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The intramolecular torsional potential of ethylbenzene and ethoxybenzene has been calculated using the B3LYP

2, 2003

density functional method with a tripepolarized basis set. In its completely optimized geometry, ethylbenzene

has the torsional angle at 9@hat is in corresp

ondence of conformation with the plane containtn@GIid;—

CHs perpendicular to the phenyl ring, while, in agreement with recent literature data, a very little pronounced
energy maximum at=20° and a shallow local minimum af have been found. The ethoxybenzene molecule

has its minimum geometry where both the

ring and the ethyl group lie in the same plane, being in trans

position with respect to the ©CH, bond. The resulting data have then been fitted onto analytical functions,
to be employed both in LXNMR spectroscopy and in computer simulations of realistic models of liquid
crystals containing the alkylaryl and alkoxy-aryl linkages.

1. Introduction

In the field of liquid crystals, it is customary to divide the
complex mesogenic molecules in two relevant kinds of building
blocks: the so-called rigid cores and the flexible tails.

The former are formed by a series of phenyl rings connected
with each other directly or through linking units of different
nature. At least in calamitic molecules, this kind of building
block is not completely unflexible; for example, the dihedral
angle in the biphenyl core of 4-cyano-@entylbiphenyl (5CB)
molecule, varies from Qin the solid phaseto = 35° in the
nematic phaséln the condensed phase, in fact, due to relatively
small torsional barriers® intermolecular interactions can force
the core in a less favorable conformation. Although not devoid
of flexibility, nevertheless these cores can still be intended as

rigid, in the sense of being capable of conferring such a stiffness
that allows the molecule to assume the necessary anisotropicd

shape.

Flexible aliphatic chains, though not a necessary feature, are

extremely common and of importance in decreasing the tem-

perature at which, under normal pressure conditions, a me-

sophase can occtiiMoreover, the delicate interplay between

is Liquid Crystal NMR (LXNMR) spectroscopythe suitable
molecule of interest is dissolved in a nematic solvent, and its
IH NMR spectrum is registered. The latter is then analyzed to
furnish a set of partially averaged nuclear dipolar coupling data
to be treated with existing theories. One of th¥hbased on

the Maximum Entropy (ME) principlé has its strength in giving
completely a posteriori, least biased, information on the nature
of internal rotational motion under examination. Recently, a ME
study*? of the rotation of the ethyl moiety around the phenyl
ring in the ethylbenzene molecule has shown, for instance, that,
apart from the well-established absolute energy minimum
corresponding to the conformation in which the ethyl group lies
perpendicular to the ring 15 a shallow relative energy
minimum also exists when the ethyl group is in the plane of
the hexagon, in agreement with quantum chemical outcéfnes.
However, an intrinsic problem in the ME method is the
ependence of its results on the orientational order of the solute
molecule. Although the ME method can give sound qualitative
results even at low orientational order, as the latter decreases
the nuclear dipolar couplings tend to zero and every piece of
information carried by them on the conformational distribution
of the solute gradually loses its quantitative significance. In ref

intra- and intermolecular forces that drives the phase transmonslz an attempt to overcome this problem was proposed by

is strongly affected by the chain conformation, which seems to
change from the all-trans configuration to gauche states by
increasing the temperatute?

Clearly, the region at which core and tail encounter one
another can play an important role in the molecular strueture
properties relationships. Very commonly an atkgkryl or an
alkoxy—aryl linkage is found in liquid-crystal-forming mol-
ecules; a good description of this joint region may be crucial in
reproducing the correct mesomorphic behavior of the material.
This is not surprising if one considers that the atkgtyl or
alkoxy—aryl joint drives the coretail relative orientation,
defining in such a way the overall shape of the molecule.

The experimental technique of choice for investigating the
conformational equilibria of flexible molecules in fluid phases
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combining the information coming from the experimental data
with that coming from ab initio calculations. The latter have to
be considered as an additional source of information entering
the ME scheme. Once the orientational order drawback of the
ME method is solved, a more effective investigation of the more
subtle solvent effects can also be undertaken. Clearly, the just-
mentioned method relies on the accuracy of the employed
torsional potential.

