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The complex dielectric permittivity* of the 2-(acetyloxy)ethyl-2-(2-naphthyl) acetate molecule, ANA, was
measured as function of both temperature (in the rantf@0 to 0°C) and frequency (from 10 to 1 kHz).
Isochrone values of the loss componehipresent a prominent peak with the maximum for 1 Hz located at
—43°C, close to the calorimetric value @f. Analysis of the temperature dependence of these absorptions
allows the evaluation of the relative free volume of the samplg, ais®4/B = 0.026. Molecular dynamics
simulations seeking the evaluation of the titBpole correlation functionp(t) including both auto- and
cross-correlation terms were performed for a canonical ensemble of 15 molecules of ANA (i.e., 540 atoms)
contained within a cubic box with periodic boundary conditions at constant temperature. Simulations were
performed aflf = 300, 500, 750, and 1000 K, and the results at 300 K indicate that the molecule does not
statistically sample the whole conformational space during the time allowed to the simulation (i.e., 0.5 fs), so
¢(t) was not computed at this temperature. The valuggtfobtained at the other three temperatures proved
that the cross-correlation terms are negligible. Fittingp(ij to the KWW equationp(t) = exp[—(t/7)"] is

very good, giving values of = 5.6, 1.8, and 1.0 ps, respectively, fbe= 500, 750, and 1000 K, whilg =

0.65+ 0.02 is temperature independent. Valueg'dfreal) ande” (loss) components af* computed with

these values op(t) are in good agreement with experimental results.

Introduction The isochrones showing the temperature dependence of
) o ) mechanical or dielectric loss functions present in the glassy state
Condensed phases, either liquid, glassy, or crystalline, arey ye|atively weak absorption associated with local motions,
the result of interactions among atoms, ions, or molecules. ¢ajled thes process, followed in increasing order of temperature
Obviously the type and intensity of the interactions depend on by a prominent absorption associated with the gldissiid
the chemical structure of the condensed phases. When &ransition, named ther relaxation, presumably produced by
noncrystallizable liquid is cooled, a temperature is reached at generalized micro-Brownian motions. The fact that fhend
which the mechanisms that keep the liquid structure at equi- the o relaxations do not show molecular weight dependence
librium are associated with times that are larger than the time ¢g, long chainé ¢ suggests some sort of cooperativity in the
scale of the experimen€ however large this time scale is. This  molecular motions that produce these relaxations. High mo-
temperature is the so-called glass transition tempera.iehe lecular weight chains display an additional relaxation, associated
glass transition is manifested by a sharp decrease of the heafyjith motions of the whole chain, at temperatures abByd his
capacityCy from liquidlike to crystallike values because in this  re|axation, also called the normal mode process, is observed in
situation the system has only kinetic accessibility to a small the mechanical relaxation spectra of amorphous polyfirs.
fraction of the available conformational space during the time pHowever, the normal mode in the dielectric spectra is only
scale of the experiment. Though there is not an international ghserved when the dipole moment is along the chain cofitour.
convention to define the glass transition temperature, this opyiously, the isochrones corresponding to low molecular
magnitude is often taken as the temperature at the onset of thQ:ompoundS only exhibit thd and theo. absorptions.
increase irC, during heating, usually at 10 K/min. Dramatic The relaxation spectra of condensed amorphous substances
changes occur in the physical properties during the gfass  in the frequency domain at temperatures abby@resent the
liquid transition. Compliance magnitudes such as the creep same absorptions appearing in the isochrones. At high frequen-
compliance and dielectric permittivity undergo a sharp decrease gjeg (short times) the3 absorptions appear followed, in
in the transition from ||qU|d to glaSS, while both the mechanical decreasing order of frequency, by theand the normal mode
and the dielectric relaxation moduli experience an abrupt re|axation processes. The relaxation inevitably displays a

increase. Mechanical and dielectric loss functions present akohlrausch-Williams—Watts (KWW) “stretch exponential”
prominent peak at the glass transition temperature. decay—11
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time, somewhat dependent on the type of response, defined by  18+1 3
the area under the curve @ft). In the vicinity of Ty, the 3. Frequency (Hz)
parameter* commonly undergoes a rapid rise with declining 11 —— 1000
temperature, which often fits to a VogelTamman-Fulcher- 4| —— 1000
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wherery is in the range of picoseconds afid is believed to o 1B

