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Introduction

Aliphatic polyesters possess the type-A dipole mo-
ment!—3 and their dielectric behaviors have been re-
ported by several authors.#~8 The chemical structure is
represented as [-R—CO—0O—(CH32)n—]m— where R is
either the —CH(CH3z)— or —CH>— group. The atoms of
the ester group —C—CO—0O—C- are on the same plane,
and the group can be regarded as a virtual bond as
shown in Figure 1. The virtual bond v possesses the
type-A dipole moment pa parallel to the bond.3” Poly-
(lactic acid) (PLA) (n = 0) does not possess the nonpolar
spacing groups and PLA is classified as type-A1.57 The
other polyesters of n = 1 such as poly(varelolactone)
(PVL) (n = 3) and poly(e-caprolactone) (PCL) (n = 4)
are classified as type-A2.57

In the type-Al chains, the dipole vectors are directly
linked and hence the total dipole vector P of the chain
is exactly proportional to the end-to-end vector r. On
the other hand, the dipole vectors of the repeat units of
the type-A2 chains are linked via nonpolar spacing
groups and therefore the statistical average of Pp is
proportional to the average of r:

P, rO= u°0 1)

where u is the dipole moment per unit contour length.
In this note, we report the results of dielectric measure-
ments on poly(w-pentadecalactone) (PPDL) (n = 13)
focusing our attention on the effect of the long nonpolar
spacing group on the dipole moment of the type-A2
polymers. We also report the calculation of the constant
u of eq 1 for the aliphatic polyesters of varying n and
compare the results with the relaxation strengths for
solutions of PLA, PVL, PCL, and PPDL.6-8

Experimental Section

Poly(w-pentadecalactone) was synthesized by polymeriza-
tion of w-pentadecalactone as reported by Ajay et al.® Penta-
decalactone and lipase were purchased from Aldrich (San
Francisco, CA) and Wako Chemicals (Tokyo, Japan), respec-
tively. The polymer thus synthesized was fractionated with
tetrahydrofuran/n-hexane mixed solvents at 320 K. The weight-
average molecular weight M,, and the polydispersity Mw/M,
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Figure 1. Structure of aliphatic polyesters and the relation-
ship among the vectors v, b, and u.
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Figure 2. Frequency f dependence of dielectric loss factor
€" of 20 wt % solutions of PPDL in benzene (®) and in
dioxane (O).

were determined to be 15400 and 1.20, respectively. The
methods of the sample characterization and dielectric mea-
surements were described previously.”8

Dielectric Relaxation in PPDL Solution

Dielectric measurements were carried out on 20 wt
% solutions of PPDL in dioxane and benzene at 343 K.
We did not carry out the measurements at room
temperatures since PPDL does not dissolve in any
solvents at room temperature due to crystallization. The
€' curve is shown in Figure 2. A very weak loss peak
was observed as shown in this figure. On account of the
low intensity, we did not carry out measurements on
solutions with C less than 20%. The increase of ¢" in
the low-frequency region is due to the dc conduction,
and that in the high-frequency region is due to local
segmental motions. Using the standard methods of the
analyses of dielectric data, we determined the dielectric
relaxation strength Ae; i.e., Ae = 0.0084 for the benzene
solution, and Ae = 0.019 for the dioxane solution. The
error in this determination is ca. 10%.

The theoretical relaxation strength Ae for a solution
of concentration C (in g/cm3) of a type-A polymer with
molecular weight M is given by?

Ae _ AnNpi’ DTZDF X
C 3kgTM )

where 2[is the mean square end-to-end distance, Na
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Figure 3. Dependence of the dipole moment per unit contour
length u' on the number of the carbon atoms of the nonpolar
spacing group of polyester chains.

the Avogadro number, kgT the thermal energy, and F
the internal field factor. This equation indicates that
AelC is independent of M in the unperturbed state. In
the present study, measurements were made on a 20%
solution in which the excluded volume effect is almost
shielded.

