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Dynamics of Macromolecular Chains in Solution. Nuclear
Magnetic Relaxation of Aryl-Aliphatic Polyesters
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ABSTRACT: Proton and carbon-13 NMR relaxation data at several field strengths have been determined
as a function of temperature for two aryl-aliphatic polyesters differing by the length of the aliphatic segment
separating neighboring terphenyl groups. The solution-state motional dynamics of these two polymers can
be interpreted in terms of four correlation times: 74, 7y, 6, and p. The correlation time for overall isotropic
reorientation of the terphenyl moiety is 7y, 7;; is the internal correlation time for phenylene ring rotation,
# describes the mean correlation time for isotropic reorientation of the aliphatic groups and is found to be
equal to T, for the methylene carbon next to the carboxyl unit, and p is the mean correlation time for the
diffusive processes that relax the aliphatic subchain. According to the terminology of Helfand, results thus
obtained show that these p processes are fast type 1 or type 2 short-range motions, whereas § modes are much
slower type 3 long-range motions. Moreover, type 2 motions are more likely in the longer aliphatic subchain
whereas mainly crankshaft motions or three-bond jumps occur in the shorter one.

Over the past few years, a considerable amount of work
has aimed at interpreting relaxation measurements on
polymers in solution in terms of local chain motions.
Several conformational jump models' have been proposed
and lead to autocorrelation functions that have proved
most powerful for accounting for fluorescence depolari-
zation,* dielectric relaxation,® and nuclear spin relaxa-
tion®3610 data. Extensive tests of these descriptions of the
segmental motion of polymers have been performed by
making use of, for example, carbon-13 NMR at two field
strengths,® by investigating coupled relaxation between
nonequivalent protons in vinyl polymers by three different
experiments® probing both high- and low-frequency por-
tions of the spectral density, and by carrying out proton
spin-lattice relaxation time determinations over the ob-
servation frequency range 5-100 MHz,'° thus extending
the dynamic range over 5-200 MHz.

'On leave from the Institute of Polymer Chemistry, Polish Aca-
demy of Sciences, 41-800 Zabrze, Poland.
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However, in spite of the success of these conformational
jump models in representing these important sets of data
obtained on a number of polymers in solution,!! very little
information is available on the detailed elementary mo-
lecular processes responsible for the segmental main-chain
motion. Electron spin resonance experiments on spin-la-
beled polymers have pointed out the very local nature of
the fastest modes: Measurements carried out on poly-
(ethylene oxide) have shown that about one monomer unit
may be considered as involved in the ESR relaxation
process.’? The same study in the case of polystyrene leads
to one to five monomer units, depending on the experi-
mental conditions.!® Even these short-range motions have
not been yet identified. Certain modes of motion such as
the Schatzki crankshaft!* or the three-bond motion!® have
been proposed. The important point is that they involve
two barrier crossings. Using Brownian dynamics simula-
tions, Helfand has described other types of localized pro-
cesses requiring only slightly more than one barrier height
separating the trans and gauche state.'® From an exper-
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imental point of view, measured activation energies are
often of the order of one energy barrier. Liao, Okamoto,
and Morawetz have ruled out the possibility of crankshaft
motions by comparing the temperature dependence of
excimer fluorescence intensity in a polymer and in a
small-molecule analogue.!” However, there exist contra-
dictory conclusions.!®

Therefore, in order to gain deeper insight into the precise
nature of the localized motional modes of polymers in
solution, it appeared of interest to study the nuclear
magnetic relaxation of polyesters of general formula

+c| @ @ @ ﬁOCHZCHZO(CHZCHZO),,,CHZCHZO—-},,—
4 5 -]
3

o ' 0
m = 2, polymer A
m = 8, polymer B

These polymers have large terphenyl groups, which may
act as anchors for the rapid short-range processes affecting
the aliphatic part of the molecule. Besides, the variable
length of this aliphatic subchain may contribute to the
identification of some elementary modes. It is also no-
ticeable that the number of monomer units is large enough,
at least for m = 8, to approach the dynamic behavior of
a poly(ethylene oxide) chain.