be related to the Kauzmann temperafutieat is, the temperature

at which the conformational entropy is zero. The system falls

out of equilibrium if 7* is larger than the time scale of the

experiment. 1E-2
The dielectric relaxation spectra of flexible molecules with

dipoles either perpendicular to the chain contour or located in

flexible side groups only present tifeand a relaxations. In

the cases in which thg process is negligible in comparison
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with the . relaxation, the KWW decay function &t> T4 can e S L R
be expressed in molecular terms by the following expre$3ién -100 80 60 0, 20 ¢
Temperature (C)
L (1) +24,(0) 3+ zmti(t)',uj(O)D Figure 1. Temperature dependence of the dielectric le$sfor
1= 2-(acetyloxy)ethyl-2-(2-naphthyl)acetate (ANA) at the frequencies
o(t) = 3) indicated.

BTy @(0)44(0)0

1=

addition of acetyl chloride to a benzene solution of HNA in
benzene containing triethylamine,sBt The HCI formed in
where ¢(t) can then be called the timalipole correlation the reaction was neutralized withzBt The reaction medium
function, ui(t) is the dipole moment of the moleculat timet, was washed three times with water, and the organic phase was
and brackets mean averages. separated. Also the aqueous phase was extracted with benzene
Molecular dynamics (MD) simulations have been used to to remove the organic product present in this phase, and the
determine the dielectric properties of model compounds of organic phase was added to the first set. The organic phase
flexible side groups of polymers, specifically the mean-square was dried with sodium sulfate and filtered, and the solvent was
dipole momenta2of esters containing cycloaliphatic rings in  separated under reduced pressure. The product, 2-(acetyloxy)-
their structuré’1® MD simulations were also employed to ethyl-2-(2-naphthyl) acetate (ANA), was purified using a silica
calculate the normalized components of the complex dielectric gel column and hexaneethyl acetate (4:1) as eluent. The purity
permittivity of these compounds in the frequency donidii! of the product was checked b{H NMR and 3C NMR
However, only auto-correlation terms were used in the former spectroscopies.
calculations of ¢(t). In this work, we simulateg(t) for The components’ and¢” of the relative permittivitye* of
2-(acetyloxy)ethyl-2-(2-naphthyl) acetate, ANA, model com- ANA were measured with a capacitance apparatus TA-DEA
pound of poly(2f[2-(2-naphthyl)acetyl]Joxyethyl) acrylate, 2970, from TA Instruments, operating in the frequency range
taking into account both auto- and cross-correlation contribu- 1074—1? kHz. In the glassy region the measurements were
tions. This paper reports the behavior of cross-correlation made from low to high temperature at a heating rate 6€1
functions for the first time to our knowledge. From the min. Inthe glass— liquid transition,e’ ande'” were measured
simulated values ob(t), the normalized components of the under isothermal conditions at steps 6& The error involved
complex dielectric permittivity of the model compound will be in the measurements ef and e was estimated to be lower
evaluated and the results obtained compared with the experi-than 5%.
mental ones. This study forms part of a project devoted to the The glass transition temperature was determined with a
simulation of the dielectric relaxation behavior of molecular DSC-7 Perkin-Elmer calorimeter, at a heating rate of 10 K/min.
chains as function of their structure. The Ty, taken on the onset of the increase of specific capacity
during heating, was-41 °C.
Experimental Part

2-Hydoxyethyl-2-(2-naphthyl) acetate (HNA) was synthesized Experimental Results

by reaction of naphthyl acetic acid (NAA) with ethylene glycol lllustrative curves showing the temperature dependence of
(EG). The esterification was carried out in refluxing toluene, the dielectric losg" for the ANA molecule are plotted at several
under a nitrogen atmosphere, using a molar ratio NAA[EG  frequencies in Figure 1. The isochrones present a prominent
35/88 andp-toluenesulfonic acid as catalyst. Water produced absorption corresponding to the glasisjuid transition oro

in the esterification reaction was eliminated with a De&tark relaxation process. The maximum of the absorption peak of
distillation trap. The esterification proceeded for 24 h, and then the isochrone at 1 Hz is located at43 °C, close to the

the toluene in the reaction medium was separated at reducectalorimetric glass transition temperature. As usual, the maxi-
pressure. HNA was separated from the ethylene glycol dinaph-mum of the peaks are shifted to higher temperatures with
thyl acetate formed in the reaction in successive silica gel increasing frequency. Subglass absorptions were not detected
columns using the following eluents: hexarethyl acetate (3: in the glassy region down te-130°C. Thea relaxation can

