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ABSTRACT: Variable-temperature 3C NMR spin—Ilattice relaxation times, T, and nuclear Overhauser
enhancements (NOE) at two magnetic fields have been recorded for the amorphous phase of semicrystalline
poly(4-hydroxybutyrate), P4AHB, and two random copolymers: poly(3-hydroxybutyrate-co-4-hydroxy-
butyrate) with 18% (P3/4HB-18) and 69% (P3/4HB-69) 4hb units. The T; and NOE data were successfully
interpreted by the DLM model in terms of conformational transitions and librational motions of the
backbone C—H vectors. The mobility of both the 3hb and 4hb units was found to increase with increasing
4hb content of the copolymer. In both copolymers, the segmental motion of the 4hb unit was found to be
2—4 times faster than that of the 3hb unit, thus reflecting the local character of the segmental motions
that affect 3C relaxation in bulk polymers. In addition, the segmental dynamics followed the Williams—
Landel—Ferry equation, indicating that they are involved in the glass transition phenomena. Literature
P3HB dynamic modeling data adhere to the Williams—Landel—Ferry data presented here, indicating
that P3HB in bacterial inclusions has a Ty similar to that of the extracted material.

Introduction

Poly(hydroxyalkanoate)s, PHAs, are a family of bac-
terially synthesized thermoplastics whose inherent
biodegradability has made them notorious.! Their
chemical composition can be controlled by the fermenta-
tion conditions.?® This has led to the biosynthesis of
an ever increasing number of PHA polymers, and by
last count 87 different repeating units had been re-
ported.* Recently synthesized materials include poly-
(4-hydroxybutyrate),® poly(3-hydroxybutyrate-co-4-hy-
droxybutyrate),® poly(3-hydroxybutyrate-co-3-hydroxy-
hexanoate),® and poly(3-hydroxybutyrate-co-3-hydroxy-
propionate).® This variety in the chemical composition
derives from the search for a PHA that will be bio-
degradable while possessing the properties desired for
a commercial polymer. The commercially available
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), P3HB/
HV, under the trade name Biopol is rather brittle due
to the high degree of crystallinity regardless of chemical
composition.!

On the other hand, random copolymers of 3-hydroxy-
butyrate and 4-hydroxybutyrate are less crystalline that
P3HB/HV copolymers. This is due to the fact that
contrary to the 3hv, the 4hb unit cannot cocrystallize
in the P3HB crystalline lattice. This has been shown
by X-ray diffraction studies,” molecular mechanics
calculations,® and solid state NMR.® The decrease in
crystallinity as the percentage of 4hb units in P3/4HB
copolymers increases is accompanied by a decrease in
Ty, which leads to increased elastomeric behavior at
room temperature.’® The elastomeric nature of these
systems allows the study of the local dynamics of the
amorphous phase by high-resolution (scalar decoupling)
13C NMR relaxation techniques.

13C NMR relaxation is a powerful tool for the elucida-
tion of the rates and mechanisms of backbone motion
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and side chain internal rotations of polymers in solu-
tion.1112 It has been shown that this technique is also
well suited for the study of amorphous polymers!213 and
the amorphous part of semicrystalline polymers'214 at
temperatures well above the glass transition tempera-
ture. This has been attributed to the “liquid-like”
behavior, from an NMR point of view, of the amorphous
polymer chainsat T > Tg. Motion in this phase is rapid
and nearly isotropic, and this results in averaging of
the dipolar and chemical shift anisotropy interactions
responsible for the broad NMR spectral lines observed
in solids. Thus the measurement of the 13C relaxation
parameters, the spin—lattice relaxation time, T3, and
the nuclear Overhauser enhancement, NOE, of the
protonated carbon atoms of amorphous polymer chains
is feasible by conventional scalar decoupling tech-
niques.’? These measurements, when performed as a
function of temperature and magnetic field strength, can
be used to describe the local chain motions of amorphous
polymers, with the aid of theoretical dynamic models
proposed to study NMR relaxation.'*

In the present contribution, we present the measure-
ment of the variable-temperature 13C relaxation param-
eters of semicrystalline poly(4-hydroxybutyrate) (P4HB,
1) and two copolymers of 3-hydroxybutyrate and 4-hy-
droxybutyrate (P3/4HB-18, 2, and P3/4HB-69, 3) with
18% and 69% 4hb content, at two magnetic field
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strengths. The physical properties of the polymers are
presented in Table 1. 13C NMR experiments!® showed
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Table 1. Physical Properties? of Poly(4-hydroxybutyrate),
P4HB, and Poly(3-hydroxybutyrate-co-4-
hydroxybutyrate)s, P3/4HB-18 and P3/4HB-69

tensile
Ty Tm crystallinity strength elongation to
(°C) (°C) (%)° (mPa)P break (%)P
P4HB —-48 54 25+5 104 1000
P3/4HB-69 —36 50 c ~17 ~591
P3/4HB-18 —4 165 30+5 ~26 ~444

a Glass transition temperature, Tq, melting point temperature,
Tm, and crystallinity as measured by DSC.923 b Mechanical data
are from ref 10 and serve as a reference only, since they were
measured at 23 °C for copolymers with 64% and 16% 4hb units,
respectively. ¢ Not determined. Literature datal® suggest a value
in the range 15—18%.

