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Density Functional Theory Study of the Conformational Space of Phenyl Benzoate,
a Common Fragment in Many Mesogenic Molecules
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The complete conformational space of phenyl benzoate (three coupled rotors) has been studied by B3LYP
density functional theory (DFT) at the 6-3G* basis set level. The overall quality of the DFT results has

been checked via Mier—Plesset second-order perturbation theory (MP2) calculations performed on a few
significant molecular geometries. Contrary to the general belief, we have found that rotation arourr the C(
0)—0 bond is not more restricted than rotation around the=@(—C bond. We have commented on the
location and magnitude of the molecular dipole moment and their dependence on conformation. The energy
data have been fitted through an expression containing a Fourier expansion plus a Lennard-Jones term, suitable
to be used in computer simulations or to assist analysis of experimental data.

1. Introduction

Phenyl benzoate (PB) occurs as a building block in many
molecules giving rise to systems of fundamental and practical
interest. For example, chiral smectic C and banana liquid crystal-
forming molecule’? often have PB as a fragment of their
molecular architectures. Therefore, a detailed knowledge of the
conformational space of PB may help to comprehend strueture
properties relationships in complex systems such as those
aforementioned.

As shown in Figure 1, PB conformation is mainly defined
by three dihedral anglesp;, which describes the rotation of
the phenyl ring “a” around the €0 bond;g,, which describes
the rotation of the phenyl ring “b” around the=€0Q)—C bond;
andgs, which describes the rotation around the=CY)—O bond. Figure 1. Phenyl benzoate. The values of the dihedral angles are
The structure of PB has been the subject of a number of studies defined such that this conformation correspondge= 0°, ¢ = 0°,
both experimental and theoretical. X-ray diffraction experi- 2nd¢s= 180". Note thatin most of the previous workes was defined
ment$+ indicate that, in the crystalline phase, PB exists in one as zero in the illustrated molecular geometry.
conformation, defined by, ~ 70°, ¢» ~ 10°, andgs = 180C°.

In a fluid phase, however, a molecule is expected to explore
a continuous range of conformations. NMR spectroscopy in
nematic liquid crystal solvents (LX-NMR) is the technique of
choice to experimentally study the structure of molecules in
condensed fluid phasé&his technique was applied to PB, and
the proton dipolar coupling data, analyzed via the additive

potential (AP) mean field modélyere found to be consistent to 180, thus considerably reducing the complexity of PB
with a minimum energy conformation in whiapy, ~ 50°, @» conformational space from three (generally coupled) rotors to

= 0°, andgs = 18C°. The structure of PB in the dilute fluid two (essentially independent) rotors. In both of these works,
phase was then investigated by gas electron diffraction (GED). analytical expressions were prpvidegl for th_e conformational
The analysis of the GED data, supported by ab initio calcula- energy dependence on the two investigated dihedrals. However,

tions, showed that the conformation of minimum energyis tf;ere_ibsl evidence from the LX'L\IMR stu%l;llwaz this ﬁp%greptt)ly_
= 64(—12, +26), ¢» ~ 0°, and @z = 18C°. This result was plausible assumption may not be correct. In fact, the distribution

¢ in 3 was found to be fairly large, and the rotation around the
C(=0)—C bond was found to be more hindered than that around

X-ray or GED experimental measures by computing the PB
minimum energy conformation using diffuse functions with the
B3PW91 and the B3LYP DFT functionals.

In both refs 7 and 8 it was assumed that the rotation around
the CE&0)—0 bond is so rigid that the PB molecule should
always exist in conformations with the dihedral anglgfixed

later confirmed by the detailed quantum chemical study of re
8. In that work, the authors investigated the structure and S -
conformations of PB by the Hartre®ock (HF) method, ~ C(0)~O. so that the probability distributidd (¢1, ¢2, ¢3) is
Moéller—Plesset second-order perturbation theory (MP2), and well-approximated bf_((pl’ 0, %3). . .

density functional theory (DFT) with several polarized basis  Unfortunately, definite and precise conclusions about the

sets. In particular, they obtained the best agreement with theShape of the conformational space of flexible molecules cannot
be drawn from an NMR study alone, both because of the

