzpvae 1.51

triazoles:

0.96e Rjzpvae 0.99

thiadiazoles:

0.87e Rjzpvae 0.89

Rjpv > Rjzpva

TABLE 7. Analysis of the Pure Vibrational Contribution to
the Polarizability Components [au] of Pyrrole

Rxx
pv Ryy

pv Rzz
pv Rxx

pv Ryy
pv Rzz

pv

[µ2](0,0) 17.13 0.69 1.66 [µ2](2,0) -0.88 0.19 0.40
16.70a [µ2](1,1) 0.49 -0.03 0.41
16.42b [µ2](0,2) 1.81 0.02 0.20
15.69c Rii

pV 18.55 0.87 2.67
16.42d 17.82e

17.61e 19.05f

19.23f

a Basis set: TZVP FIP1.17 Method: DFT.b Basis set: TZVP FIP2.17

Method: DFT.c Basis set: aug-cc-pVDZ.67 Method: MP2.d Basis set:
Pol. Method: MP2.e Basis set: 6-31G.68 Method: SCF.f Basis set:
6-31++G**. 68 Method: SCF.

TABLE 8. Harmonic Vibrational Frequencies ω [cm-1] of
Pyrrole

ω ω ω

sym. SCF expa sym. SCF expa sym. SCF expa

a1 959.74 880 a1 3914.21 3527 b1 1576.36 1424
a1 1091.33 1018 a2 673.97 618 b1 1712.06 1521
a1 1142.63 1074 a2 824.83 712 b1 3376.6 3116
a1 1246.37 1148 a2 1063.4 868 b1 3407.02 3140
a1 1526.9 1391 b1 937.6 863 b2 494.01 474
a1 1622.77 1470 b1 1142.0 1049 b2 685.05 626
a1 3388.8 3125 b1 1227.05 1134 b2 833.94 720
a1 3410.7 3148 b1 1407.06 1287 b2 999.78 826

a The property values are those cited by Simandiras et al.69

Rij
pv ) [µ2](0,0) )∑

R

( ∂µi
e

∂QR
)

0
( ∂µj

e

∂QR
)

0

ωR
2

(13)
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Dynamic vibrational contributions are much smaller (in fact,
very often they are negligibly small), than the static ones because
the optical frequencies are much larger than the harmonic
frequencies. This trend is confirmed by the results of pyrrole,
for which it has been found thatRjpv(-ω;ω) ) -0.06 au atλ )
1064 nm (method: Pol/SCF), as well as those of thiophene and
furan (Table 3). These results suggest that the dynamicRpv

contribution will have a negligible effect and thus the good
agreement between the computed and the experimental polar-
izabilities will not be affected (Table 3).

4.3.âpv Contributions. Various methods (e.g., Pol/SCF, Pol/
MP2, 6-31++G**/SCF) have been used for the computation
of [µR](0,0) (double-harmonic approximation) to verify the
adequacy of the Pol/SCF method and to examine the sensitivity
of the results to the basis set and method variation. All the
employed techniques gave similar results (Table 9). In particular,
one notes the good agreement between the Pol/SCF and the
TZV FIP2/DFT results. It is observed that correlation at the
Pol/MP2 level reduces the [µR](0,0) value.

In general, theâhpv contributions are of comparable magnitude
to âhe of the considered azoles (Tables 4 and 6). There are several
cases in which theâhpv is, at least, an order of magnitude larger
in absolute value than the correspondingâhe. Pyrrole, which has
the larger|âhpv|, will be taken as an example to comment on the
terms contributing to itsâhpv. âhxxx

pv is the dominant component
and the main contribution comes from [µ3](0,1) and [µ3](1,0). The
first of those is determined in terms of the first-order dipole
moment derivatives and the cubic force constants, while [µ3](1,0)

is computed in terms of the first- and second-order dipole
moment derivatives.âyyz and âzzz are at least an order of
magnitude smaller thanâxxz

pv (in absolute value). The anharmo-
nicity of âxxz

pv , which is expressed by the large values of [µ3](1,0)

and [µ3](0,1) (-307.33 and-213.06 au, respectively), is at-
tributed, mainly, to the NH group. This point is strengthened
by noting that [µ3](1,0) and [µ3](0,1) for furan take the values
-10.12 and 3.52 au, respectively. Similar small values are
computed for thiophene (-12.39 au and 5.66 au, respectively).