that the two P3/4HB copolymers have a random distri-
bution of repeating units, as observed for all bacterially
synthesized PHA copolymers.356 We will show that the
T1 and NOE data can be accounted for by theoretical
dynamic models and provide a quantitative picture of
the local motions of 4hb units in P4AHB and the balance
of segmental dynamics between 3hb and 4hb units in
the P3/4HB copolymers. 13C T; and NOE measure-
ments for P4HB and P3/4HB-18 showed qualitatively
that the two types of monomer units in P3/4HB-18 do
not share the same local dynamics.®

Experimental Section

A sample of homopolymer P4HB was kindly provided by
Prof. A. Steinbuchel, Westf. Wilhelms-Universitat Munster.
Two copolymer samples (P3/4HB-69 and P3/4HB-18) were
provided by Profs. Y. Doi of Riken, Tokyo, and G. Braunegg of
the Technische Universitat Graz. Samples for NMR relaxation
measurements were prepared by placing finely ground pieces
(~300 mg) of the polymer in 5 mm tubes, heating above the
melting point until a homogenous melt phase was produced,
and holding them at room temperature for several days prior
to conducting any experimental work.%16

13C relaxation measurements as a function of temperature
were performed on Varian Unity 500 and Varian XL-300
instruments operating at 125.7 and 75.4 MHz, respectively,
for the carbon nucleus. °C T; relaxation times were meas-
ured by the standard inversion—recovery technique, with
delays between acquisitions equal to 5 times the longer T;
measured, using a three-parameter nonlinear fit procedure.
A total of 512—1024 acquisitions were accumulated depending
on the signal/noise ratio, for a set of 10—12 “arrayed” r values
of the delay time between the 180° and 90° pulses. NOEs were
measured by gated decoupling, with delays between acquisi-
tions equal to 10 times the longer T;. Each reported NOE
value is the average of at least two different experiments.

The temperature was controlled to within +1 °C by standard
instrument hardware and calibrated using ethylene glycol
prior to each experiment. No lock solvent was employed, but
measurements with and without sample spinning did not show
any measurable difference in the 2C line widths due to field
inhomogeneity.

Fitting Procedure. Numerical calculations were per-
formed by using the MOLDYN program,'” modified to include
the various dynamic models used in the present study. The
parameters of a given model were optimized until the sum of
the squares of deviations of the difference between theoretical
and experimental relaxation data reached a minimum. Details
of the program and the calculation procedure can be found
elsewhere.’"1° For reasons explained in Results and Discus-
sion, the Dejean—Laupretre—Monnerie,® DLM, model was
used throughout this study for the analysis of the *3C relax-
ation data.

The dynamics of the 4hb unit in the three polymer systems
were explored by fitting the experimental relaxation data of
carbon C-3 in P4HB and the two P3/4HB copolymers. For the
3hb unit in the two copolymers, the carbon atom C-5 was used
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Figure 1. Scalar decoupled *C NMR spectra of P4AHB, P3/
4HB-18, and P3/4HB-69 at a temperature of 65 °C and a
magnetic field strength of 125.7 MHz. For numbering, see text.
Peaks marked with an asterisk (*) are due to traces of thermal

degradation products.®

for modeling. C-3 and C-5 possess exactly the same position
on the backbone chain, e.g., they are both beside the carbonyl
group, so the comparability of the simulation is ensured.® The
value of the libration angle, 6, for each carbon atom was fitted
at the T1 minimum and held constant throughout the whole
temperature range studied. The ratio z = 7o/t and the
librational correlation time, 7,, were held constant at values
of 50 and 5 ps, respectively, for all three polymer systems. It
was found that a good fit was always possible as long as z >
50 and 7> < 5 ps. The insensitivity of the librational correla-
tion time, 72, during the fitting procedure and the high values
of the ratio z = to/t; for bulk amorphous polymers are well
documented in the literature.’4?122 |n effect, only the DLM
correlation time, 7;, was optimized at each temperature by
using four independently measured relaxation data. The
correlation times 7, obtained in this way for each repeat unit
were used to predict the T; and NOE relaxation data of carbon
atoms C-1 in P4HB, C-4 in P3/4HB-18, and C-1 and C-4 in
P3/4HB-69. The value of the libration angle, 6, for C-1 and
C-4 in each case was optimized at the T; minimum and held
constant over the whole temperature range studied.

Results and Discussion

Figure 1 depicts the aliphatic part of the 3C scalar
decoupled NMR spectra of P4HB, P3/4HB-18, and P3/
4HB-69 at a temperature of 65 °C and a magnetic field
strength of 125.7 MHz. These spectra were recorded
by gated decoupling, so differences in peak intensity
reflect the different chemical composition of the three
polymer systems. In the P3/4HB-18 spectrum, which
has rather low resolution in terms of peak chemical shift
separation, 4hb peaks appear as shoulders on the side
of the more intense 3hb peaks. The best resolved 4hb
unit 13C peak of P3/4HB-18 is C-3, so the C-3 relaxation
data were used to analyze the local dynamics of the 4hb
monomer unit in this copolymer. In the P3/4HB-69
copolymer, 3HB is the minor component, so 3hb peaks
are shorter but narrow enough to produce accurate 13C
relaxation parameters. Variable-temperature 13C spec-
tra will be presented elsewhere,? along with a detailed
analysis of the temperature dependence of the 'H and
13C line widths of these polymers.
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Figure 2. Experimental spin—lattice relaxation times, NTy,
of the methylene carbon next to the carbonyl (C-3 in P4HB,
C-3 and C-5 in P3/4HB-18 and P3/4HB-69, N = 2 in all cases)
as a function of temperature at a magnetic field strength of
125.7 MHz. Curves were drawn as an aid to the eye.