Our goal in this paper is to provide, by a quantum-mechanical
study, such kind of potential for ethylbenzene and, due to the
almost ubiquitous nature of the alkoxwryl linkage as outlined
above, also for ethoxybenzene. Even the latter, a two rotors
system, was studied by the ME and ab initio quantum chemical
method$® and also in this case the two approaches were found
in accord.

Apart from the use in the ME method, such analytical
expressions find a straightforward application in realistic models
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TABLE 1: Computed Torsional Barriers for Ethylbenzene?

o AE AEP
0 4.452 5.443
max 4.523 (20) 5.502 (17.8)
90 0.000 0.000

a All energies are in kJ/mol and all angles are in degrees; max means

the energy of the maximum, whose dihedral angle is indicated in
parenthese®.Ref 14. The results of ref 14 were obtained at the HF/
DZP level.

Figure 1. Definition of the dihedral angles for the two molecules.
The above conformations are defined¢as 0° and¢; = ¢, = 0° for
ethylbenzene and ethoxybenzene, respectively.

for liquid crystal computer simulatiori$. This constitutes the
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where

Kgl

9(dy, @) = Z z [Cn, n, COSEHP,) COSELP,) +
=1 n=1
Shyn, sin(n;¢y) sin(n$,)] (3)

K92

It is worth noticing that, in the last expression, the function
d(p1, @2) is strictly related to the correlation between the two
dihedral angles. In the absence of coupling, in fact, this function
is equal to zero. This method to treat the correlation between
the angles is not of course the unique one. Another possibility,
not tried here, is to consider even for ethoxybenzene a form of
the torsional potential analogous to that employed for ethyl-
benzene but with coefficients now functions of the angle,.

For everyg, considered, a fit supplies the coefficiemige,),
while the coefficients for intermediate values ¢f can be
obtained by interpolation. The chosen fitting formula, however,
permits a more straightforward modification of those parts, in
existing computer simulation codes, devised for the computation
of torsional potentials.

second, equally important reason which has prompted us to3. Results and Discussion

perform the calculations described below, in Section 2, and

Ethylbenzene.The torsional potential for the ethylbenzene

whose results are presented and discussed in Section 3. Sectiopyglecule is shown in the lower panel of Figure 2. The minimum

4 eventually concludes this paper.

2. Computational Details

geometry is achieved when the—CH,—CHs plane lies
perpendicular to the benzene ring. In agreement with experi-
mental datd? the energy maximum is localized at20° and

All the calculations have been executed by the Gaussian 98the conformation corresponding to® s a local shallow

packagé? making use of the B3LYP density functional
method?® with the 6-311G(2d,p) basis set. DFT calculations were

minimum. This agrees also with previous calculatibhgs
reported in Table 1. Comparing the two methods, the difference

preferred to the MP2 method in consideration of the greater between the barrier heights af @ an indication that the
basis set sensitiveness of the post-SCF technique. Indeed, ircorrelation energy is more effective in the planar conformation.

recent torsional barriers calculatidri?® performed with both

methods on similar molecules, a better agreement with experi-

The gross features of the torsional energy curve are essentially
defined by repulsive interactions between the methyl and the

mental measures was obtained by the use of the B3LYP method phenyl groups, which increase as the {atdmes closer to the

For both molecules, the minimum energy conformation was

ring plane. By plotting the €CH,—CHs; angle as a function

obtained by a complete geometry optimization. For ethylbenzene of the ¢ dihedral (see Figure 2), it can be seen how this angle
(Table 1), all calculations were performed without any symmetry is forced to increase in going from a perpendicular to a planar
restriction but the dihedra (see Figure 1), which was increased ~conformation, the shape of the curve being almost equal to the
by 15 in a stepwise manner from an initial value of 0 to a torsional potential one, except for the location of the maximum.

final value of 90. Moreover, in the region [17) 30°] a step of

In fact, this last feature cannot be ascribed only to the repulsion

5° was employed. In the ethoxybenzene molecule, a similar between the carbons.

procedure was adopted, optimizing all internal coordinates
exceptps and ¢, (see Figure 1), which were again varied by
steps of 18, each in the range {018C°]. The whole range [Q
360°] x [0°; 360°] was then recovered exploiting the molecular
symmetry.

