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ABSTRACT: Poly(3-hydroxybutyrate) (P3HB), a biodegradable  ,
thermoplastic with the potential to partially replace oil-based
commodities, suffers from embrittlement over storage time. We
here investigate possible causes by monitoring aging processes in 08
the sample through changes in mechanical and thermal properties @
as well as the semicrystalline morphology (crystallinity, lamellar e — 3
stack dimensions, and its inhomogeneity) over time, using i
advanced small-angle X-ray scattering analyses for the latter. We 02
find that the slow rise in the shear modulus of the materials is
accompanied by secondary crystallization, detected as lamellar
thickening and an increase in the melting point. These morphology
changes may be due to the chain mobility in the crystallites. This is

a feature of “crystal-mobile” polymers that are known to be able to crystallize more fully than their crystal-fixed counterparts. We
present the first evidence of the related crystalline o, relaxation in P3HB by dynamic-mechanical analysis (DMA) and investigate the
process microscopically by advanced magic-angle spinning solid-state exchange NMR techniques, specifically centerband-only
detection of exchange. We show that monomer jumps in the P3HB crystals are comparably slow (i.e., with an average correlation
time 7. of 0.1 s at 120 °C). Their apparent activation energy (80 to 90 kJ/mol) is found to be independent of the crystallization
temperature and in good agreement with the DMA results.

CODEX NMR

Tinix (S)

Bl INTRODUCTION PLA, are inherently brittle due to their high Tg,26 and can
benefit from novel processing strategies such as cold
crystallization of the melt, stretching, and quenching. P3HB
has a significantly lower T, possibly enabling alternative
treatments. However, such improvements are possible only
with a comprehensive microscopic understanding of semi-
crystalline structure formation and evolution, in particular
during sample aging.

For P3HB, detailed insights regarding its detailed semi-

Poly(3-hydroxybutyrate) (P3HB) is one of the most
commonly biosynthesized polyhydroxzralkoates (PHA), pro-
duced through bacterial fermentation."” Due to its accessibility
for mass production, environmental friendliness, high elastic
modulus, and high melting point, P3HB has received much
attention as a potential candidate for sustainable biodegradable
polymers to replace petroleum-based polymers.' > P3HB has
been reported for use in medical packaging, tissue engineering, . . . .
and drug delivery due to its biocompa%ibiglity and nogntoxicit)gr, crystalline morphology (in terms of dimensions and

. . e . inhomogeneity of the lamellar stack) and potential intra-
but its wider commercialization is challenged by detrimental genelty . ) ane e 3,14

. 375 crystalline chain dynamics (ICD) are still missing.”'* As we
embrittlement over time.

Many researchers have conducted studies into the factors know, the mechanical properties 02f7semicrystalline P 0.1 ymers
that drive P3HB embrittlement.”*—* The prevailing opinions are influenced by the extent of ICD.”” They can be classified as

lean toward either the physical aging of amorphous parts below elrte}:seernzzycs)tfai—éﬁxDedr;r :Zyﬁs‘:zll—nzlg lzli’e:;;ste csltgg t{;e ;gze:tczl %
their glass transition temperature (T,) or secondary crystal- P rooP v v oy '

ted that P3HB belong to the class of crystal-fixed
lization. Based on these insights, several approaches, including suggested that P3HLB may belong to the class of crystal-fixe

olymers due to undetectable ICDs within 500 ms up to 100
blending with other pol.ymers, Plastici.zers, and lubri.cants, 23\13 f C }ir:ltheir P3HB and P(3HB-co-4HD) sam}s)les. We vgill show
been proposed to avoid physical aging by lowering T,."

More popular approaches involve copolymerization, which has
been reported to improve ductility by modifying its semi-
crystalline structure and avoiding secondary crystalliza-
tion.'*~>° While these approaches can improve mechanical
properties at least transiently, they may not always be the most
effective and economical choices.” > Certain polyesters like
poly(ethylene terephthalate) or stereoregular poly(lactic acid),
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here that P3HB does feature a rather slow ICD, which could
contribute to the embrittlement of P3HB even at ambient
temperature.

In this work, we monitor long-time changes in the
semicrystalline structure by low-resolution "H NMR providing
a mobility-based measure of crystallinity and small-angle X-ray
scattering (SAXS) with advanced data treatment providing not
only the domain thicknesses but also information about their
inhomogeneous distribution. The mode of secondary crystal-
lization, either lamellar thickening or crystal insertion,”® is
further characterized by fast scanning calorimetry (FSC)
measurements. Dynamic-mechanical analysis (DMA) is used
to assess long-time changes in the shear modulus of the
material as well as to identify the crystalline a. process
attributed to chain diffusion through the crystals and
determine its apparent activation energy by time—temperature
superposition (TTS) of the frequency-dependent mechanical
response.

BC magic-angle spinning (MAS) nuclear magnetic reso-
nance (NMR) is used to probe directly the diffusive exchange
between the crystalline and the amorphous regions by
monitoring the T, relaxation decay, while the monomer
jump time is probed by a MAS-based C exchange NMR
technique, sgeciﬁcally centerband-only detection of exchange
(CODEX).” Overall, we identify a lamellar thickening process
as the specific mechanism of secondary crystallization that
parallels the long-time increase in the shear modulus of P3HB.
Intracrystalline dynamics is identified as its molecular origin
and characterized in detail with regard to its time scale and
apparent activation energy. We discuss possible relations to the
enhanced brittle fracture, and we hope that our insights can
provide valuable guidance for refining processing techniques
and exploring copolymerization strategies, thereby advancing
the use of P3HB-based polymers as sustainable alternatives to
current fossil-based polymers.

