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A sample of 2-(acetyloxy)ethyl-2-(2-naphthyl)acetate (ANA), model compound of the side group of
poly(2-{[2-(2-naphthyl)-acetyl]oxy}ethyl acrylate) (PNAEA), has been synthesized and its mean-squared
dipole moment measured in dioxane solutions at 30 8C, providing an experimental result of 〈ì2〉 = 5.28 D2.
Molecular dynamics simulations, performed with the Amber force field, the DL–POLY package and the
charge distribution provided by MOPAC, gives a theoretical value 〈ì2〉 = 5.69 D2, in good agreement with
experience. The analysis of the MD trajectories indicates that the preferred orientations for the Car–CH2

bond are those in which the plane defined by the pair of bonds Car–CH2–C* is roughly perpendicular to the
aromatic group (i.e. ö ≈ ±908) while trans orientation of the CH2–C* bond is strongly disfavoured (by ca. 1.5
kcal mol21) versus gauche. In the O]CH2]CH2]O segment, the O]CH2 bonds show a strong preference for
trans while CH2]CH2 prefers gauche and does not require any kind of adjustment a posteriori to account
for the so called ‘gauche effect’. Thus, the first-order conformational energies representing the stability of
gauche versus trans are Eó ≈ 1.2, Eó1 ≈ 20.9 kcal mol21 respectively for O]CH2 and CH2]CH2. Second-order
interactions Eù and Eã respectively controlling the stability of opposite (i.e. g±g+–) and identical (i.e. g±g±)
combinations of gauche states over the pair of bonds O]CH2]CH2 are both negative (ca. Eù ≈ 21,
Eã ≈ 20.6 kcal mol21). Values of the mean-squared dipole moment computed by adding contributions
produced by two ester groups with this set of conformational energies are in very good agreement with the
results obtained by the actual MD simulations.

Introduction

Dielectric relaxation spectra of glass-forming liquids present in
the frequency domain, and just above their glass-liquid transi-
tion temperatures, a prominent absorption called α relaxation,
followed by a fast and relatively weak process called β relax-
ation. An increase in temperature shifts both relaxations to
higher frequencies, and as a consequence of the high activation
energy of the α relaxation, a temperature can be reached at
which both relaxations merge together forming the αβ relax-
ation.1 The normalized αβ relaxation response function in the
time domain exhibits at short times a relaxation process fol-
lowed by a much more extended time regime in which the relax-
ation displays a Kohlrausch–Williams–Watts (KWW) stretched
exponential decay given by 2,3 eqn. (1) where 0 < β < 1 and τ(T )

g(t) = expF2S t

τ(T )
DβG (1)

is the mean relaxation time whose value is given by the area
under the g(t) curve along the positive time axis. The temper-
ature dependence of τ in the vicinity of the glass transition
temperature is described by the Vogel–Fulcher–Tammann–
Hesse (VTHF) eqn. (2) 4–6 in which m and T∞ are believed to be

τ = A expF m

T 2 T∞

G (2)

related, respectively, to the fractional free volume and to the
Kauzmann temperature,7,8 i.e. the temperature at which the
conformational entropy vanishes. Transformation of the decay
function from the time to the frequency domain allows the
evaluation of the strength of the α relaxation process defined as
∆εα = ε0 2 ε∞, where ε0 and ε∞ represent, respectively, the relative
permittivity at 0 and ∞ frequencies. In most cases the relaxation
strength of the β process is negligible compared with that of the
α relaxation and the value of ∆εα can directly be obtained from

the mean-square dipole moment 〈µ2〉 of the compounds by using
Onsager 9 type expressions such as the Fröhlich equation.10,11

The value of 〈µ2〉 can be computed by either assigning dipoles
to bonds or groups of bonds and averaging the square of the
vector sum for all the available conformations or from the
trajectories of the dipole moment in the conformational
space.12–16 In the latter case this gives eqn. (3), where µ(ti) is the

〈µ2〉 = 〈ì(t)?ì(t)〉 =
1

n
o
n

i = 1
µ2(ti) (3)

dipole moment of the molecule at time ti in the trajectory, and n
is large enough as to make certain that the molecule visits all the
conformational space.

