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Abstract

All-trans geometries of pyrrole and furan oligomers have been fully optimized and
their second hyperpolarizabilities have been calculated using AM1, MNDO, and
PM3 semi-empirical approximations by means of finite-field method. The large 7
values were obtained with fully extended x electron delocalization system. The
increase of 7 is linearly dependent on the conjugatin length of the oligomers.
Predicted limiting 7 values per subunit were calculated using /n and /s methods,
and /s converged to the asymptotic values faster than /n at moderate oligomer
sizes. The /s limiting 7 values were twice the /n values up to 9 rings of the
oligomers considered here, however the same result should be given at the infinite
polymer limit.

Introduction of optoelectronics'>. Recently the search

for the materials showing high NLO

Since the advent of lasers in 1960s, properties is concentrated theoretically
the study of nonlinear optical as well as experimentally’, but the
properties in various materials has experimental data have not yet been
been accelerated and its applications collected with quite satisfactory
have been made into a variety range amounts so far. For the viewpoint of
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computations, on the other hand, the
predictions and discussions about NLO
properties of many organic compound
candidates have been possible due to
the tremendous development of
computational capabilities in software
as well as hardware terms for
scientific environment.

The nonlinear optical property here is
meant by the nonlinear behavior of the
polarization of a molecule when it is
exposed to a high external electric field.
For being a good candidate as materials
having highly nonlinear optical
responses, it is well known to possess
highly acentrosymmetric systems for the
first  hyperpolarizabilities (8) and
highly delocalized #z electron systems
for the second hyperpolarizabilities (7),
where the first and second
hyperpolarizabilities are the nonlinear
optical responses of materials®3. The
first and second hyperpolarizabilities
are directly related with the second
harmonic generation and the third
harmonic generation in nonlinear
optics, respectively.

Heterocyclic organic compounds are
well known to exhibit significant NLO
behavior, and it is of importance to
investigate the second
hyperpolarizabilities of such systems
with respect to the increase of the
chain length. In this study, the second
hyperpolarizabilities for the oligomers
of pyrrole and furan with up to 9
heterocyclic rings were calculated in
three different semi-empirical molecular

orbital approximations (AM1, MNDO,

and PM3 methods), and their behaviors
on increasing the repeating units were
predict the NLO
properties for larger polymer systems.

investigated to

The second hyperpolarizability values
reported here are the calculated ones
with a static electric field using the
finite-field method® so that there may
exist some problems to directly compare
with  the
available, due to various experimental

experimental results if
factors as well as the frequency
dependent nature.

Computational Methods

The polarization, P, induced in a
medium by an external electric field E
is usually given by

P=P + yVE+ x?EE
+ x(SJ'E‘E'E o

where x™ are the n-th order

susceptibility tensors of the bulk
medium. The nonlinear optical
properties of materials arise from
nonzero values of the terms higher
than x‘". These bulk susceptibilities
can be expressed in terms of the
molecular induced dipole moment
which is related to the molecular
polarizability and hyperpolarizability
tensors with the applied electric field
as a power series, and it can be

written as®

pi= u® 4 agE + (1/21) B iRy
+ (1/3") r ymE;ELE) + << ---
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where #
and ay.
hyperpolarizability,
hyperpolarizability,
the molecule,

the Cartesian coordinates.

to its dipole moment g

W= W’

where W°
in the absence of the external electric
field. The ay,
polar tensors fully symmetric

coefficients

is the 1 component of the

permanent dipole moment of a substance

Bk,

and 7 are the tensor

elements of the polarizability, the first

the
respectively.

second
In the

and

above expression, E; is the j component
of the applied electric field acting on

and the subscripts are
The energy

W of the molecule also can be related

in an external

electric field E using the relationship
of W=

- [ #dE such as

- wi’Ei - (1/21) ayEiE;
- (1/3") B yEiE;jEx
- (1/4") 7 s EiEE«E)

is the energy of the molecule

B k.

and 7k are all
in the

permutation of the Cartesian indices,
and allow the induced dipole moment
to be in a direction other than that of

The
finite

electric field.
obtained by

applied
are

differencing successively at static field

=0) such as
0o _ _ (OW
mo= aEi)
@ = — (FE 3K, aE )
____imL_
B = —( dE, GE; 3Ek)
o ‘W )
ikl aEi aE] oE, aEI
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the finite-field method, the
perturbed hamiltonian for the molecule

In

can be written as’

