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ABSTRACT

Poly-3-hydroxybutyrate (P3HB) typically crystallizes into the orthorhomdiform. The
additional intense and rather broad equatorial reflection in wide-angle X-ray diffraction
(WAXD) patterns seen in our melt-spun P3HB fibers cannot be attributed dgefdine crystals.

We propose that a non-crystalline mesophase, which consists of disordered but highly oriented
and stretched molecules located betweetrystals, leads to the observed broad equatorial
reflection. We show that the transformation of this mesophase from and iniddime phase is
partially reversible under cyclic tensile loading. Structure factor calculations, which are based on
atomic positions from molecular dynamics simulations of a set of stretched P3HB molecules,
support this model. The WAXD patterns were analyzed with azimuthal, radial, equatorial and
meridional scans and the changes in the crystal orientation, changes in the percentages of
individual phases and changes in @herystal lattice spacings were analyzed as a function of the
applied tension. Changes in long spacings, crystal sizes and coherence lengths under cyclic
loading were determined with small-angle X-ray scattering (SAXS) measurements. The long
spacing between-crystals increases when tensile stress is applied and it snaps back to the

original spacing when the tensile stress is released.



INTRODUCTION

Polyhydroxybutyrate (PHB) is a type of a polyhydyakkanoate (PHA) biopolyester,
synthesized by microorganisms as intracellular miganclusions serving as energy storage [1].
Farming these microorganisms (bacteria) and feettiegn sugar, starch or other carbon sources
enables the microbial mass production of PHB on iadustrial scale [1-4]. Poly-3-
hydroxybutyrate (P3HB) is the most common PHB aasl been extensively studied in the past
[5, 6].

Biopolymers stored in vivo remain in the amorphatste, while in the isolated state, the
polymer rapidly crystallizes [1]. Typically P3HB $ig@oor impact strength, because of the slow
secondary crystallization that occurs after proogssThe low nucleation density can result in
large spherulites (spherulitic aggregates of laaneatrystals) [1, 2]. However, this secondary
crystallization can be prevented by establishingamellar morphology during processing.
Therefore, drawn P3HB films and fibers do not undesgcondary crystallization, and the
mechanical properties of drawn and annealed P3HhBaire unchanged, at least for several
months [7-9].

Our group obtained filaments dominated by longitatiynoriented lamellae by installing the
take-up godet at an unusually short distance frbwn gpinneret. In this way, secondary
crystallization was hindered, and the melt-spuanfiénts show long-term stability and comply
with requirements for textile manufacturing [8].

P3HB typically crystallizes in the orthorhombicform, which is characterized by a left-
handed 2 helix conformation of the P3HB chains [10, 11].Réachi et al. [12] were the first
authors who have observed an additional intensatedal reflection and streaks above the layer

lines in a WAXD pattern of a highly stretched P3Fil&, which cannot be assigned to the



form P3HB crystal structure. In the literature, dbestress-induced additional reflections have
been attributed to arise from a (para)crystalprferm, which has been described to develop in
the regions betweenform lamellar crystals by orientation of molecutdrains [7, 9, 10, 12-16].

It has been suggested that the helical structurdheofP3HB macromolecules from theform
transforms into a planar zigzag conformation inewoted crystalline fiber systems [14].
Simulations of this deformation process have bemmedy Tanaka et al. [16]. Very recently,
Phongtamrug and Tashiro et al. [17] are the fihars to suggest a crystal structure forfthe
form, where chains are packed in a hexagonal @thitgth a=b=9.22 A, c=4.66 A and with a
space group of B31.

In the present study, we have performed a thoraogiitu WAXD and SAXS study on melt-
spun P3HB fibers under tensile loading. The matetiaed for the melt spinning of P3HB fibers
and information about the experimental setups efithsitu WAXD/SAXS measurements are
given in the experimental section. The detailedysms of WAXD/SAXS patterns given in the
results/discussion section supports our hypothisis the origin of the additional equatorial
reflection in WAXD patterns from our melt-spun fiteis a highly orientedon-crystalline
mesophase (P.c), which is locally trapped between the aligned ddae of the crystalline
a-phase. The non-crystallinity of such a mesophasealso supported by molecular dynamics

simulations and structure factor calculations.

EXPERIMENTAL SECTION
Materials
Two fiber samples were melt-spun from modified P3HBvided by Biomer (Krailling,

Germany) on a customized pilot melt spinning plamginally built by Fourné Polymertechnik



(Alfter-Impekoven, Germany). In order to preverystallization of the extrudate in a randomly
oriented state, the draw-off unit had to be modifily introducing a take-up godet which was
mounted at an unusually short distance (0.75 rm) fifee spinneret. With this modified draw-off
unit, fiber sample no. 974 was melt-spun with andratio of seven from ready-to-use modified
P3HB pellets (M, = 0.5 MDa), whereas raw P3HB powder,(M 1.6 MDa), mixed with 20 wt%
plasticizer (tri-n-butyl citrate (TBC)), was usem melt-spin fiber sample no. 1108 with a draw
ratio of six. The P3HB pellets used for the forraample (no. 974) contained a nucleating agent
(boron nitride (BN)) and 20 wt% TBC as well as wais other processing aids, including low
molecular weight poly-caprolactone (PCL). The fiber diameters are al@fugum for both
fibers. More detailed information about materiatelt spinning parameters, and the properties
of both P3HB fibers can be found in our previoublimation [8]. For simplicity we label fiber

no. 974 with (1) and fiber no. 1108 with (ll) ingHurther course of this publication.