This latter approach was used in the evaluation of the mean-
square dipole moment of 2-(acetyloxy)ethyl-2-(2-naphthyl)-
acetate (ANA), model compound of the side group of poly(2-
{[2-(2-naphthyl)-acetyl]oxy}ethyl acrylate) (PNAEA), carried
out in this work. Hydrolysis of both the model compound and
the polymer 17,18 gives the naphthalene acetic acid, a compound
widely used as a plant growth regulator. An important issue in
the study of the conformational characteristics of model com-
pounds containing the OCH2]CH2O moiety in their structure,
as occurs in ANA, is that the rotational states population about
CH2]CH2 bonds present a gauche effect, i.e. the experimental
value of the energy of the gauche states with respect to the
alternative trans states is significantly lower than that obtained
by using semiempirical potential functions or semiempirical
quantum mechanics methods.19–21 The gauche effect expressed
in terms of the difference between the experimental and calcu-
lated values of the energy of gauche states is ca. 1 kcal mol21 for
CH2]CH2 bonds in 1,2-dimethoxyethane (CH3]OCH2]CH2]
OCH3).

20 Therefore, it is tempting to investigate how the two
ester groups flanking the CH2]CH2 bond in 2-(acetyloxy)ethyl-
2-(2-naphthyl)acetate (ANA) may affect the gauche population
about this bond.

This study forms part of a more general study whose object-
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ive is to investigate how the mobility of the side groups affects
the mean-square dipole moment of acrylic polymers. This study
will be extended in a further work to the simulation of the
dielectric α relaxations of both the model compound ANA and
the polymer PNAEA.

Molecular dynamics calculations
The structure of the ANA molecule is shown in Fig. 1 where all
the rotating bonds on the molecule have been drawn in their
planar trans conformation for which the value of the rotational
angles φ were set to be 1808. Dipole moments of the molecule
were calculated by means of partial charges assigned to each
atom. They were computed with the MOPAC program and the
AM1 procedure.22 Fig. 2 indicates the charges assigned to each
atom.

Molecular dynamic (MD) simulations were performed at
T = 300 K with the DL–POLY package 23 employing the Amber
force field.24–26 A time step δ = 1 fs (i.e. 10215 s) was used for
the integration cycle that was repeated 107 times to cover a total
time span of 10 ns (i.e. 1028 s) for the whole simulation. Con-
formations obtained after each 1000 steps were recorded, thus
providing a total of 104 conformations for posterior analysis.
The geometry of the molecule was first optimized with respect
to all bond lengths, bond angles and rotations by minimizing its
conformational energy. This optimized geometry was then used
as starting point for the MD simulation whose first assignment
was to warm up the molecule from 0 K to the working temper-
ature with increments of 20 K and allowing a relaxation period
of 500 fs at each intermediate temperature. Once the sample
was stabilized at 300 K, the collection of data started. No scal-
ing of the 1–4 interactions was performed. The Coulombic
term of the potential energy was computed as the sum of pair-
wise interactions according to eqn. (4), where Eij indicates the

Eij = 332
qiqj

εrij

(4)

interaction between atoms i and j that are separated a distance
rij and whose partial charges are qi and qj. The numerical con-
stant 332 renders Eij in kcal mol21 when charges are given in
electron units and distances in Å. A value ε = 4 was used for the
relative permittivity of the system.