* Corresponding author. E-mail: g.cinacchi@sns.it. dependence on the orientational order of the measured quantities
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model flexibility, not to mention possible non-negligible solvent Ny o 12 o 6
effects. Nevertheless, LX-NMR spectroscopy is a very valuable = G(¢,,¢,¢3) = Z 4e ( ) - ( )
source of qualitative results, in that it might reveal particular = r(@1,9293) Ii(®1.9293)
features in conformational space that call for further and more 2
refined quantum chemical computatich€onversely, an ef-
fective way to address the problem of the orientation and in which Ny is the number of pairs of interacting hydrogen atoms
conformation of a solute in nematic solvents could be to andr; is the distance between the H atoms of ttrecouple.
supplement the analysis of the experimental data with a separaterhe ensemble of the least-squares fitting parameters is thus
conformational analysis undertaken by quantum chemical composed by [a,b.60].
methods on the isolated molecufe. The choice of the coupling functioS(¢1,¢2,¢3) was

With this in mind, we have decided to perform a DFT study prompted by the need for a compromise between the accuracy
of the whole conformational space of PB. Thus, following the of the fitting process and the simplicity of the fitting expression.
LX-NMR results, we have gone beyond the assumption that The most natural way to account for the rotor coupling would
@3 is fixed at 180, and we have treated PB as a three-coupled pe to consider a full Fourier expansion with cross terms [e.g.,
rotor system. The energy data, calculated at the-6&1level, cos{pi) cosp;) or cosfuy) sin(gr)]. Nevertheless, we have chosen
have been fitted to an analytical function suitable to supplementeq 2 because in most of the common force fields (e.g.,
experimental data analysis or to be used in atomistic computer AMBER,2: CHARMM, 2> GROMOS?) this is the standard form

simulations. The latter has emerged in the past decades as @lready implemented for nonbonded intramolecular interactions.
very important tool to study the behavior of complex systems

such as liquid crystals and polymers. For example, refs 11, 12,3, Results and Discussion
and 13 contain computer simulation studies on systems of .
mesogenic molecules having PB fragments in their cores. In  3.1. DFT and MP2 Comparison.Although DFT methods

particular, our calculations might be of help in the theoretfdal are generally known to perform well in torsional barrier
and experiment#17studies of the novel banana liquid crystal computations for a number of organic molecules (see, for
molecules. instance, refs 9, 2428), they cannot be confidently extended

Our paper is arranged as follows: in the next section we @ priori to a g_iven m_olecular system. In this respect, ab initio
provide computational details of our calculations, and the results POSt-self-consistent field (post-SCF) methods would offer a more
are presented and discussed in section II; finally, our conclu- "€liable tool, provided that sufficiently large basis sets are

sions are presented in section IV. employed. To verify the reliability of our DFT calculations, MP2
benchmarks have been performed on a few significant confor-
2. Computational Details mations. Specifically, the minimum energy geometry and the

. ) . ) four conformations specified by the tripleig[= 0°, ¢ = 0°,
In all calculations with the density functional B3LYP @3 = 180, [g1 = 90°, ¢ = 0°, 3 = 18C%], [ = 60°, o =

method!® a diffuse and polarized double6-31+G* basis set 45, @3 = 180°], [1 = 60°, @2 = O°, g3 = 135] have been
was employed. This choice was motivated by the results computed at the MP2 level of theory, with both 643&* and
presented in ref 8, in which it was found that the aforementioned 6-31+G** basis sets. The value af; in the fully optimized
method provides the best agreement V.V'th the experimental GEDgeometry, together with the torsional energy barriers of the four
data. Moreover, to further validate this choice, supplementary Jp o\ ementioned conformationsAE%, AE!, AE? and AE®
calculitmns at the MP2 level with the same and a larger (6- \oqhectively), is reported in Table 1. In the same table, the latter
31+G™) b?S'S set have been undertaken on a few paradigmatic guantities are compared with the corresponding DFT values and
confor_manons. o - the available GED experimental ddta.