In-situ WAXD and SAXS of fibers under tensile stees

WAXD patterns of both fibers and SAXS patterns iief (I) were recorded on a Bruker
Nanostar U diffractometer (Bruker AXS, Karlsruhesr@any) with a beam defining pinhole of
300 pm, with Cu l& radiation £ = 1.5419 A) and a VANTEC-2000 MikroGap area detect
The tensile stress was applied using a TS 600l¢estsige (Anton Paar GmbH, Graz, Austria)
equipped with load cell LC-5N being capable of noeizg) forces up to 5 N. The calculation of
applied tensile stresses is given in the dataief hrticle [18]. Single filaments were used for al
WAXD and SAXS measurements, which were performedwiao separate experiments with
distances of 16.8 cm and 144.4 cm, respectiveliwden the sample and the active detector

area. The filaments were glued on top of suppartsteeld by tensile stage grips. The filaments



were elongated stepwise at an elongation ratelofr®n/min. During elongation, the measured
force increased, and the elongation step was atittathp stopped when the pre-set nominal
force value for the respective step was reachethddmtely after stopping, a WAXD pattern

was recorded for 30 minutes or a SAXS pattern wasrded for two hours, respectively. During
data collection, the grip position was kept conistanthe tensile stage mechanism, while the
filament underwent some relaxation. This relaxatiesulted in a lower starting force for the

subsequent step.

The recorded WAXD/SAXS patterns were analyzed withe evaluation software
DIFFRAC.EVA (version 4.2., Bruker AXS, KarlsruhegfBnany) and python codes. Real space
d-spacings between planes corresponding@g 2alues of the respective (hkl) reflections were
calculated applying Bragg's law [19]. Peaks in,.,eagimuthal WAXD scans were fit with
Pearson VII distribution functions using python eed20]. Herman’s equation [18] was applied
in order to extract the orientation parametgfof the a-form crystals [21]. Iff,xo) = 1 then
the (hk0) planes of the crystals are completelyn@d parallel to the fiber axis andfifyq) = 0,
then the crystals are randomly oriented. Long-sugci coherence lengths and lamellar sizes
were calculated by analyzing meridional and trarsaleareas of the SAXS pattern [18]. The
performed intensity corrections to the WAXD/SAXSttpans due to the thinning of the fibers
under tensile stress are explained in the dataenh drticle [18].

We have verified that the crystal structure of B&HB fibers does not significantly change
with time and have measured WAXD patterns two yedires fiber production. No significant
changes in the crystal structure have occurredahrtemperature over a time period of several

years.



RESULTS AND DISCUSSION
1. Origin of additional equatorial reflection betweeh7.8 and 20.5°
1.1. Arguments for a highly-oriented non-crystalline meghase

In-situ WAXD patterns from fiber (1) are shownkigure 1 for increasing tensile stress.

0.0 N/ 0 MPa 0.3 N /49 MPa 0.5 N/ 81 MPa 0.7 N /113 MPa

fiber axis

Figure 1. In-situ WAXD patterns of fiber (I) under increagitensile stress. The applied force to
the fiber and the resulting stress are indicatedvabeach WAXD pattern and strains are
indicated in the upper left corner. Breakage offther occurred when applying a stress above

170 MPa.

The equatorial reflections (020) and (110) are xedewith respect to the orthorhombic unit
cell (a=5.76 A, b=13.20 A and c [fiber axis] = 5.8 of the crystallinea-form P3HB phase
[11]. Fiber (I) contained processing aids that giee to an additional equatorial peak in the
WAXD patterns at about 21° (indicated with a stdif)is peak arises from pobteaprolactone
(PCL) which has the (110) equatorial peak at thisce location [22]. In our previous

publication, we see also the (200) PCL peak, wisdiocated next to the (110) peak of PCL in



WAXD patterns with a larger angular range [8]. tuaNAXD patterns of fibers (I) and (Il) are
shown inFigure 2 for no applied tensile stress and for high tensiless.

(a) 0.0 N/ 0 MPa (b) 1.05 N /170 MPa )
o ) fiber axis

(c) 0.0 N / 0 MPa (d) 1.05N/168 MPa

Figure 2. In-situ WAXD patternsd, b) of fiber (1) and ¢, d) of fiber (ll), for no applied force
and for a force of 1.05 N, respectively. The equatoEq, and meridional, M, sectors (20°
opening angle) are indicated with red and cyanredldines, respectively. The annular regions
(020) (=12.3-14.5°) and R(021) (=18.2-20.2°) are shaded in grey. Pronounced (hkl)

reflections arising from the-form P3HB phase are labeled ©).(

A broad equatorial reflection is clearly visiblerftoth fibers in the region between
approximately 17.8° and 20.5° Figure 1 as well as in Figure 2, and is labeled as Phis
reflection has commonly been assigned to arise fidpara)crystalline form of P3HB referred
to as p-form’ [7, 9, 10, 12-16]. Thi3-form of P3HB has typically been considered to be
generated from transformed non-crystalline regiosisveen lamellaa-crystals, either from the
tie chains between the lamellae or from completiedg chains in the non-crystalline domain [7,
10, 14, 15, 23-25]. Recently, Phongtamrug and Tasdtial.[17] have proposed that parts of the

a-crystals are stressed and changg-form crystals. Most of these recent publicatiorscalss



the B-structure in highly drawn (10 times or more) neglienched P3HB films. We propose an
alternative explanation for the equatorial peakum melt-spun P3HB fibers: a highly oriented
non-crystalline mesophase, P,,, which is also mainly locatedetweena-form crystals. This
proposed structure is closely related to the preshoproposedpara)crystalline’-form’ in the
sense that the newly proposed structure is alsamédhighly stretched molecules which are
oriented along the fiber axis. However, the newlyoppsed model differs from the
(para)crystalline ' B-form’” model in the following points: 1. The newpyoposed R mesophase
is based on a non-crystalline structure where baéns do not exhibit a regular lattice ordering
(e.g. hexagonal or cubic). 2. The spatial arrangesnef atoms of the molecules (conformations)
in the R phase depend on how much the individual chainstae¢ched (stretch factor) and are
not represented by a well-defined planar zigzg@igform’ conformation. In the latter
conformation the atomic positions are repeatedgatbe chain axis by a simple translation and
the bond lengths, bond angles and torsion angleswall-defined [14]. In the proposed
mesophase however the bond angles, torsion angieband lengths and thus thg positions
of the atoms in the molecular chains do not repkmatg the chain axis but are rather irregular. 3.
The chains are not equidistant to one-another.
Similar mesophases have been proposed for othgmpad in the pag26-30]. Note that we use
the term 'mesophase’ to describe an intermediasepbetween amorphous and crystalline. The
following arguments lead us to suggest thign®del for our melt-spun fibers:
i) Broadness of the equatorial reflection: The additional equatorial reflection is broad along
the equator A20p,. = 2°), which implies that it is unlikely that thjgeak arises from a
periodic crystal structure unless it would arisenfrpoor crystals with very small sizes