Table 2. 13C Spin—Lattice Relaxation Times (T1, ms) and
NOE Values? of the Protonated Carbon Atoms of
Poly(4-hydroxybutyrate), P4HB, in Bulk as a Function of
Temperature and at Two Magnetic Field Strengths (Bo,

MHz)
T1 (NOE)
C-1 C-2 C-3

T (°C)/Bg 75.4 125.7 75.4 125.7 75.4 125.7

25 156 226 158 248 169 258
(1.75) (151) (1.76) (1.50) (1.78) (1.51)

35 190 256 201 273 206 292
(1.88) (1.73) (1.95) (1.77) (1.89) (1.75)

50 244 296 273 322 279 337
(2.13)  (1.99) (220) (2.12) (2.13) (2.02)

65 303 384 348 423 354 438
(2.33)  (2.29) (249) (2.49) (2.39) (2.34)

80 410 527 490 614 484 615
(2.40) (2.38) (2.56) (2.61) (2.48) (2.48)

95 540 648 661 794 658 785

2 Values in parentheses.

Spin—Lattice Relaxation, NT, and Nuclear Over-
hauser Effect Data. The T; and NOE relaxation data
of the protonated backbone carbon atoms of P4AHB and
the two P3/4HB copolymers in bulk, as a function of
temperature and magnetic field strength, are sum-
marized in Tables 2—4, respectively. Figure 2 presents
the experimental spin—Ilattice relaxation times, T1, of
the methylene carbon right next to the carbonyl (C-3 in
P4HB, C-3 and C-5 in P3/4HB-18 and P3/4HB-69) as a
function of temperature at a magnetic field strength of
125.7 MHz. The different dynamics of each repeating
unit, depending on its local environment, are well
illustrated, since we are comparing exactly the same
position on the polymer backbone in different repeat
units. No discontinuity in the T; values is observed as
the respective melting point temperatures (Table 1) of
the polymers are crossed, in agreement with reports on
other semicrystalline polymers.13:14.16.22

Two types of differences are evident in Figure 2: (a)
differences in the position of the T; minimum vs
temperature and (b) differences in the height of the T,
minimum. The position of the T1; minimum vs temper-
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Table 3. 13C Spin—Lattice Relaxation Times (T, ms) and
NOE Values? of the Protonated Carbon Atoms of
Random Poly(3-hydroxybutyrate-co-4-hydroxybutyrate),
P3/4HB-18, Containing 18% 4hb Units, in Bulk as a
Function of Temperature and at Two Magnetic Field
Strengths (Bo, MHZz)

T1 (NOE)
3hb unit
4hb unitb C-3 C-4 C-5
T (°C)/Bg 75.4 125.7 75.4 125.7 75.4 125.7
45 293 703 180 386
(1.57) (1.42) (1.57) (1.50)
55 256 504 149 290

(156) (1.42) (1.58) (1.55)

65 236 348 231 456 137 247
(2.02) (1.99) (1.65) (1.51) (1.65) (1.57)

75 251 423 241 384 148 235
(2.08) (2.02) (1.69) (1.54) (1.75) (1.62)

85 319 483 252 385 153 237

95 388 475 275 398 178 241
110 473 514 349 458 229 285

125 708 666 463 545 314 353

aValues in parentheses. P 13C peaks for C-3 were too broad to
allow the accurate measurement of T; and NOE at the two lowest
temperatures.

ature reflects differences in the rate of the local seg-
mental motion in different monomer units. The lower
the temperature at which the T, minimum is observed
for a monomer unit, the higher its rate of backbone
segmental motion. The T;™" values extracted from
Figure 2 are <25, 35, 50, ~60, and 85 °C for P4HB, 4hb-
69, 3hb-69, 4hb-18, and 3hb-18, respectively (a notation
such as 3hb-69 stands for the 3hb repeat unit in the
P3/4HB-69 copolymer). This suggests that the mobility
of each type of repeat unit at constant temperature
decreases in the above order, with the 4hb unit in P4AHB
experiencing the faster local dynamics. The differences
in the position of the T,M" for the two types of repeat
units in both P3/4HB copolymers suggest that the 4hb
unit is always experiencing faster dynamics than the
respective 3hb unit of the same copolymer. This is
attributed to the different chemical structure of the two
types of units, e.g., the 4hb unit is linear, while 3hb has
a methyl side chain.®4

The differences in the height of the T; minimum are
more difficult to interpret. In the theory describing the
derivation of the DLM model, Dejean de la Batie et al.
suggested? that the height of the T; minimum is
directly related to the amplitude of a fast librational
motion, which is superimposed on the backbone coop-
erative motion. Such an interpretation would mean
that in P3/4HB-18, the librational amplitude of the 4hb
unit is much larger than that in PAHB. For the 3hb
unit, the difference of the T,;™" values in P3/4HB-18 and
P3/4HB-69 is smaller, suggesting a smaller change in
the librational amplitude as the composition of the
copolymer changes. This point will be considered
further after the analysis of the complete relaxation
data set with theoretical dynamic models for 13C relax-
ation of polymers in bulk.