The temperature of the sample was controlled by scaling the
atomic velocities after each integration cycle with a factor λ

defined in eqn. (5), where T0 represents the working temper-

λi = F1 1 S δ

2d
DST0

Ti

2 1DG ¹̄
² (5)

Fig. 1 A schematic sketch of the 2-(acetyloxy)ethyl-2-(2-naphthyl)-
acetate (ANA) molecule shown in its planar all trans conformation
for which the rotatable bonds on the acyclic residue were set to be
φ = 1808. Dipole moments of the two ester groups are represented by
arrows pointing from negative to positive centres of charges.
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Fig. 2 Partial charges, in electron units, assigned to each atom of
the 2-(acetyloxy)ethyl-2-(2-naphthyl)acetate (ANA) molecule with the
MOPAC program and the AM1 procedure
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ature (i.e. T0 = 300 K in the present work) while Ti indicates the
temperature evaluated with the atomic velocities after step i.
The damping factor was set to d = 1000 fs. This is a rather high
value for a damping factor, but it gently forces Ti towards the
target temperature, thus ensuring that the averaged value for
the whole simulation matches T0, and, at the same time, allows
relatively high thermal fluctuations that facilitate the passage
over the rotational barriers.

Fig. 3 represents the time evolution of the dipole moment µ
during the first ns of the simulation. The instantaneous values
oscillate between a maximum of ca. 4 D and a minimum of
roughly 0, while the averaged results for the whole simulation
are 〈|ì|〉 = 2.25 D and 〈µ2〉 = 5.69 D2, this latter value being in
good agreement with the experimental result, 5.28 D2.

The probability distribution of each rotating bond on the
acyclic fragment, taken as independent of its neighbours, was
computed by counting how many times along the simulation
the studied angle reached a given value with a tolerance of ±50,
(for instance, the results indicated for φ = 40 represent the frac-
tion of conformations in which 35 < φ < 45). The results are
depicted in Figs. 4–6, while some more quantitative information
is presented in Table 1 that summarizes the averaged positions,
probabilities and relative energies of the rotational isomers for
all these angles, excluding the O]C* which are always in trans
and the final C*]CH3 which is irrelevant.

As Fig. 4 indicates, the preferred states for bond Car]CH2

are those in which the plane defined by the pair of bonds
Car]CH2]C* is roughly perpendicular to the aromatic group,
i.e. φ ≈ 90, 2708. The staggered orientations of this bond pro-
duce strong repulsions of the H atoms on the ring with the H of
the CH2 and the carbonyl O*. On the other hand, the trans
orientation of the CH2]C* bond is strongly disfavoured versus

Fig. 3 Dipole moment of the sample, µ, as a function of time
during first ns of the simulation. Averaged results are: 〈|ì|〉 = 2.25 D,
〈µ2〉 = 5.69 D 2.

Table 1 Averaged positions, probabilities and relative energies of
the rotational isomers for rotatable bonds of the acyclic residue of the
ANA molecule 

Bond 

Car]CH2 
 
CH2]C* 
 
 
O]CH2 
 
 
CH2]CH2 
 
 

State 

perpen. 
perpen. 
trans 
gauche 
gauche2 
trans 
gauche 
gauche2 
trans 
gauche 
gauche2 

〈φ〉/8 

86.6 
272.6 
178.6 
294.1 
66.5 

179.8 
285.3 
76.4 

179.4 
295.0 
64.5 

Probability
at 300 K 

0.500 
0.500 
0.040 
0.480 
0.480 
0.618 
0.191 
0.191 
0.070 
0.465 
0.465 

E (relative)/kcal
mol21 

0.00 
0.00 
0.00 

21.48 
21.48 

0.00 
0.70 
0.70 
0.00 

21.13 
21.13 
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gauche (i.e. gauche is ca. 1.5 kcal mol21 below trans according to
Table 1). The reason for this difference lies in the interaction
between the carbonyl O* and the Car attached to the acyclic
residue that are separated ca. 2.6 and 3.0 Å, respectively, for
trans and gauche orientations.

Fig. 5 shows the results obtained with the two equivalent
C*]O bonds of the molecule for which trans is the only allowed
orientation. Thus, even if they fluctuate along the MD simul-
ation within a ±308 range, they never cross the barrier to the
alternative cis conformation.