(< 4 nm). The broadness of the peak rather indicateange of distances between highly



ii)

oriented molecules in the,Pmesophase. These distances are expected to dg defined
and to cover a range of distances that is closdated to the dimensions of the molecules
themselves. Such geometrical considerations arensumized in subsection 1.2.

Other amor phous fibers show similar equatorial reflections: We have already observed
similar equatorial reflections for various drawnbdis melt-spun from amorphous
polymers [18, 31, 32].

No additional sharp off-axis WAXD reflections: Additional reflections in the WAXD
pattern should be observed if a distinct crystalltructure exists. However, no additional
off-axis reflections or streaks have been obselnedur study, which suggests that the
chains of the mesophase have conformational dis¢83¢ As mentioned before previous
authors have observed a streak above the first layge which is however not visible in our
WAXD images Figure 1). Note that the angular range is large enouglot@rcthe region
above the first layer line ifigure 1. In an earlier study, we have also performed WAXD
measurements with a largerange using Mo-K radiation. Also these WAXD images do
not show any streaks or spots above layer lineshefa-form [8]. The visibility of a
periodicity along the drawing axis apparently seeémkargely depend on the stretch factor
(draw ratio) and on how the material in questioprisduced. In, e.g., stretched P3HB films
[12], uniaxially cold-stretched PHBV films [14] arsfretched and annealed P3HB films [9,
34], weak streaks above the first layer line haserbobserved. However, in our melt-spun
P3HB fibers [8], in melt-spun and ice water cooR®HB [35] and P3HBYV fibers [36], as
well as in melt-spun P3HBYV fibers [37], no suchdaline streaks are visible. Phongtamrug
et al.[17] are the first and to the best of ourwlealge the only authors that have reported

many additional distinct diffraction spots abovgdalines of theu-form by subtracting a

10



diffraction pattern of a pure-phase WAXD image from a mixed phase} WAXD image

of a cold drawn P3HB film.

We propose that the outer parts of helical molecciains fromo-form crystallites transform
into extended chains under tensile strain. Theiegpénsion promotes a high orientation of the
polymer chains along the fiber axis, with a ran§éateral distances between the chains. Note,
that helical chains can be easily extended dulkedow Young's modulug;., of a-form crystals

along the chain axis which is only 5.0 GPa [11].

1.2. Geometrical considerations: distances between P3H8lecules

During the transformation af-form crystals into R, the a-P3HB molecules with 2helices
are deformed into stretched chains where the atocesipy different spatial arrangements
(conformations). Compared to the originalh2lix, the latter stretched conformations needemor
space in the direction of elongation, whereas faEes needed in the lateral direction is reduced.
This affects the average distance between the R3tdBs. The lateral distance between two 2
helical chains follows from the crystal structufeneP3HB [11] and is subsequently denoted by
d, which corresponds to the calculated value of {B20) reflection ino-P3HB, i.e.
d=di20) = 6.58 A [11]. To estimate the effect of the elatign of P3HB molecules on the
average lateral distance between the chains, etBedimensional (2D) or a 3-dimensional (3D)
approach can be adopted by assuming that the vadtaye constant.

In a 2D approach, the area spanned by two adjddinal molecules of distance d=6.58 A

and height krc/2=2.98 A [11, 12, 38] is deformed to a new aredctviis spanned by two nearly

11



planar zigzag chains of unknown distartbg and estimated height#4.60 A [14], with the

proportionality factor [=4.60/2.98=1.54. Assuming a constant area, it fdto

dh; 658
dypp = —=

with a corresponding® value of 20.8°.

In a 3D approach, we assume a constant volume.dglenc

V=d? h =d5-h,
dsp = ﬁ—f 2= A=5304A (Eq. 2)
with a corresponding® value of 16.7°. When we consider the results ef2B and the 3D
approach as extreme values, we can expect thetrefie of the highly oriented non-crystalline
phase R to occur in the @ range between 16.7° and 20.8°. This calculatedilangange
matches very closely with the observed range (1%820.5°) in our experimental WAXD
patterns. We conclude that the broad shape of guaterial peak can be explained by the

various distances (4.33 to 4.98 A) between thenatigP3HB chains in the highly oriented

mesophaseR

1.3. Molecular dynamics simulations and calculation otattered intensity
Molecular dynamics simulations were carried outltaidate the changes in the conformation of
a P3HB chain during a uniaxial stretching paratibethe chain axis. The initial conformation of
the P3HB chain was taken from the helical strugtunethea-form crystal unit cell previously
published by Wang et al. [11]. The non-bonded amuded interactions were defined according
to the recent implementation of the General AMBERCE Field (GAFF) used for P3HB [39].
This description of the P3HB chain in GAFF combirtbe standard 12-6 Lennard-Jones

potential and electrostatic interactions for nomded interactions, with bond, angle, and