B EXPERIMENTAL SECTION

Materials. P3HB without a nucleating agent (P338 as pellets, lot
26T3380) was obtained from Biomer (Schwalbach, Germany). The
same base polymer (P338) was reported to have an M, of 130 kDa.*’
For other P3HB products from Biomer (P209 and P309) with similar
M,, the polydispersity (M,,/M,) was determined to be around 4>
P3HB is subg’ected to thermal degradation at and above its melting
temperature.”” In our hands, differential scanning calorimetry (DSC)
experiments shown in the Supporting Information (SI), Figure SI,
revealed changes in the melting point upon repeated heating and
cooling cycles, which may be taken as an indirect hint at sample
degradation. To exclude such effects from our analyses, each
measurement was performed with a new sample.

Dynamic Mechanical Analysis. DMA experiments to determine
the shear modulus were conducted with an Ares G2 rheometer (TA
Instruments, Eschborn, Germany) equipped with a climate chamber
in a strip geometry (sample length between clamps 20 mm, width 10
mm, thickness 1.0 mm) at a strain amplitude of 0.1%. Real-time aging
experiments were conducted at 10 rad/s at 60 °C, and frequency
sweeps were conducted from 0.1 to 100 rad/s in a temperature range
between 60 and 150 °C. Samples were prepared by both isothermal
crystallization at 120 °C for 1 h (for aging experiments) and
nonisothermal crystallization upon cooling with —5 K/min (for
frequency sweeps) in rectangular molds and always installed in the
rheometer at room temperature.

Tensile Testing. Stress—strain measurements were performed
with a Linkam tensile-stage TST3S50 instrument (Tadworth, UK)
equipped with a 200 N load cell. Due to the low nucleation rate at
120 °C,* a direct melt crystallization leads to millimeter-sized
spherulites, which does not allow for further tensile testing. For this
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reason, P3HB films were prepared by cold crystallization, where a
low-temperature crystal nucleation step at 25 °C for 1 min is included
before isothermally crystallizing the sample at 120 °C for 7 min.
P3HB films with a thickness of about 200 ym were punched into a
dumbbell-shaped specimen with a gauge length of 5 mm and a gauge
width of 2 mm. The experiment was performed at room temperature
(26 + 2 °C) at a constant cross-head speed of S yum/s and with a
preload of 0.2 N. All measurements were carried out within 5 min
after sample preparation or thermal treatment to avoid physical aging
or annealing effects.*® The results for the ultimate properties were
averaged over at least 5 samples.

Small-angle X-ray Scattering. SAXS measurements to probe the
structure of the lamellar stacks were performed on a Kratky compact
camera (Anton Paar GmbH, Graz, Austria) equipped with X-ray
optics (AXO Dresden GmbH, Germany) and a temperature-
controlled sample holder and 1D detector Mythen2 R 1K (Dectris,
Switzerland). The sample was quenched from the melt state (190 °C)
to 120 °C within the Kratky camera, corresponding to an estimated
cooling rate of 5 K/min. The exposure time for each measurement
was 10 min. The analysis of the SAXS data is based on the interface
distribution function (IDF or K’(z)), originally introduced by
Ruland.®® The detailed analysis procedure is described in our previous
publications.**™** We here give a brief account of the method. The
IDF or K’(z) is well-suited for the description of the semicrystalline
morphology of the polymer because of the presence of alternating
stacks of amorphous and crystalline regions and the sharp interfaces
between the two regions:

0Ap°
K(2) = 2P (2) + h(e) = 2hl) + ha@) + )y
with
h (2) = 1 G

V270, )
where d, . are the mean values and o, . are the widths of the thickness
distributions. The higher-order distributions h,.(z) etc. are
convolutions of the fundamental ones. After background subtraction,
K’(z) is related to the SAXS experimental data according to

s— 00

K'(z) = 16x° " [lim I(s)s* — I(s)s*)cos(2sz)ds (3)
0

2. . . . .
~sin 0 is the scattering vector, lim I(s)s* is the Porod
5§— 00

A
parameter P (reflecting the total specific interfacial area in the
sample), with the condition of K”(0) = 0. To suppress the noise at
high scattering vectors, eq 3 is multiplied by a window function G(s)

where s =

= e_4”zsz"z, where ¢ is its width (o = 0.4 nm was always used in this
study). After the cosine transform, K"(z) (eq 1) is fitted to the
integrand of eq 3 taking the window function into account, so as to
determine the fitting parameters d,, d,, 6., and o,. A detailed analysis
example of one sample is shown in Figure S2 of the Supporting
Information.

Differential Scanning Calorimetry. A Flash DSC 2 (Mettler-
Toledo, Greifensee, Switzerland) was operated with the UFS 1 chip
sensor and in combination with a TC 100 intracooler (Huber,
Offenbach, Germany) for the investigation of secondary crystallization
by observation of the melting temperatures of the formed crystals.
The sample support temperature was kept constant at —90 °C and the
sensor compartment was purged with nitrogen at a flow rate of 40
mL/min. Thin sections with a thickness of about 10 ym were cut
from as-received pellets using a rotary microtome (Slee, Mainz,
Germany) and then trimmed to a lateral size of S0—100 ym using a
stereomicroscope and a scalpel. Before the sample was placed onto
the chip sensor, a thin layer of silicone oil was spread on the sensor,
followed by placing a layer of gold foil. Such a step assures optimum
thermal contact between the sample and the sensor and also reduces
mechanical distortion of the sensor membrane during the heating and
cooling of the sample.

https://doi.org/10.1021/acs.macromol.4c00938
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"H Low-resolution NMR FID Analysis. 'H time-domain NMR
experiments to provide a mobility-based measure of absolute weight-
based crystallinity by “proton counting” were conducted on a Bruker
Minispec mq20 spectrometer with a proton frequency of about 20
MHz (B, ~ 047 T) by using a static probe head. Temperature
regulation via a regulated airflow is provided by a BVT3000 unit with
an accuracy of about +1 K and a gradient of up to 0.5 K across the
sample. Prior to isothermal crystallization, the samples were molten at
180 °C for ~5 min as a compromise between the removal of thermal
history and thermal degradation. Stepwise cooling and heating runs
were performed starting from the sample’s isothermal crystallization
temperature at a rate of ~5 K/min, with an additional 10 min of
equilibration before each free-induction decay (FID) measurement.