The variation of the NOE values of the protonated
backbone carbon atoms of PAHB, P3/4HB-18, and P3/
4HB-69 with temperature (Tables 2—4) is as expected
for semicrystalline polymers at temperatures well above
T4.131416 The general trend is an increase in NOE with
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Table 4. 13C Spin—Lattice Relaxation Times (T1, ms) and NOE Values? of the Protonated Carbon Atoms of Random
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate), P3/4HB-69, Containing 69% 4hb Units, in Bulk as a Function of
Temperature and at Two Magnetic Field Strengths (Bo, MHz)

T1 (NOE)
4hb unit 3hb unit
C-1 Cc-2 C-3 C-4 C-5

T (°C)/Bg 75.4 125.7 75.4 125.7 75.4 125.7 75.4 125.7 75.4 125.7

25 153 264 148 243 163 274 283 519 145 302
(1.77) (1.73) (1.82) (1.75) @.77) (1.75) (1.46) (1.45) (1.45) (1.51)

35 157 248 164 239 171 264 227 390 124 239
(1.87) (1.79) (1.97) (1.84) (1.89) (1.78) (1.58) (1.48) (1.57) (1.49)

50 201 269 223 280 224 296 218 343 119 211
(2.13) (1.93) (2.27) (2.08) (2.15) (1.99) (1.75) (1.56) (1.76) (1.57)

65 272 326 322 359 317 369 265 349 156 232
(2.28) (2.13) (2.42) (2.36) (2.32) (2.22) (2.02) (1.82) (2.10) (1.86)

80 366 430 453 495 430 496 351 428 205 279
(2.39) (2.28) (2.58) (2.52) (2.46) (2.37) (2.22) (2.02) (2.38) (2.15)

95 501 579 637 693 594 690 466 560 277 377
(2.46) (2.40) (2.64) (2.63) (2.55) (2.49) (2.37) (2.27) (2.61) (2.45)

aValues in parentheses.

increasing temperature and decreasing magnetic field
strength, as expected from theory.'114 At the low-
temperature limit, there is evidence for a leveling off of
the NOE values of the 3hb unit in P3/4HB-18 (atoms
C-4 and C-5 in Table 3). This phenomenon is well
known in the case of semicrystalline polymers!314.22 and
has been attributed to the presence of crystallites that
affect segmental motion in the amorphous region as the
temperature is lowered closer to Tg. It is interesting to
note that carbon atoms in different repeat units in both
P3/4HB copolymers have quite different NOE values at
the same temperature and magnetic field strength. This
is in agreement with the differences observed in the T;
vs 1/T behavior of the copolymers (Figure 2) and reflects
the differences in the local segmental dynamics of each
type of repeat unit.

It is also interesting to examine the ratio of the T;
values of different protonated backbone carbons of the
same repeat unit in the three polymer systems as a
function of temperature and magnetic field. According
to theory,1-14 all the protonated backbone carbon atoms
of the same repeat unit share the same motional
dynamics and thus should have the same T; value,
when the number of directly bonded protons is taken
into account. This has been shown not to be true in
several 13C NMR relaxation studies of amorphous
polymers in bulk?°=22 and also in solution.'41824 The
T. ratios for some backbone carbon atoms of the
polymers of this study are given in Table 5. The ratio
R1(C-3/C-1) in P4HB should be equal to 1, since both
C-3 and C-1 are methylene carbons. Instead, R1(C-3/
C-1) ranges with temperature and magnetic field from
1.08 to 1.22, with a mean value of 1.16 + 0.3. In P3/
4HB-69 the same ratio increases gradually with in-
creasing temperature from 1.04 to 1.19 in both fields.
This suggests that C-3 and C-1 carbons in P4AHB and
P3/4HB-69 do not experience exactly the same local
dynamics. The same behavior is observed in Table 5
for the C-4/C-5 T; ratio in both P3/4HB copolymers. In
this case, since C-4 is a methine and C-5 a methylene
carbon, the ratio should be equal to 2. Significant
deviations from this value are noted, with R; gradually
decreasing with increasing temperature from a value
of almost 2 to around 1.5. Similar behavior of the ratio
R; with temperature has been reported for another
polymer of the alkanoate family, poly(3-hydroxy-
octanoate).??2 The deviations in the various R; ratios
suggest that 13C spin—Ilattice relaxation time, Ty, meas-

Table 5. 13C Spin—Lattice Relaxation Time Ratios (R;) of
Selected Pairs of Protonated Backbone Carbon Atoms of
Poly(4-hydroxybutyrate) and Two
Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) Random
Copolymers with 18% and 69% 4hb Content in Bulk as a
Function of Temperature and at Two Different Magnetic
Fields (Bo, MHZz)

PAHB P3/4HB-69 P3/4HB-18
Tecy RiCBCD) RiCBICL) RiCACE) Ry(C4ICSH)
Bo 754 1257 754 1257 754 1257 754 1257
25 108 114 106 104 195 1.72
35 108 114 109 106 183 163
45 163 1.82
50 114 114 111 110 1.83 163
55 172 1.74
65 117 114 116 113 170 150 169 1.85
75 163 163
80 118 117 117 115 1.71 153
85 165 1.62
95 122 121 119 119 168 149 154 165
110 153 161
125 147 154

urements in the P3/4HB copolymers not only are able
to differentiate between the different motional charac-
teristics of each type of repeat unit but also reveal some
fine differences in the details of the dynamics of differ-
ent carbon atoms of the same repeat unit.

