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Abstract—Quantum-chemical simulation of the ground state [the density function B3LYP/6=31hG, B3LYP/6-
31G(d), and B3LYP/6-31+G(d,p) and the perturbation theory MP2/6-31G(d) methods] andythe transition states
[the B3LYP/6-31G(d) method] of 4,4'-methoxypropylstilbene molecule has been performed.“Using the Ellinger
MM2 force field method, the potentials of internal rotation have been obtained fordeachiotational degree of
freedom of the molecule. The B3LYP simulation has revealed the planarity of the Conjiigated system and the
orthogonal position of the alkyl substituent, whereas the benzene rings haye deviated by\about 20° with respect
to the double bond plane according to the MP2 data. Three transition statesyof thepmolecule corresponding to
the saddle points of the first and the second orders have been revealed. The stationary points have been

identified by means of vibrational analysis.
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Many optical decolorants, synthetic drugs, inter-
mediate products of dyes synthesis, and liquid crystal4
line compounds are derivatives of stilbene hydro-
carbon [1, 2]. Conformational flexibility of suchfcomx
pounds is among the major factors determining their
physical properties including mesomorphissa [3, 4J

The structure of the ground state and the mternal
rotation barriers of trans-stilbene (the simplest diaryl-
ethylene) have been studied oy@ffouryrecent decades
by means of experimental? (eleetron and X-ray
diffraction, etc.) and theor@tical (melecular mechanics
and quantum chemistry){methods [5-13]. However, the
obtained data have ben contradictory, revealing either
planar or nonplanar “$tructure of the molecule.
Theoretically, the bridging group (ethylene bond) and
the benzeng(rings of stilbene should form a common
conjugated ‘system requiring the coplanarity of the
molecule, i.e. the m-system of the benzene rings and
the'double ethylene bong should be in the same plane.
This isyonly possible for the frans-isomer, whereas in
the cis-isomer of stilbene this is hindered by the spatial
interaction of the benzene rings. However, the
experimental data [14] have revealed the nonplanar
structure of the trans-stilbene as well (at elevated
temperatures in the gas phase), resulting from the
steric hindrance between the hydrogen atoms of the

ethylene bond and the ortho-hydrogens of the phenyl
fragments.

In contrast to trans-stilbene, the structure of the
ground state of the para-substituted diarylethylenes is
also affected by the terminal alkyl and alkoxy groups
or by highly polar substituents. In this work, we discuss
the results of conformational analysis of the 4,4'-
methoxypropylstilbene molecule performed using the
force field and quantum mechanics methods.

Rotational Hamiltonian of the molecule with internal
rotation could be expressed as follows (1).

H= Hrot + Hint.rot + I_Iinteracla (1)

with H,, the Hamiltonian (energy) of the rigid rotator;
Hiyiro1, the Hamiltonian of the internal rotation; Hiperact
the Hamiltonian of the interaction of those rotations.

The rotation of the molecule as a whole (for
instance, that occurring in the liquid-crystalline phase
around the director) was neglected at that stage. In the
considered molecule, the internal rotations around the
carbon—carbon and the carbon—oxygen ordinary bonds
were operative, both rotations being one-dimensional
periodical process.

Potential energy of the one-dimensional internal rota-
tion could be expressed as the Fourier series (2) [15].
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()= Vo/2 + X V,cos nwo + Z V,'sin nwe. 2
n=1 n=1

In Eq. (2), n is an integer, V, and V' are the series
coefficients, w = 2n/T (7, rotation period), and ¢ is the
rotation angle. If V(@) is an even function, expres-
sion (2) should contain only cosine terms. However,
the studied compound revealed more complex internal
rotation, having several conformational degrees of
freedom. Therefore, the potential function of its
rotation should be written in the form (3).

8
@1,92,-.,0,) = Vo/2 + ganCOS nw(Q1,Qz...)

8
+Z V)sin nw(@1,92...). (3)
n=1

Such function cannot be obtained using any
experimental or theoretical methods. Even if the two-
dimensional rotation can be simulated,

n!
C2(n—-2)!

combinations of the rotation angles should be probed
for a molecule with n rotational degrees of freedom.
For example, at n = 7, Cc? equals 21, leading,to
unreasonably resource-demanding computations. We
propose different approaches to solve the gonferma-
tional problem of finding the extremumfof a nmlti-
parameter function: neglecting certain degtees of
freedom (for example, these of the alkyih groups) or
separate study of each of the degrees of freedom. In
this work, we used the mole¢ular.meehanics method
MM2 with the modified force “field (developed by
Ellinger [16]) for preliminacy®®@stimation of the
potential energy as a, function of the internal rotation
angles; the obtained resultstwiere further refined using
the non-empirical’quantums-chemical methods.