H = H - 2 Er,
Hl
where E is a finite electric field. and
ri is the position operator for the i-th
the
procedure,

electron. From variational
Hartree-Fock this
perturbation term results in a modified
the standard Hartree-Fock

matrix elements as

form for

Fiv

Fl+2ED

0
where F

field Hartree-Fock matrix element and

is the unperturbed zero

D i, is the i-th component of the dipole

moment matrix element between atomic
¢ A ¢ V. the
semi-empirical MO approximations used

orbitals and In

here, D}, is neglected unless ¢ and
4.

atom.

are atomic orbitals on the same
the
wavefunctions, all the tensor components

From resulting perturbed

including the hyperpolarizabilities are
obtained by successively computing W(E)
for a series of positive and negative
field of the
magnitude.

electric strengths same

In order to get the orientationally
averaged values, the mean values for the
hyperpolarizability

polarizability and

6
tensors are necessary such as’,

{ad %( aytayta,;)
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<ﬂ> = %(ﬂixx+lgiyy+ﬁizz)

< 7> = E')L( 7xxxx + Yvyyy + 72222

+2 ymy+ 2 Y syzz +2 Y zzex )

where x, vy, 2z denote Cartesian
components, and i is the major
symmetry axis that coincides with the
dipole moment vector. The second
hyperpolarizabilities of the pyrrole and
furan oligomers reported in this paper
are therefore the average values of (7).
For the -calculation of the second
hyperpolarizabilities in the finite-field
method, the applied electric field
strength should be chosen properly. It
must be high enough to show the
nonlinear optical responses from a
molecule, but not exceed to the limit
over which the molecular electronic
structure distortion would occur. Also,
too high electric field strength may
cause the terms following after the 7
terms in the above power series
expressions to be significant so that
they would not be truncated in the
finite-field method. The electric field
strength adopted in this work was
0.001 a.u. which is equivalent to
5.1423x10° V/cm, and this choice was

shown quite reasonable®.

The finite-field procedure has been
modified in MOPAC program®, which
allows the calculation of nonlinear
optical properties as well as geometry
optimization of a molecule on each
AM1, MNDO. and PM3 hamiltonians'’.
The oligomers of pyrrole and furan
studied in this paper were fully
optimized in all-trans forms with three
semi-empirical levels and then taken to
the second hyperpolarizability
calculations. The all-trans geometries of
these oligomers are shown in Figure 1.

The atomic unit (a.u.) was used in
this paper for the unit of the second
hyperpolarizability, where one a.u. of
r equals to 5.0509%107* esu, which
is equivalent to 6.2356x107% C'm*J73.

Results and Discussion
In order to achieve the Dbest

nonlinear  optical behaviors. the
geometry optimization procedure was
fully performed for the all-trans
polypyrroles and polyfurans. For the
all-trans pyrrole oligomers, the stable
geometries were obtained from a dimer
size up to the oligomer with nine
pyrrole rings using AM1, MNDO and

PM3 methods, and their heats of

/\ 7\ /A ]\
L~ =~

Figure 1. Structure of the all-trans eight-ring pyrrole(X=NH) and furan{X=0) oligomers
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formation are shown in Figure 2. The
values increase quite constantly with
the increase of the number of pyrrole
rings, but the AMI1 results are the
highest among the three different
methods. These oligomer structures
were confirmed as a trans
conformation in which the dihedral
angles between two adjacent pyrrole
rings were observed to be almost
exactly 180° from the geometry
optimization result by AM1 and PM3
methods. However, from the results of
MNDO method, the
geometry of the pyrrole oligomers that

optimized

were initially proposed as a perfectly
trans structure in the beginning of the
calculation showed a distorted, twisted
conformation in which the dihedral
angles between two adjacent rings
were about 114°. Therefore the MNDO
optimized geometries and so those
heats of formation shown here are not
for the true all-trans pyrrole oligomer
structures. The same procedure has
been done for the all-trans furan
oligomers up to eight furan rings, and
their heats of formation are shown in
Figure 3. In this case, all three
semi-empirical methods gave fully
optimized conformations of all-trans
furan oligomers in which the dihedral
angles between two adjacent furan
rings were almost 180°. The AMI1
heats of formation increase with the
increase of the number of furan rings,
however those from PM3 were almost
not changed. and those from MNDO
decreased with a constant rate. The

discrepancy between them is due to
the different
three molecular orbital approximations.

parameterizations of

heats of formation (kcal)

number of pyrrole rings

Figure 2. Heats of formation in kcal
for all-trans pyrrole
oligomers

heats of formation (kcal)

nurber of furan Angs

Figure 3. Heats of formation in kcal
for all-trans furan oligomers

To get the limiting values of the
heat of formation per oligomer subunit,
two different ways were used in this
study: {value{n)/n} and ({value(n)-
value(n-1)}, where n is the number of
subunits or oligomer rings. These
methods are referred to as /n and /s,
respectively'’, and the values are
shown in Figure 4 and Figure 5. All
almost

the limiting values were
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constant with the increase of the
number of the rings even though there
still exists the discrepancy between
three different semi-empirical methods.
In Figure 4. /n and /s methods gave
the same limiting values per subunit
by complete convergence using AMI,
but not in MNDO and PM3 yet. In
Fugure 5, only the MNDO gives the

same /n and /s converged values.