12



dihedral potentials for bonded interactions [40]. &he details are given by Glova et al. [39].
Our starting orthogonal simulation box containdtkfical a-P3HB chain with 46 monomers and
was deformed parallel to the chain axis until iimehsion was scaled by a predefined stretch
factor. This factor was set to 1.54, 1.7, and @8ifferent simulations. After the deformation step,
the atoms with the maximum and minimum positiormglthe chain axis were frozen in space
and the rest of the atoms were free to equilibrébe simulation time step was 0.5 fs with the
overall run time of 1 and 1.5 ns for the deformatand equilibrium steps, respectively. The
temperature was fixed during the entire simulatib298 K.Figure 3 shows the evolution of the

chain conformation during elongation for a finaksth factor of 1.7.

initial configuration Y Yy Yy T R YLy YLy

2ope e N U R TP
125 ps B i XTI LR

deformation

250 ps %WWWWQWM
500 ps WMW%? EE W R TR ¥

equilibration

W 2505 a2t s s SR P e
Figure 3. The stretching and relaxation of a P3HB chain inetalar dynamics simulations. The
simulation box is stretched parallel to the chaxis &y a stretch factor of 1.7 during the

deformation step. The oxygen atoms are shown aspteeres along the chain.

A similar molecular dynamics simulation of the streng behavior of a P3HB chain with 32

monomers has been previously performed by Tanah Ei6]. Depending on the stretch factor,

13



different chain conformations are obtained. Theusated torsion angles from Tanaka [16] and
Orts [14] et al. are compared to our calculateditor angles for different stretch factors in the
data in brief article [18]. In the following pavtie have performed scattered intensity calculations
in order to show that an irregular non-crystallsteicture of highly-oriented and stretched P3HB
chains leads to similar scattered intensity pasters the observed ones. Specifically, we have
calculated the scattered intensity from a box dd(k1000 stretched, oriented and identical
chains. These chains are irregularly distributedttenxy plane. The relative positions of the
atoms within one single chain were extracted fréw molecular dynamics simulations for a
stretch factor of 1.7 after equilibration [18]. Thalecular structure factor was calculated as

follows:

Frol = Z;\I;{fjexp(—i(q : R]-)) (Eq. 3)
with |g|=4rsin(®)/A the momentum transfeR; the spatial position of théhjatom fi the atomic
form factors [42] and Nthe number of atoms in the simulated chain. Thes@&tered intensity
per monomer of a box of 1000x1000 chains withrhbnomers per chain is then proportional to:

(a3yAXZy)

Zgzl ZQ’=1 Finol €Xp (_i(q ’ Rp,q)) exp (_i(q ) Acp,q))|2 exp[— T] (Eq. 4)

1
Ny N2

I(s) «

With g the momentum transfer arti, , are the positions of the molecules along xtrexis
(parallel toa) andy-axis (parallel tob), respectively. Here the distances between thénsha
Ax, 4, Ay, follow a normal distribution function with a meapaging of 4.6 A and a standard
deviation of 0.16 A. To the best of our knowledge higher order reflections on the equator
have been reported up to now. We have therefor@duaced the Debye-Waller-factab i F =

exp ), which corrects the intensity for the disordéthe first kind that arises from

thermal vibrations or atomic displacements [43]. displacement of the atoms in the

14



xy-plane ofAX,, =2A was used in the simulation and the out-of-pldisplacement was set to
zero. This DWF leads to a suppression of higheeroreflections at larger in-plane momentum
transfersgy,. The fact that a large displacement of the at@nseeded to suppress the higher-
order reflections confirms that molecular chainsddferent conformations are part of thg. P
phase. The individual chains in thg: Bhase might have different stretch factors andesoray
be entangled. Furthermore, we believe that thenshaithe B are being stretched when a force
is applied and thus their conformation changes. féeor Ac, , represents the slippage of the
chains along the fiber axi&or simplicity we have used the same molecularcire factor in
the calculation of the scattered intensity for rathlecules even though molecules of different
conformations might better represent the effedyemesophase. Note that this proposed model
is very similar to the paracrystalline model witliaorder of 2 kind [44-46]. The difference is
that the newly proposed model is not based on rdists of a crystal lattice with a defined unit
cell but instead on a set of molecules, which arengly disordered but highly oriented.
Intensity calculations of randomly distributed atgdf 20 different snapshots of the equilibrium
conformations (same stretch factors) lead to smstzttering patterns as the ones shown in
Figure4 for a set of chains with identical chain conforioiat

In order to visualize the intensity scattered ant®D detector, the 3D intensity distribution in

reciprocal space is projected onto the plane sphrine the in-plane momentum transfer

dxy =/ (@x)? + (q,)% and the out-of-plane momentum transfer Eigure 4 shows the
calculated scattered intensity of a set of stretamelecules (stretch factor 1.7) with irregular
spacing and no slippage along the chain aiguf e 4a) and with random slippage between -1
A and +1 A Figure 4b). The off-axis reflection (1) is a result of thenomer repetition along

the chain axis, where the positions of the oxyganag the chain axis reflect the positions of

15



high electron density. The vertical distance betwise monomers is in average about 4.8 A for

the stretched molecule retrieved from molecularaaiyits simulations.

(2) streak

c
8
i)

o

Q

E

meridian

(1) streak

equator equator

q-(A~1)

-3 -2 -1 0 1 2 3 -3 —2 —1 8 1 2 3
qu(A ) qu(A =1
Figure4. Calculated scattered intensity for (a) a set @tslred chains that are irregularly placed
on thexy plane with no slippage along the chain axis apdv{th a random slippage in the range

of -1 Ato+1A.

The slippage of chains along the chain axis lemdvery weak streaks (one order of
magnitude smaller than the:meak). Depending on the instrumental backgrouandh streaks
may or may not be observed. For large chain slipgag A) the off-axis streaks disappear [18].
Additionally, we see for smaller stretch factorsatt the out-of-plane distances between the
monomers is not regular anymore and only thepeak remains. The latter would also be the
case for a mixture of differently stretched molesuthat are highly oriented but irregularly
arranged. For large stretch factors the positiothefoff-axis reflection can shift depending on

the vertical distances between the oxygens.