2
n

Figure 14displays the 3D models of the optimized
confefmationsfof 4,4'-methoxypropylstilbene molecule
infthe mmimum®and the saddle points of the potential
enetgygdsurface (PES). Figure 2 shows the potential
energyjas a function of different internal rotation angle
of the ‘molecule obtained by means of molecular
mechanics. The effects of the choice of the simulation
method and the basis set on the molecule geometry is
shown in the table.

Internal rotation in 4,4'-methoxypropylstilbene
molecule is a result of rotations about the bonds of

ABULYAISSOVA et al.

several types: the C—C bonds adjacent to the double
bond and the benzene ring, the C—O bonds, and the
bonds of the methyl and ethyl groups. The dihedral
angles formed by the C'C°C’ and C°C’C® planes (the
C'C’C’C? angle), the C'C’C’ and C®C’C' planes

(C'c*c’c'®), the C'"c'C" and C™CYC' planes
(C''C?CC™®), the C2C’0" and C’0"°C' planes
(C’C’0"C'), the C’0"C'" and C'"°C'"0*\planes

(C*0PC'®C?), the C''C'C" and GI*E¥EE planes
(C7C¥CC®), and the C2CG¥ and CQIC”
planes (C"2C"C'®C") were considered as the rétation
angles (Fig. 2). To compute the energyief the molecule
conformations using the MM2"method;)the dihedral
angles were forced to changetwith a step of 5°. The
full rotation about a bondfwas started at —180°, i.e. at
the conformation with the myarked four atoms were in
the trans-configuration.

The rotation petentialsief the fragments in the 4,4'-
methoxypropylstilberie molecule could be expressed as
Eq. (4961 (meglecting the constant) Eq. (5).

V=V,/2)(1 + cos no), 4)
with'w,“an integer index; V,, a series coefficient.
V(@) = (V1/2)(1 + cos @) + (V2/2)(1 + cos 2¢)

+ (V3/2)(1 + cos 39). &)

Calculation of the sections of the internal rotation
PES revealed that the second term of Eq. (5) was
dominant for the cases (a), (c—f) (Fig. 2), since the
molecular fragments close to planarity corresponded to
the energy minimums, and the third term of Eq. (5)
was dominant in the case (b).

From a physical viewpoint, the molecule energy F
is a sum of four contributions (6) [17]: U,,, repulsion
of the nuclei; U,,, repulsion of the electrons; 7, kinetic
energy of the electrons; U,,, attraction of the nuclei
and the electrons. The difference of the repulsion
energy (U,, + U, + T) and the attraction energy U, is
the observable (conformational) energy.

E:Unn+ Ugg+T_ Une- (6)

The energy profiles of the bonds adjacent to the
double bond (ie. the C°-C’ and C*~C’ bonds)
determined by the MM2 force field method were
similar, and only one of them is given in Fig. 2a. In
both cases, the conformations of the fragments
corresponding to the energy minimum were almost
transoid: the C'C°C’C® and C'C*C’C" dihedral angles
equaled —160° and —165°, respectively. The energy of
the conformations at the angles —35° and 35° (Fig. 2a)
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(b)

n of
ener:

Fig. 1. Conform

TS3 (d) of thepote

fo at ut the C°~C” bond (for the C*-C’
b yse angles were —35 and 30°) was increased
duetg'the “skewed” interaction of the hydrogen atoms.

atistical factor for the skewed conformations
equaled 2. Conformational equilibrium between the
forms should be temperature-dependent: the almost
transoid conformation should dominate at low tempera-
ture, and the fraction of the skewed forms should
increase on heating. Hence, the low-energy (and
exhibiting the smallest volume) transoid conformation

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 87

4.4'-methoxypropylstilbene molecule in the minimum (a) and the saddle points TS1 (b), TS2 (c), and
surface [B3LYP/6-31G(d) method].

likely exist in the crystal, and the skewed forms will
appear upon melting. The conformational energy was
more than twice lower than the barrier separating the
conformations. For example, the potential barrier of
the rotation about the C°~C’ and C*~C” bonds was of
17-18 kJ/mol. The energy maximums corresponded to
the perpendicular location of the planes of the ethylene
bond and benzene rings. The rotation about the
C"—C" bond (adjacent to the benzene ring) exhibited
the double-well potential. The minimums at the PES

