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Temperature dependent data of °C spin-lattice relaxation times and NOE factors for methylene catbons at 50.3
MHz and 125.5 MHz have been used to probe the local chain dvnamics of poly (butylene terephthalate) (PBT)
in solution phase. The interpretation of the relaxation data for methylene chain carbons in PBT was attempted
on the basis of several proposed motional models. among which the DLM model was found to be superior.
Analysis based on the DLM model indicated that the motion of the OCH: groups was more restricted compared
with the central methylene carbon. which is consistent with conclusions from solid state experiments reported
by other investigators. Librational amplitudes of terminal and central carbon of PBT were estimated to be

29.84°and 32.01°. respectively.

Introduction

Nuclear magnetic resonance spectroscopy has been used
to gain insight into the details of local segmental motions in
many polymers at the molecular level. ' In particular. '*C
relaxation times (71, 7») and the NOE factor sensitive fo the
reorientation of a carbon-proton bond in a polymer chain can
provide helpful information on local chain dynamics ®”
However. extracting the relevant information on molecular
motions from the NMR data is not an easy matter because it
requires detailed knowledge of the relevant local modes of
motion related with the intramolecular barrier to transition
and energies. '™

Several idealized theoretical models have been proposed
to interpret the experimental data for polymers obtained in
solution and bulk phase. As pointed out by Helfand and
Skolnick."” local polymer dynamics can be described in
terms of orientational auto-correlation function. which takes
into consideration of the specific character of the polymer
backbone. They show that the three or four-bond crankshafi-
type transition. getiche migration. pair gariche production.
and internal rotation of the side group of hydrocarbon chain
molecules can all contribute to the local dyvnamics of poly-
mers in solution and bulk phase. However. Monnerie ef a/ *
have shown that anomalous deviation of the ratio 73(CH)Y/
71(CHz) from the expected value of 2 and an wnusually high
minimum 77 value cannot be explained based only on the
Helfand’s motional framework. They suggested the exist-
ence of an additional kind of fast anisotropic motion of small
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amplitude corresponding with the so-called libration of
internuclear CH vectors which is usually 100 times as fast as
segmental motions.

A complete understanding of the local dynamics of poly-
mers is a challenging problem. In this respect. the local
motion of poly(butylene terepthalate). hereafter referred to
as PBT. has been an interesting subject for many researchers
in that the alkvl chain portion of PBT can undergo ideal
three-bond-type motion. whereas terephthalate groups behave
like anchors. So PBT serves as a good exemplary molecule
for which various theoretical models can be tested. Kitamaru
analvzed the local motion of the methylene sequence in PBT
based on the three-bond motion. concluding that the central
methylene carbons are more mobile than the terminal meth-
vlene carbons.'* Deuterium NMR spectroscopy studies in
the solid state also reveal different motional patterns of these
two different methylene carbon atoms. Jelinski et af.'>1°
observed two different deuterium NMR spectra of PBT.
which indicates the predominant mechanism is the three-
bond motion like the pair gauche production in PBT poly-
mer. Through the reproduction of chemical shift parameters
and relaxation data they also confirmed the same motional
information on PBT. Monnerie ef a/.'" studied the dynamics
of the aryl-aliphatic polvester in solution via proton and car-
bon-13 relaxation at several fields of different strength. They
have described the solution state dynamics of polymers in
terms of several independent correlation times. Data on the
barriers to rotation about the O-CH- and CH:-CH: bond
were also obtained. And they compared their results with
Helfand’s suggested motional model. Despite the efforts of
many investigators the motional mechanism of PBT in dilute
solution state is seldom reported because of experimental
difficulties. In the present study. we report the carbon-13
relaxation and NOE data for methylene carbon-13's in PBT
dissolved in trifluoroacetic acid measured at 50.3 and 123.3
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MHz. We tested several proposed models to understand the
motional dvnamics of methylene moieties in PBT and found
that the Dejean-Laupretre-Momnerie (DLM) model produce
the best fit with the experimental relaxation data.

Theory

Dipolar interactions between a carbon-13 and directly-
bonded protons are usually the main source to the relaxation
process of the former n dilute polymer solution. The spn-
lattice relaxation time (7)) and NOE factor (17) of the '°C

nucleus in a CHx group are given by®'®

% = R (0~ 02) +37,(00) + 67(0, + )]
7= Yu [ 6J.(wy + we) —Jy(wy = @) ] M
Yo Woloy = op) + 30, (@) + 650y + o)
with X = (M—O b ?,Ch .
dnrey

where yand % are the magnetogyric ratios of the proton
and carbon nucleus. respectively. oy and @ their respective
Larmor frequencies. i the vacuum magnetic permeability
(=47 % 107"H m™"). and rcy the C-H internuclear distance.
Jn(w) 1s the spectral density function related to the time cor-
relation function. G, (¢). as follows:

J (@) =2Re[” G, (e "dr. )
where Re indicates the real part of the complex Fourier
transform of Eq. (2).