Some dynamic property values for pyrrole have also been
computed. These areâhpv(- ω;ω, 0) ) 2.7 au (Pockels effect)
andâpv(- 2ω;ω,ω) ) -1.9 au (second-harmonic generation),
atλ ) 1064 nm (method: Pol/SCF). These are comparable with
the static electronic contribution (6.49 au; Table 4). Theâhpv(-
ω;ω, 0) values of thiophene and furan are given in Table 4.
These are relatively small in comparison to the corresponding
electronic contributions, but not negligible. Overall, our results
suggest that the dynamicâhpv should be taken into account when
one aims at accurate results.

4.4. γpv Contributions. From the results of Tables 5 and 6,
we observe that, in general,γjpv is smaller thanâhe, but both
properties have a comparable magnitude. The largerγjpv value
has been found for pyrrole, which is used as an example to

make a detailed analysis of the pure vibrational contribution.
First, we report results that demonstrate the adequacy of the
Pol/SCF approach. Various methods including the TZV FIP2/
DFT and Pol/MP2, besides the Pol/SCF, have been used for
the computation of the [R2](0,0) contribution to γRRââ

pv for
pyrrole. The obtained results are in reasonable agreement with
those computed using the Pol/SCF method. In particular, one
notes the very good agreement between the Pol/SCF and TZV
FIP2/DFT results for the propertyγjpv([R2](0,0)).

The largest component ofγjpv (pyrrole; Table 10) isγxxzz
pv .

This is at least an order of magnitude larger than most of the
other components. The larger terms contributing toγxxzz

pv are
the [µ4](1,1) and [µ4](2,0). The first of these is determined in terms
of the cubic force constant and the dipole moment derivatives
(first and second order), while [µ4](2,0) is computed using dipole
moment derivatives (first, second, and third order).

To analyze the results of Table 10, we define

For the componentsγyyyy
pv , γzzzz

pv , γxxyy
pv , and γyyzz

pv , it has been
found that

For the componentsγxxxx
pv andγxxzz

pv , which are the larger ones,
the following relationship has been found:

In this case|[A]II| makes by far the larger contribution, in
particular forγxxzz

pv . This indicates that the higher order terms
are also likely to be of some importance.

It is essential to understand how the employed derivatives
affect the properties of interest. Thus, we have taken as an
example theRxx

pv, âxxz
pv , andγxxzz

pv components of pyrrole because

TABLE 9. Analysis of the Pure Vibrational Contribution to
the First Hyperpolarizability Components [au] of Pyrrole e

âxxz
pv âyyz

pv âzzz
pv âxxz

pv âyyz
pv âzzz

pv

[µR](0,0) 28.50 3.37 0.18 [µ3](0,1) -213.06 -0.78 -2.41
29.64a [µ3](1,0) -307.33 0.78 -5.56
21.11b [µR](1,1) -13.32 2.35 -2.00
28.45c [µR](2,0) -0.81 -1.94 -13.57
29.13d [µR](0,2) 6.48 1.77 8.84

âiiz
pv -499.54 5.55 -14.52

a Basis set: TZVP FIP1.17 Method: DFT.b Basis set: Pol. Method:
MP2. c Basis set: TZVP FIP2.17 Method: DFT.d Basis set: 6-31G.68

Method: SCF.e The computations have been performed with the Pol
basis set, unless otherwise specified.

TABLE 10. Analysis of the Pure Vibrational Contribution
to the Second Hyperpolarizability Components of Pyrrolee

γxxxx
pv γyyyy

pv γzzzz
pv γxxzz

pv γyyzz
pv γxxyy

pv

[µâ](0,0) 2366.3 447.0 33.3 1894.3-178.5 2918.0
[R2](0,0) 686.3 4937.6 3059.7 499.8 1074.3 704.8

717.4a 4969.2a 2969.6a 342.9a 1038.3a 554.9a

528.2b 4324.8b 3396.8b 471.4b 1242.3b 593.0b

399.3c 4302.5c 3464.1c 405.7c 1251.4c 466.2c

442.7d 4418.7d 3507.9d 410.7d 1262.8d 509.0d

[µ2R](1,0) 2576.5 393.2 94.9 7011.2 -86.8 1821.9
[µ2R](0,1) -5118.9 -4.9 208.1 -5397.1 2.4 -2941.4
[R2](1,1) 1.5 30.8 -98.6 -4.1 -3.1 2.3
[µâ](1,1) 6.3 -6.2 -56.1 42.7 -13.6 38.9
[µ4](1,1) 15319.4 -6.8 24.5 27382.8 0.02 -509.2
[µâ](0,2) 3200.1 -40.2 20.6 -1559.1 25.5 -848.4
[µâ](2,0) -61.6 -5.5 -3.3 -46.3 -8.1 -85.6
[R2](0,2) -38.5 -289.3 -271.1 18.2 -80.9 -35.5
[R2](2,0) 15.7 271.6 517.5 29.1 82.5 27.9
[µ4](0,2) -1268.5 -0.3 23.2 9191.1 6.6 7.5
[µ4](2,0) -25034.7 36.9 53.1 21306.0 -9.7 679.3
γiijj