16



With these calculations we have shown that a ngstalline oriented structure can generate a
strong equatorial peak as well as off-axis reftaddistreaks. For our fibers we did not see off-
axis reflections/streaks most-likely because thdemdes in the R phase of fibers with no
applied tensile force were not stretched enougieta distinct repeat unit of the oxygens along

the chain axis.

2. Increasing intensity of equatorial R reflection with increasing tension

In order to investigate the origin of the increasé¢he intensity of the R peak under tension,
we have summed the WAXD patterns along the azirf@®0° in¢). The corrected intensity is
plotted against@ in Figure 5a for fiber (). The dotted curves show the sumnrednsity of the
WAXD patterns along the azimuth omitting the equatosectors with opening angles of 20°.
The background in the (020) annulus and the (1Xulais is approximated with a linear
function. Thus, the dotted curves arise from theorimous phase and the (021) peak. The
background below the,Pphase is almost constant since the (021) peaksdityedecreases with
applied tension [18] and the amorphous backgronngeases in this region. These changes are
almost cancelling out leading to an almost condtankground in this angular range. Subtracting
the dotted curves from the full curves leads toitiegrated (020) and (110) annuli and the P
peak Figure 5b). These three peaks were fit with Pearson VIl fiomst and the calculated
percentages from the peak areas are giv&ingure 5c. The percentages of the equatosidbrm
reflections, (020) and (110), were directly exteactrom the 2D WAXD images by summing the
intensity over the background corrected rectanguasks around the equatorial reflections and

dividing the sum by the total counts between 102Md degrees.
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Figure 5. (a) Summed and normalized intensity (sum over athim360° ing) for fiber (1) for
increasing tension. The intensity (background)irgisrom the amorphous phase and the (021)
peak is shown with dotted curves. (b) Backgroundembed intensities showing the (020), (110)
annuli peaks and the,fpeak. Fits with Pearson VII functions: dashedding) The percentage
of the amorphous phase and (021) peak intensihasvn as grey squares. The crystallinity of
a-form (oriented and unoriented) is shown as rediest The percentages of the equataxial
form peaks are shown as red diamonds. The per@ntagthe R phase are shown as green

diamonds.

The a-form crystallinity is decreasing from 37% (at 0 18)22% (at 1.05 N), whereas the sum
of the R phase is increasing from 14% (at O N) to 26% (@86 IN). The amorphous phase is

slightly increasing from O N to 0.3 N. For higherdes, however, it stays practically constant.
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The a-form crystallinity is reduced to approx. 60 % bétinitial value when 1.05 N is applied.
Hence, about 60 % of theP3HB crystallites stay unaffected. The remainifd@# of thea-form

crystallites are mainly transformed into thg phase.

3. Coupled increase-decrease of the intensity of equial reflections

In order to illustrate the effect of the appliedg®n on the equatorial intensity distribution, we
have extracted the@ profiles from the equatorial sector shownHRigure 2a. The resulting
equatorial profiles are shown kgure 6a for fiber (I) andFigure 6b for fiber (), respectively.

The PCL peak (110) is indicated with a staFigur e 6a.

b=
(0]
]

(020)

eq. intensity (cts/s/mm?) =

10 12 14 16 18 20 22
20(°)
(020)

— ON
— 0.5N (110)

U R B
NPOODOON
11111 )

1.0

eq. intensity (cts/s/mm?)

16 18 20 22
20(°)

Figure 6. Equatorial profiles of the WAXD patterns of (abér (1) and (b) fiber (Il) for various

applied forces. For details about the intensityedrons see the data in brief article [18].
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The effect of applied tension on the WAXD pattesrtie same for both fibers: an increasing
tension causes a decrease in intensity for thelyhighented equatorial (020) and (110)
reflections of the crystalline-form while the broad peak labeled with.hcreases. The PCL
processing aid in fiber (I) seems to have no paldiceffect on the P3HB structure since the
same trends are observed for both fibers. A sintitaupled increase-decrease behavior for the
equatorial peaks has been previously observed 3tBPand poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) films, respectively [34,]47

The decrease in intensity of the equatorial (02@) @ 10) reflections can be caused by either a
loss of orientation for parts of the highly orieshterystallites or by their partial dissolution,.i.e
a transformation into another crystalline modificator into a non-crystalline mesophase or into

an amorphous phase.

4. Orientation and d-spacings af-form crystallites

4.1 Azimuthal profiles: Orientation and intensityhanges
Azimuthal profiles are shown iRigure 7a,b for fiber (I) and were extracted from the WAXD
patterns by summing the,J8021) and (020) annuli, respectively. Larger azimaliranges are
shown in the data in brief article [18]. The oriin parametersobo)of the equatorial reflection
Eq(020) andd, of the R peak, respectively, are shownRigure 7c. The orientation of the P
phase is clearly increasing upon drawing whereaserg small azimuthal widening of the
equatorial peak, Eq(020), is observed, and thug @simall decrease in the orientation factor of
these highly oriented-crystals occurs. The equatorial peak, Eq(020ylte$rom ‘equatorially

aligneda-form crystals’, which have the-axis aligned along the fiber axis [18]. Overahgt
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alignment of the (020) planes parallel to the filasis is high since the orientation factor
determined from Eq(020) is close to 0.9. The changehe peak areas as a function of applied
force with respect to the initial peak area, meadwat zero force are plotted Fingure 7d. It can

be seen that above an applied force of 0.5 N, eeease of the intensity in thecRphase

overcompensates the small intensity loss of thategal o-form peak.
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Figure 7. Azimuthal profiles of the B/(021) annulus (a) and the (020) annulus (b) oérfigd)

for various applied forces. Theangles of 180° and 270° correspond to the eqwéhtand the
meridional direction, respectively. (c) Orientatiparameter for the P phase and EQq(020)
planes as a function of applied force. (d) Changgseak intensities with respect to the initial
peak intensity for zero force) peak area (cts/s/nfjx area-area(ON). The changes in the P
area are shown as black diamonds, and the chamdks equatorial peak area, Eq(020), as red

squares.
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4.2 Positions of equatorial and meridionat-form reflections