The 90 and 180° pulse lengths ranged from 1.5 to 1.8 s and from
3.5 to 3.7 s, respectively. The time between successive scans (recycle
delay) was set between 1.5 and 4 s, which is about S times the longer
'H T, relaxation time of the crystalline domain to ensure full 'H
magnetization at any given temperature. As the instrument features a
dead time of 15 us, the FID signal detected directly after 90° lacks
valuable information on the quickly decaying crystalline signal,
requiring another experiment termed magic-sandwich echo (MSE).*
Although the latter compensates for the dead time, its signal
amplitude is reduced by pulse sequence imperfections and potential
intermediate motions in the sample.**”* Thus, only the shape
parameters were extracted from the MSE-FIDs while the signal
amplitudes were taken from the fits to the FIDs. Sample data are
shown in Figure 1.

The crystallinity determination is based upon the strong 'H—'H
dipole—dipole couplings in the rigid crystals, leading to the fast decay
of the respective signal. Averaging of these orientation-dependent
interactions by fast segmental dynamics in the amorphous phase leads
to the appearance of a distinguishable second component with a
longer decay time (long T, relaxation time). The amplitudes of overall
three distinguishable components of the FID, including an interphase
often attributed to a rigid-amorphous fraction, are obtained by fitting
the signal to the following empirical function,*

@72, sin(b-t) 4 AT
b-t !

—(t/ T3,

(4)

where t is the acquisition time, A ;, is the amplitude of the
corresponding relaxation component (being proportional to proton
number), and T%;, and v,; are the shape parameters (apparent T, and
stretching exponents v, respectively) of the more mobile components.
The shape parameters a and b characterize the crystalline part, where
the so-called Abragamian function works well for polymers with only
CH, groups along the main chain. Figure 1 shows an example of the
MSE-FID and FID curve fitting. The crystalline fraction is calculated
according to

Lp(t) = A, +A,e

1.0
—— MSE-FID
——FID
~
=0.8- ------- Abragram fit
s === A, (fitted)
_gv A, (fitted)
B A,, (fitted)
=
2
=
0.4
=
1
=}
7 0.2
0.0 2 : T .
0.00 0.04 0.08 0.12 0.16 0.20

Acquisition time (ms)

Figure 1. (a) Decomposition of the 'H FID of P3HB crystallized and
measured at 140 °C.
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(8
3C MAS NMR. All ®C NMR measurements, allowing for

chemical-shift resolved studies of molecular dynamics were conducted
on a 400 MHz Bruker Avance III spectrometer with a *C Larmor
frequency of 100.6 MHz using 4 mm double- and triple-resonance
magic angle spinning (MAS) probes at a spinning frequency of 10,000
+ 3 Hz. The transmitter power used for 'H and *C was around 40
and 140 W, respectively, corresponding to pulse lengths of around 3
us on both channels. *C cross-polarization (CP) spectra rely on the
"H-'3C dipolar polarization transfer, which is less efficient for more
mobile chains. In a part of this work, we used very short contact times
of 0.01 ms to polarize almost exclusively the crystalline component.
BC direct polarization (DP) spectra with a short recycle delay of
about 1 s in turn emphasize the mobile moieties in a sample featuring
a comparatively short T relaxation time.

Slow Molecular Rotations. Rotor-synchronized '*C centerband-
only detection of exchange (CODEX) experiments” reveal slow
motions of the different chemical groups relying on the rotation of the
chemical-shift anisotropy (CSA) tensors. It has often been used to
investigate slow dynamics in semicrystalline polymers.”” The CSA
information is normally lost under MAS conditions but can be
selectively reintroduced (recoupled) using rotor-synchronized =
pulses spaced by half a rotor period 7, in a dephasing and an equally
long rephasing period before and after a mixing time 7. If no
reorientation of the CSA tensor occurs during 7, then the signal will
be completely refocused, while molecular rotations during 7, lead to
a signal decay of the exchange intensity, S(7,;,). A reference signal, S,
is acquired with a short 7,; (but using the same long 7, as the
waiting time in a final z-filter) to compensate for signal losses caused
by T relaxation. To analyze the relevant correlation time 7, describing
the intracrystalline dynamics, the signal decay S(7,,;,)/S, was fitted to
a stretched exponential function decaying to a plateau, see ref 29,

KWW)/} ]

S(Tmix)/so =P + (1 - p).exp[_(fmix/fc (6)

where p = 1/M with M distinguishable sites (M = 2 for the 2,-helix in
P3HB). CODEX was performed using the triple-resonance probe at
10 kHz MAS; high-power proton decoupling (SPINAL64)* was
employed during the evolution and acquisition of the '*C signal. The
7/2 pulses for 'H and "*C were set to 3.0 and 3.4—3.6 us, respectively.
The required recoupled evolution time, N7, depends on the
magnitude of the CSA tensor and the reorientation angle. After an
experimental assessment discussed below, it was set to 0.3 ms with 7,
= 100 us and N being an integer. The recycle delay and contact times
were 4—8 s and 1.7 ms, respectively.