Dynamic Modeling of P4HB and P3/4HB in the
Amorphous Phase. Models used to fit experimental
relaxation data of amorphous polymers in the bulk were
originally derived for the study of polymer dynamics in
solution. These include models based on a distribution
of correlation times (i.e., log %2, Cole—Cole distribu-
tions),!* the Jones—Stockmayer (JS) model,?> and the
Hall-Weber—Helfand (HWH) model.?627 The above
models are referred to as unimodal models because they
attribute relaxation to a single motional mode, that of
the backbone segmental motion. Dejean de la Batie,
Laupretre, and Monnerie showed that none of the above
models could fit succesfully the 13C relaxation data of a
series of amorphous polymers above T,.20:282° These
authors proposed a modification of the original HWH
correlation function, which includes an additional fast
librational motion of the backbone C—H vectors. The
amplitude, 6, of this libration can be different for
different C—H vectors on the backbone, e.g., for CH and
CH; backbone groups as in the case of the 3hb unit in
P3/4HB copolymers. This model is referred to as the
Dejean—Laupretre—Monnerie (DLM) model and can
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Table 6. Simulation Parameters? of the DLM Model Used
To Describe the Backbone Segmental Motion of
Poly(4-hydroxybutyrate), P4HB, and Two Random
Poly(3-hydroxybutyrate-4-hydroxybutyrate) Copolymers,
P3/4HB-18 and P3/4HB-69, Containing 18% and 69% 4hb
Units, Respectively, in Bulk

1'1(1079 S)
P3/4HB-18 P3/4HB-69
T (°C) P4AHB 3hbunit 4hbunit 3hbunit 4hb unit

25 0.94 4.01 1.01
35 0.46 1.73 0.61
45 4.63
50 0.16 0.87 0.26
55 2.47
65 0.081 1.15 0.44 0.44 0.11
75 0.97 0.35
80 0.038 0.20 0.053
85 0.68 0.20
95 0.022 0.47 0.13 0.10 0.027
110 0.23 0.090
125 0.12 0.046
6 (deg) C-339 C-430 C-344 C-425 C-339

C-136 C-536 C-533 C-137
Ea(kd/mol) 47 45 42 46 47

corr coeff  0.999 0.993 0.997 0.998 0.999

2 The values of z = 7o/r1 = 50 and 72 = 5 ps were used in the
fitting procedure in all cases.

reproduce experimentally observed deviations of the
relaxation time ratio, Ry, by assigning different values
of 6 to different carbon atoms. Subsequently, this model
was successfully applied to several bulk polymers?2:28.29
and also to the study of polymer dynamics in solu-
tion.181924 Through these systematic studies, it has
been established that unimodal dynamic models, such
as the JS and HWH models, do not reproduce in a
satisfactory manner the experimental relaxation data
of amorphous polymers.14.22.28.29

From the previous analysis of the R; ratios presented
in Table 5, it is clear that unimodal models are not
capable of reproducing all the experimental 13C relax-
ation data of P4AHB and P3/4HB copolymers. As an
additional test, we tried to reproduce the experimental
values of the spin—lattice relaxation time, T;, at the
minimum of the T; vs 1/T curve for various carbons of
the three polymer systems by using unimodal models,
such as the HWH and JS models. These attempts were
unsuccessful, as the predicted T; value was always
much smaller than the experimental one at both mag-
netic fields. Therefore, the DLM model has been used
for the modeling of the backbone dynamics throughout
this study. This model has four adjustable param-
eters: 11, the correlation time for cooperative backbone
motion; 7o, the correlation time for isolated conforma-
tional transitions; 7, the correlation time for the libra-
tional motion of the individual C—H vectors; and 0, the
librational angle. Usually the ratio z = 7o/71 is used for
the simplification of the fitting procedure, in effect
giving 7o the same activation energy as 7;. Details of
the model can be found in the original papers of Dejean,
Laupretre, and Monnerie2028.29 gand elsewhere.14.24

The results of the fitting procedure (as described in
the Experimental Section) for the three polymers of this
study by using the DLM model are presented in Table
6. Figure 3 is representative of the good quality of
fitting obtained for 13C relaxation data of the three
polymer systems by the DLM model. The DLM cor-
relation times, 71, for backbone cooperative motion of
Table 6 are presented in Figure 4 in an Arrhenius
format, in order to facilitate the comparison. Figure 4
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Figure 3. Experimental spin—lattice relaxation times, NTy,
and NOE values for the C-4 methine backbone carbon of the
3hB unit in P3/4HB-69 as a function of temperature and
magnetic field. Solid and dashed lines represent the best fit
values calculated by using the DLM model with the simulation
parameters of Table 6.
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Figure 4. Arrhenius plot of the correlation time for backbone
cooperative segmental motion, 7;, of P4HB, P3/4HB-18, P3/

4HB-69 (3hb and 4hb monomer units), and P3HB in bulk as
described by the DLM model. Data for P3HB are from ref 30.

also includes the DLM correlation times reported by
Sanders et al.’° for native P3HB inclusions. These
authors have shown that P3HB is in its amorphous
state in such inclusions, so their work serves as a useful
reference point with regard to amorphous P3HB dy-
namics. Several important conclusions regarding the
rate of local segmental motion in P4HB and the two P3/
4HB copolymers can be drawn by examining the simu-
lation data of Table 6 and Figure 4.