1), hexane-ethyl acetate (2:1), and hexanethyl acetate (1: also be observed when the dielectric loss is represented in the
1). A second esterification reaction was performed by dropwise frequency domain, at temperatures slightly higher tfign
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1077, - To) Rotational angles were taken to be 180r this orientation. Ap-

proximate directions of the dipole moments of the two ester groups
frequencies versus the reciprocal Bfax — T, Where Tpay is the are represented by arrows. They are shown only for illustrative purposes
temperature at which the maximumefis reached for each frequency ~ Since all calculations were performed employing partial charges assigned
while T., was taken to b@, — 50. to every atom of the molecule.

Figure 2. Natural logarithm of the reciprocal of the experimental

The mean relaxation times associated with ¢hprocess is o = 0 andy = 1. Consequently, the larger is the departure of
usually taken are the reciprocal ofat the peak maximum, & andy from 0 and 1, respectively, the higher is the complexity
where f is the frequency in Hz. Doolittle formulated the of the system.

following empirical equation for the relaxation tintés An illustrative plot for the dielectric results of ANA at30
°C is shown in Figure 3. It can be seen that the curve is a
I=A exp[E] (4) skewed arc whose HN parameters are as followis:= 5.16;
\ € =2.95;0 = 0.72;y = 0.016 andrp = 2.5 x 103 s (2770
=16x 102s).

where @ is the relative free volume anB is believed to be
related to the ratio between the volume necessary for a relaxationT
process to take place and the volume of the segment or segments
intervening in the relaxatiof?. The assumption that the volume Molecular dynamic (MD) simulations were performed ac-
is a linear function of temperature leads eq 4 to the Vegel cording to standard procedufesiith the DL_POLY packagé
Fulcher-Tammanr-Hess (VTFH) expression (eq 2). By com- employing the Amber force fieléf=30 A time stepd = 1 fs
paring eqs 2 and 4 the following relationship is obtained (i.e., 10715 s) was used for the integration cycle. No scaling of
the 1—4 interactions was performed. The Coulombic term of
g ) the potential energy was computed as the sum of pairwise
B m interactions among partial charges assigned to every atom on
the sample by means of the AMPAC program and the AM1
This expression permits one to obtain the relative free volume proceduré! The same charges were employed to compute
atTg. The values omandTs in eq 5 were obtained by plotting  dipole moments of every conformation adopted by the molecules
the natural logarithm of the relaxation times againsTdd{ — of the system along the MD trajectories. The temperature of
T.), @s eq 2 suggests. The valueTafwas set S0 K below the  the sample was controlled by scaling the atomic velocities after
calorimetricTy (i.e., T = 176 K). The plot, shown in Figure  each integration cycle with a damping factor of 1000 fs in order
2, fits to a straight line with a slop@ = 1950 from which one {0 aliow relatively high thermal fluctuations that will facilitate
obtains®¢/B = 0.026. It is noteworthy that the result obtained the passage over energy barrigs.
for ®¢/B lies in the range 0.02% 0.005 reported for viscoelastic A canonical ensemble (i.e., constanV, N) of 15 molecules
liquids* ) (i.e., 540 atoms) of ANA, whose structure is represented in
For Debye type substances, that is, for systems whoserigyre 4, contained into a cubic box with periodic boundary
responses are described by a single relaxation time, the complex.ongitions was employed for all the theoretical calculations. The
plane plots:" againsk’ are semicircumferences whose intercepts gide of the box was set to = 18.9 A in order to produce a
with the abscissas axis give, respectively, the relaxee-«'- density of 1 g/crd The system was initially built within a much
(0)] and unrelaxed. [=¢'()] permittivities. In general the  |arger box withLo = 26.9 A with one molecule placed at the
dielectric relaxation behavior of liquids cannot be described by ¢enter of the cube and the other 14 located close to the vertexes
a single relaxation time, and the complex plane plots are arcs anq centers of the faces in order to avoid interpenetration among
that eventually become skewed arcs in polymers and other gjferent molecules, which would produce unrealistically high
complex I_|quu_js in which thet relaxation has a_vwde d|str|bu_t|_on values of energy thus rendering difficult and unreliable any
of relaxation times. In general these curves fit to the Havritiak  concejvable strategy for energy minimization. A MD simulation