:5J o {—o_mm +m“+w'

nunter of pyrderings

Figure 4. Heats of formation per subunit
(referred to as /n and /s) in
kecal for all-trans pyrrole
oligomers

—O—AMIA) —O— MNDO(H) —a— PV}
——AM1Us)  —8— MNDOA) —— PMX/S)

1 2 3 4 5 L] 7 2

number of furan rings

Figure 5. Heats of formation per subunit
(referred to as /n and /s) in
kcal for all-trans furan
oligomers
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linear polarizabilities (au)
] g

number of pyrrole rings

Figure 6. Linear polarizabilities
(a.u.) for all-trans
pyrrole oligomers

———

| —o—wMNDO

—a—PM3

linear polarizabilities (au)

1 2 3 4 s s 7 ]
number of furan rings

Figure 7. Linear polarizabilities
(a.u.) for all-trans
furan oligomers

Based on the optimized geometries of
all-trans pyrrole and furan oligomers
by AM1, MNDO, PM3 approximations,
the linear and nonlinear optical
properties were calculated using the
same approximations with the
finite-field method. And the linear
polarizabilities are shown in Figure 6
and Figure 7. For the all-trans pyrrole
oligomers, the AMI1 and PM3 values
increase constantly with quite similar
rates, but MNDO values increase
slower as shown in Figure 6. For the

all-trans furan oligomers, as shown in
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Figure 7. the AM1, MNDO, PM3
values are increasing with almost

same rates.

oMM —O—NINDO( —a— PV

—— AMUS)  —m—MNDO(S) ~—+— PMX8)

rumber of pyrrole rings

Figure 8. Linear polarizabilities per
subunit (referred to as /n
and /s) in a.u. for
all-trans pyrrole oligomers

Wy —o— (9 —a— PMI)
AMI(A)  —— MNDO(R) —+— PMX3)

number of furan rings

Figure 9. Linear polarizabilities per
subunit (referred to as /n
and /s) in a.u. for
all-trans furan oligomers

The limiting subunit values of the
linear polarizabilities of these
oligomers as referred above are shown
in Figure 8 and Figure 9. Up to 9
pyrrole rings and 8 furan rings the
limiting @ vaules did not converge,
but possible behavior of convergence is
expected by increasing the repeating

units. The difference between /n and
/s limiting ¢ values was about 10 a.u.
in both oligomers except in case of
pyrrole oligomers by MNDO. Also it
can be noted that the /s values
approach faster to the asymptotic
limits than the /n values. indicating /s
method may be more preferable for the
convergence procedure.

The second hyperpolarizabilities for
all-trans pyrrole oligomers were
calculated and the results are shown
in Figure 10. Here the AM1 and PM3
methods give fully trans structures
after their optimization procedures, so
that the maximum delocalization of =«
electrons can be achieved in this
conjugated system., giving high 7
values. However, the MNDO optimized
geometry of trans pyrrole oligomers
was a twisted chain style structure
with  about 114°
between two adjacent pyrrole rings, so
that it does not achieve full
delocalization of the & electrons.
Therefore the 7r values from MNDO
are much less than those of totally

dihedral angles

delocalized trans structure from AMI1
and PM3. It can be seen from Figure
10 that the r values from MNDO are
5-7 times smaller than those from
PM3 and AM1 in the case of 9 ring
system. The second
hyperpolarizabilities for all-trans furan
oligomers are shown in Figure 11. In
this case, the AM1, MNDO and PM3
semi-empirical methods all give the
fully trans optimized structures so

that their » values are in good
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agreement one another.

The slightly higher AM1 7 values can
be explained from the fact that
conformational deviations in bond
lengths and angles exist in AM1 as
compared to MNDO and PM3

geometries.