(1) In the two copolymers P3/4HB-18 and P3/4HB-
69, the rate of segmental motion of the two types of
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repeat units is significantly different. Over the whole
temperature range studied, the motion of the 4hb unit
in both copolymers is approximately 2—4 times faster
than the motion of the 3hb unit of the same copolymer.
This observation demonstrates the highly local charac-
ter of the dynamics observed by the 13C NMR relaxation
technique. Since in P3/4HB-18 ca. one in five repeat
units is a 4hb unit and in P3/4HB-69 one unit in three
is a 3hb unit, the conformational transitions responsible
for 13C relaxation should not involve more than one to
two backbone monomer units. This is in agreement
with Brownian dynamics simulations3! and analytical
and numerical approaches based on the dynamic rota-
tional isomeric state (DRIS) formalism.32

(2) When the motional dynamics of the 4hb repeat
unit as a function of the composition of the polymer
backbone are examined, the effect of the presence of the
3hb of unit is clear, and vice versa. The mobility of the
4hb unit decreases in the order P4HB > P3/4HB-69 >
P3/4HB-18 > P3HB, while that of the 3hb unit increases
in the same order. The increasing percent of flexible
4hb units increases the mobility of the neighboring 3hb
units, while at the same time 4hb units are retarded
with respect to 4hb mobility in PAHB. The increasing
mobility of both types of repeat unit with increasing 4hb
content is consistent with the increasing elastomeric
behavior reported for P3/4HB copolymers with high 4hb
content.1-10

(3) The values of the libration angle, 6, reported in
Table 6 for the various backbone carbon atoms are
consistent with the steric hindrance at each carbon site.
Methylene carbons are found to have larger 6 angle
values than methine ones, in agreement with earlier
findings for several amorphous polymers,14.20.28.29 \wwhere
this difference was attributed to a restriction of the
librational motion caused by the presence of the sub-
stituent on the methine carbon site. Itis interesting to
note that the amplitude, 6, of the librational angle for
C-3 is equal to 39° in both P4HB and P3/4HB-69 but
increases to 44° in P3/4HB-18. This increase is in
agreement with the significantly raised T; minimum
exhibited by C-3 in P3/4HB-18, as compared to P4HB
and P3/4HB-69 in Figure 2. It supports the assumption
made by Dejean de la Batie et al.?® in the derivation of
the DLM model that the height of the T; minimum is
directly related to the amplitude of the librational
motion of the C—H backbone vectors. It also shows that
in a copolymer like P3/4HB-18, where the presence of
82% stiff 3hb units has decreased the mobility of the
4hb backbone units significantly, the importance of
librations in causing relaxation increases.

(4) The activation energies for cooperative backbone
motion derived from the DLM model analysis and
presented in Table 6 are typical of amorphous polymers
at temperatures above T4.1422 They are much greater
than typical activation energies reported for polymers
in solution,14 due to the increased “apparent” viscosity
exerted by the amorphous polymer matrix on the
moving backbone segment. For example, the activation
energies for the backbone motion of P3HB in chloro-
form33 and tetrachloroethane!® solutions were reported
to be 17 and 19.5 kJ/mol, respectively. The activation
energies reported for P4AHB and the 3hb and 4hb units
in the P3/4HB copolymers in Table 6 are similar and in
the range 42—47 kJ/mol. Interestingly, the activation
energy for the 3hb unit motion in the copolymers is ~10
kJ/mol lower than that reported for amorphous P3HB.3°
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Figure 5. Williams—Landel—Ferry plot of the DLM correla-
tion time, 71, for the backbone cooperative segmental motion
of P4HB, P3/4HB-18, P3/4HB-69 (3hb and 4hb monomer
units), and P3HB in bulk. The + symbols represent the P3HB
DLM data from ref 30, using Ty = —50 °C, while the (#)
symbols represent the same data but with Tq = 4 °C.

Williams—Landel—Ferry Behavior of the DLM r;
Correlation Times. It has been shown?2.2234 for
several amorphous and semicrystalline polymers that
the correlation times obtained by 13C relaxation data
obey the Williams—Landel—Ferry (WLF)3® empirical
equation, when the glass transition temperature is
taken as the reference temperature:

o(T)  Cy(T—-Ty

log M) G+ (T-Ty @)

Equation 1 gives the ratio of the correlation time, 7, at
a temperature, T, to that at the glass transition tem-
perature, Ty, and is useful in showing that the dynamics
observed by 13C NMR are involved in the glass transi-
tion phenomena. The parameters C; and C, vary from
polymer to polymer covering the range 11—17 for C; and
40—70 for C; in the case of amorphous polymers,3*
although for semicrystalline polymers lower C, values
have been reported.?234 The WLF plot of the DLM
correlation times, 71, for P4AHB and the 3hb and 4hb
units in the two P3/4HB copolymers (from Table 5) is
presented in Figure 5. It can be seen in Figure 5 that
the data points for all three polymer systems fall on the
same master line. This proves that the segmental
backbone motions probed by 2C NMR relaxation meas-
urements are involved in the glass transition phenom-
ena and that the decrease in T4 on going fron P4HB to
P3/4HB-69 and P3/4HB-18 is in agreement with the
slowing down of segmental motion as modeled by the
DLM model.