The analysis of the O]CH2]CH2]O segment, whose results
are summarized in Fig. 6, is more interesting, since the relative
orientation of these three bonds is the main feature that con-
trols the value of the dipole moment for the whole molecule (see
below). Our results indicate that trans is the preferred orient-
ation for the O]CH2 bonds, while CH2]CH2 prefers gauche, as
was found before in the analysis of similar compounds employ-
ing a different procedure.27 It is interesting to notice that in the
present calculation the preference of bonds OCH2]CH2O for
gauche states is not introduced a posteriori by means of a so-
called gauche effect that has been invoked many times for the
analysis of polyoxides.21 The reason is that the Amber force

Fig. 4 Probability distributions for rotations over Car]CH2 (—) and
CH2]C* (–––) bonds. Points indicate the actual probabilities computed
along the MD simulation while the lines represent least squares fittings
and are drawn to show up the shape of the distributions.

Fig. 5 Probability distributions for rotations over C*]O bonds. See
legend for Fig. 4.

field contains a better parametrization of this kind of bond,
mainly as regards the intrinsic rotational barrier.

The distributions of a priori probabilities for correlated pairs
of bonds are represented in Fig. 7 for the pair of bonds
Car]CH2]C* and in Fig. 8 for O]CH2]CH2 and its mirror
image CH2]CH2]O (with interchange of x and y axes for this
last pair). Fig. 7 shows four roughly equivalent maxima, each
one representing a probability of ca. 24%, at the combination
of orientations φ1 = ±908 for bond Car]CH2, φ2 = ±608 for
CH2]C*. However, the orientations placing CH2]C* bond trans
only represent a probability of ca. 4%. Thus, the information
provided when this pair of bonds is taken to be correlated is
about the same as that which could be obtained by the analysis
of the same bonds taken independently.

The probabilities for the pair of bonds O]CH2]CH2, repre-
sented in Fig. 8, show two main maxima, each representing a

Fig. 6 Probability distributions for rotations over O]CH2 (—) and
CH2]CH2 (–––) bonds. See legend for Fig. 4.

Fig. 7 Distribution of the a priori probabilities for the Car]CH2]C*
pair of bonds
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Fig. 8 Distribution of the a priori probabilities for the O]CH2]CH2

pair of bonds

00

360

300

240

180

120
60 60

120
180

240
300

360

Rotational angle(O–CH  )/d
egrees

2

2
2

Rotational angle(CH  –CH  )/degrees



34 J. Chem. Soc., Perkin Trans. 2, 1998

Table 2 Probabilities of occurrence (computed at T = 300 K), energies (in kcal mol21) relative to the all trans conformation, first- and second-order
contributions to the conformational energies for the allowed conformations of the O]CH2]CH2]O segment of the ANA molecule. The last two
columns were computed with the following values of conformational energies: Eσ = 1.20; Eσ1 = 20.87; Eω = 20.13; Eγ = 20.57 kcal mol21 

 
 

From MD  
 

From contrib. 

States a 

ttt (1) 
ttg (4) 
tgt (2) 
tgg (4) 
tgg2 (4) 
gtg (2) 
gtg2 (2) 
ggg (2) 
ggg2 (4) 
g2g (2) 

Prob. 

0.0420 
0.0065 
0.1358 
0.0838 
0.0593 
0.0007 
0.0009 
0.0135 
0.0129 
0.0031 

Erel 

0.00 
1.11 

20.70 
20.41 
20.21 

2.44 
2.29 
0.68 
0.70 
1.55 

Contributions 

0 
Eσ 
Eσ1 
Eσ 1 Eσ1 1 Eγ 
Eσ 1 Eσ1 1 Eω 
2Eσ 
2Eσ 
2Eσ 1 Eσ1 1 2Eγ 
2Eσ 1 Eσ1 1 Eω 1 Eγ 
2Eσ 1 Eσ1 1 2Eω 

Prob. 