Besides the decrease in intensity, the positionghef equatorial Eq(020) and Eq(110)
reflections shift to higher scattering angles, wasr the reflections arising on the meridian
(meridional reflections) shift to smaller scattgrirangles under increasing tension. The
meridional reflections (e.drigure 7b, M(020)) arise from ‘transversally grown’ crystaifose
chains are oriented perpendicular to the fiber §@j. In order to illustrate this effect of the
applied tension on the meridional intensity disttibn, we have extracted the meridional
profiles. The profiles are shown iRigure 8. The inset shows the measured changed-in
spacings (equatorial and meridional) as a functbrihe applied tensile force. Dashed lines
indicate the calculated Bragg positions for (020),1) and (110) planes of the crystallméorm
phase. M(020) or M(011)/M(110) reflections on theridian only appear if the crystallites are
oriented with théd-axis being almost parallel to the fiber axis. Higfts along the meridional
and equatorial direction (inset &igure 8) are clearly opposite, which means that these peak

shifts are a result of real changes within thetatiiae network.
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Figure 8. Meridional profiles of the WAXD patterns of fibet) (for various applied forces.

Dashed lines indicate the calculated Bragg postithre (020), (011) and (110) planes of the
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crystallinea-form phase. Inset: extracted changes inddspacings vs. applied tensile force for

meridional and equatorial peaks with respect tadtepacing at zero force.

Furthermore, a force that is larger than 0.3 Ndaeded to compress or elongate the crystals.
This critical force is very small since the helicilains can be easily extended due to the low
Young's modulus od-form crystals along the chain axis [11].

The decrease in the lattice plane distances istab@4+0.005 A (data in brief [18]).
Considering the compressive and tensile forces@ain the fiber, a decrease of lattice plane
distances perpendicular to the fiber axis and arease of the distances along the fiber axis are
apparent.

We have verified that the changes in the meridigedk intensities, as well as shifts, are
reversible to a high extent with cyclic tensiledoay. This finding suggests that transversally
aligned crystals are extended along the fiber amder tensile stress, and that they snap back to
the original dimension when the stress is removael.question arises if this increase-decrease

behavior of the equatorial intensities is also refde or not.

5. Structure reversibility under cyclic loading

To check for the reversibility of the intensity dggs in the WAXD pattern of the P3HB
fibers, fiber (I) was subjected to a cyclic changetensile loading. Selected load-elongation
curves are shown in the data in brief article [IBje equatorial profiles extracted from the
WAXD patterns that were measured at specific agpf@ces are shown ifigure 9a. The
changes in the peak intensities of #d*3HB and the R are reversible to increasing or
decreasing tensile loads between 0 and 0.5 N (~B@)Ms is shown ifrigure 9b. After an

application of 0.9 N only part of theP3HB peak intensities is recovered at 0.18 N, edethe
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intensity of the R. is reversible to a high extent. This reversibilggeaks for a reversible
transformation of parts of theform crystals into the R phase and back.

The initial B at zero force is most-likely in a metastable froatate. The gain in entropy
upon recoiling of the stretched molecules betwéenlamellae would be very small due to the
small restoring force acting on the stretched chaifan der Waals forces between the chains
seem to be strong enough to keep the stretchecculedein place. Additionally, we suspect that
chain entanglements at thecrystal surfaces prevent further recoiling of ttieains. Upon
heating without applied stress, one would howewgreet the molecules to recoil into helical
form. In contrast if stress is applied during treatng, the stretched molecules will not recoil
because they are trapped in-betweernutheystals.

The key to explain the reversibility of the transhation of the highly-orientedi-form
crystallites into the R phase and back lies in the structural changekeoPB8HB chains during
the deformation process and their impact on themi@t energy of the molecules. Tanaka et al.
[16] propose a two-step mechanism for the tensdééorthation process oéi-form P3HB
molecules which involves 1) a deformation of thédaé chains to a zigzag structure wjikform
conformation [14] and 2) a spring-like deformatiohthe zigzag chain, where the restoration
force strongly increases with increasing straincémtrast to the large restoration force in the
second step, during the first step the restorafiiwoe is very small, thus when the stress is
removed, thg-form molecule will largely retain its strain.

Applying this two-step deformation concept to tleearsibility behavior seen in P3HB fibers
under cyclic tensile loading, the following sceoaran be outlined:

Increasing load: While the fiber is elongated by the increasingatise of the grips, some

outer portions of the highly-oriented-form crystallites dissolve due to tensile forces
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and molecular chains are elongated leading to ereasing volume of the,Pphase in-between
lamellae. This leads to an increase in thegpak intensity and to a decrease in the totahgitye
for the EQ(020) and the Eq(110) reflections. At th@me time, then-form crystals are
compressed in the lateral direction, leading ta@&sedl 20 spacings. In addition, P3HB chains
that are already in a stretched conformation invbeh lamellae will further deform. Some of the
randomly oriented lamellae also partially dissohrel contribute to the,Pphase, while some
molecules in the amorphous regions extend and rsa@yc@ntribute to the increase in thg P
intensity.

Decreasing load: The fiber relaxation is driven by the restorilogce of the P3HB chains that
have been deformed beyond the zigzag conformabgncontracting again, these chains can
markedly reduce their potential energy. The molesahn reform part of theP3HB crystallites
when the chains have regained thd@lix conformation (lowest potential energy). Téeslded
parts to the crystallites will then give rise t@ thbserved re-increase of intensities of the (020)
and (110) peakd=(gure9).