Experimental Section

The polyesters were prepared by B. Fayolle at the Centre de
Recherches des Carriéres de Rhone-Poulenc, Saint-Fons, France.
They were synthesized by reaction of di-n-propyl p-terphenyl-
4,4”-dicarboxylate with the appropriate diol, as described else-
where.!%® Inherent viscosities [y, = In (1,4)/C] were determined
at 25 °C and for a polymer concentration € of 0.6 g/100 mL of
solution in dichloroacetic acid. They strongly supported high
molecular weights (0.6 dL-g™! for m = 2 and 0.69 dL-g™! for m =
8).

NMR experiments were carried out on 10% (w/v) deuterio-
chloroform solutions of these polymers. Solutions were carefully
degassed and the tubes were sealed under vacuum.

The 20-MHz *C and 80-MHz 'H NMR spectra were recorded
on a Varian Associates CFT-20 spectrometer. The 25.15-MHz
13C NMR spectra were obtained on a Jeol PS100 apparatus and
the 62.9-MHz C spectra on a Bruker WP250 spectrometer.
Spin-lattice relaxation times 7', were measured by using the
standard inversion-recovery [7—t—=/2] technique, with repetition
times between pulse sequences greater than 5 times the longest
T of the considered nuclei. Due to the very long relaxation times
of nonprotonated carbons and required number of about 1000
transients, relaxation parameters were determined for the pro-
tonated carbons only. T values were derived from plots of In
(I() = I(t)) vs. t. In all cases a proper linearity was observed.

Nuclear Overhauser enhancements (NOE) were measured by
using a gate decoupling technique. Each reported T or NOE value
was an average of 2-3 separate determinations and is within an
estimated maximum error of £10%.

Theoretical Background

With the assumption of a purely *C—'H dipolar relax-
ation mechanism, the spin-lattice relaxation time T, and
the nuclear Overhauser enhancement (NOE) obtained
from a !3C experiment are given by the well-known ex-
pressions?!
1
T,

1
i'(‘)hZYCZ‘YHZr'G[J(wH = we) + 3J(we) + 6J(wy + wedl (1)

NOE = YH BJ(wy + we) — J(wy — wg)
"y Jlwy - we) + 3J(we) + 6J(wy + wg)

where wy and wg are the H and 3C resonance frequencies,

2
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r is the internuclear vector, and J(w) is the spectral density
function defined by

Jw =172 [ G(new dr

Here, G(7) is the normalized second-order spherical har-
monic autocorrelation function.

In the same way, by assuming a purely 'H-'H dipolar
relaxation mechanism between proton pairs, the spin-
lattice relaxation time T obtained from a proton exper-
iment is??
1. iy 8 (wy) + 49 (2wy)] (3)
T, 107E H H

For an isotropic rotation of the internuclear vector, J(w)
can be written as

Jw) = 15/ + ?75d) 4)

where 7y is the rotational correlation time.

The segmental motion of a polymer chain in solution is
usually too complicated to be described by such a simple
picture. Among the various motional models used to
represent relaxation data, conformational jump models
have been found to account well for fluorescence depo-
larization,? dielectric relaxation,® and nuclear spin relax-
ation data for polymers in solution.??¢ Three different
expressions have been derived for the corresponding au-
tocorrelation function,'® They all lead to similar decrease
of G(¢) vs. ¢ in the time range of interest. As in the present
state of the experimental technique there appears no
means to distinguish between these three theoretical de-
scriptions of main-chain polymer relaxation, we will restrict
our study to the use of the diamond lattice motional model
of Valeur, Jarry, Gény, and Monnerie (VJGM)! as a basis
for qualitative interpretation of experimental results. In
this case, the description of the motion requires two cor-
relation times p and 6. In the original treatment p char-
acterized the three-bond process in an ideal diamond
lattice, and 8 reflected either isotropic modes of subchains
or discrepancies from the ideal lattice. At the present time,
it is clear that the orientation autocorrelation function
derived by these authors does not depend on the precise
description of local motions. Indeed the most important
feature comes from the resulting effect of these motions
on chain bond orientation. From this point of view, two
classes of motions must be congidered:

The first class corresponds to any process leading to a
diffusion of chain orientation along the chain (three-bond
motions and crankshaft motions belong to this class).
These modes are described by a harmonic mean correlation
time p.

The second class deals with processes resulting in a loss
of orientation without implying any conformational tran-
sitions of neighbor bonds (overall rotation, valence angle,
and internal rotation angle fluctuations belong to this
class). These processes are characterized by a harmonic
mean correlation time 4.