0.0469 
0.0063 
0.2018 
0.0701 
0.0335 
0.0008 
0.0008 
0.0244 
0.0117 
0.0057 

Erel 

0.00 
1.20 

20.87 
20.24 

0.20 
2.40 
2.40 
0.39 
0.83 
1.27 

a Symmetrically equivalent conformations listed below are not included in the body of the table for simplicity. The number of conformations
represented by each one of those included is given in brackets. ttg = ttg2 = gtt = g2tt, tgt = tg2t, tgg = tg2g2 = ggt = g2g2t, tgg2 = tg2g = g2t = g2gt,
gtg = g2tg2, gtg2 = g2tg, ggg = g2g2g2, ggg2 = g2g = g2g2 = g2g2g2, g2g = g2g2. 

probability of ca. 0.25, for the tg and tg2 conformations [i.e.
φ(O]CH2) = 1808, φ(CH2]CH2) ≈ ±608], which are a combin-
ation of the preferred states for both kind of bonds. The next pair
of relevant maxima are gg and g2g2, each having a probability of
ca. 0.14. The probability for each one of the combinations gg2

and g2g is ca. 0.06. The conformations placing the second bond
trans have low probabilities, thus tt amounts to ca. 0.06 while
each of the remaining gt and g2t possibilities that place both
bonds in their disfavoured states have probabilities of ca. 0.02.

A more detailed analysis of the conformations adopted
by the O]CH2]CH2]O segment is summarized in Table 2. The
possible conformations adopted by these three bonds are
collected in the first column, although only one of each possible
series of symmetrically equivalent orientations is represented in
order to simplify the Table. The multiplicity, i.e. the number of
symmetrical conformations for each row, is given in brackets.
The probabilities computed at T = 300 K for each conformation
are given in the second column. They were obtained by count-
ing how many conformations along the MD simulation placed
simultaneously the three rotational angles in the desired orien-
tations and averaging the results for each series of equivalent
conformations. These probabilities were used to calculate con-
formational energies as Ei = 2RT ln pi where i represents each
of the studied conformations. Values of these energies, normal-
ized to give E = 0 for ttt, are collected in the third column.

The total energy of any given conformation is customarily
separated into a sum of first- and second-order interactions.
First-order interactions are those produced among pairs of
atoms whose separation depends on just one rotational angle.
In the present case, first-order interactions can be represented
by two parameters, namely Eσ that represents the energy of
gauche orientations relative to trans for the O]CH2 bonds, and
Eσ1 that has the same meaning for the CH2]CH2 bond. Second-
order interactions are those produced by pairs of atoms whose
separation depend on two consecutive rotations and we repre-
sent by Eω the interactions produced in pairs of different gauche
states, i.e. gg2 or g2g conformations and by Eγ the interactions
raised in gg or g2g2 orientations. The fourth column in Table 2
indicates the combination of these parameters required to rep-
resent each one of the conformations. The values of these con-
tributions are assigned in such a way that they produce the best
possible fitting of the actual conformational energies indicated
in the previous column, and in this sense, the combination:
Eσ = 1.20, Eσ1 = 20.87, Eω = 20.13, Eγ = 20.57 kcal mol21 pro-
vides very good results, as shown in Table 2 whose last two
columns were computed with these values of the conform-
ational energies.

The values of the first-order parameters seem to be reason-
able since they indicate that the O]CH2 bonds prefer trans
orientations while gauche are favoured in the case of CH2]CH2

bonds. However, the results obtained for the second-order
interactions Eω and Eγ are quite amazing because they are both
negative, whereas in most polymeric systems Eω is large and
positive (in many cases Eω is taken to be infinity thus forbidding
the gg2 and g2g conformations) while Eγ is usually set equal to
zero (i.e. second-order interactions produced in gg and g2g2

conformations are supposed to be rather weak). Nevertheless,
some more recent analysis based on ab initio calculations pro-
vide negative values for these second-order energies.28