pv -73501 5763.9 3606.8 60368.6 810.6 1780.5

a Basis set: 6-31++G**. 68 Method of computation: SCF.b Basis
set: Pol. Method: MP2.c Basis set: TZVP FIP1. Method: DFT.
d Basis set: TZVP FIP2. Method: DFT.e The computations have been
performed using the Pol basis set, unless otherwise specified. The
property values are in atomic units.

[A]0 ) [µâ](0,0) + [R2](0,0)

[A]I ) [µ2R](1,0) + [µ2R](0,1)

[A]II ) [R2](2,0) + [R2](1,1) + [R2](0,2) + [µâ](2,0) +
[µâ](1,1) + [µâ](0,2) + [µ4](2,0) + [µ4](1,1) + [µ4](0,2)

[A]0 > |[A]I| > [A]II

|[A]II| > [A]0 > [A]I
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they are the larger ones and thus any effect is likely to be
pronounced (Table 11). The anharmonicity will be described
by mnop,71 wherem, n, o, andp define the order of the potential
energy (2-4), dipole moment (0-3), polarizability (0-2), and
first hyperpolarizability derivatives (0,1), respectively. It is
observed that the cubic force constant has a great effect on all
properties [(0200)/(1200)], but the quartic force constant has a
large effect only onRxx

pv. The great effect of the second-order
dipole moment derivatives onâxxz

pv and γxxzz
pv is observed (e.g.,

(2100)/(2200)). The effect of the third-order dipole moment
derivatives onRxx

pv is small [(0221)/(0321)]. A similar observa-
tion is made by comparing the pairs: (1221)/(1321) and (2221)/
(2321). In fact, these derivatives reduceRxx

pv by approximately
the same amount (=1 au). Similarly, the above derivatives have
a very small effect onâxxz

pv andγxxzz
pv . Noticeable is the effect of

the first- and second-order polarizability derivatives onâxxz
pv

and γxxzz
pv [(1200)/(1210)]. Negligible is the effect of the first-

order derivatives ofâe on γxxzz
pv [(2320)/(2321)]. This justifies

the approximation to neglect the second-order derivatives of
âe.

The present work is, primarily, interested in the analysis of
the static property values. However, for completeness, we also
present some dynamical values for pyrrole, that is,γjpv(-
ω;ω,0,0) ) 3207 au (dc-Kerr effect),γjpv(-2ω;ω,ω,0) ) 382
au (dc-field induced second-harmonic generation) andγjpv(-
3ω;ω,ω,ω) ) -37 au (third-harmonic generation), atλ ) 1064
nm (method:Pol/SCF). For thiophene it has been found that
γjpv(- ω;ω,0,0) ) 1785 au atλ ) 709 nm. This value
corresponds to 8% of the corresponding static electronic
contribution (Table 5). The great dependence ofγpv on the
nonlinear optical process is clearly seen, as well as the dramatic
decrease of the dynamic value, in comparison to that, which
corresponds to the static limit (Table 6). However, the value of
γjpv(- ω;ω,0,0), is not negligible and should be taken into
account for proper comparison with the experimental values.

Kamada et al.8 have measuredγj(-ω;ω,ω,-ω) of thiophene
and furan. We report both the pure vibrational and electronic
contributions for the above process, atλ ) 790 nm. The latter
are shown in Table 5, while the computed pure vibrational
contributions to the above property are 1833.6 au for thiophene
and 1570.7 au for furan.

For completeness we note that that the study of the vibrational
properties has been greatly facilitated by the pioneering work
of Bishop and Kirtman.54,55Most of the studies in the literature
follow in some form their perturbation approach, although the
finite perturbation theory approach by Cohen et al. has also been
used.72 Particular attention has been paid to model studies of
small molecules.56 Very few, relatively larger, molecules (e.g.,
C6H6,73 C6H5NH2

74) have been considered and most of these at

a very approximate level. Among these studies we note the work
of Millefiori and Alparone,75 who have calculated the vibrational
polarizabilities and first hyperpolarizabilities of C4H4X (X )
O,S,Se, Te), using several basis sets at the double-harmonic
approximation.