The DFT data have been finally fitted, through a minimization
routine2! onto a cosine series, to provide analytical expression
for the torsional potentials. The symmetry of ethylbenzene
imposes thaW¥/(¢) = V(¢ + x), so such expression reduces to

K

V(g) = ZO C, cos(2p) 1)

In view of the symmetry of ethoxybenzen®(¢:, ¢2) =
V(—¢1, —¢2)), a fitting function can be written as

V(¢y, ¢)) =

K1 Kz

(> ¢y cosbup) + 3 ¢, costigy) (1+ gle. ¢,)) (2)
n,=0

np=

One reason for the location of the maximum, can be found
by looking at the conformation of the methyl group with respect
to the chain. As shown in the upper panel of Figure 2, when
the chain is coplanar to the ring (i.eé.= 0°) the methyl group
lies in the staggered conformation with respect to the, @Hich
minimizes the repulsion with both the hydrogens of the ring
and those of the methylene group. However, when the torsional
angleg is fixed to values around 20the staggered conformation
is no longer favored with respect to the ring, and a deviation of
almost 8 can be seen whefy = 25°. This last methyl confor-
mation, though, results in an increase in energy with respect to
the hydrogens of the neighboring methylene group, thus yielding
the reported shape of the torsional potential.

On the other hand, apart from the main repulsive effects, the
location of the minimum is due also to a small hyper-conjugation
effect, which is confirmed by the shortening of the £+ bond
in going from¢ = 0° to ¢ = 90°, as reported in Figure 2c.

The calculated data were than fitted by the means of eq 1. In
Figure 3, both the calculated points and the fitted curve are
reported. Even witiK = 3, a good fit is achieved, being its
root-mean-square deviation, RMS 0.113 kJ/mol. The im-
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Figure 2. Ethylbenzene. (a) Conformation of the methyl group with
respect to the CH as a function of the torsional angfe Distortion

from staggered conformation (dfs) is reported in degrees. (b) Value of

the bending angle €CH,—CH; as a function of the torsional angje
(c) C—CH; bond length in pm. (d) DFT computed energies in kJ/mol.
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Figure 3. Torsional potential for ethylbenzene: DFT data (triangles)
and fitted curve (solid line). All energies are in kJ/mol.

TABLE 2: The Coefficients c, for the Torsional Potential
Curve of Ethylbenzene

n ¢ (kJ/mol)
0 2.7706
1 2.3556
2 —0.5799
3 —0.1293

provement is very little with largeK, and having in mind to

Cinacchi and Prampolini
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Figure 4. Torsional potential for ethoxybenzene. All energy values

are in kJ/mol; curves are drawn every 2.0 kJ/mol. A dashed line is
used for the lowest energy curve.

TABLE 3: Energy Barrier Values in Ethoxybenzene for
Most Significant Conformations?

¢1 2 AE AEP
0 0 47.45 49.12
0 180 0.00 0.00
90 0 31.34 25.10
90 180 11.46 9.41

a All energies are in kJ/moP Ref 16. Literature data were reported
according to the definition of dihedrals given in this paper.

Ethoxybenzene.The two-dimensional plot (see Figure 4)
obtained from the calculation of the ethoxybenzene torsional
potential, shows an absolute minimumdat= 0° and ¢, =
180, i.e., when the ethoxy chain lies in the same plane as the
ring, with the ring itself and the ethyl group in trans position
with respect to the ©CH, bond. On the contrary, the maximum
energy conformation is reached when = ¢, = 0°, with a
barrier height of 47.4 kJ/mol.