The reason for the present results is that the most important
second-order interactions for the O]CH2]CH2 pair of bonds
are produced by the O* on the first ester group and the O atom
on the second CH2O group. Taking into account that the C*]O
bond is always close to trans (see Fig. 5), the O* atom lies in the
plane defined by the C*]O]CH2 pair of bonds and this fact
makes the differences from g2, g2g to g, g2g2 conformations to
be much smaller than in polymers where the groups involved
are for instance two CH2. Thus, in the g2 orientation, the O* of
the first ester and the O of the second one would be placed at a
distance of ca. 1.7 Å if the molecule were in the undistorted
geometry (i.e. all the rotations in the perfectly staggered posi-
tions and all bond lengths and bond angles in their main value).
Such a short distance between these two atoms would produce a
strong repulsion that should render a large and positive value of
Eω. However, it is quite easy to produce a noticeable increase in
that distance through small adjustments of rotations and bond
angles so that the interaction becomes attractive. On the other
hand, the g conformation, in the undistorted geometry, places
the first O* atom at a distance of 1.8 Å from one of the H atoms
of the second CH2 group, so that the situation is not too differ-
ent from the previous case, in particular, this distance could also
be increased by small adjustments producing a negative value
of Eγ.

The most important contributions to the total dipole
moment of this molecule come from the two ester groups, and
since the orientation of the O]CH2]CH2]O segment controls the
relative orientations of these two contributions and therefore
their possible reinforcement or cancellation, it seems reasonable
to presume that the dipole moment of the complete molecule
will depend almost exclusively on the conformational character-
istics of this segment. Some calculations were performed
by adding the dipole moment of two ester groups (represented
as µ1 and µ2 in Fig. 1). In these molecules 29 µ1 = µ2 = 1.75 D,
and each dipole forms an angle τ = 1218 with the respective
C]C* bond.30 The results obtained with different values of the
conformational energies and location of the rotational isomers
are summarized in Table 3. The first line in this Table contains
the ‘main set’ of parameters, i.e. the values of energies indicated
above and rotational isomers located at φ(t, g±) = 1808, ±458 for
C]O bonds and 1808, ±558 for CH2]CH2, as suggested by Fig. 7
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and Table 1 which indicate that trans conformations are located
at 1808 while gauche are displaced by ca. ∆(C]O) ≈ 158, ∆(CH2]
CH2) ≈ 58 from the perfectly staggered positions. This main
set of parameters gives 〈µ2〉 = 5.73 D2, in excellent agreement
with the result obtained from the actual MD simulation. The
remaining lines on Table 3 indicate the variation produced in 〈µ2〉
by small modifications to the conformational parameters. It is
interesting to note that the total dipole moment is more sensi-
tive to the second-order energies Eω and Eγ than to the first-
order parameters Eσ and Eσ1. The reason is that tgg2, g2g and
all their symmetrically equivalent conformations, which are
controlled by Eω, produce the highest total dipole moment so
that 〈µ2〉 increases with increasing value of Eω. On the contrary,
ggg and g2g2g2, which are controlled by Eγ, are, together with
ttt, the orientations of lowest polarity so that 〈µ2〉 decreases when
the value of γ increases. It is also noteworthy that the dipole
moment of the molecule is rather sensitive to the location
of gauche states, especially for the CH2]CH2 bond, with 〈µ2〉
increasing when both states approach their staggered positions
(i.e. with decreasing values of the ∆ displacement), where µ1

and µ2 contributions are roughly parallel for conformations
such as tgg2.

Discussion
The results presented in this analysis, as well as many others
reported elsewhere, show that MD simulations give a good
account of the polarity of molecules. The use of MD simul-
ations in the determination of dipole moments has the enor-
mous advantage over other more traditional procedures that it
does not require a priori knowledge of the polarity of molecu-
lar compounds containing groups of atoms with polarity simi-
lar to that of the molecule under investigation. At first sight,
MD simulations do not seem suitable to predict the polarity of
molecules, such as polymers, with a high number of internal
degrees of freedom. However, contributions of cross corre-
lation terms to the polarity of molecular chains fall rather
sharply as the distance between dipoles increases, so that MD
simulations performed on relatively short chains can give a
good account of the polarity of larger ones.21

The value of 1.2 kcal mol21 obtained in this work for the
conformational energy of gauche states about CH2]O bonds of
the ester residue of ANA is nearly 1 kcal mol21 higher than the
value of this quantity currently used in the analysis of the con-
formational properties of polyesters.19,21 It should be pointed
out, however, that this energy has a relatively low effect on the
polarity of the molecule. As occurs in polyoxyethylene (POE),
where the orientation of the dipoles of two consecutive repeat-
ing units are separated by one CH2]CH2 bond, the polarity of
ANA is very sensitive to the conformational energy of that