heoretical Analysis

¢, _T,-T,

Negami (HN) equatioff2° at high temperature (i.e., 1000 K) was then applied to this initial
o — ¢ system, and the side of the box was decreased from the initial
Ho)=e, + —— > (6) value Lo to the final lengthL with increments of—0.2 A and
[1+ (iwro)lf " allowing a relaxation time of 500 fs at each new size. Once

the final volume was obtained, the system was cooled to 50 K,
where 0< @ < 1 and O< ¥ < 1. For a Debye type relaxation  with increments of-50 K and allowing relaxation times of 500
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Figure 5. Dipole correlation coefficientg(t) (full-correlation including the O—CH, bond of the ANA molecule computed at 300 and 500 K
cross-correlation terms) arg(t) (auto-correlation obtained by neglect- '

ing the cross-correlation terms) as function of time for the ANA the MD traiectory. so that the molecules may statistically sample
molecule obtained at temperatures of 500, 750, and 1000 K (from top their WhOI(Je Conf)grmational space y y P

to bottom). Solid lines represent valueg(t), while broken lines ;
Calculations were performed at four temperatures, namely,

represent(t).
300, 500, 750, and 1000 K. At each of these temperatures, the
360 dipole moment of every individual ANA molecule on the
;cn‘ 300 ensemble was computed as function of time for kheonfor-
R mations recorded during the MD simulation. These dipoles are
5N 180 represented ag(kA) with i = 1—15 representing the molecules
. o AR ‘ on the ensemblé = 0—2499 indicating the conformation, and
O 20y, | L, il A = 200 fs being the time gap between consecutive conforma-
E 60— I P bl tions, so thakA represents a value of time. Dipole moments
0 thus obtained were employed to compute full- and auto-
360 correlation coefficients that will be representedsg$) and¢.-
5 13001 M ‘ (t) according to the expressions
g R 4 M
= 240 e * \“‘%‘ 1 Non
T M , “‘ ! ‘ T ny =
S 180 __M ol W‘W‘W\W‘M Lrm—— #:(nA) NC kZ X
O 120~ ! B
5 60 e T=300K i (KA) p[(k + MAITH D pi(KA) (K + n)A]
— 1Z]
0 LA B A (7)
: . . . 4 0.
S ° (k) 1 (BICF T p(kA) i (kA)D
|
Figure 6. Evolution with time of the rotational angle over the-CH, ]
bond of the ANA molecule obtained at 300 and 500 K. 1 N-n
I : ¢(nA) = ———L)) u[KA]-u[(k+n)AJD  (8)
fs at each new temperature, to minimize the energy and finally ELZE(N —n) &

warmed to the working temperature, again with increments of

50 K and relaxation times of 500 fs. After all this preparation, where the angle brackets represent averages over the 15
the data collection process was started. Thus, a MD simulation molecules contained in the ensemble @rds obtained from
of 5 x 1CP steps, covering a total time span of 0.5 ns, was carried ¢ by neglecting the cross-correlation terms in whic# j.

out saving the coordinates of all the atoms in the system every In fact, these equations represent an average oveX then

A = 200 fs, thus producindl = 2500 conformations that were  values of¢ obtained with all the pairs of conformations that
employed in posterior analysis. It is obvious that any increase are separated by a time equahitd, The value of the correlation

in either the size of the sample (i.e., the number of molecules function decreases rather fast with increasing time; t(®)\)
within the box), the length of the MD trajectories or both =~ 0 for values o that are much smaller than the total number
features at the same time may improve the reliability of the of studied conformationbl and therefordN — n is very large,
results. Unfortunately, the required computer time also increaseswhich ensures a good samplinggbdver all the conformational
with both characteristics (especially with the number of atoms space'®

in the sample), so that a compromise should be reached. The The results obtained at 500, 750, and 1000 K are shown in
size of the sample employed in this work is reasonable, since Figure 5 where solid/broken lines represent valuegafi. As

if we imagine one molecule placed at the center of the repeatingcan be seen in this figure, cross-correlation terms are quite
cell, all the first neighbor molecules surrounding it, which negligible. The values computed at 300 K are not included in
presumably produce the strongest interactions, are placed in theFigure 5 since at this temperature the molecules do not
same cell. On the other hand, provided that the MD simulations statistically sample their whole conformational space during the
are performed at high temperatures, 0.5 ns is a large enoughtime allowed to the MD simulation as is illustrated in Figures
time span as to allow many conformational transitions during 6 and 7 that represent, respectively, the evolution with time of
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TABLE 1: Coefficients for the Best Fit of the Correlation
Factors g (Cross-Correlation Terms Included) and ¢,
(Cross-Correlation Terms Neglected) Obtained at Different
Temperatures by MD Simulations to the KWW Equation