J(w) is written

Jw) =61 + (8/2p)¥1 + (1 + 26V /{1 +
w?0% + 1/26(1 + ?0)Y2 + (20/p)Y 41 + 202)V1 +
(1 + w202)1/2]1/2} (5)

Results and Discussion

1. Motional Analysis of Aromatic Nuclei Relaxa-
tion Data. Proton Spin-Lattice Relaxation Times.
The proton spectrum of the terphenyl groups of polyesters
A and B presents three peaks. In a 180°-t-90° spin-lattice
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Figure 1. Proton spin-lattice relaxation times Ty, of aromatic
protons of polyesters A and B in CDCl; solution as a function
of temperature T at 80 MHz: (O) polyester A; (*) polyester B.
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Figure 2. Isotropic diffusional rotational correlation times 7,
calculated from data reported in Figure 1.

experiment at 80 MHz, each of these lines has an expo-
nential decrease as a function of interval ¢, which is
characterized by the same spin-lattice relaxation time
Tin,. No cross-correlation effect is apparent in the purely
exponential decay of the magnetization. Moreover, the
observation that any aromatic proton, whatever its location
on the terphenyl group, has the same relaxation time Ty,
corroborates the fact that spin—lattice relaxation of these
nuclei is dominated by dipolar interaction between pairs
of protons bonded to adjacent aromatic carbons. In such
a case, the proton—proton internuclear vector is parallel
to the long symmetry axis of the terphenyl group and is
not sensitive to any internal rotation of the phenyl rings
about this axis. Therefore the simplest assumption to
interpret the relaxation times Ty  in terms of motion is
to use an isotropic diffusional rotational model for the
reorientation of these internuclear vectors. This assump-
tion is supported by the dependence of Ty as a function
of temperature (Figure 1), which shows the characteristic
features of a Bloembergen, Purcell, and Pound (BPP)
curve.?* The isotropic correlation times 7, deduced from
the BPP formula® using an internuclear distance of 2.45
A are shown in Figure 2. The value of Ty _ at the min-
imum of the curve calculated from this internuclear dis-
tance of 2.45 A is 0.45 s, in agreement with the experi-
mental determination. Polymers A and B present identical
behavior as a function of temperature. There is no de-
pendence of Ty and 7, upon the length of the aliphatic
chain. The 7, variation on temperature for the two poly-
esters is characterized by an activation energy of 7.5
kcal/mol.

Nuclear Overhauser Enhancements and Spin-
Lattice Relaxation Times of Carbon-13 Atoms. The
13C gpectrum of polyester A in CDCl, solution is shown in
Figure 3. !3C chemical shifts are summarized in Table 1.
Peak assignments of aromatic carbons are based upon the
use of empirical parameters for the calculation of chemical
shifts in substituted benzenes?* and are supported by
relative peak intensities and spin-lattice relaxation times
Tic. In particular, assignments of carbons C, and C; rely
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Table I
13C Peak Assignments of Polymer A in CDCl, Solution
8¢, PPM
3C peak assignment ((CH,),Si)
Cc=0 166.2
I ll
0 0
e CaCanlite
Il I
0 0
) I
0 0
—D-O-Or-
I I
0 0
-—cc—— 127.6
l I
0 0
A0
| |
o] 0
ﬁoc 2CH20— 64.1
0
‘CIOCHZCHZO—— 69.2
o]
ﬁOCHchQO(CHZCHzo)ZCHECHZOC— 70.6
0 0

ChCly

At
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Figure 3. 25-MHz *C NMR spectrum of polyester A in CDCl,
solution,

on the fact that the C, spin-lattice relaxation time T is
equal to C, Ty, whereas C; T¢ is longer. Similar results
are obtained for polymer B.

Spin-lattice relaxation times Tc and nuclear Over-
hauser enhancements (NOE) measured at 20, 25, and 63
MHz for the aromatic C,, Cy, and C, carbons of polyesters
A and B at 27 °C are listed in T'able II. All these results
can be analyzed in terms of motion using the isotropic
diffusional correlation time 7;, derived from proton ex-
periments at 80 MHz, and a stochastic diffusion of each
of the phenyl rings about the long axis of the terphenyl
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Table I1

Experimental and Calculated Parameters Describing Relaxation Data of Aromatic Nuclei of

Polyesters A and B in CDC], Solution at 27 °C

carbon and 80 MHz 20 MHz 25 Mitz 63 MHz
proton line H Tians BCT,s BCT,s NOE BCT,s NOE
Polyester A (m = 2)