Table 3 Dipole moments of the ANA molecule computed at 300 K by
adding two contributions arising from the ester groups, (µ1 = µ2 = 1.75
D, τ = 1218, see Fig. 1), with several combinations of conformational
energies (in kcal mol21), and location of gauche rotational isomers
(trans, were always kept in 1808)

Eσ 

1.20 
1.00 
1.40 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 

Eσ1 

20.87 
20.87 
20.87 
20.67 
21.07 
20.87 
20.87 
20.87 
20.87 
20.87 
20.87 
20.87 
20.87 

Eω 

20.13 
20.13 
20.13 
20.13 
20.13 
20.13 
10.07 
20.13 
20.13 
20.13 
20.13 
20.13 
20.13 

Eγ 

20.57 
20.57 
20.57 
20.57 
20.57 
20.57 
20.57 
20.77 
20.37 
20.57 
20.57 
20.57 
20.57 

φg(C]O) 

±45 
±45 
±45 
±45 
±45 
±45 
±45 
±45 
±45 
±40 
±50 
±45 
±45 

φg(C]C) 

±55 
±55 
±55 
±55 
±55 
±55 
±55 
±55 
±55 
±55 
±55 
±50 
±60 

〈µ2〉/D2 

5.73 
5.78 
5.62 
5.62 
5.81 
6.09 
5.44 
5.45 
5.93 
5.65 
5.81 
5.51 
5.94 

bond. In the case of POE gauche states about CH2]CH2 bonds
give rise to strong repulsive interactions between the negative
residual charges of two oxygen atoms. As a consequence of
the Coulombic contributions, most semiempirical calculations
reported to date for the energy of gauche states about CH2]CH2

bonds in 1,2-dimethoxyethane and POE suggest that the energy
Eσ1 of these states is ca. 0.5 kcal mol21 above that of the altern-
ative trans state. However, in order to reproduce the dipole
moment of 1,2-dimethoxyethane and both the dipole moments
and the unperturbed dimensions of POE it is necessary to
assume that Eσ1 is ca. 0.5 kcal mol21 below the energy of the
corresponding trans state.19,20 The difference between calculated
and experimental conformational energies is commonly called
the gauche effect in the literature. This effect appears in the
cases in which electronegative atoms (O, S, Cl, etc.) intervene in
the first-order interactions. Therefore, the rather good agree-
ment between the value of Eσ1 and the value of this energy in
both 1,2-dimethoxyethane and POE is remarkable despite the
fact that in the former case rather strong repulsive Coulombic
interactions also intervene. The value of Eσ1 is also in very good
agreement with that found by NMR techniques for the energy
of gauche states about CH2]CH2 bonds of molecular com-
pounds which give rise to interactions between an oxygen atom
of an ester group and an oxygen atom of an ether group.31

In view of these results one can conclude that the potential
energy surfaces calculated by using the Amber force field give
a good account of the experimental values of the rotational
energies about CH2]CH2 bonds which produce first-order
O ? ? ? O interactions without the need to invoke a gauche effect
a posteriori, as is commonly made. Most of the force fields,
though conveniently parametrized for conformational analysis
of paraffins, polyethylene and polyolefines, fail for polar
molecules. In the latter case, the use of the Amber force field
seems more convenient to obtain the true values of con-
formational energies.

Experimental

Synthesis and characterization of 2-(acetyloxy)ethyl-2-
(2-naphthyl)acetate
Esterification of naphthyl acetic (NAA) acid with ethylene
glycol (EG) (molar ratio NAA/EG = 35/88) was carried out
in refluxing toluene, under a nitrogen atmosphere, using p-
toluenesulfonic acid as catalyst. The reaction was allowed to
proceed for 24 h utilizing a Dean–Stark distillation trap to sep-
arate the water formed in the esterification process. The solvent
was eliminated at reduced pressure and the monoester, 2-
hydroxyethyl-2-(2-naphthyl)acetate (HNA), and diester, ethyl-
ene glycol dinaphthyl acetate (EGDA), formed in the reaction
were separated in successive silica gel columns using the follow-
ing eluents: hexane–ethyl acetate (3 :1), hexane–ethyl acetate
(2 :1) and hexane–ethyl acetate (1 :1).