5. Conclusion

A DFT method has been used to compute the dipole moments,
polarizabilities, and hyperpolarizabilities for thiophene, pyrrole,
furan, and their respective azoles, diazoles, and triazoles. Their
geometries have been optimized by employing the DFT and
MSINDO techniques. The observed trends have been explained
by an interplay between atomic contributions, distance-depend-
ent charge separation between heteroatoms, and number of
resonance structures. A similar explanation can be provided for
the electronic first hyperpolarizabilities. The corresponding
electronic second hyperpolarizabilities follow a trend determined
by incremental contributions from bond fragments and number
of resonance structures. Exceptions from the increment scheme
are observed for thiophene and pyrrole and their azoles with
nonadjacent substitution to the heteroatom. To explain these,
fragments with pairs of adjacent ring bonds have to be
considered.

The vibrational contribution to the dipole moments, polar-
izabilities, and hyperpolarizabilities of the above compounds
has also been computed using the Pol/SCF method. Several
techniques (basis sets and approaches to take into account
electron correlation) have been used to confirm the adequacy
of the employed method. The zpva corrections to the dipole
moment and the polarizability have also been taken into account.
The static vibrational polarizabilities of several of the considered
compounds are small, but not negligible. Relatively larger
vibrational polarizabilities have been computed for the deriva-
tives, which involve the N-H functional group. Detailed
analysis has been performed on pyrrole, which was taken as an
example of the above derivatives, and it has been found that
the large vibrational polarizability is associated, primarily, with
the N-H wagging motion. Large contribution has also been
observed for the C-H wagging motion. The static vibrational
polarizabilities and hyperpolarizabilities are of comparable
magnitude to the electronic ones. These have been rationalized
by using the property derivatives, in terms of which these are
determined. A limited analysis on the dynamic vibrational
properties of pyrrole was also conducted to facilitate comparison
with the experimental property values.

There are very few experimental or theoretical studies on the
nonlinear optical properties of most of the considered com-
pounds, although some of those are fundamental units of
important conjugated polymers (e.g., pyrrole/polypyrrole).

One may add that several computational studies have been
reported in the literature on the properties of five-membered
heteroatomic rings, the most relevant of which have been cited
and discussed. However, these works have focused on the
electronic contributions to the polarizabilities and hyperpolar-
izabilities. The novelties of this study are the following: (i)
Both electronic and vibrational contributions are considered.
Besides the work of Millefiori and Alparone,75 who considered
the pure vibrational contributions to the first hyperpolarizability
of furan and thiophene, at the double-harmonic approximation,
to the best of our knowledge, no other calculations have been
reported on the zpva correction and the pure vibrational
contributions of the examinated compounds. (ii) It is systematic,
since 22 compounds are treated at a uniform level of ap-
proximation. This allows discussion of the structure-polariza-

TABLE 11. Analysis of the Effect of the Various Property
Derivatives on rxx

pv, âxxz
pv , and γxxzz

pv of Pyrrole (All in au) a

mnop Rxx
pv âxxz

pv γxxzz
pv mnop Rxx

pv âxxz
pv γxxzz

pv

0100 17.13 0.0 0 1221 38.82-482.76 60338
0200 17.14 -307.33 21068 1321 37.92-482.29 60529
0210 17.14 -278.83 21041 2100 18.93-213.06 21068
0220 17.14 -279.11 28608 2200 19.45-520.39 57642
0221 17.14 -279.11 30503 2210 19.45-484.32 52236
0321 16.25 -279.64 30694 2220 19.45-499.00 59799
1200 38.82 -520.39 57224 2221 19.45-499.00 60177
1100 38.30 -213.06 8773 2320 18.55-499.54 60037
1210 38.82 -468.08 51579 2321 18.55-499.54 60368
1220 38.82 -482.76 59323

a Property values have been obtained with Pol basis set at the SCF
level.
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tion relationship of azoles in a comprehensive way (four
properties are treated and all significant contributions are taken
into account). (iii) The interpretation scheme we employ is
different from that used by other teams. In particular, we note
that El-Bakali Kassimi et al., who have undertaken a systematic
study of the electronic polarizabilities of 10 azoles5 and 10
oxazoles,6 used some empirical formulas relying on atom- and
bond-additive models.
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