T, Relaxation and Diffusive Exchange. *C T, relaxation is probed
via decay during a z-filter of duration 7 on the '*C channel by
Torchia’s pulse sequence,* in which a short CP (10 us) is utilized to
empbhasize the crystalline signal. The experiment has the advantage of
providing signal decay function I(7) with a well-defined limiting value
of zero intensity. The decay not only reflects actual exponential T
relaxation, which is rather (often immeasurably) long but also a
diffusive decay due to chain motion into the amorphous phase, where
T, relaxation is almost instantaneous by comparison.** A linear decay
on a /7 scale is immediately indicative of such diffusive behavior. As

explained below, a power-law exponent of % can be easily
distinguished from an exponential process with linear 7 dependence
in the short-time limit in a double-logarithmic plot of 1 — I(z)/I(7 =
0) vs 7.

B RESULTS AND DISCUSSION

Mechanical Properties. In order to confirm the
embrittlement of the P3HB sample over time, several
mechanical measurements were conducted at room temper-
ature. Stress—strain curves were utilized to observe storage
effects on isothermally crystallized P3HB samples, as illustrated
in Figure 2 and summarized in Table 1. In these measure-

https://doi.org/10.1021/acs.macromol.4c00938
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As prepared
Annealed 2 days (1.7 x 10° 5)
Annealed 8 days (6.9 x 10°s)

10

>

6 8 12
€ (%)
Figure 2. Exemplary stress—strain curves of P3HB, crystallized

isothermally at 120 °C without and with annealing at 60 °C, all
measured after cooling to room temperature within S min.

Table 1. Strain at Break (¢g) and Stress at Break (o) after
Different Thermal Treatments

sample treatment e (%) oy (MPa)
as-prepared 12.22 + 0.62 26.06
annealed 2 days at 60 °C 7.18 + 0.15 32.05
annealed 8 days at 60 °C 6.46 + 0.38 33.00

ments, the “as-prepared” sample was crystallized at 120 °C and
then subjected to stress—strain measurements without aging.
The crystallization temperature was chosen based on the DSC
measurements (see Figure S1). The strain at break (e3) of the
as-prepared sample was 12.22%. Two days of annealing at 60
°C leads to a reduction of €5 to 7.18%, which is further
reduced to 6.46% after 8 days. The T, of the amorphous phase
of P3HB is reported in a range of about 0 to 27 °C,*****
where the variation may be attributed to confinement effects in
the small amorphous domains. Since our annealing temper-
ature is well above this range, we take this as an indication that
actual aging effects in still glassy amorphous domains are at
least an unlikely cause of embrittlement over time. Of course,
the sluggish dynamics in the amorphous phase being close to
T, at ambient temperature, and even a slight increase related to
the thickening of the crystalline lamellae could well affect the
overall brittleness.

Further DMA measurements were conducted during 2 days
of annealing at 60 °C after isothermal crystallization at 120 °C,
comparable to the conditions in Figure 2. Figure 3a shows a
slow increase and decrease of G’ and G” over time,
respectively. The increase of G’ reflects a stiffness increase
that is consistent with the increase of the slope of the stress—
strain curve, as shown in Figure 2.

Another important mechanical feature of P3HB can be seen
from the DMA frequency and temperature sweeps. From such
a data set, measured on a compression-molded specimen of
nonisothermally crystallized P3HB, Figure 3b illustrates the
temperature effect at a fixed frequency of 0.1 rad/s. The loss
modulus G” and tan 6 showed a broad peak starting from
around 40 °C that is typically observed in crystal-mobile
polymers, being referred to as @ -relaxation.”® Such a peak has
already been reported before by Xia et al.'* in a P(3HB-co-
4HB) copolymer but could not yet be connected to possible
ICD. A detailed discussion, specifically the confirmation of the
observation of actual o relaxation through master-curve
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Figure 3. (a) G’ and G” measured by DMA during annealing at 60
°C, with a frequency of 10 rad/s and a strain of 0.1%. The specimen
was isothermally crystallized at 120 °C for 1 h and then quickly
cooled to room temperature and transferred to the DMA instrument.
(b) G', G” and tan § measured by DMA in the temperature range
from —10 to 150 °C, with a frequency of 0.1 rad/s and strain
amplitude of 0.1%. The specimen was nonisothermally crystallized at
an estimated cooling rate of 5 K/min.

construction and the relation to NMR observations of ICD,
will be taken up below.

Semicrystalline Morphology. As P3HB embrittlement
may be related to a change of crystallinity over time, SAXS was
used to investigate the semicrystalline morphology of P3HB
that was subjected to the same temperature profile as the
samples studied mechanically. Specifically, we are interested in
the crystalline and amorphous thicknesses, d. and d,,
respectively, as well as their distributions, observed during
isothermal crystallization at 120 °C for about 1 h and
subsequent annealing at 60 °C for 4 days. This information is
complemented by the calorimetric studies providing the
melting point and an alternative measure of crystallinity by
NMR, which will be discussed below.

Figure 4 shows the SAXS results of P3HB during isothermal
crystallization at 120 °C. We observe that d_ and d, are subject
to thickening and thinning over time, respectively. The sample
temperature was then reduced to 60 °C to observe the
presence of possible crystal thickening via secondary
crystallization at lower temperatures, mimicking possible slow
changes at room temperature on an accelerated time scale, as
also illustrated in Figure 4. The data reveal an ongoing
thickening of P3HB crystal lamellae even after about 4 days.
While the observed effects appear small (i.e., d. increases from
5.1 to 5.9 nm and d, decreases by about the same amount), the
linear crystallinity ¢gays = d./(d. + d,) in fact increases from
0.62 to 0.72. Notably, the Porod parameter remains
unchanged, confirming that the lamellar stack is largely
conserved.
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Figure 4. Thickness of crystalline (d.) and amorphous (d,) layers during the course of isothermal crystallization at 120 °C and during subsequent
annealing at 60 °C for 3—4 days. The horizontal dashed lines guide the eye. Note that the “error bars” correspond to the width of the fitted
thickness distributions, 6 ,. The upper panel shows the evolution of the Porod parameter, confirming a constant interfacial area and thus a constant

number of lamellae.

