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Rotational Conformation Dependence of Second
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Summary

The second hyperpolarizabilities of 1, 3-butadiene, 3-hexyn-1, 5-diene, dipyrrole, dicyclopentadiene,

and difuran with respect to their conformational changes were calculated using a finite~-field method in

AMI1, MNDO, and PM3 approximations. The maximum values are at their cis and trans structures, and

the minimum values are at the conformations with about 90°-95° dihedral angle changes. The relative

heats of formation of those molecules were also caicuiated and compared for the conformational

dependence. The MOPAC program was used for all the computations performed in this paper.

Introduction

Nonlinear optical properties, especially for the
(), of

molecules have been the hot subjects to the

second hyperpolarizabilities organic

theoretical chemists as well as the experi-
mentalists, and the studies have been recently

stimulated by the tremendous development of

computational capabilities in scientific

environment. Here the nonlinear optical property
is meant by the nonlinear behavior of the
polarization of a molecule when it is exposed to a
field strength. The

those properties

high external electric

applications of range from
optical computing and optical communications by
the fiber optics up to the laser indusiry (Shen,

1984). From the search for good nonlinear optical

* 2jod =hspo) 8} 3}4t 2} (Dept. of Chemistry, Cheju Univ., Cheju-do, 630-756, Korea)
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materials, it has been reported theoretically and
experimentally that the organic molecules and
polymers having high = electron delocalization
show very

large second hyperpolarizabilities

(Chemla and Zyss, 1987:Prasad and Williams,
1991).

In this paper, it is intended to show how the
second hyperpolarizabilities of molecules depend
on the rotational conformation changes. Also the
heats of formation of the molecules with respect
to their conformational changes were relatively
related with the
hyperpolarizabilitiy values. The molecules studied
1, 3-butadiene,

dicyclopentadiene,

obtained and second

here are 3-hexyn-1, 5-diene,
dipyrrole, and difuran. The
semi~empirical hamiltonian approximations used
for this calculation are AM! [Dewar et al.,
1985), MNDO (Dewar and Thiel, 1977}, and PM3
(Stewart, 1989). The MOPAC program (version
5.0) was used for all the computations performed
in this work, which has been modified with Finite
-Field method for the nonlinear optical property

calculations.

Computational Methods

The molecular polarizability and hyper-
polarizability tensors relate the dipole moment
induced in an isolated molecule to the applied

electric fields as a power series :
# =i+ (1/2) BuBiEy + (1/6) 7y EEE, + -

where g is the component of the induced dipole
moment in the cartesian coordinate direction i, @;
is the linear polarizability tensor, Bik and Tk, are
the first and second hyperpolarizability tensors,
respectively, and Ej is a component of the
applied electric field acting on the molecule. And
the energy W of the molecule can be related to
its dipole moment ¢ in an electric field E using

the related W=-fudE such as

W=W0- u’E- (1/2) a;EE;- (1/6) B,EEE,
- (1/24) 7 EEEE;-

where W° is the energy of the molecule in the
absence of the external electric field, and 40 is a
component of the permanent molecular dipole
moment. The «a; By and 7, are all polar
tensors fully symmetric in the permutation of
cartesian indices, and allow the induced dipole
moment to be in a direction other than that of the
field. The
obtained by finite differencing successively at
static field (E;=0) such as

applied electric coefficients are

o o'W
i oE,; ok,
8 _ (W

ik aE; oF; oF,
o= oW

fik1 o, oF, oE, oE,
In the finite-field method, the perturbed

hamiltonian for the molecule can be written as
H" = H -3CEr,
1]

where E is a finite electric field, and r; is the
position operator for the i-th electron. From the
variational Hartree-Fock procedure, this

perturbation term results in a modified form for

the standard Hartree-Fock matrix elements as

Fo=Fo,+ ZED,,
where F', is the unperturbed zero field H-F
matrix element and D., is the i-th component of
the dipole moment matrix element between atomic
orbitals ¢, and ¢, In the semi-empirical
calculations used here, Di,,, is neglected unless #,
and ¢, are atomic orbitals on the same atom.

From the resulting perturbed wavefunctions, all
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the tensor components including the
hyperpolarizabililies are obtained by successively
computing W(E) for a series of positive and
negative electric field strengths of the same
magnitude.

In order to get the orientationally averaged
values, the mean values for the polarizability and
hyperpolarizability tensors are necessary such as

(Buckingham and Orr, 1967},

{ay= % (gt ay,+a,,)

8= % (Buet By + Bad)
<7> = % (rmx + ryyY!+ rzzzz+ zrxxyy+ 27"11+ zrlzu)

where x, v,z denote Cartesian components, and i
is the major symmetry axis that coincides with the
vector. The second

dipole moment

hyperpolarizability values of the molecules
reported here are therefore the average values of
(.