Previously we reported the dielectric normal mode
relaxation in benzene solutions of PLA, PVL, and
PCL.>7 Using the data at concentration C of 0.20 g/cm?,
the values of Ae/C at 298 K for solutions of PLA, PVL,
and PCL are determined to be 4.47, 1.12, and 0.74 cm?/
g, respectively, and A¢/C at 343 K for PPDL is 0.041
cmd/g. We see that Ae/C decreases with increasing
number of the methylene groups as expected. We note
that A¢/C of PPDL in dioxane is about two times higher
than that of benzene solution indicating that the
characteristic ratio C., of PPDL depends strongly on the
solvent. Similar behavior was observed for PLA; i.e.,
AelC = 4.47 in benzene at 20% concentration, but in
the undiluted state, Ae/p was only 0.67 at 372 K where
p is the density.®

Dipole Moment of Type-A2 Polymers

As mentioned above, the dashed line in Figure 1 can
be regarded as a virtual bond and the bond vector is
defined as v (= 0.369 nm). The type A dipole vector pa;
of the jth unit is parallel to v;j:

Paj = H4oVj 3)

where u, is the constant and is reported to be 1.11 x
1071 esu.8 The bond vectors connecting the CH, groups
are defined as bj as shown in Figure 1. The vector s; is
defined by the sum of bj: sj = Ybjk (k =1 to n). The
vector connecting C° and the carbon atom C% of the
neighboring unit is defined by u; as shown in Figure 1.
Then the length of the repeat unit is given by u; = v; +
sj. The projection p; of the dipole vector paj on the vector
u; is given by

b = m)Aj-ujD= UV (v; + sj)D= i @
J ijIﬁ.S mvj + Sj)2|ﬁ.5 ]

If this preaveraged dipole moment is used in the
calculation of u of eq 1, we obtain

Porn WY U0

F°0 Eﬂzui)zﬂ

u= =u' (5)
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Figure 4. Plot of relaxation strength Ae divided by concentra-
tion C against the square of dipole moment u' for 20% solutions
of PLA, PVL, PCL, and PPDL in benzene.

These equations allow us to calculate x4 without calcu-
lating the vector sum of the dipole moment allover the
chain.

Numerical calculation of ' was performed on the
basis of the RIS approximation.l® Generally the coor-
dinates of the main chain atoms of a chain can be
represented in terms of the bond angle 6;, the angle of
internal rotation ¢;, and the bond length b;:

Xy =T+ bj (6)
—Cos 6; —sin 0; 0
T;=|sin Ocos ¢; —cos Oicos ¢; —sin¢;| (7)
sin O;sin ¢;  —cos ;sin ¢;  cos ¢
X b;

where X; is the coordinate of the jth atom. ¢; is defined
so that ¢; = 180° for the trans state and 0; = 109°. b; is
the bond vector between the atoms j — 1 and j. The
calculation was performed as follows. First the set of
{#i} was generated by using random numbers so that
the probabilities of the occurrence of trans (t), gauche™
(g"), and gauche™ (g™) are proportional to the Boltzmann
factor for the corresponding isomeric states. Here the
energy difference between the trans and gauche states
of polymethylene was taken to be 2.1 kJ/mol (=500 cal/
mol) as reported by Flory.’® The energy difference
between the trans and gauche states of the bond b; is
estimated by Flory to be 430 +70 cal/mol for polyoxy-
ethylene.1° We assumed that the energy is the same as
that for polymethylene since the difference is small. The
conformations of g*g~ or g~g* were avoided due to the
so-called pentane effect. Second the calculation of eq 6
was performed and the vector u was determined. Then
the scalar product u-pa was determined. This procedure
was repeated and the average of [-palfwas determined.
The sampling number of 1000 gave almost the constant
value of u-palibut we repeated the calculation 5000
times to make sure. Thus, the calculated u' is plotted
against n in Figure 3. We see that 4’ decreases steeply
around n = 4 but decays very gradually in the range of
n above 10.

Figure 4 shows the double logarithmic plot of Ae/C of
PLA, PVL, PSL, and PPDL against x'2. It is seen that
the plot conforms approximately to a line of slope 1,
indicating that the value of [#2[IM is almost independent
of the number of the methylene groups. The small
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deviation from the straight line is due to the ap-
proximation of eq 5 and due to the dependence of C., on
the chemical structure of the polyesters. For further
studies, we need the data for the chain dimensions of
these polyesters.
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