If the molecular rotation could be described on the basis of
isotropic rotational diffusion. then the correlation function
would be expressed by a single exponential decaving func-
tion with a rotational correlation time. 7.. But in polymer
molecules the molecular rotation is not very well described
by the isotropic diffusion model.

Hall and Helfand's expression for spectral density based
on a conformational jump model for a polvmer chain can be
written as’

G(1) = exp(—#/ 1) Yexp(—t/T ), (/7). 3

where I 1s a modified Bessel function of the zeroth order. 7
1s the correlation time associated with correlated jumps
responsible for orientation diffusion along the chain. and 7
corresponds to damping. which consists either of nonpropa-
gative specific motions or of distortions of the chain with
respect to its most stable local conformations. The corre-
sponding spectral density 15 given as follows:

T () = B2 @)

(a.' +ﬁ:)l:‘—1

where

=142 1 -0 B=-20(t] + ') andtan p = g
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Recent mvestigations have revealed the presence of addi-
tional made of motions much faster than the orientational
diffusion process along the chain. which is the so-called
librational motion.™ This motion occurring within the dihe-
dral potential well can be mcorporated mto the comrelation
function if we assume that the two kinds of motions are
mutually mdependent. In this case. the correlation function
and spectral density take the following forms:!

G(r) = (1 —A)exp(—t/T)Yexp(—/1,)1,(+/ 7))
+ Aexp(~t/t,)exp(=#/ 1 )exp(-t/ T} {1/ 7)) . (5)

where 7 is the corrrelation time associated with the libra-
tional motion. 8 is defined as a cone of half-angle. the axis of
CH vector is the rest position of the CH bond and

e gcos(—)—cossﬂg ?
1= [ ©

Assuming that 7 is much shorter than 7, and 7-. the spec-
tral density can be written as

D L
(of+fy Lt

J (@)= (L-4)

It has been shown by earlier mvestigators that the depth of
the 71 minumum 1s highly dependent on the amplitude of the
libration mode, which was confirmed in the present study as
well.

Experimental Section

PBT [poly(butylene terephthalate)] was purchased from
Aldnch Chemical Co., Inc. and used without further purifi-
cation. A 3% (w/v) solution of PBT n trfluoroacetic acid
(TFA, mp.=-154 °C. bp.=724 °C) was prepared and
placed in a 5 mm NMR tube. which was degassed by repeat-
ing the standard freeze-pump-thaw cvcle five times and then
sealed under vacuum ( = 107 torr ).

All the 71 measurements were performed on Vanan VXR-
2008 and UNITY300 NMR spectrometers operating. respec-
tively. at 50.3 and 1255 MHz for *C under the condition of
broadband proton decoupling at several temperatures rang-
ing from 263 to 308 K. The standard inversion recovery
pulse sequence was used for these measurements with the
delay time set to be longer than five times the longest 7; val-
ues to ensure the full recovery of equilibriwm magnetiztion
before the application of the next pulse sequence. The width
of the 90° pulse used was found to be 16.5 gsec at 50.3 MHz
and 10 psec at 123.53 MHz. respectively. The NOE factor for
Cs was measured at 50.3 MHz as a function of temperature
(263-308 K) by employing a typical gated decoupling pulse
sequence.

Results and Discussion
7 values for methylene carbons measured at 50.3 MHz

and 123.1 MHz as a function of temperature are listed in
Table 1 along with the NOE data obtained at 30.3 MHz. The
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Figure 1. Coordinate System Used for Calculation of Dynamic
Parameters (upper) and Experimental 7, values at 50.3 MHz (open
svmbol) and 123.3 MHz (filled symbel). (> : C-1), (C : C-2),
and { = :C-3)(lower)

observed 7 data are also graphically presented in Figure 1.
From Figure | we can see that 7) 1s longer at higher mag-
netic field. which indicates that the extreme narrowing con-
dition 1s not valid for our system. However. 71 increases as
temperature rises. which means that @7, is still smaller than
unity over the observed temperature range.

It 1s evident that different 7, values for the two carbon-
13’s indicate different motional behaviors of the two methyl-
ene moieties. Earlier studies have shown that segmental
motions of a polvmer chain in dilute solution are too compli-
cated to be described by the single correlation time model.
But we have investigated how well it reproduces the experi-
mental data. because this model can give a crude but useful
picture of molecular motions. A significant discrepancy bet-
ween the expenimental and theoretical data 1s observed over
the entire temperature range. The calculated 77 values at *C
50.3 MHz are longer than the experimental ones, but the
trend reverses at 125.5 MHz, indicating that the motion of
PBT cannot be described by this simple model.