This plot agrees well with the one reported in previous Work
performed at an MP2/PS-31G* level (note that in ref 16¢he
angle was defined in an opposite manner, beihgahe fully
optimized geometry). DFT and literature results for the more
significant conformations are reported in Table 3. The small
differences in barrier heights, more evident in the°(90)
conformation, can be ascribed both to the smaller basis set
adopted in the literature wotkand to the different method
employed, which we expect to be less accurate with respect to
the present calculation. Indeed, there is general agreéiient
in assuming MP2 method more basis set demanding.

In Figure 5 the variation of some significant quantities is
reported as a function of the dihedal, having fixed theg,
angle to 0 and 180. From the lower panel of this plot, where
the torsional energy variation is reported, it is evident that the
two rotors are strongly coupled, the shape of the potential curve

use such torsional potential in computer simulations, we think being strongly dependent on tkfe value.

that the truncation of the cosine serieskat= 3 is a good

Indeed, whemp, is fixed at 180, the torsional energy has its

compromise between accuracy of the data and speed of the(absolute) minimum value gh = 0°, and reaches its maximum
future calculations. The coefficients obtained are given in Table (11.46 kJ/mol) forg; = 90°. On the contrary, it; is kept at
2. The torsional potential of ethylbenzene has been very recently0°, the molecule is found in its most unfavorable conformation

studied also in ref 21, at MP2/cc-pVTZ and B3LYP/cc-pVTZ.

(47.4 kJ/mol) for planar geometrp{ = 0°) and relaxes to more

The fact that the results in ref 21 do not show any little stable geometry (31.34 kJ/mol) as approaches 90

pronounced energy maximum around® 28 probably due to
their wide grid of points in that region.

This behavior arises mainly from the different kind of
interactions that contribute to realize the shape of the torsional
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Figure 5. (a) Aryl—oxygen distance (€0). (b) Bending angle €O— Figyre 6. Calculated DFT energies (symbols) and fitted curves (lines)
CH,. (c) DFT energies. All angles are given in degrees, distances in for some significant conformations. Angles are reported in degrees and
pm, and energies in kJ/mol. energies in kJ/mol.

potential. Whenp, is fixed at @, the benzene ring and the ethyl  TABLE 4: Fitted Coefficients ¢y, and sy, p,, in kJ/mol, for
chain are in cis position with respect to the-OH, bond. In Expressions (2) and (3); RMS and MAE of 0.8 and 2.0

. - . . kd/mol Were Obtained, Respectively
this conformation, the main forces are due to the repulsion
between the methyl group and the ring, and the less unfavorable n N2 Cy.n S
conformation is achieved when these forces are minimized (i.e., 0 18.740
at ¢; = 90°). This trend is confirmed by plotting the value of 2 —2.628
the bending angle €0—CH, (Figure 5b) which varies from a 4 —0.109

=

value of 131.2 to a value of 120.5in going from¢; = 0 to % 12'2?2
¢1 = 90", 3 3.640

On the other hand, the variation of this angle whgn—= 4 —0.770
180 is much less pronounced and it averages to smaller value 2 1 1.222
(=116). In this case, since the repulsive forces are smaller, 2 2 —0.448
the conjugation effects between the oxygen atom and the ring § 2 _8 j’gg _%358645
must also be taken into account for a deeper understanding of 4 3 0.586 —0.506
the potential curve. In the upper panel of Figure 5 the-aryl 4 4 0.385 0.393

oxygen bond length is reported as a function of the dihedral

¢1. It can be seen that when the ring lies in the same plane ascomputational cost, if again the potential is to be used in

the chain, the distance between the ring and the O atom iscomputer simulations.

smaller (136.3 pm) with respect to the valuesat= 90° (138.0

pm). In the planar conformation, thus, the position of the 4 conclusions

minimum arises from the conjugation effects due to the partial

overlap between the nonbonded orbitals of the oxygen and the A B3LYP/6-311G(2d,p) calculation of the torsional potential

s-orbitals of the phenyl ring. This last feature holds also for of the ethylbenzene (1 rotor) and ethoxybenzene (2 coupled