A crystalline phase is typically not showing suah elastic and reversible behavior under
tensile stress and it therefore supports our hysihthat the R is non-crystalline. The
reversibility behavior actually resembles the reilde stretching of an amorphous chain, which

is studied in the fundamental theory of rubbertetag [48].
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Figure 9. (a) Equatorial profiles of WAXD patterns of fib@) subjected to cyclic changes in
tensile loading between 0 N and 0.9 N. The sequehtee loads follows the order indicated in
the legend starting from the top. (b) Correspondingatorial peak intensities of tlhepeaks
(020) and (110) as well as the:lphase as a function of the force sequence. Fureudetails

regarding the cyclic loading, see data in brieftha{18].
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6. SAXS data analysis
Selected SAXS patterns of fiber (I) for variouscies during cyclic loading are shown in

Figure 10.

fiber axis

(h)

h,—H,
1 w,—D
" P3HB {efpr T
Az —L
PCL{":’; a

® (1) PCL
* (2)P3HB

107t

Figure 10. SAXS patterns measured at different applied terssid@he meridional areas are
indicated with vertical dashed lines and the trensal areas for peaks (1) and (2) are indicated
with red dotted and black lines. A sketch of thdraotion of real space parameters from

reciprocal space properties is shown in (h).

The scattering patterns show strong reflectionghermeridian, which are typical for lamellae
that are stacked along the fiber axis [49-51]. €haatorial streak arises from scattering objects
that have a high aspect ratio and are aligned Ipatalthe fiber axis; such objects can either be
low density regions between fibrils or lamellaeaggregates of fibrils or individual fibrils.

In order to visualize the changes to the intengdisyribution along the meridian under cyclic
loading, we have averaged the meridional area Kbitmtted vertical lines irFigure 10) and

have plotted the resulting meridional profil€sgure 11).
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Figure 11. Meridional profiles as a function of diffractiomgle for different applied tensions

under cyclic loading. The curves are offset fotdretisibility.

Two symmetric reflections, (1) and (2), are cleauilyible for low tensions above and below
the direct beam. These meridional four-point reftets stand in contrast with the typically
observed two-point reflections for lamellar struesiwith one single specific long-spacing [51].
We attribute this first peak to crystallites tha¢ #dormed by one of the processing aids, PCL,
since the peak is only present in fibers that dor®CL. Furthermore, the peak vanishes upon
heating on the same time as the PCL peak indicatitda star in the WAXD patterns (heating
data are not shown). The long-spacing (~15 nmhisgreement with previously published
values for PCL by other authors [52, 53]. Note tRhbngtamrug and Tashiro et al.[17] have
observed a significant change in their SAXS pastarhcold drawn P3HB films upon drawing
including the observation of an additional pealoat g for higher tensions, which was attributed
to a long spacing betwedhcrystals. They have also found a streaky SAXS paakg the
equatorial line, which was attributed to a latgratiod of theB-crystals. We have not seen any

new peak appearing in the SAXS pattern at ¢pan the meridian for high tensions neither for
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fiber | nor for fiber 1l and also no equatorial peaas observed in the SAXS, which speaks also
against the occurrence @fcrystal bundles in our melt-spun fibers.

The meridional intensity distribution was fit wigix Pearson VIl functions (2 for the direct
beam, and 4 symmetric peaks). The fits are shovdotied curves, whereas the measured data is
shown as full lines ifFigure 11. Lamellar long spacings,; andL,, can be extracted from the
meridional peak positiongz, 4z, and the coherence lengthls andH, of the lamellar stacks
along the fiber direction are retrieved from thedthi of the lamellar reflections along the
meridian. A sketch of the extraction of long-spasincoherence lengths and diameter of
lamellae from reciprocal space properties is giveRigure 10h. Details about the calculations
and tables with the results are given in the datarief article [18]. Lamellar diameters (siz&y,
were also extracted from the SAXS patterns bynfitihe averaged intensity of the transversal
areas to a Pearson VIl function [18]. The evolubthese parameteks H andD is shown as a
function of the applied force sequenceFRigure 12. Both long-spacings are increasing with
increasing tension and the changes are reversibdehigh extentKigure 12a). This suggests
that pairs of lamellae move apart under applieditenand snap back to the original distance
when the tension is decreased.

The long-spacing, coherence lengths and diametgrsl;L. D, are rather large for these PCL
crystals, which suggests that these crystals aneatid elongated. The decrease in the crystal
size during force cycling suggests that the crgstakak up. The coherence lengths are only
approximated values and reflect the total changefainellar sizes and long-spacings. The
diameter of the lamellar sizd3, is slightly decreasing under applied tension wekersible
changesKigure 12c). The larger siz®; is, however, steadily decreasing during the cgcbh

the applied tensiorF{gure 12c, dotted line).
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Figure 12. Long-spacings (a), coherence length (b) and landalizes (c) as a function of
consecutive applied forces. Green and orange syndmotespond to large forces and blue ones
to small forces. Error bars of the long-spacingsewealculated by differentiating Bragg’'s law

and using an uncertainty of 0.3° in tHedhgle.