We note that the long period L = d, + d,. stays constant at
around 8.2 + 0.04 nm, which may be taken as evidence of
actual lamellar thickening rather than insertion crystallization.
In the latter case, all structural parameters d,. and L would
rather decrease.” Other important observations are the
significant width of the d_ distribution as well as the narrower
and still decreasing distribution width of d,, which, together
with the high crystallinity, are prototypical morpholo§ical
features observed for polymers that feature slow ICD.*”*

These changes may well be held responsible for the observed
embrittlement, although we lack an explicit model that
connects these morphological changes with brittle failure.
One possible connection could be through a higher confine-
ment-induced T in the narrower amorphous gaps after aging/
postcrystallization, explaining the positive effect of blending or
using plasticizers.””'> The presence of tie chains and
entanglements in the amorphous phase is also known to
greatly affect the nonlinear mechanical properties of semi-
crystalline polymers. It is thus instructive to compare the coil
dimensions and the entanglement spacing, estimated from M,,
/& 4 X 130 kDa and the entanglement molecular weight M, of
about 4 kDa"® to the SAXS-based dimensions. With (Ré)o/ M,
= 1.05 X 107 nm? for the unperturbed dimensions of P3HB
estimated from light-scattering studies,*® we estimate the end-
to-end distances R and R, to be about 23 and 2 nm,
respectively. Since R is thus significantly larger than twice the
long period,”” one can conclude on substantial contributions
from both tie chains and conserved entanglements®' in the
amorphous phase.

Primary and Secondary Crystallization. Further con-
firmation of lamellar thickening as a relevant process during
aging rather than an insertion mode is taken from FSC
measurements, with which reliable melting temperatures (T,,)
are determined for samples crystallized/aged at different times.
The heating protocol is listed in Figure Sa. Figure Sb displays
heating curves obtained after isothermal crystallization at 120
°C at different times. The increase in the area of the melting
peaks plotted in the inset reflects the increase in crystallinity,
while the peak temperature provides information about the
crystal stability/thickness. It takes approximately 700 s for
P3HB to finish its primary crystallization (bold black curve),
after which the crystallinity increases with a different, much
lower rate (see again the inset). Subsequently, secondary
crystallization (red data) starts and is observed for up to
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20,000 s (5.5 h). As time progresses, the melting peak shifts to
higher temperatures by 4 K; see Figure Sc.

The shifts in the melting temperature imply the internal
perfectioning or thickening of lamellar crystals during
secondary crystallization.”” > The absence of annealing
peaks, furthermore, suggests the absence of distinct insertion
crystallization, as was observed, e.g, for poly(butylene
succinate), PBS, or PLA.>**” Another important feature of
the FSC results is the presence of only one melting peak, which
is not commonly observed for other polymers. For instance,
FSC measurements on PBS and poly(butylene terephthalate)
revealed multiple melting peaks, indicating substantial
reoréanization (melting and recrystallization) during heat-
ing.>>>* However, for polymers that feature an a.-process and
ICD, such as poly(ethylene oxide), single melting peaks are
typically observed.>”

To emulate our aging experiments, we also studied the effect
of aging at 60 °C after the completion of primary
crystallization at 700 s, where within the same 5.5 h, only a
smaller shift of 1.5 K is observed, as shown in Figure S3b. This
is consistent with a significantly slowed-down thickening
process, to be confirmed by our NMR studies. With all of this,
we can be reasonably sure that ICD-mediated lamellar
thickening is the mechanism of both secondary crystallization
and the aging process characterized by SAXS. For this reason,
we focus the following on samples that were not explicitly aged
but simply isothermally crystallized, most of them for times
well beyond primary crystallization, allowing for some
thickening to occur.

On the side, we note that the DSC traces in Figure 5 confirm
a T, step somewhat below room temperature and a significant
broadening and thus near-disappearance upon primary and
secondary crystallization. Derivative analysis of the remaining
weak feature indicates a shift of the main T, step by 1-2 K
during secondary crystallization. Further analyses regarding the
possible appearance of a rigid-amorphous fraction are beyond
our scope, but we can conclude that the DSC observations
confirm at least a weak confinement effect, emphasizing the
possible role of sluggish dynamics near T, of the amorphous
phase for the ultimate properties of P3HB at room temper-
ature.

Temperature-dependent Crystallinity. The P3HB
semicrystalline structure was further examined through
measurements of the temperature dependence of the
crystallinity up to the melting point. Figure 6 shows such
data for samples that were isothermally crystallized for 1 h at
different T values monitored by 'H FID NMR, with additional
data points from SAXS (only the 150 °C sample was
crystallized for S h). For NMR, points upon cooling and
subsequent heating were taken roughly every 10 min, while for
SAXS, the data were taken only after isothermal crystallization
and in one case after quenching to 60 °C, corresponding to the
data in Figure 4. It should be noted that a reliable crystallinity
can be determined with the NMR method only at or above 70
°C, as the measurement temperature needs to be a least 30 K
above T, of the amorphous phase, so as to impart sufficient
mobility to significantly average dipole—dipole couplings and
observe a sufficiently long and distinct T),.