It is interesting to compare our WLF results with
those of Sanders,3° who studied amorphous P3HB in
native inclusions. Sanders also used the DLM model
in his study and assumed a T4 of —50 °C for P3HB.%°
This assumption was challenged,3® and subsequently it
was shown that there is no significant difference in
mobility between native, freeze-dried, and artificial
P3HB granules.3” Our data are consistent with the
above conclusion regarding amorphous P3HB mobility
in native inclusions. Figure 5 illustrates the WLF plot



Macromolecules, Vol. 29, No. 7, 1996

Table 7. Williams—Landel—-Ferry Coefficients of Various
Poly(hydroxyalkanoate)s Determined by 13C NMR
Relaxation Studies

polymer Cy C, Ty (°C)
poly(4-hydroxybutyrate) 13.2 35.3 -50
P3/4HB-18 3hb unit 111 17.4 —4
4hb unit 11.2 12.3
P3/4HB-69 3hb unit 11.8 24.6 —36
4hb unit 12.3 233
poly(3-hydroxybutyrate)? 12 51 —502
12 10 4
poly(3-hydroxyoctanoate)® 10.8 26.3 —36

aFor Ty = —50 °C results are from ref 30. ® From ref 22.

of the P3HB DLM 1; data, assuming a T4 of =50 °C (+,
solid line), and 4 °C (a). This latter value of T4 has been
frequently reported for P3HB extracted chemically from
native inclusions.! It is evident from Figure 5 that when
Ty = 4 °C is used, the data of ref 30 fall on the same
master curve with those of the present study. This
observation suggests that P3HB in never-dried granules
does not have an unusually low T4.3° Also, the fact that
the dynamics of P3HB in inclusions scale with Ty in the
same manner as those of semicrystalline P4AHB and P3/
4HB copolymers proves that P3HB in inclusions is not
in a highly mobile state but rather exhibits the usual
dynamic characteristics expected from a semicrystalline
polymer above Ty.

The values of the WLF parameters obtained from
Figure 5 are reported in Table 7, along with the WLF
data reported for semicrystalline PHO.?2 These com-
pare well with those reported for other semicrystalline
polymers by Dekmezian et al.®* Especially character-
istic is the low value of the C; parameter, which seems
to be common for most semicrystalline polymers studied
so far by the 13C NMR relaxation technique.??34 It is
worth pointing out that, as seen in Table 7, when the
correct value of Ty is used, the WLF parameters of P3HB
in native inclusions®® are similar to those of semicrys-
talline P4AHB and P3/4HB copolymers.

Conclusions

This study demonstrates the ability of the 13C NMR
relaxation technique to elucidate the local segmental
dynamics of amorphous polymers in bulk. The analysis
of the variable-temperature/multifield relaxation data
by the DLM model led to a quantitative picture of the
backbone motion in P4AHB and P3/4HB copolymers. It
was found that the rate of segmental motion of the 4hb
unit decreased with increasing percent of 3hb unit on
the polymer backbone. The analysis of the relaxation
data of the P3/4HB copolymers also showed that the two
different types of backbone units of a P3/4HB copolymer
have quite different motional characteristics. The 4hb
unit was found to have 2—4 times faster segmental
motion than the 3hb unit in both copolymers, in terms
of the simulation parameter 7, for cooperative segmental
motion of the DLM model. In addition, the librational
angle, 0, of the various carbon atoms of the polymers
studied was found to have values in agreement with
expectations from the steric hindrance at each carbon
site. Only the DLM model was able to reproduce at the
same time the relaxation data of different carbon atoms
of the polymer backbone. This indicates the importance
of librational motions in the relaxation behavior of
amorphous polymers in bulk. The increased value of 6
observed for the 4hb unit in P3/4HB-18 was attributed
to an increased contribution of librational motions to
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13C relaxation. The Arrhenius activation energies
derived from the analysis of the temperature depend-
ence of the 71 correlation times for cooperative motion
were in the range found for most amorphous polymers
at temperatures well above Tg.

It was also shown in this study that the local dynam-
ics in bulk of P4AHB and P3/4HB copolymers follow the
WLF equation and scale in the same manner with the
respective glass to rubber transition temperatures.
Thus it was concluded that the motions responsible for
13C relaxation in the amorphous phase are involved in
the glass transition phenomena. Literature data for
amorphous P3HB in inclusions compared very well with
the present WLF data, when it was assumed that P3HB
in inclusions had the same Ty with that of extracted
P3HB polymer. This agrees with earlier results, sug-
gesting that P3HB is not abnormally mobile in inclu-
sions but rather behaves as a regular semicrystalline
polymer above Tg.

Acknowledgment. We thank Prof. Photis Dais,
Department of Chemistry, University of Crete, for
helpful discussions. This work was supported by Xerox
Corp. and the Natural Sciences and Engineering Re-
search Council of Canada.