Du_rlng all geometry optimizations, no symmetry restriction DFT and MP2 methods yield a minimum energy conforma-
\I/vaslllmposedtr:axcipt }hf torsional qn_gles deflnedbltn _Flg(l;rg 1'tion consistent with that deduced from the experiment reported
na lcrf[\ses, N ? SO l:.e.ente.rgy Lnt":r']mu[r)nlzfl'_v?s OI alne.d %ain ref 7. In particular, the value of the most flexible dihedral
compiete geometry optimization. At the evel, agndo @1 is found by both theoretical methods in the experimental
175 points was constructed by varying, ¢z, andgs in the range [64¢12, +26)°]. This wide interval, as well as the

0—180C range, in steps of 3045°, and 48, respectively. All relativel . 1
. . y low experimental value oAE!, suggests that the
9 -
calculation$® were performed with the GAUSSIAN 03 pack potential curve of the rotation about; is rather flat in its

20
age- minimum region, as confirmed by the computA&! values.

d'k-lrhde lresultln?h DFT energ¥ dsubrface v_tterz:Js the to_rsmnalt Conversely, regarding the other torsional barriers, differences
inedrais was then represented by a suilable expansion onlo, e jn employing different methods; overall, the DFT barriers
trigonometric functions. Moreover, to improve the performance

fthe fitt d the Fouri . led t are more similar to the experimental ones. It is of interest to
ot the Titung procedure, the Fourier expansion was Coupled 10 o ,gqrye that the trend in the MP2 computed barriers appears to
an intramolecular Lennard-Jones function between the inner

tic hvd ; Hnd Fi 1). Thus. th converge toward the DFT values as the dimensions of the basis
?trtg)maflc ty roFgen atomsaran 'g) (Se?tt igure 1). Thus, the set are increased. This fact has already been observed in other
itting function F(g1, @2, @3) can be written as molecular systemd}26.27

Ny Ny However, if a large number of geometries has to be computed,
F(@1. 00000 = cos(Xo) + S b, cos(Xa.) + to efficiently sample a complex, three-rotor conformational
(1% kZD 8 cos(&y) I(ZO COS(&¢) space, MP2 methods are ruled out by the computational cost
Ns (see last column of Table 1) required to handle a sufficiently
large basis set. For this reason, the DFT method with the
C, COS + G(@,¢,, 1 X ' : :
kZO « COSkps) + Gl#1.92¢9) (1) 6-31+G* basis set has been employed to achieve this goal.

3.2. DFT Conformational Space.The minimum energy
with N; (j = 1, 2, 3) the number of the cosine terms for angle conformation §; = 60°, ¢» = 0°, andgz = 18() is within the
j and reported error of GED measureméré#(—12,+-26)°, 0°, 180°]



6292 J. Phys. Chem. A, Vol. 109, No. 28, 2005 Cinacchi and Prampolini

TABLE 1: DFT, MP2, and Corresponding Experimental e o e L e e B
Resultst ’—é a) b)
method  basisset ¢} AE® AE! AE? AE®  {° S 4r T ]
DFT 63+-G* 61 3.15 0.29 10.67 1831 10 3 20k 1 ]
MP2 63H-G* 71 1252 0.57 6.75 19.57 45 2
MP2 63H+G** 71 953 029 858 19.27 285 w
expt 64 502 013 837 -
aResults are for the following quantitiesp: optimized value in g 30
degrees ¢Y); energy barrier heights in kJ/mohE®, AE?, AE?, AES; & 20k
definitions of which are given in the text); and central processing unit %
(CPU) time in hourstf) requested on a 2.6 GHz Pentium IV processor ] {1 N
for a full optimization. <
DFT energy (kJ/mol) - 41 I I I
80 (a]
70 o r
8— 2 F—— —"
80 (=
50 r T ]
0..1..[..1.. PRETIEN EFURT S PR R
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Figure 3. ¢, and @3 dependence of the following computed quanti-
ties: (a,b) torsional energy; (c,d) angle between tkeOChond and
the molecular dipole moment; (e,f) molecular dipole moment. All values
refer togp, = 60°; in panels (a), (c), and (els = 18C; in panels (b),

(d) and (f),¢2 is fixed at O.