The results show that the P3HB crystallized at 140 °C
exhibits a crystallinity of around 67% at that temperature,
which then slowly rises to 83% after cooling to 70 °C. The
increase is partially reversible, reaching 72% when the sample is
heated back to 140 °C. Such a (partially) reversible lamellar
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thickening has also been observed for poly(ethylene),*® the
most prominent polymer exhibiting ICD.”” The rather small
changes in the crystallinity of P3HB prepared at high T, over a
wide temperature range suggest the existence of an overall
well-defined and stabilized structure, which is again typical for
crystal-mobile polymers. This stands in contrast to crystal-fixed
polyesters such as poly(caprolactone), where reorganization
phenomena impart a much stronger T-dependence.

Finally, the high overall crystallinity and its marked increase
with increasing T, as evidenced from the SAXS results are
again features that are typical for crystal-mobile polymers.”””
We also notice a satisfactory agreement between NMR and
SAXS crystallinities for samples with comparable thermal
histories, which differ only by a few percent. This confirms the
reliability of both methods, which are after all based upon very
different principles (mobility-based vs electron-density-based
linear crystallinity from an assumed stack structure, respec-
tively).

Intracrystalline Chain Diffusion. From the results so far,
we have strong indications of the presence of an o -relaxation,
c.f. Figure 3b, and the resulting ICD, constituting the origin of
crystal thickening. The a -relaxation is commonly attributed to
helical jumps of the chains within the crystals,”” mediated by
traveling defects.”’ Our previous work has clearly shown that
the time scale of ICD, in relation to the time it takes a stem to
be added to the growth front, decides whether crystal
thickening already occurs during primary crystallization or
only at much longer times in the secondary crystallization
regime.””*® The relevant time scale is here the jump
correlation time 7., which is the average residence time of a
monomer in a given crystal raster position. With regard to a
simple NMR-based detection, jumps faster than about 100 us
lead to motional averaging of proton—proton dipole—dipole
couplings and can be observed by temperature-dependent
changes in the crystalline component of low-resolution NMR
FIDs." Figure 7 actually shows only minimal changes arising
from thermal expansion; 7, must thus exceed 100 ys at any
relevant temperature. Corresponding conclusions were already
drawn recently by Xia et al. for the case of a P(3HB-co-4HB)
sample."*
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Figure 8. Comparison of selective *C MAS spectra of P3HB (T, =
140 °C). The *C assignment is displayed in the inset; crystalline and
amorphous resonances are assigned with subscripts ¢ and a.

We thus turn to probing slow motions by observing *C
CSA tensor re-orientations as well as the possibility of an
exchange between *C isotropic chemical shifts between crystal
and amorphous regions, provided they are distinguishable or
by *C T; relaxation. Prior to these measurements, it is vital to
determine which of the *C resonances is reliably attributed to
the crystalline region. Figure 8 presents a combination of *C
MAS spectra to assign the *C resonances and differentiate the
ones originating from either the crystalline or amorphous
region. As discussed in the Experimental Section, CP MAS
with a 1.7 ms contact time enhances all '3C resonances, while a
0.01 ms contact time (red dashed) and DP spectra with a 1's
recycle delay (blue short-dashed) are dominated by crystalline
and amorphous resonances, respectively. The crystalline
methyl peak was also detected by DP due to fast T relaxation
caused by methyl rotation. Thus, the crystalline peaks b, ¢,
and d. are utilized to probe possible slow mobility within the
P3HB crystals.

As P3HB exhibits a 2, helical structure in its crystals,
resulting in a variation of CSA tensor orientations from
monomer to monomer, the detection of slow chain mobility in
the CSA-based CODEX technique should be possible,” as
explained in the Experimental Section. Prior to determining
the ICD time scale, an Nt,-dependent experiment was
performed so as to choose the appropriate recoupling time
(Nz,) for full sensitivity of monomer-jump detection. A long
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Tmix Of 5 s was used to ensure the occurrence jumps, hopefully
reaching a detailed balance. Figure 9a demonstrates the
expected intensity decay (actually proving already the presence
of jumps), where for Nz, longer than 0.2 ms, S/S, reaches a
plateau value of about 0.4. A plateau of 0.5 is expected for two-
site jumps in detailed balance; a lower value could be
attributed to a higher number of distinguishable sites, which
is hardly plausible. We attribute the lower value to *C—"C
spin diffusion, which mimics an exchange effect and is relevant
for 7., exceeding 1 .2

The shape of the N7, dephasing curves depends on the CSA
principal values and the effective reorientation angle of the
tensor in the two-site jump (see Figure 9b for a rendering). We
refrained from modeling the curves, as CSA tensor information
is not available for the given polymer. We notice a much faster
dephasing for the carbonyl resonance d, which is expected due
to its much wider CSA tensor. We also notice an undershoot of
S/Sy at Nz, ® 0.4 ms for the other resonances, which is an
actual feature of the given powder-averaged dephasing curves””
(for the C=0 resonance, it is likely located below 0.1 ms).

Figure 9¢ shows the 7, -dependent data with N7, = 0.3 ms,
observing a monomer jump occurring approximately every 0.1
s within the crystalline lamellae of P3HB crystallized and
measured at 120 °C. Stretched-exponential fits to the data (eq
6) provide the apparent jump correlation times 75" "'; see the
solid lines in Figure 9c. The relevant fitted parameters are
indicated in the figure, while the stretching exponents  were
in the range of 0.6 to 0.75. One can notice the onset of spin
diffusion at times exceeding 1 s. The plateau of 0.5 for just the
jumps is now clearly observed for the C=0 peak d. (dashed
petrol line). The lower plateau of the other two peaks (dashed
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Figure 9. (a) Nt,-dependence of the normalized CODEX signal of
different resonances with 7., = S s; (b) crystalline helix with selected
marked carbons before and after one helical jump; (c) 7\
dependence to probe the time scale of monomer jumps. The sample
was crystallized and measured at 120 °C.
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Figure 10. Arrhenius plots of 75" in P3HB isothermally crystallized at (a) 90 °C, (b) 105 °C, (c) 120 °C, and (d) 140 °C. All plots have the same

axes scaling with an identical dashed black line to aid a direct comparison. Part (b) also shows the inverse maximum position 1/@,,,,

of tan §(w),

see Figure S4. In part (d) we also include jump times derived from the T)-based measurements of large-scale chain transport, see Figure 11.

black line) is now explained by the location of the 0.3 ms
recoupling time near the local minimum of the dephasing
curve. Reassuringly, the =" of all peaks roughly match.