For the proper achievement of nonlinear optical
responses from a molecule, the applied electric
field strength should be high enough, but not
exceed to the limit over which the molecular
electronic structure distortion would occur. Also,
too high field strength may cause the terms
following after the 7 term in the above energy
expression to be significant so that they would
not be truncated in the finite-field method. The
electric field strength used in this study was 0. 001
a.u. which is equivalent to 5.1423%10° V/cm,
and this choice was shown quite reasonable
(Kim, 1991].

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 molecules studied in
this paper were fully optimized in three semi-

empirical levels and then taken to the nonlinear

optical property calculations.

The atomic unit f{(a.u) of second
where one
a.u. of 7 equals 6.2356X10* C'm*J®, which is

equivalent to 5.0509X 10" esu.

hyperpolarizability was used here,

Results and Discussion

The second hyperpolarizabilities for 1,3~

butadiene were calculated with respect to
changes in the C-C—-C-C dihedral angle, and their

semi-empirical results are shown in Fig. 1. The 5°

5000

000 P
/ AM1
A

-

8

second hyperpolarizabilities (a.u.)
g §

ha =
MNDO i

0 20 40 60 B0 100 120 140 180 180
dinadral angle

0

Fig.1. Second hyperpolarizabilities(in a.u.) for
1, 3-butadiene with respect to the C-C-C-
C dihedral angle changes.

intervals of the dihedral angle changes have been
made and the smooth curves were shown through
a minimum from 0° to 180° angle changes. Here
assigned the molecular structure with 0° dihedral
angle as the cis, and that with 180° angle as the
trans. As expected, the value of the second
hyperpolarizabilities is a maximum at the trans
and cis structures, (the trans form has a little
higher values than the cis one in all three semi-
empirical methods), due to the fact that the fully
extended conjugation of the delocalized =
electrons allows larger responses to the external
electric field. It is a minimum at about 95° di-
hedral angle at which conjugation is weakest.
The relative heats of formation (AH) in units of
kcal/mol for 1, 3-butadiene are also shown in

Fig.2. These values were obtained by the
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Fig. 2. Relative heats of formation (kcal/mol) for
1, 3-butadiene with respect to the C-C-C-
C dihedral angle changes.

difference of the heats of formation of this mol-
ecule between each dihedral angle and 180°.
From these figures, an inverse relation can be
seen belween 7 and AH; for AMI and PM3
results. That is, when a maximum delocalization
of = electrons is achieved, ils second

hyperpolarizability value is maximum and AH is
minimum with which the molecule has most
stable geometry. When conjugation of the =«
system is broken, its second hyperpolarizability is
minimum and AH; is maximum that is, the
molecule has most unstable geometry. This
relation is not valid for the MNDO results, In
MNDO

obtained at 40°-45°, so that it may be assumed

case, a stable geometry was also
some possible contributions exist from other
factors such as steric effects. Also the AHpis a
little higher at 0° than at 180° for all MNDO,
AM1 and PM3 results,

are less than 1 kcal/mol. Therefore, it is concluded

although the differences

that the z electron delocalization can be directly
related to the second hyperpolarizability behavior
but not to the heatls of formation where several
additional factors might be important.

Fig.3 shows the second hyperpolarizability
values for 3-hexyn-1, 5-diene versus its C1-C2-C5
-C6 dihedral angle changes, where Cl and C2
are the carbon atoms at an end of the molecule,

and C5 and C6 are those at the other end of the

20
MNDO

>

K
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=g

4] 20 40 60 80 100 120 140 160 180
dihedral angle

o

second hyperpolarizabilities (au.)
(Thousands)

e
5

Fig. 3. Second hyperpolarizabilities (in a.u.) for 3
-hexyn-1, 5-diene with respect to the Ci-
C2-C5-C6 dihedral angle changes.

molecule. Again the values are maximum at the
180° (trans) and 0° (cis), and minimum at about
95° by the same reason as in case of 1,3~
butadiene. And the maximum values for 3-hexyn-
1. 5-diene are about 5 times larger than those of
1, 3-butadiene, because of its extended

conjugation as well as larger molecular size.
Fig. 4 gives the relative heats of formation for 3~
the heat of

formation of the molecule at 0° (cis) from that of

hexyn-1, 5-diene by subtracting

its each rotation. The inverse relalion between
the second hyperpolarizabilities and the relative
heats of formation can be seen very well from
these figures. This is because 3-hexyn-1, 5-diene
has a longer chain length so that the = electron
conjugation plays a major role for the rotational
AH; changes.