Previous publications have shown two-point SAXSeqyat of PHBV films with single long-
spacings in the range of 7-11 nm [47] or in P3HBigi with long-spacings in the range of 8 nm
(low tension) to 16 nm (high tension) [34]. Thistofees well with the second long-spacing (7.7-
9.6 nm) that we observe in our fibers and we tloeeshttribute the second peak to arise from

P3HB a-crystals.
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7. Structural model

The model inFigure 13 shows the coherently diffracting P3H&-crystallites with the
corresponding diameters, coherence lengths anddpagngs for low (0.18 Nsigure 13a) and
medium tension (0.7 Nsigure 13b). The R is also shown ifrigure 13 and is located between
pairs of a-crystals. This mesophase is made of stretcheegufarly arranged molecules of
different conformations betweemcrystals. Note that the,Pis not only located between
crystals but also occurs in the amorphous patefiiber. The extracted long-spacings of dhe
crystals from the SAXS patterns are representingean value of a range of long-spacings that
are present in the fibers. To simplify the model ave only showing the mean values for the
P3HB crystallites. The exact arrangement of theses jof crystallites (irregular or regular) in the
fiber cannot be extracted from the SAXS images @mdains unknown. Pairs of equatorially
oriented lamellae have a long spacing of about 8umder drawing, the lamellae move apart in
the fiber direction and converge laterally in réactto a compressive force that acts
perpendicular to the fiber axis (Poisson effecs. &result, the polymer chains in-between two
paired lamellae extend and contribute to thephase. Concurrently, the outmost parts of the
highly-oriented lamellae dissolve and partiallynsorm into the R phase. The height of theP
phase I(>-h) changes from 2.2 nm to 4.3 nm. The loss in tlystal heighth is approximately 7

A, meaning that the chains unfold just at the osteface of the crystal within one unit cell. The
latter is just an estimation since the crystal heig estimated to be equal to the coherence length
minus the long spacing. The total observed eloogais then (4.3-1.4)/2.2*100=132%.
Multiplying the elongation of 132% with the percagé of the R phase, e.g. 14% at 0.18 N,
leads to an expected fiber elongation of about 28%7 N. This value is remarkably close to the

observed 20% fiber elongation at 0.7 N. Thus one canclude that the observed elastic
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deformation of the fiber is mainly resulting fromet weak elastic elongation of the outmost
helical chains of thex-phase and the further stretching of tie chainghiem R, phase. The
reversibility of the unfolding of the outmost chaiof thea-crystals is mainly seen in the WAXD
intensity. Note that we do not show the crystatenfthe PCL phase iRigure 13, since we focus

on the P3HB phase.

(a) low tension: 0.18 N

tensile
) . forces
fiber axis
amorphous phase,
D,=15.2nm P
h~ <4—p H=142nm randomly oriented a-crystals,
6nm PCL crystals
_’ ‘_ . nc
compressive [ equatorially oriented
L,=8.2nm forces P3HB w-crystals

v

(b) medium tension: 0.70 N

tensile
forces

D,=14.5nm (c) loss in a-crystal size
<4—>» H=149nm

h~ AD~-0.7 nm
5.3 nm 24 chains=23 chains
_’ ‘_ AV/V ~ -26%
_ compressive
L,=9.6nm forces Ah~-0.7 nm

Figure 13. Proposed P3HB model at (a) low and (b) mediumidass Only the highly oriented
P3HB a-crystals and molecular chains in-between paimsri@nted lamellae are shown. The loss
in volume of thea-crystals is schematically shown on the bottomtrigt). The dimensions of
drawn lamellae and spacings are directly propoatida the values extracted from the SAXS
patterns. Note that the green background area mspased of amorphous phase, Rnd

randomly oriented.-crystals as well as processing aid crystals.
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From the SAXS measurements, we can conclude teagrbwth of the R phase under high
tension can be explained by a partial dissolutibaquatorially oriented and randomly oriented
a-form crystals as well as by extension and alignneérmolecules in-between lamellae and in

the amorphous phase.

A summary of all the observed and described effdutsughout the manuscript is given in

Figure 14.

1.0
| orientation of

0.9 1 randomly oriented
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, P_.volume
increase
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elongation
Figure 14. Measured force elongation curve of fiber (I) witlsketch of the various processes
that happen during elongation: reorientation wtrystals, partial dissolution and lateral

compression ofi-form crystals, increase of,frolume.

CONCLUSION
We propose that the additional equatorial reflectitoWAXD patterns of melt-spun P3HB fibers
arises from anon-crystalline mesophase (P,¢), which consists of highly-oriented molecules that
are mainly locally trapped betweerform crystals. In this model, the stretched P3H&8euules
in-between the crystals arrange in an irregular meanvith varying distance$Ve suspect that

this packing disorder arises due to different chmnformations and entangled chains. Under
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tensile strain,a-form crystals partially dissolve and a transforiorat from the 2 helix
conformation to stretched conformations takes pladeich leads to an increase of thg P
volume. We present major arguments from our thdnoagalysis of the WAXD and SAXS
patterns and cyclic tensile loading experimentsva as molecular dynamics simulations and
structure factor calculations that support the abpwoposed model. The arguments are the
following: geometrical considerations about a ranfenolecular distances (subsection 1.2) and
molecular dynamics simulations and calculationshef scattered intensity of a set of stretched
chains (subsection 1.3). Experimental results: biseo/e an increasing intensity of the peak
under tension due to partial dissolution form crystals (section 2), a coupled increase-
decrease of equatorial reflections (section 3)ngimay d-spacings of laterally compressed
form crystals under tension (subsection 4.2), lyigalersible intensity increase and decrease of
a-form crystals and Rin WAXD patterns under cyclic loading (section $fyyinkage and partial
dissolution ofa-form crystals under tension, as well as reverdilnlg spacings between crystals
under cyclic loading extracted from SAXS pattersec(ion 6).

We emphasize that the above described partial Idigso from o-form crystals into the R
phase has an influence on the overall fiber perfmece and may be a versatile scheme to
distribute local load in a fiber and increase tenstrength. It seems that thg, Blone does not
provide the high tensile strength by its mere presgbut the drawing procedure itself leads to a
homo-composite domain structure, which specificgllpvides a high tensile strength. An
intimate intermixture of oriented crystalline lahael @-form) and non-crystalline mesomorphic
regions containing highly oriented P3HB chains(Rcharacterizes this homo-composite
structure. The elastic,Ptakes up most of the tensile forces and is unifpmistributing these

forces between the rigid crystals.
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