With this in mind the Helfand-Hall (HH) model. which
was adequate for explaining the local dvnamics i time
resolved optical experiments, was exanuned to check its
validity for the motion of PBT. To obtain the best fit. we
adjusted two parameters 7y and 7». which are related to the
bond diffusion and damping rate. respectivelv. The short
dashed lines in Figures 2 and 3 denote the calculated values
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Figure 2. 7, Data Reproduced by Several Motional Models for
C-1 Carbon.
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Figure 3. 7) Data Reproduced by Several Motional Models for
C-2 Carbon.

using Eq. (3). We can see that the 7 values of C-2 and C-1
carbon give poorer fit at low temperature and at high tem-
perature, respectively. This fact reflects that. although the
HH model 1s sufficient to describe the general trend of the
relaxation process n several polymers. such as polyethylene,
polvethylneoxide, erc.. it does not provide satsfactory
results in the case of PBT.

Studies on a series of polyesters show that the relaxation
parameters for all carbons in a terephthalate umt are mde-
pendent of the methylene chain length.”- On this basis it may
be presumed that the large terephthalate group flanked on
both sides by two methylene chains can be looked upon as
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the local chain center for chain motion occurring inside the
methvlene chains. It has been reported"” that the local
motions of the methyvlene group i PBT usually occur in
such a way that three bond motions become independent of
terephthalov] residues. In line with this. we assumed that the
corresponding relaxation process might be interpreted on the
basis of these local conformational transitions n repeating
units of PBT plus the overall rotation of their local center.
Since the length of the methylene chain 1s relatively short.
only a hmited number of the conformational transitions can
arise. We could treat the problem on the basis of a model
developed by our laboratorv in which transitions are
assumed to take place through jump among the sterically
allowed conformations. In this model the spectral density of
carbon-proton dipolar interaction can be expressed as fol-
lows: >

1, 6D, + a’(Dy = D)) + A,
Jou(@) = 2804 D S 3 -
d an(6D) +a (D) -D)) + A +a

¥ DX XY, (2| -

b, o

®

Table 1. Experimental relaxation data

50.3 MHz 50.3MHz 1255 MHz 125.5 MHz

T?I‘{T;P (C-1) (C-2) €1 (€

(

' T, NOE 7, NOE T, T\

263 0116 132 0106 128 0167 0192

273 0123 140 0017 138 0174 0198

283 0153 147 024 139 0208 0209

203 0167 162 0153 154 0244 0240

303 0209 174 0181 160 0264 0251

08 0223 175 0193 16 0276 0270
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where the symbols have their usual meanings.

The sterically allowed lattice sites and corresponding tran-
sition constants are tabulated in Table 2. Using Eq. (1) and
Eq. (8), we can construct the temperature dependence of 7,
values, assunung that the diffusion frame 1is fixed on the phe-
nyl ning n terephthalate umit. The rate constants for confor-
mational transition are defined as follows

trigt — (gt (gavche migration) : kq

trgit — gt (gavche migration) : k) )
(it — 1gigt (pair ganche annillation) : A2

(it — gigit (pair ganche annihilation) : A3

All conformations considered i this calculation are listed
m Table 2. Since the two rate constants, for example,
between par gatche anmihilation and pair gauche creation
mvolved in a conformational interconversion are connected
as a forward-reverse pair. determination of the one leads to
evaluation of the other. The reverse rate constants are simply
deduced from the relation

kK, = exp(AEIRT). (10)

where AF 1s the energy difference between two conforma-
tions involved in the transition.

In the present study. the AE was set to be | keal/mol and
the obtaned data are given in Table 3, which are also graph-
ically presented as dotted lines in Figures 2 through 3. From
these data we can see that the calculated 7' values are in
good agreement with the observed ones at lugh tempera-
tures. But a significant discrepancy arises as the temperature
decreases. Although there are many factors responsible for
this discrepancy. such as msufficient experimental 7 data,
difficulty in choosing diffusion origin. efc., it seems neces-
sary that to obtain more faithful reproduction of the relax-

Table 2. Significant conformations and the direction of C-C and C-H bonds in the tetrahedral lattice coordinates