3 exptl 0.45 0.70 0.72 2.7 0.74 3.0
caled 0.45 0.72 0.72 3.0 0.73 3.0
best fit 7,=1.3X10" s

correl times Ty =6.8X10"" s

1,2 exptl 0.45 0.42 0.44 2.7 0.46 3.0
caled 0.45 0.42 0.43 3.0 0.44 2.9
best fit T, =1.3X107°% s

correl times Te=12X10"" s
Polyester B (m = 8)

3 exptl 0.45 0.70 0.80 2.7 0.82 3.0
caled 0.45 0.72 0.81 3.0 0.82 3.0
best fit 7, =1.3x107°%s

correl times T =6X10"" s

1,2 exptl 0.45 0.50 0.52 2.7 0.50 3.0
caled 0.45 0.50 0.52 3.0 0.51 3.0
best fit 7, =1.3X10" s

correl times Te=1X10"1 s
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Figure 4. 13C spin-lattice relaxation times of carbons C, and C,
(outer rings) and C; (inner ring) of polyesters A and B as a function
of temperature T at 25 MHz: (@) polyester A; (*) polyester B.

group described by a correlation time 7;, as formulated
by Woessner.> The best fit parameters are given in Table
I1. The agreement between experimental and calculated
data is very good. The internal rotations of the phenyl
rings are slightly faster in polymer B (m = 8) than in
polymer A (m = 2). For each polymer, the rate of rotation
is greater for the central ring than for the outer ones. This
result is in good agreement with X-ray and neutron dif-
fraction studies of p-terphenyl crystals,?® which have
demonstrated that the central ring oscillates more strongly
about the long axis of the molecule than do the two end
rings. The rates of the thermal librations thus observed
are generally consistent with potential energy functions
calculated for rotation about the symmetry axes of the
molecule.?

The dependence on temperature of the spin-lattice re-
laxation times T'¢ of the aromatic C,, Cy, and C; carbons
at 25 MHz is plotted in Figure 4. The nuclear Overhauser
enhancement measured on these nuclei at 25 MHz is
maximum over the range of temperature of interest. As
well as the 27 °C data, these variable-temperature data are
well represented by the isotropic 7, process, the values of
which are given in Figure 2, and internal phenyl ring re-
orientation 7. The activation energies for the latter
motion are summarized in Table III. Within experimental
error, the same values are obtained for the two polymers.
There is no dependence of the activation energy of the
inner and outer ring rotations about the long axis of the
terphenyl group upon the length of the aliphatic part of

Table III
Apparent Activation Energy? for
Individual Carbons of Polyesters A and B

carbon
. polymer C,,,° c,b C,°©
: polyester A(m=2) 50:05 35:05 7.0z0.5
polyester B (m = 8) 48:05 3.0:05 4.0:0.5

@ kecal/mol. ° Calculated from variation of 7. ¢ Cal-
culated from variation of ».

the polyester chain. Such a result has been observed by
Komoroski,? who has shown that in a series of terephthalic
acid polyesters the relaxation parameters of all carbons
in the terephthalate groups are independent of the length
of the separating alkyl chain, The same conclusion has
been reached by conformational energy calculations on
model molecules of polymers A and B.# The 5 kcal/mol
energy barrier determined for the internal rotation of the
outer ring is in close agreement with the 4.8 kcal /mol value
derived from conformational energy calculations, assuming
independent rotation of each of the three rings of the
terphenyl unit.?® In the same way, the 3.0-3.5 kcal/mol
experimental activation energy for the internal inner ring
rotation about the long axis of the terphenyl moiety is
consistent with the 3.8 kcal/mol barrier height calculated
under the same assumptions.?

2. Motional Analysis of Aliphatic Carbon Relaxa-
tion Data. The aliphatic part of the spectrum of poly-
esters A and B presents three well-resolved peaks as shown
in Figure 3. The two high-field ones (C, and C;) are to be
assigned to the methylene carbons of the oxyethylene unit
next to the terphenyl ring. The third line (Cg) groups all
the methylene carbons of the central oxyethylene units.
Data obtained at 27 °C for the three experimental fre-
quencies are summarized in Table IV. As shown in the
table, these results, both spin-lattice relaxation times T'¢
and nuclear Overhauser enhancements, are well repre-
sented with the VJGM model.! The length of the aliphatic
C-H bond is taken as 1.1 A. The isotropic diffusional
correlation time 6, deduced from C, relaxation data, is
equal to 7, derived from proton experiments, indicating
that the terphenyl, the two carboxyl groups, and the
methylene units next to them reorient as a whole in the
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Table IV
Comparison between Experimental and Calculated Parameters from the Diamond Lattice Motional Model for
Aliphatic Lines of Polyesters A and B in CDCl, Solution at 27 °C

polyester A (m = 2)

polyester B (m = 8)