No. 6 2017
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165°, corresponding to the closest proximity
of the hydrogen atoms of the benzene ring and the
methylene group. The barrier of the internal rotation
was of almost 16 kJ/mol. The transoid and the skewed
conformations were also possible for the C*~O" bond
adjacent to the benzene ring (Fig. 2c). The conforma-

of potential energy surface of the internal rotation of 4,4'-methoxypropylstilbene (force field method).

tional energy was of 10 kJ/mol, and the rotation barrier
was about 16 kJ/mol. The rotation of the terminal
methyl groups, like that in ethane, showed three
minimums at ¢ +£60° and 180° corresponding to the
staggered forms and three maximums at ¢ 0° and
+120° of the eclipsed forms (Figs. 2d, 2e) in the
potential curve. The trans- and gauche-conformers
were stable. The barriers were of 13-42 kJ/mol, the
cosine height in the case (e) being 12.18 kJ/mol,
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Geometry of the ground state of 4-methoxy-4'-propylstilbene molecule (d, A; @, deg)

Bond, angle MP2/6-31G(d) B3LYP/6-31G B3LYP/6-31G(d) | B3LYP/6-31+G(d,p)
c'-ct 1.410 1.416 1.413 1.414
-t 1.402 1.408 1.404 1.404
-’ 1.463 1.465 1.463 1.465
c-o" 1.370 1.391 1.364 1.366
ob-_c'e 1.425 1.451 1.419 1.422
c’=c? 1.352 1.353 1.350 1351
¢ 1.464 1.466 1.465 1.467
- 1.406 1.411 1.407 1.408
c-c 1.407 1.413 1.409 1.410
cl-—c" 1.403 1.408 1.404 1.405
c'zc"” 1.505 1.515 1.512 V513
cl-c™® 1.534 1.549 1.543 1.543
c'tc” 1.526 1.536 1.532 1.532
H?--H® 2.204 2.147 2.150 2.155
c'cc? 120.39 120.19 120.46 120.41
c'csc’ 123.03 123.69 12389 123.89
Cc*C’o" 115.22 115.55 bL5.72 115.78
coc's 116.72 118.75 11820 118.51
coc’ct 125.76 127.21 127.36 127.32
c’'cic? 125.28 127.10 127.18 127.14
ctc’ch? 122.75 123.77 123.91 123.94
c'oc!'c” 121.28 121643 121.54 121.59
c'clc?” 120.88 121.03 121.10 121.14
c*clc'® 112.07 113018 113.17 113.41
c'c’c? 112.57 112.72 112.88 112.87
c'cec’ct ~160.194 797996 ~179.913 ~179.871
c*clo’scte 179.642 L 1791880 -179.939 ~179.828
coc'ic*? 179.938 179.792 179.873 179.816
c’'cdcc’? 156.310 ~179.655 -179.394 ~178.926
cl'chclc’ ~87.531 —87.508 -87.302 -87.303
c2clc¥c” 179.996 ~179.936 ~179.944 ~179.946
c’cchc® 179995 ~179.867 -179.856 ~179.955

almost equal to the expetimental barrier of the internal
rotation in ethane(l12.20+0:20 kJ/mol [3]). The
potential of the ethyl group rotation about the C'’—C'®
bond was noticeablydifferent, being asymmetrical.

Tostefine,the molecular mechanics results and to
eyaluate the cffeet of the choice of the basis set and the
simulation method on the geometry and physico-
chemigal properties of 4,4'-methoxypropylstilbene, we
performed the quantum-chemical simulations by
means of the perturbation theory and density func-
tional theory methods in the split-valence basis sets
including polarization and diffuse functions, aiming to
optimize the geometry and find the transition states of
the molecule.

The B3LYP simulation has revealed the almost full
coplanarity of the conjugated system (the benzene
rings and the ethylene bond) and orthogonal location
of the alkyl substituent in the low-energy conformation
(Fig. la), qualitatively confirming the MM2 results.
The introduction of polarization and diffuse functions
shortened the bonds in the molecule (by 0.010-0.032 A),
but they were still longer in comparison with the MP2
values, evidencing the more accurate account for the
electronic correlation in the B3LYP method. The
difference in the bond angles determined using the
perturbation and density functional theories was 0. 1°—
2.4°, the MP2 method giving the lower values (see the
table). The values of dihedral angles obtained using
those methods were close, except for the angles of the

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 87 No. 6 2017
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—773.170

—773.172

—773.174

Ei, a.u.