Conforma- C-C Bond Conformation C-C Bond Direction C-H Bond Direction

tion o-c2 C2-Cl1 ClCl cCl€2 C2-0 o0O-C2 £2-Cl <¢l-Cl ¢Cl-C2 (C2-0 C2 Cl Cl 2
1 ! ! ! ! ! a 4 a ¢ a b b b b
2 g 1 g I e a a& a g a I ¢ b b
3 g 1 g I e a b a g a & d b b
4 1 g 1 g e a g b g a b d & b
5 g g 1 g 1 a <« d <« a b’ a a’ b
6 1 1 g I g a g a Ied a b b < ¢
7 1 1 g I g a g a b a b b & d
8 1 1 g I e a g a Ied a b b < ¢
9 g 1 1 I e a Ied a Ied a I ¢ < ¢
10 1 1 I I g a lod a g a b b b b
11 1 1 g I I a lod a b a b b & d
12 g 1 I I I a b a b a & d & d
13 1 1 I I g a lod a g a b b b b
14 1 g I I I a lod b g b b d & d
15 1 1 I g I a lod a g b b b b d
16 1 g I I e a log d g d b a a’
17 1 1 I g e a log a g d b b b
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Table 3. Calculated rate constants for conformational transitions
in PBT*

Temp (K) Ko oy Jea Jer Dz Dx
263 0.60 1.09 1.04 1.35 1.66 (.49
273 0.54 1.03 1.58 1.37 178  0.093
283 1.39 1.28 361 1.33 191  0.118
293 2.50 1.60) 480 1.87 234 0170
303 367 223 432 242 341 (.209
308 463 231 745 238 365 0243

E,(Kcal/mol) 723 358 6.54 2.92 3.02 7.16

(*unit; 10%5)

Table 4. Relaxation parameters obtained from DLM model

_ 503MHz S03MHz 1255MHz 1255

Temp T (C-1) €2)  (C-1) MHz
(K> C-1{C-2)

7.Cal NOE 7,Cal NOE 7,Cal 7.Cal

263 483(490) 0110 131 0105 130 0180 (.182

273 381(385) 0126 137 0120 136 0203 (.195

283 305(3.09) 0145 144 0138 144 0221 0212

203 2.49251) 0.167 159 0158 152 0243 0231

303 20502.07) 0,192 167 0,182 160 0267 0254

308 187(1.89) 0.206 170 (0,195 165 0281 0267

E,  23.33(23.68)
(Kl/mole)
107" s)

ation rate over the entire temperature range covering lower
temperatures an additional motional mode must be taken
mnto consideration. The 71 minimum can be seen near 263 K,
which suggests additional evidence for the existence of
librational motion. So we turned our attention to the
Dejean-Laupretre-Monnerie (DLM) model. where small
scale librational motions with amplitudes of 30°-30° and
frequencies of 10" Hz are considered. Using the DLM
expression [Eq. (7)], we could explain the 77 behaviors at
both carbons over the observed temperature range m a
satisfactory manner assuming 7= /7 = 3.0 along with 7 /7 =
52.9 for l-carbon and 7 /7, >> 100 for 2-carbon. which is
shown 1n Figures 2 and 3 as solid lines. The factor A for two
carbons produce librational amplitude 32.01° and 29.84° for
1- and 2-carbon. respectively. This result is consistent with
previous reports that indicate that the central methylene car-
bon (l-carbon) 15 more mobile than the terminal methylene
carbon (2-carbon) in solution phase as well as in the solid
state.'*=* This difference in amplitude and frequency also
accounts for a major source of the difference in the crvstalli-
zation rate between PBT and PET -® The temperature depen-

Table 5. Dvnamic parameters obtained trom DLM model
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Figure 4. Correlation Times Calculated from the DLM Model:
Solid Line (C-1 Carbon), Dashed Line (C-2 Carbon).

dence of the correlation time, 71, obtamed from the DLM
model 1s shown in Figure 4. Within the experimental error,
7 value. fitted at two carbons. appears to follow an Arrhe-
nius relationship. vielding an apparent activation energy of
25.61 £0.05 kJ/mol, which 1s slightly greater than that for
the one bond rotation in small chain molecules.'* This acti-
vation energy 1s understandable if we consider that the local
backbone motion of PBT can be classified as Helfand type II
motion.

Conclusions

Reonentational motions of the backbone carbon-proton
mternuclear vector n PBT can be grouped nto two catego-
ries n solution state. One 1s thermally activated conforma-
tional transition between potential wells. The other 1s small-
scale hibrational motion within the potential well. As has
been observed in solid state experiments, we have confirmed
that the motion of termunal methylene carbon is relatively
more restricted than that of central methylene carbon in solu-
tion as well. When both three-bond motion {(gcuiche migra-
tion and paiwr gawche creation and annihilation) and libra-
tional motion considered together. the temperature depen-
dence of the relaxation rate can be explained in a satisfactory
manner, giving the useful dynamical mformation on the
local dynamics of methylene chains m PBT.
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T/ T /T
(1-carbon) (2-carbon)

Parameters /T

A 8 A &
(1-carbon) (1-carbon) (2-carbon) (2-carbon)

30 329 8623

0.386 32.01° 0.344 29.84¢
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