20 MHz 25 MHz 63 MHz 20 MHz 25 MHz 63 MHz
line TlC’ s TlC’ S NOE TIC’ S NOE TlC’ s TlCi S NOE TlC’ 8 NOE
C, exptl 0.15 0.19 2.7 0.28 2.3 0.20 0.21 2.7 0.34 2.3

caled 0.18 0.19 2.7 0.27 2.3 0.21 0.22 2.7 0.31 2.4
diamond lattice 6 =13%X10"%p=24x10"" 5 0=13x10"%p=17Xx10" s
parameters
C, exptl 0.17 0.20 2.7 0.35 2.3 0.25 0.25 2.7 0.33 2.3
calcd 0.20 0.21 2.7 0.29 2.4 0.23 0.24 2.7 0.33 2.4
diamond lattice 6§ =12x10"%p,p=2X10"" g 6=12x10"°%p=15Xx10""g
parameters
C; exptl 0.56 0.55 2.7 0.70 2.4 0.70 0.68 2.7 0.80 2.4
caled 0.51 0.54 2.8 0.70 2.5 0.64 0.66 2.8 0.83 2.5
diamond lattice 6=11%X10"%p=28x10""5s 0 =9Xx10""0=21%Xx10""25s
parameters
.NOE i
. ~3.0 [}
s b\‘kﬁa\\ (sec)
NOE €4.C4.Cq ’ ?
20« . . ;Q
18- -20 6% A I
12- . 4 Ve
104 t
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Figure 5. °C spin-lattice relaxation times and nuclear Over- (sec)
hauser enhancements of carbons C, (®, ), Cs (0, O), and C; (A, . , {
*) of polyesters A and B, respectively, as a function of temperature \ ] | , ! ] .
T at 25 MHz. (e, %) 13C spin-lattice relaxation times of poly- b ) ! o P '
(ethylene oxide) at 20 and 25 MHz. RO T Lo '
! '
6 process. This correlation time 4 is slightly shorter for ;
the C;—H and Cg-H internuclear vectors. The influence ]
of the length of the aliphatic subchain is only visible for *
the central oxyethylene units. Similarly, the diffusive ‘
process characterized by correlation time p is faster for the — - = o

central aliphatic methylene carbons than for those next
to the terphenyl moiety. Moreover, this diffusive process
is strongly dependent on the number of oxyethylene mo-
nomers. Comparable results were obtained on the meth-
ylene carbons of poly(butylene terephthalate) and poly-
(hexamethylene terephthalate),?” for which it was noted
that the average correlation time 7 necessary to explain
the data decreases with increasing distance from the aro-
matic units and that, in addition, 7 for a methylene carbon
in a given position decreases with increasing chain length.
Moreover, it might be expected that the increasing T,
observed for the Cg line of polyester B would be accom-
panied not only by shorter correlation times p, as noted
above, but also by a narrower distribution of rotational
modes. From the six sets of p and 8§ values given in Table
IV as well as from results reported on poly(butylene ter-
ephthalate) and poly(hexamethylene terephthalate),?” this
does not appear to be the case: Though decreasing from
C, to Cg, 0 remains of the same order of magnitude for all
the aliphatic carbons of the two polyesters.

The dependence on temperature of T relaxation times
and nuclear Overhauser enhancements for lines C,, C;, and
Cg at 25 MHz is plotted in Figure 5. As for room-tem-

w03/

Figure 6. p and 4 correlation times calculated from formulas 1,
2, and 5 and data reported in Figure 5 for line C¢: (—) polyester
A; (---) polyester B.

perature experiments, the influence of the chain length is
clearly visible for the central units. The 6 and p correlation
times deduced from measurements on peak Cq are plotted
in Figure 6. The apparent activation energies for the p
process decrease from polyester A (m = 2) to polyester B
(m = 8). The longer the subchain, the smaller the apparent
activation energy.