9(t) = exp[-(z/T)"]2

T=500K T=750K T=1000K
¢ 10 (ns) 6.2 1.7 1.0
B 0.58 0.64 0.65
10%2 0.2 0.3 0.4
¢ 10 (ns) 5.6 1.8 1.0
B 0.65 0.63 0.67
10%02 0.06 0.1 0.2

(' - sw)/(sa- £,
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2 The sum of the squared deviations on the fitting is represented by
o2

the rotational anglg over the G-CH, bond and the probability

of finding a given value of within the MD trajectory computed

at 300 and 500 K for one of the molecules contained in the
ensemble. The results obtained at 300 K indicate that the
conformational transitions are slow at this temperature and, as
consequence, the probability of finding gauche states fi#&.,
+60°) is not the same for both of them as the symmetry of the
molecule dictates. On the contrary, the transitions are faster at
500 K and the molecule visits both gauche states roughly with
the same probability, although trans is still the preferred
orientation for this bond.

According to the phenomenological linear theory of dielec-
trics, transformation ofp(t) from the time domain to the
frequency domain gives the complex permittivity according to
the following equatiokt

*(w) — €

C=1- [7g(t) exp(iot) dt 9)

€0 €o

To eliminate noises and facilitate further treatment of data,
the values ofp(t) were fitted to the KWW functiotr* (eq 1).
The coefficients obtained in the fitting are summarized in Table
1. The sum of the squared deviations obtained, also shown in
Table 1, indicates that the fitting is much better in the case of
auto- than in full-correlation coefficients. This difference could
also be appreciated in Figure 5, which shows that the values of
¢i(t) and ¢4(t) computed at the same temperature are almost
identical at short times and differ at higher times, mainly due
to noise fluctuations ops(t). As expected, the results of Table
1 show that the mean-relaxation time& decreases with
increasing temperature, whilg is roughly temperature-
independent with a value ¢f = 0.65+ 0.02.

Substitution of eq 1 into eq 9 leads to a series expansion for
the integrals that only depends on the valugstf

e*(w) — €,

EO_Eoo

(10T [nBa\ (B
Z - cos(—) - sm(—)] (10)
P (wry)” T+ 1)|, 2 2

for high frequencies (i.e1 < log(wto) < +4 whenp > 0.25),
and

e(w) —¢, =

=3

60 - eoo n=

n—1
n—l( O)

T'(n)

[ {(n — 1)
coy———
2

T n +[_3 _ 1) X
B
((n — 1):'[)]
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Iog((o/wm )
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Figure 8. Normalized values of the real componehof the complex
dielectrical permittivitye* of ANA. The circles represent experimental

values measured at30 °C, while the line indicates theoretical results

computed with the valug = 0.65.
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Figure 9. Same as Figure 8 for the loss componeht

for low frequencies. Figures 8 and 9 present the theoretical
values of both the normalized loss and real components of the
complex permittivity computed according to eq 10 fior 0.65

as a function of logb/wmay together with the experimental
results of these magnitudes. It can be seen in these figures that
the theoretical calculations are in reasonable agreement with
the experimental results.

Discussion

Previous calculatiod3proved that, at 36C, an isolated ANA
molecule can visit the whole conformational space in about 10
ns. Thus, the value of the mean-square dipole moniit
calculated from the evolution of the trajectory of in the
conformational space is 5.72Din rather good agreement with
the experimental resut? 5.3 D2 The analysis of the MD
trajectories shows that the plane defined by the pair of bonds
Ca¥—CH,—C* is roughly perpendicular to the aromatic group
while trans orientation of the GHC* bond is disfavored by
ca. 1.5 kcal mott vs gauche. In the ©CH,—CH,—0 segment,
trans states about-©CH, bonds are preferred by ca. 1.2 kcal
mol~! over the alternative gauche states while gauche states
about CH—CH; bonds have an energy 0.9 kcal mbbelow



5768 J. Phys. Chem. A, Vol. 102, No. 29, 1998 Saez-Torres et al.
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