0.2
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relative heats of formation (kcal)
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0 20 40 60 B0 100 130 140 160 180
dihedral angle
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Fig. 4. Relative heats of formation (kcal/mo!) for
3-hexyn-1, 5-diene with respect to the Ci1-
C2-C5-C6 dihedral angle changes.
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Fig.5. Second hyperpolarizabilities(in a. u.) for
dipyrrole with respect to the dihedral
angle changes between the rings.
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Fig.6. Second hyperpolarizabilities (in a.u.} for

dicyclopentadiene with respect to the di-

hedral angle changes between the rings.
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Fig.7. Second hyperpolarizabilities(in a. u.) for
difuran with respect to the dihedral angle
changes between the rings.

The second hyperpolarizabilities of dimers of

pyrrole, cyclopentadiene and furan were
calculated for the conformational effect on the r
values, and Fig.5.6 and 7 show their semi-

empirical results. Here, the dihedral angles have

been assigned for X-C-C-X in those dimers,
where X indicates N, C, and O atoms for
dipyrrole, dicyclopentadiene and difuran,

respectively. Again it is evident that the 7 values
for the dimers are maximum at 0° and 180° di-
hedral angles due to the fully extended = electron
delocalization and minimum at about 90° due to
the breakage of = electron delocalization. The
discrepancies between the semi-empirical 7
results may be explained due to the different
optimized geometries between each method, but
they are still quite small. The relative heats of
formation for the dimers were also calculated and
are given in Fig.8,9 and 10. As shown in Fig.8.
the heat of formation for dipyrrole is a minimum

at its trans structure in AM1 and PM3 as

PM3
[ /

~F
M
T S~

w

/

relative heats of formation (kcal)
. - ()

R

0 20 40 &80 80 100 120 140 160 180
dihedral angle

Fig.8. Relative heats of formation (in keal/mol)

for dipyrrole with respect to the dihedral

angle changes between the rings.

=
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’ /

MNDO

relative heats of formation (kcal)

20 40 60 80 100 120 140 180 180

dihedral angle
Fig.9. Relative heats of formation (in kcal/mol)
for dicyclopentadiene with respect to the
dihedral angle changes between the rings.
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Fig. 10, Relative heats of formation (in kcal/mol)
for difuran with respect to the dihedral
angle changes between the rings.

expected, but no minimum at the cis form. It can
only be guessed that there may be some
optimizing problems for cis—dipyrrole in these twa
semi-empirical methods, especially in PM3. The
MNDO predicts its minimum between 100° and
120° which is not true stable conformation for the
molecule. 1t has been expected that the MNDO
procedure gives poor optimized geometries in
many cases, and it is inferior to AM1 and PM3
procedures in geometry optimization respects. In
Fig.9, the AMI and PM3 methods show the
energy minimum for dicyclopentadiene at 180°
and 0°, while MNDO shows almost no minimum
surface. In Fig.10, all AM], MNDO and PM3

show a minimum at 0° and 180° for difuran.
Therefore, it can be eventually predicted that the
second hyperpolarizability values can be directly

related to the delocalization of # electron system.

Conclusion

For 1, 3-butadiene, 3-hexyn-1, 5-diene,

dipyrrole, dicyclopentadiene, and difuran, the
second hyperpolarizability values with respect to
their dihedral angle changes showed a common
pattern that there was a maximum at 0° and
180°, and a minimum at about 90°-95° dihedrai
angle changes. From this fact, the delocalization
of = electron systems is directly related to the
second hyperpolarizability of a molecule. When
the #z electron delocalization is fully extended the
second hyperpolarizability has a maximum value,
but it has a minimum value when the » electron
delocalization is broken. The relative heats of
formation with respect to the dihedral angle
changes did not show such a common relation. It
seemed to be optimization

some geometry

discrepancies between the semi-empirical

approaches,
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(BEXESH)

1, 3-Butadiene, 3-Hexyn-1, 5-diene .z} ¢} Pyrrole,
Cyclopentadiene, Furan o] gtajol o
o3} ZHZFE 5} 3T RS WA

AM!, MNDO PM3 A7tz w3 @A g =HAo2 3o 1, 3-butadiene, 3-hexyn-1, 5-diene>
pyrrole, cyclopentadiene, furan ol gtal o} 3 A FzA Wb it olxt 2M T g A4bsigdg, 2E AN
o sgy weog ez on MOPAC =230 o] £5lgich o] Fa1Ee] B ATF2} cissh trans 3 el
oo olil 2MTzgte Hehag shxled, 90°%04 9579 olmizte 2 Fadw 1 ge HaAE JER
ch oole gt Aste olxt 2 F et 2 AAY ajsa Adoll AR BAE UG dele Holnh TH o] ¥
A} 2] Bl Fzol gt Aol A ALk 8| s gich
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