It is of interest to discuss these results in terms of
Helfand’s classification of polymer motions.?? Type 1
modes of motion (generally called crankshafts) such as the
Schatzki crankshaft!* or the three-bond motion,!® leave the
tails in the same position at the start and end of the
transition. Because the chain ends are not involved, these
motions are particularly favorable. However, such motions
require two barrier crossings or the passage through some
fairly high energy intermediate state.’® In type 2 processes,
on the other hand, the chain ends are translated relative
to each other by the motion, but the angular orientation
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of the two is unaffected. This second type of motion has
been recently extensively studied.!$3%3! The activation
energy has been shown to be slightly more than the barrier
separating the trans and gauche state.’® Therefore the type
2 motions may very well be responsible for many relaxation
data in which the activation energy is comparable to the
barrier height between the trans and gauche state. Finally,
type 3 processes change the angular orientation of the
chain ends, and the necessity for large-scale rearrangement
of solvent by the chain ends is expected to result in high
barriers. It is noticeable that type 1 motions clearly result
in an orientation diffusion process described by g corre-
lation time. As regards type 2 motions, Brownian dy-
namics simulations!® have shown that the rate of motion
depends on the conformations of the neighbors of the
transforming bond. A significant number of conforma-
tional transitions are involved in correlated processes with
the second neighbors. Thus these type 2 motions induce
a diffusion of bond orientation along the chain, charac-
terized by p correlation time.

Let us now consider results obtained on carbons Cg, C,,
and C; of polyesters A and B. C,~H and C;—H internuclear
vectors are relaxed by both p and 8 processes. On the other
hand, the overall reorientation of the phenyl group (the
internal rotation of the ring is not of interest in the present
discussion) is characterized by the 7, correlation time only.
Moreover, 7, is equal to 8 calculated for carbon C, next to
the terphenyl and carboxyl group moiety. These points
clearly show that the motions which are described by the
p correlation time are fast type 1 or type 2 short-range
motions which leave the carboxyl unit unrotated. On the
contrary, the fact that C; and C, relaxation times and
nuclear Overhauser effects are represented by the same
8 (or 74) correlation time leads to the conclusion that the
6 process affecting the C,—H internuclear vector, which is
much slower than the p one, is a type 3 long-range motion.
Indeed it is characterized by a high activation energy of
7.5 keal/mol.

Another interesting point is the comparison of the ac-
tivation energies obtained for the p process in polyesters
A (m = 2) and B (m = 8) for the C¢ line (Table IV): The
smaller activation energy is observed for the longer ali-
phatic subchain. This observation may also be interpreted
in terms of Helfand’s analysis of elementary motions:??
C-H internuclear vectors located in the middle of the
aliphatic subchain are involved in rotations about C-C and
C-0 bonds. From spectroscopic data and conformational
analysis®* the barrier for internal rotation about typical
CH,—-CHj, bonds is known to be slightly over 3 kcal/mol.
The barrier to rotation about a CH,—~O bond is of the order
of 2.5 kcal/mol. Assuming that the observed activation
energy E, can be written ag!%%%:35.%

E, = AH, + E*

where AH, is the activation energy for the solvent viscosity
(AH, ~ 1.4 kcal/mol for CDCl; in the temperature range
15-40 °C) and E* is the potential barrier for the motion
of interest, results reported in Table IV lead to E* ~ 5.6
kcal/mol for m = 2 and E* ~ 2.6 kcal/mol for m = 8.
Comparison of these data with rotational barriers cited
above shows that experimental activation energies E* for
p processes in aliphatic subchains are of the order of one
barrier crossing for m = 8 and of two barrier crossings for
m = 2. Keeping in mind that, in the terminology of
Helfand, type 1 motions require two barrier crossings and
type 2 motions slightly more than one, we note that this
result indicates that type 2 motions are more likely in long
aliphatic subchains where the localization mode involving
distortions of the neighboring degrees of freedom can
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happen, whereas mainly type 1 motions, i.e., crankshafts
or three-bond jumps, occur in shorter flexible segments
terminated by fixed chain ends. It is also noticeable that
in polyester B, the temperature dependence of T for line
Cq is very close to that of the methylene carbons of poly-
(ethylene oxide) as shown in Figure 5. This result points
out the fact that the behavior of the central aliphatic
carbons of polyester B approaches that of poly(ethylene
oxide) carbons and therefore type 2 motions may be ex-
pected in this polymer, too.
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