Characterization of the monoester: 1H NMR (200 MHz)
(CDCl3): δ 7.85–7.15 (m, 7H, protons of the naphthyl group),
4.05 (m, 2H, ]COO]CH2]CH2]OH), 3.95 (s, 2H, naphthyl-
CH2]), 3.80 (s, 1H, OH), 3.50 ppm (t, 2H, ]CH2]OH).

13C NMR (50.4 MHz) (CDCl3): δ 171.8 (]COO]), 133.8–
123.6 (carbon atoms of the naphthyl group), 66.5 (]O]CH2]
CH2]OH), 61.0 (]O]CH2]CH2]OH), 39.0 ppm (naphthyl]
CH2]).

Acetyl chloride was added dropwise to a solution of HNA in
benzene with stirring. Triethylamine, Et3N, was present in the
solution to neutralize the HCl formed. The reaction medium
was washed three times with water and the organic phase was
separated. In the same way, the aqueous phase was treated with
benzene to extract the organic product present in this phase,
and the washings were added to the first set. The organic phase
was dried with sodium sulfate, filtered and the solvent separated
under reduced pressure. The diesterified product, 2-(acetyloxy)-
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ethyl-2-(2-naphthyl)acetate, was purified using a silicagel col-
umn and hexane–ethyl acetate (4 :1) as eluent.

Characterization of ANA: 1H NMR (200 MHz) ([2H6]-
DMSO): δ 7.96–7.44 (m, 7H, protons of the naphthyl group),
4.30–4.16 (m, 6H, ]CH2]), 1.93 ppm (s, 3H, ]CH3).

13C NMR (50.4 MHz) ([2H6]DMSO): δ 171.1, 170.1 (carbonyl
groups), 133.3–123.8 (carbon atoms of the naphthyl group),
62.2, 61.8 (O]CH2]CH2]O), 37.9 (naphthyl]CH2]), 20.4 ppm
(]CH3).

Dipole moment of 2-(acetyloxy)ethyl-2-(2-naphthyl)acetate
Static relative permittivities ε of solutions of ANA in benzene
were measured, at 30 8C and at 10 kHz, with a capacitance
bridge (General Radio, type 1620 A) coupled with a three-
terminal cell. By plotting the increments of the relative permit-
tivity of the solutions with respect to that of the solvent against
the weight fraction of solute, w, a straight line was obtained
whose slope, dε/dw, is proportional to the total polarization of
the solute. In the same way, increments of the index of refrac-
tion of the solution, n, with respect to that of the solvent were
measured with a differential refractometer (Chromatix, Inc.).
The plot of these increments vs. w gave a straight line whose
slope, dn/dw, is proportional to the electronic polarization. The
atomic polarization is in most cases less than 10% of the elec-
tronic polarization and in this case was considered negligible.
The value of the mean-square dipole moment, 〈µ2〉, of ANA
was determined by means of the method of Guggenheim

〈µ2〉 =
27kBMT

4πρNA(ε1 1 2)2
Fdε

dw
2 2n1

dn

dw
G (6)

and Smith,32,33 eqn. (6), where kB and NA are, respectively,
the Boltzmann’s constant and Avogadro’s number, M is
the molecular weight of the solute and ρ is the density of the
solvent. The subindex 1 in eqn. (6) refers to the property of
the solvent. The experimental values of dε/dw and dn/dw at
30 8C were 2.18 and 0.046. By substituting these results into
eqn. (4) one determines that the mean-square dipole moment
of ANA in vacuum is 5.28 D2. The uncertainty of this value
was estimated to be ca. 2.5%.
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