—773.176

—773.178

<

—773.180 L L L L L L
180 210 240 270 300 330 360
ZC'C®C'C?, deg
Fig. 3. Change in the total electron energy of 4,4'-methoxy-

propylstilbene during rotation of one of the benzene rings
[B3LYP/6-31G(d) method].

benzene rings rotation: the B3LYP method revealed
that the benzene rings deviated from the double bond
plane by about 20°. The simulations revealed the
expected decrease in the dipole moment p {1.608 D
(B3LYP/6-31G), 1.476 D [B3LYP/6-31+ G(d,p)]}, energy

level. The corresponding MP2 value
Homo [0.35390 a. u. (9.630 eV)] were
the £ (-768.120118 a. u.) and p (1.

In the MM2 simulation, fthe) ‘ene
were observed at orthogona
bond and benzene r1ng
(along certain coor
gave similar coi
(Fig. 3) and C’

maximums
ocation of the ethylene
nning of the PES

gles. The transition states
TS1 and T molecule (Figs. 1b, 1c) were
refined,, vi Il optimization and vibrational
it esponded to the first-order saddle
th a single imaginary frequency, i.e. true
on states. The TS1 structure [energy with
accountifor the zero vibrations £ —772.837411 a.u.,
B3LYP/6-31G(d)] appeared due to the rotation of the
molecule fragment about the C°~C’ bond (the
C'CC’C® angle 90.01°, Fig. 3), and the TS2 structure
[E —772.837809 a.u., B3LYP/6-31G(d)] resulted from
the rotation about the C®~C’ bond (the C’CC’C'"
angle —90.55°). The lower energy of the TS2 structure

ABULYAISSOVA et al.

TS3

E, a.u.

—773.162
=773.164

central ethylene bond) were practically un-
. The double C'=C* bond was shortened by

and 0.006 A (C*-C°) for the TSI structure; and by
0.006 (C°~C7) and 0.025 A (C*-C°%) for the TS2
structure. The noticeable lengthening of the bonds was
evidently owing to the broken m,m-conjugation. The
rotation barriers were as follows: without accounting
for the zero vibrations 23.04 [TS1, B3LYP/6-31G(d)]
and 22.01 kJ/mol [TS2, B3LYP/6-31G(d)]; with
accounting for the zero wvibrations 21.87 [TSI,
B3LYP/6-31G(d)] and 20.82 kJ/mol [TS2, B3LYP/6-
31G(d)]. The relatively low barriers evidenced the high
torsion flexibility of the stilbene derivatives.

The simultaneous rotation of two benzene rings of
4,4'-methoxypropylstilbene molecule gave rise to a
new transition state TS3 in the PES (Fig. 1d)
corresponding to the conformation with torsion angles
between the benzene ring and the ethylene bond planes
equaling 90° (Fig. 4). The vibrational analysis showed
that the TS3 structure was the second-order saddle
point. The observed global minimums corresponded to
the conformations with absolute coplanarity of the p,n-
and m,m-conjugated fragments. The internal rotation
barrier for the TS3 structure [49.89 kJ/mol without
accounting for the zero vibrations, B3LYP/6-31G(d)]

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 87 No. 6 2017
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was almost twice higher than those for the TS1 and
TS2 structures, due to the completely broken m,m-
conjugation in the molecule. Therefore, the non-
synchronous rotation of the phenyl rings in the
molecule was likely favorable.

In summary, we estimated the potentials of
rotations about each of the ordinary bonds in the 4,4'-
methoxypropylstilbene molecule using molecular
mechanics simulation. Final conclusion on the
conformations, rotation potentials, and transition states
of the molecule was drawn using the density functional
theory simulation. First- and second-order saddle
points were found in the PES of the stilbene.

EXPERIMENTAL

Potential energy as a function of the internal
rotation angles was studied by means of molecular
mechanics using the Ellinger MM2 extended force
field method. Structure optimization and vibrational
analysis of the stable conformer of 4,4'-
methoxypropylstilbene were performed using the
quantum-chemical methods [perturbation theory MP2
and density functional theory with correlation
functional B3LYP in the split-valence basis sets 6
31G, 6-31G(d), and 6-31+G(d,p)] implemented n
Gaussian software [18]; the transition statesgWere
simulated using the B3LYP/6-31G(d) method.! Since
the molecule was asymmetric, the local syimmetsy_of
methylene and methyl groups was not accounted for.
The stationary points were identifiedjby means of
vibrational analysis. Energetics ofjthe|rotations was
determined with and without aeeeunting for the zero
vibrations.
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