¢2 = 0°, but in this case the magnitude of the repulsion is such rotors) molecules has been performed. While in the former the

as to overcome this feature. minimum energy conformation is achieved when the ethyl chain
The DFT data were first fitted without taking correlation lies in a plane perpendicular to the aromatic ring, in the latter

between the two rotors into account, i.e., by imposing the optimized geometry is reached when the chain and the ring

g(¢1, #2) = 0. As expected, no satisfactory set of parameters are in the same plane, in trans position with respect to the

was achieved; even making use of many parameters the root-O—CH linkage. Moreover in ethylbenzene, the barrier height

mean-square deviation was no lower than 5.0 kJ/mol and the of slightly more than 4.5 kJ/mol does not exclude the possibility

maximum absolute error (MAE) was 10.5 kJ/mol. The correla- of a planar conformation at room temperature induced by the

tion between dihedrals was then taken into account. A secondpacking forces in condensed phase. In ethoxybenzene, on the

fitting was performed, using 18 parameters, yielding a RMS of contrary, the barrier of almost 48 kJ/mek (20ksT) seems to

0.8 kJ/mol with a MAE of 2.0 kJ/mol. Fitted curves together rule out the interconversion between the trans and the cis

with DFT energies are reported in Figure 6, while parameter conformers.

values are given in Table 4. Clearly a better agreement can be Analytical forms of these torsional potentials were obtain by

achieved by increasing the number of parameters, but thea least-squares fitting procedure, both to be employed in

reported values seem a good compromise between accuracy andXNMR and computer simulations of realistic models of liquid
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crystals. A certain degree of transferab#litgan to our advice (5) Cacelli, I.; Prampolini, GJ. Phys. Chem. Asubmitted.
be invoked to use the present analytical forms in such models.lol(i)lggmdkin, A.V.; Maliniak, A.; Laaksonen, Al. Chem. Phys1994
In 4 n-alkyl-4'-cyanobiphenyl {CB) andn-alkoxy-4cyanobi- )
phenylathB)Cr%?)I:cbuPese f())/rriqr(]:sta)maced thz scL)bestitz)(le?]tso l;hould (7) McBride, C.; Wilson, M. RMol. Phys.1999 97, 511,

S ! T . (8) Cacelli, I.; Campanile, S.; Prampolini, G.; Tani, A.Chem. Phys.
not alter significantly the shape of the torsional potential. Indeed, 2002 117, 448.
a simulation of the 5CB molecule will be the object of a future (9) Veracini, C. A.; Longeri, M. InNuclear Magnetic Resonance of
work. Finally, it must be said that the inclusion of a correlation Liquid Crystals Emsley, J. W., Ed.; Kluwer Academic Publishers:
term, depending on two dihedrals, as in the case of ethoxyben-Dordrecht, 1985. _ . _ _
zene, is not straightforward in common simulations, where the Let(ﬂ)%% 182;2'5’3":0"9’ C.; Veracini, C. A; Zannoni, @hem. Phys.
torsional intramolecular potential is usually expressed as a SUm  (11) Jjaynes, E. TPhys. Re. 1957, 106, 620.
of uncoupled terms. This problem can be overcome by adding, (12) Cinacchi, G.; Longeri, M.; Veracini, C. Rhys. Chem. Chem. Phys.
to the commonly employed cosine series, some ad hoc intramo-2002 4, 5582.
lecular LennaretJones terms, which take into account the Mo(ll?';)h)(fsafln;giti%r/gs%amiani' D.; Corbelli, G.; Velino, B.; Bock, C. W.
intramolecular interactions that lead to the couplln.g. The (14) Farkas. o.'; Salpietro, S. J. Csarszar, P.. Csizmadia, I. G.
approach followed here, however, seems to us less arbitrary andryeocHEM1996 367, 25.

perhaps more realistic. (15) Mate, B.; Suenram, R. D.; Lugez, €. Chem. Phys200Q 113
192.
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