References and Notes

(1) Doi, Y. Microbial Polyesters; VCH: New York, 1990.
(2) Dawes, E. A., Ed. Novel Biodegradable Microbial Polymers;
Kluwer Academic Publishers: Dordrecht, The Netherlands,

1990.

(3) Shimamura, E.; Scandola, M.; Doi, Y. Macromolecules 1994,
27, 4429.

(4) Steinbulchel, A.; Valentin, H. F. FEMS Microbiol. Lett. 1995,
128, 219.

(5) Doi, Y.; Kunioka, M.; Nakamura, Y.; Soga, K. Macromolecules
1988, 21, 2722.

(6) Shimamura, E.; Kasuya, K.; Kobayashi, G.; Shiotani, T.;
Shima, Y.; Doi, Y. Macromolecules 1994, 27, 878.

(7) Nakamura, S.; Doi, Y.; Scandola, M. Macromolecules 1992,

25, 4237.

(8) Nakamura, K.; Yoshie, N.; Sakurai, M.; Inoue, Y. Polymer
1994, 35, 193.

(9) Spyros, A.; Marchessault, R. H. Macromolecules 1995, 28,
6108.

(10) (a). Doi, Y.; Segawa, A.; Kunioka, M. Int. J. Biol. Macromol.
1990, 12, 106. (b) Saito, Y.; Doi, Y. Int. J. Biol. Macromol.
1994, 16, 99.

(11) Heatley, F. Annu. Rep. NMR Spectrosc. 1986, 17, 179.

(12) Komoroski, R. A. Carbon-13 NMR of Solid Amorphous
Polymers Above Tg. In High Resolution NMR Spectroscopy
of Synthetic Polymers in Bulk; Komoroski, R. A., Ed.; VCH
Publishers Inc.: Deefield Beach, FL, 1986; Chapter 4.

(13) Axelson, D. E. Carbon-13 Solid State NMR of Semicrystalline
Polymers. In High Resolution NMR Spectroscopy of Synthetic
Polymers in Bulk; Komoroski, R. A., Ed.; VCH Publishers
Inc.: Deefield Beach, FL, 1986; Chapter 5.

(14) Dais, P.; Spyros, A. Progr. NMR Spectrosc. 1995, 27, 555.

(15) Y. Doi, Riken, Tokyo, Japan, private communication.

(16) Mandelkern, L. Pure Appl. Chem. 1982, 54, 611.

(17) Craik, D. J.; Kumar, A.; Levy, G. C. J. Chem. Int. Comput.
Sci. 1983, 26, 1445.

(18) Dais, P.; Nedea, M. E.; Morin, F. G.; Marchessault, R. H.;
Macromolecules 1990, 23, 3387.

(19) Spyros, A.; Dais, P.; Heatley, F. Macromolecules 1994, 27,
5845.

(20) Dejean de la Batie, R.; Laupretre, F.; Monnerie, L. Macro-
molecules 1988, 21, 2045.

(21) Laupretre, F.; Bokobza, L.; Monnerie, L. Polymer 1993, 34,
468.

(22) Spyros, A.; Dais, P.; Marchessault, R. H. J. Polym. Sci.,
Polym. Phys. Ed. 1995, 33, 367.

(23) Spyros, A.; Marchessault, R. H. J. Polym. Sci., Polym. Phys.
Ed., accepted.

(24) Spyros, A.; Dais, P.; Heatley, F. Macromolecules 1994, 27,
6207.



2486 Spyros and Marchessault

(25)
(26)
(27
(28)
(29)
(30)
@1

(32

Jones, A. A.; Stockmayer, W. H. J. Polym. Sci., Polym. Phys.
Ed. 1977, 15, 847.

Hall, C. K.; Helfand, E. J. 3. Chem. Phys. 1982, 77, 3275.
Weber, T. A.; Helfand, E. J. J. Phys. Chem. 1983, 87, 2881.
Dejean de la Batie, R.; Laupretre, F.; Monnerie, L. Macro-
molecules 1988, 21, 2052.

Dejean de la Batie, R.; Laupretre, F.; Monnerie, L. Macro-
molecules 1989, 22, 122.

Amor, S. R.; Rayment, T.; Sanders, J. K. M. Macromolecules
1991, 24, 4583.

Ediger, M. D.; Adolf, D. B. Adv. Polym. Sci. 1994, 116, 73
and references therein.

Bahar, |.; Erman, B.; Monnerie, L. Adv. Polym. Sci. 1994,
116, 145 and references therein.

(33)

(34)

(35)
(36)

(37

Macromolecules, Vol. 29, No. 7, 1996

Nedea, M. E.; Marchessault, R. H.; Dais, P. Polymer 1992,
33, 1831.

Dekmezian, A.; Axelson, D. E.; Dechter, J. J.; Borah, B.;
Mandelkern, L. J. Polym. Sci., Polym. Phys. Ed. 1985, 23,
367.

Ferry, J. D. Viscoelastic Properties of Polymers, 3rd ed.;
Wiley: New York, 1980; Chapter 11.

de Konig, G. J. M.; Lemstra, P. J. Polymer 1992, 33,
3292.

Shaw, G. L.; Melby, M. K.; Horowitz, D. M.; Keeler, J.;
Sanders, J. K. M. Int. J. Biol. Macromol. 1994, 16, 59.

MA9515497