12071 T 1 1
LB A DFT;@,=135° L
45 - . =0° —
. N = 100- - m DFT;¢;=0
Figure 2. PB two-dimensional torsional energy surface, as obtained § 801 =
from the fitted analytical expression (see eq 1 and Table 2).¢he *‘: 60'_ . _
and g3 dihedrals are varied, whereas is kept fixed at 60. In the 2 | ]
@—qs3 plane, surface contours are drawn in increments of 5 kJ/mol. S 4ol RTT . LS 4
and also in fair agreement with NMR res@li{§0°, 0°, 18C°). B R T T T et S
In the latter work, the authors state that the conformations are T T T T T
distributed over a range of all three dihedral angles, in contrast -\ T /1
with the assumptions of refs 7 and 8, which constrain tkeOC 5 6F \ —— DFT fited (Vezaliketal) ¢ T
bond as being cis to the -&CsHs one (i.e.,p3 = 18C), thus § ‘\‘ @ DFT (this work); ¢3=1ao°','l J
reducing the PB molecule to a two-decoupled rotor system. -‘; 4\ ﬁﬁe‘i@lifworkx 0521807 /]
Our computed data partly support the LX-NMR conclusions. S 4 \ / \\ / e
The two-dimensional plot of the PB torsional energy surface, g o \\ \ / ‘\ [/ 4
obtained by varying dihedralg, and ¢3 and fixing ¢; at 6C, | Q) / \
is reported in Figure 2. It can be seen that variationgpbr 0 4
@3, With respect to their minimum energy values, result in a 0 30 60 90 120 150 180

similar energy increase, the respective surface gradient being @1 (degrees)
of comparable magnitude. Despite the strong dependence of theFigure 4. Torsional energy vg; curves at different values qf; and
torsional energy onp, and g3, small distortions from their ~ ¢2 = 0°. In the upper panel, thgs = 135 and 0 energy DFT data

P (symbols) are reported together with the corresponding fitted curves
equilibrium values cannot be excluded at normal tempera’tures.(oIotted lines). In the lower panel, the computed energies at 180

Indeed, as can be seen from Figure 3, the energy barrier forare compared with existing experimental (NMR, dashed; GED, solid)
a 45 rotation of ¢3 from its minimum value (beingy; = 60° and theoretical data (fitted functions for ref 8, dotashed; this work,
and ¢, = 0°) amounts to=18 kJ/mol (see panel b), which is  dotted).
not too far from the value o&£13 kJ/mol obtained for the same
rotation performed omp, and reported in panel a. heights. GED experimentseem to indicate a homogeneous

In addition, it is worth noticing that the libration arourd distribution population in the approximate range of-62C,
is accompanied by a significant variation of both the magnitude the 90 barrier being extremely small. Nevertheless, it must be
and the orientation of the molecular dipole moment (see Figure noted that such measurements heavily rely on the RHF//6-31G**
3d,f). Conversely, it is evident from Figure 3c,e that the latter computed quantities used in the experimental data analysis and
is almost constant=2 D) and aligned along the=€0 bond on the neglect of the flexibility aroungs. This flathess does
direction wheng; is varied. not appear from the NMRresults; in contrast, the 9@onformer

In the lower panel of Figure 4, the torsional potential stands out clearly as a transition state. In their work, Wrzalik
dependence op; with ¢, = 0° andgs = 180 is reported and et al® were able to reproduce the GED findings through a
compared with literature results. The overall shape of the comprehensive quantum chemical study, giving an analytical
potential curve is qualitatively in accord with all the reported expression for the two-dimensional PB conformational space.
sets. However, major differences were found in the barrier Their results coincide with ours for the particular cases of a
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TABLE 2: Fitting Parameters for N; = N, = 3 and N3 = 42 done by adding Lennard-Jones intramolecular terms to a
K a br e standard Fourier expansion. The motion of PB in its confor-
o 13.84 6.90 18.70 mational space is characterized by. a rather frge rotation around
1 1.31 ~13.66 16.92 the GHs—O bond (1), together with a libration around the
2 0.57 0.78 —5.18 values ofgp, = 0° and ¢3 = 18C°. The latter, despite being
3 3.35 small in amplitude, is far from being unimportant because it is
. 1.95% 10-4 associated with a §ignificant variation.of djrection and magn'itude
o 555 of the molecular dipole moment. Taking into account the dipole
. ) - ) . moment dependence on the overall PB cqnformatlons may be
All Fourier coefficients are reported in kd/melando are in kJ/ crucial if one aims to reproduce the behavior and properties of

mol and A, respectively. soft materials that have PB as a constitutive fragment.
variable 1 with @2 and ¢ fixed at the same values of the Supporting Information Available: Table of computed
minimum energy conformation. DFT (B3LYP/6-3H-G*) torsional relative energies for phenyl

It seems that one can state with confidence that the confor- benzoate. This material is available free of charge via the
mational potential of PB is smooth with respect to variations [nternet at http://pubs.acs.org.
of ¢1, whereas the molecule librates aroupgd= 0° andgs =
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