]

second hyperpolarizabilities (au
; BB BB
° 8§ 8 8 8

nurber of pyrrole rings

Figure 10. Second hyperpolarizabilities(a.u.)
for all-trans pyrrole oligomers

1 2 E) 4 s L] 7 L]

nunber of furan rings

Figure 11. Second hyperpolarizabilities(a.u.)
for all-trans furan oligomers

It should also be noted that the 7
curves in Figure 10 and 11 start out
with a positive curvature but approach
linear for large n. indicating a possible
prediction of the approximate
calculation of r values at the polymer

limit by the computation of a fixed

value per subunit. Such extrapolations
had been applied above for the cases
of the heats of formation and the
linear polarizabilities, and can be used
again for the second
hyperpolarizabilities, too. To find the
limiting 7 values per subunit, the
extrapolation procedure with
logarithms can be applied. where
asymptotic limits are assumed as n

approaches infinity. that is'?

log A(n) = a+% +%

where A(n) is the 7 value per subunit
and a, b, c are the fitting parameters.
Thus when n approaches infinity, the
extrapolated limiting value is given as
A(n)=10% The behavior of the limiting
v values per subunit for the all-trans
pyrrole and furan oligomers is shown
in Figure 12 and 13. It seems from
these results that the limiting subunit
r values approach the asymptotic
limits, but the convergence is not yet
achieved. The
subunit 7 values for these oligomers

predicted limiting
are given in Table 1. The /n and /s
methods should give the same result at
the infinite polymer limit, but /s limiting
values are twice the /n results as can be
seen in Table 1. This indicates that the
second hyperpolarizability of the
extended x electron system still has a
large contribution from further electron
delocalization. It can also be seen from
these figures that /s values are
converging to the limits faster than /n
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7.
—o— AN —O— MNDOUN —a— PV
—u— AMI(A)  —B— MNOOIA) —— PMXS)

number of pyrrole rings

Figure 12. Logarithm of the second
hyperpolarizabilities per
subunit (referred to as
/n and /s) in a.u. for
all-trans pyrrole oligomers

—o—AMI) —o— () —r—|
—i— AMI(A)  —8—MNDO(A) ——PMXA)

1 2 3 4. s s 7 »
number of furan rings

Figure 13. Logarithm of the second
hyperpolarizabilities per
subunit (referred to as
/n and /s) in a.u. for
all-trans furan oligomers

values, indicating /s is preferable to
/n at
Increasing the number of subunits

moderate  oligomer  sizes.
included in the calculations should
reduce the difference between /n and
/s methods and give the same
converged limiting value. The
discrepancies between semi-empirical
results may again be explained as

mainly due to the differences in

predicted optimized geometries.

Table 1. Predicted limiting values in
10° a.u. for the second
hyperpolarizabilities of all-
trans 9 ring pyrrole and 8
ring furan oligomers

pyrrole oligomer | furan oligomer
/n /s /n /s
AM1 3.03 5.96 325 6.84
MNDO} 0.39 0.59 265 5.26
PM3 2.29 479 253 5.05

Conclusion

The primary goal in this work was to
calculate the second
hyperpolarizabilities of pyrrole and
furan oligomers which have long
conjugation chains and fully extended
r electron delocalizations so that the
large 7 values would be expected. The
methods used in this study were AMI1,
MNDQO., and PM3 semi-empirical MO
approximations in which the finite-field
method was implied for a static
external electric field. The calculation
results were compared among three
different semi-empirical methods so
that the molecular structures could be
investigated and related with the
corresponding 7 behaviors. It would be
more meaningful if these semi-empirical
predictions could be compared with the
available experimental results even
though there would exist several
experimental factors which make a
direct comparison more difficult. And it

should be mensioned that the
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experimental values are frequency
dependent but all the results reported
here are at static electric fields. so
that the direct comparison can not be
made. Also the purpose was put to
achieve a limiting r value per subunit
so that the nonlinear optical behavior
of various interesting polymers would
be predicted without direct calculations.
The /n and /s methods were used to
predict the limiting 7 values per
subunit, and it was shown that /s
converged faster than /n to the
asymptotic limit. Up to 9 rings of the
oligomers considered in this work the
satisfactory convergence for the limiting
values was not achieved., because the
calculations have not been done for
large enough polymer units. However
the patterns approaching to an
asymptotic limit could be seen quite
nicely, so it is expected that the
convergence would reach if more ring
sizes are included in the calculations.
It is hoped that the nonlinear optical
behaviors for other interesting
heterocyclic compounds are to be
calculated and investigated further in
future. Finally it is hoped that the
nonlinear optical property calculations
will be improved with modifications
such as atomic correction factors,
frequency

vibrational effects, and

dependence.
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