By measuring the helical-jump time at different temper-
atures, the apparent activation energies E, of P3HB crystallized
at different temperatures were obtained via Arrhenius plots, as
illustrated in Figure 10. We refer to E, as an “apparent” value,
as we only cover a too-small temperature range and cannot
decide whether a single molecular vs a cooperative process is
studied. The defect-diffusion picture, with defect generation
possibly taking place in the fold surface, actually points to a
more complicated, multistep process.’’ The results show that
E, of P3HB is independent of the crystallization temperatures
and within the range of 80—90 kJ/mol, while the absolute
values of 75"V are similar for all samples, i.e., in the range of
0.8 to 2 s at 85 °C.

Before proceeding with comparisons and further interpreta-
tions, we should discuss the problem of choosing the
appropriate characteristic correlation time,** considering the
significant distribution reflected in the stretching exponents j.
A common approach is the calculation of an arithmetic average
of (z.) = (zx"W/B)['(1/p), given by the integral over the
KWW function. A comparison of Arrhenius plots using 75" "
vs (7.) is shown in Figure S6. The latter data provide almost
the same activation energy, but since the f values have
comparably higher uncertainty due to the limited range of 7,;,
and the onset of spin diffusion, the results scatter more
significantly. For wide distributions, (z.) is also biased strongly
toward the slow end of the distribution, which may not
represent a good physical choice. As pointed out by Zorn,** a
logarithmic average (exp{(Inz-"")}) is more appropriate, also
because it reflects an arithmetic average of the relevant
activation energy. In our earlier work on ICD in poly-
(ethylene),""* the calculation and interpretation of (z.)
indeed led to less consistent conclusions than using log-scale
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averages, as pointed out in the two Corrections to these
publications.*”*® In the given range of  values, the logarithmic
averages deviate by less than 30% from the fitted 7<"W,%*
which is why we stick to the latter as the appropriate
characteristic jump correlation time 7.

To continue with the interpretation of the results, the
CODEX-based activation energy can be compared to the one
available from the DMA experiments on the compression-
molded plate of nonisothermally crystallized P3HB, see Figure
3b. Focusing on the region of the a -relaxation, it is possible to
construct a master curve via time—temperature superposition,
as illustrated in Figure S4. This proves that an actual relaxation
process is indeed observed, with the T-dependent shift factors
providing an activation energy of 82 kJ/mol, in very favorable
agreement with the NMR results. Moreover, even the
relaxation time taken from the maximum position of tan
&(w) in the master curve (Figure S4), added in Figure 10b,
perfectly matches the NMR data. While the good agreement
may also be coincidental, it may show that the molecular back-
and-forth jumps of the helix in the crystal have a direct
coupling to the macroscopic mechanical response. We thus
clarified the molecular details of the mechanical @ relaxation.

Given the range of 7, values in Figure 10, it is surprising that
Xia et al.'* failed to observe such a slow process with the same
CODEX technique. The sample used a fixed mixing time of
500 ms and checked temperatures up to 100 °C, at which our
samples have 7. values of a few hundred ms. We suspect that
their measurements may have been subject to large T,-related
signal loss as a recoupling time of 2 ms was used, which is
much larger than our best choice of 0.3 ms. We can also not
exclude that their sample, prepared by film casting from
solution, evaporation, and annealing at room temperature, may
not be comparable to ours.

To finally establish the connection to the lamellar thickening
via chain “sliding diffusion”, we turn to probe the actual
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exchange of monomers between the crystalline and amorphous
regions. This is enabled by C T, relaxation measure-
ments,***>%%% harnessing the very long T of the crystalline
segments and the rather short T, in the amorphous phase.
Diffusive exchange can thus be observed in terms of a
nonexponential signal decay following initially a </7 depend-
ence,™® simply because chain diffusion into the fast-relaxing
amorphous phase governs the signal loss.

Figure 11 displays a T relaxation decay curve of P3HB
crystallized for 24 h and measured (taking another day) at 150
°C after a comparably short CP contact time of 0.1 ms, plotted
on a /7 axis scale. The shorter CP serves to reduce signals
from the amorphous component, to simplify the deconvolution
of the spectra. The data exhibits a linear decay with /7 in the
initial part of the graph, emphasizing diffusive behavior. This
stands in contrast to the (multi)exponential decay of crystal-
fixed polymers, here exemplified by direct comparison with
earlier results on PBS,®” which clearly show an initial curvature.
The trend toward a plateau value for P3HB at longer *C T,
exchange times can be attributed to restrictions to chain
diffusion by entanglements in the amorphous region.*’

Assuming the 1D free-diffusion behavior, the initial decay
can be written as follows:*>**~"°

I(z) _\/ﬁ
=0~ " @

where I(7)/I(z = 0) is the normalized decay intensity and D is
the diffusion coefficient of the chain along the stem direction.
For an even clearer visualization, eq 7 can be rewritten as

1.0 P3HB crystalline
= peak b, (150°C)
.. ® peakc, (150°C)
0.8 5% & \‘L\ PBS crystalline
: : i“g - - peak b, (30°C)
00.69 | 2y =+ peak b, (90°C)
~ PBS amorphous
~ % & peak b, (30°C)
0.4 --<-- peak b, (90°C)
0.2
0.0
0
0.5
0.0
~-05
o
~
S
T 1.0
-
o
on
S 151
-2.0
=25

1 0
Log (z/s)

Figure 11. T relaxation decay measurements of P3HB crystallized
and measured at 150 °C, plotted in two different ways following (a)
eq 7 and (b) eq 8, respectively. The solid lines are fits to the
respective equations, considering the initial data points. PBS data
from previous work®” is added here as a comparison for the crystal-
fixed case.
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I(7)
I(r =0)

log(l -

which serves as a basis of a log—log plot, Figure 11b, that
immediately reveals the diffusive 1/2 power-law exponent in
the initial rise. In contrast to the crystalline resonances of
P3HB, the data for its amorphous phase and the data for the
crystalline resonances of PBS show an exponent of 1, as
expected for exponential functions having a Taylor expansion
with a linear leading term.

The solid lines in Figure 11a,b are fits to the initial linearized
regions using eqs 7 and 8, respectively, using d. = 8.34 nm as
obtained by SAXS. Then, using the Einstein—Smoluchowsky
equation for 1D diffusion ((z*) = 2D7y,), equating (z*) with
the squared projection length of a single monomer along the
stem direction (0.385 nm) taken from the crystal structure,”>**
we can convert the fitted D value into a diffusion-based
estimate of the monomer jump time, Tyep tO be compared to
<t> from CODEX. Both fits give a monomer jump time of
around 0.12 s, as compared to 0.03 s obtained by CODEX.
Both data points are added in Figure 10d.

The longer jump time obtained from "*C T relaxation can
be well explained in three ways, first by an influence of
entanglement constraints in the amorphous phase once the
displacement becomes larger than a few monomer jumps,*
second by the neglect of a possible chain tilt in the lamellae
(making the stem length larger than d. from SAXS), and third
by the correlation time distribution. Stretching exponents f
fitted to the CODEX data, which clustered in the range
between 0.6 and 0.75, indicate significant distributions, similar
to those found for poly(ethylene)®>*® and poly(ethylene
oxide).®" It is reasonable to assume that the correlation time
back-calculated from the large-scale 1D diffusion, requiring
many helical jumps, is biased toward the longer jump
correlation times in the distribution. The comparison shown
in Figure S6 supports this argument.

] & llog 7 + log
2 d. (8)

B CONCLUSIONS

In conclusion, we have found that the well-documented
embrittlement of P3HB, i.e., a significant reduction of the
strain at break and a slow increase of the shear modulus upon
aging at room temperature, can also be achieved by higher-
temperature annealing at 60 °C. Under these conditions, SAXS
results indicate that the crystalline thickness slowly rises, the
amorphous thickness slowly decreases and its distribution
narrows, while FSC results reveal a gradual increase of the
melting point during secondary crystallization at 120 °C. Both
methods show that during further aging at 60 °C, the sample
keeps changing in the same way, but simply on a much longer
time scale.

All these observations are in line with P3HB being a crystal-
mobile polymer, where intracrystalline chain diffusion (ICD)
enables lamellar thickening during primary as well as secondary
crystallization, as established by our recent publications.’”**
While we lack a model to explain the mechanistic connection
between embrittlement and the observed morphology changes,
it can be hypothesized that the glass transition temperature in
the increasingly small amorphous domains, being generally
close to room temperature, increases due to confinement
effects, leading to brittle rather than elastic contributions to the
overall mechanical response. Alternatively, considering the
large expected contribution of tie chains and entanglements in
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the amorphous phase to the deformation behavior of the given
P3HB, one might also envisage some degree of loss of
entanglements and tie chains due to the ICD and the
corresponding possibility of large-scale reptation motion.
Another possibility would be that during aging densification
of the material may lead to the formation of small microcracks,
making the material more sensitive for fracture.

The last and central part of this work has been concerned
with molecular-level proof of the presence of ICD by different
NMR techniques. The CODEX experiment reveals the
presence of comparably slow helical jumps with an average
correlation () of about 0.1 s at 120 °C. Apparent jump
activation energies E, ranged between 80 and 90 kJ/mol, with
both the absolute time scale and E, being independent of the
crystallization temperature T, of the sample. With this, the (z.)
values in the range of typical T. are about 2 orders of
magnitude larger than in the previously studied case of
poly(oxymethylene), where consequently, the lamellae thicken
more significantly during primary crystallization.”® While many
if not most polyesters are crystal-fixed,””*”*” P3HB seems to
be the second prominent exception, alongside the a phase of
stereoregular PLA,”" which features similar jump correlation
times at typical T..

Finally, the connection between the helical jumps and the
large-scale diffusive exchange between the crystalline and
amorphous regions is confirmed by '*C T, relaxation
measurements. Here, we also introduced a more robust
distinction between magnetization decay by chain diffusion
vs actual T, relaxation by using a log—log plot of the
normalized signal decay during a z filter: log (1 — I(7)/I(z =
0)) vs log(z). In this plot, the slope immediately reveals a
diffusive power-law exponent of 0.5, while the 1D intracrystal-
line chain diffusion coeflicient is encoded in the intercept,
requiring knowledge of the SAXS-based lamellar thickness.

In summary, and in contrast to the recent claim of Xia et
al,"* we have identified P3HB as a crystal-mobile polymer.
While the possible relation between the observed ICD, the
lamellar thickening, and the embrittlement remains an open
question, we anticipate the development of more focused
strategies to improve the mechanical properties of this
fascinating material, e.g., by copolymerization with monomers
that do not fit the crystals and thus limit lamellar thickening, in
analogy to similar strategies that are well-established for, e.g,

poly(ethylene).
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