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ABSTRACT: The crystalline structure of biodegradable poly(3-hydroxypropionate) (PHP) has been found to
quite depend on the molecular weight (MW) and crystallization conditions. In particular, a new crystal form (the
d-form) has been successfully prepared by casting and optimal melt-crystallizing the low-MW PHP. The
overwhelming growth of thé-form in the cast low-MW PHP possibly arises from the conformational restriction
of the intramolecular interaction between terminal groups. As for the melt-crystallization of low-MW PHP, the
temperature of the melf{) and the crystallization temperaturg)jointly decide the crystalline structure. It has
been found that th&-dependent nucleation of tlieform competes witlT.-dependent nucleation of the and
y-form and then plays a very important part in fie and T.-dependent polymorphism of PHP. With the aid of
the FTIR analysis and the conformation prediction, théorm PHP are suggested to take on theh2lix
conformation rather than the trans one adopted byytierm PHP. Interestingly, although th&form has a
higher melting temperature and is more thermally stable thayfloem, no phase transition can be detected in
the mixed phase of thé-form and they-rich phase during heating.

Introduction

Ever since the end of the past century,
the environmental consequences of the large accumulation o
polymer wastes have been much more enhanced, which greatl
promotes the research on the biodegradable poly(hydroxyl-
alkanoate)s (PHAS).Up to date, a considerable body of
knowledge on the enzymatic degradation of PHAs has been
accumulated. With the great efforts and close cooperation of
biologists and polymer scientists, the inherent relationships of
the enzymatic degradation of PHAs to some solid-state proper-
ties, e.g., crystalliniand crystal thicknesshave already been
well revealed. However, the crystalline structure of PHAs, which
possibly plays an important role in controlling biodegradation
behavior, has not received the attention it deserves so far.

Polymorphism is a widespread phenomenon in polymers.
Almost all crystalline polymers are polymorphic, if the precise
conditions for the crystallization of the different forms can be
found? It is for very long time that the research on the
polymorphism of polymers has been the hotspot of polymer
science’® As is well-known, the multiformity of the inter-
molecular order as well as the intramolecular order is quite
effective to decide the properties of polymeric materials, e.g.,
mechanical property, thermal property, electrical property,
solvent resistance, and detrimental for the possible application
and/or the processing of a polymeric material. However, few

systematic investigations have been carried out to evaluate the

polymorphism of biodegradable PHAs and its influencing
factors. Until now, only limited results are available on crystal
modifications of poly([R]-3-hydroxybutyrate) (PHB)poly(L-
lactide)? and poly(3-hydroxypropionate) (PHP).

We think that the biodegradable PHP is an appropriate
candidate to explore the relationship between the crystalline
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structure and the biodegradability, as PHP crystals show

the concerns aboutmultiformity in both the conformation and the chain packing.
ft has been reported that PHP chains can be regularized into
);he 2 helix conformation in thex-form gdin the trans one in

the g-form by drawing the cast films at appropriate temper-
atures’2b.dor in the solution-growry-form lamellar (differ in

the molecular arrangement from the projection to #ie
plane)8bc However, a careful and systematic investigation on
the spontaneous crystallization of various forms without loading
external force is still absent until now, which is certainly
indispensable to our next research on the biodegradation of PHP.
Moreover, it is the PHP that builds up the basic chemical
structural backbone of the typical bacterial poly(3-hydroxy-
alkanoate)s (P3HAS), one kind of the most important biodegrad-
able PHAs. As all the P3HAs share the same backbone, i.e.,
the 3-hydroxypropionate (HP) skeleton, in terms of chemical
structure, it is reasonable to expect that P3HAs will have
identical conformations in the crystalline state. In fact, almost
all the P3HAs can conform to the Relix and/or the trans in
the crystalline phase, as predicted by the conformational
calculatiorf and also well validated by related experimetitd?

It is quite expected that the research on polymorphism of PHP
would shed light on the crystallization and the biodegradation
of the bacterial P3HAs and further the relationship between
them.

In our previous work2we have studied the crystallization
temperature Tc)-dependent polymorphic crystallization and
melting of the high-molecular-weight PHP. In fact, besidgs

the molecular weight (MW) and the temperature of the melt
(Ty) have been found to greatly affect the crystallization of PHP,
part of which has ever been preliminarily reported by us most
recently!?® In this work, a careful and detailed investigation
will be carried out to reveal the effect of MW and on the
crystallization of PHP. It is found that a new crystal form is
favored in the low-molecular-weight PHP, which, to our
knowledge, has not been reported in the literature. For under-
standing the molecular weight aigdependent polymorphism
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Table 1. Characteristics of PHP Samples and Their Fractions
sample wit Mw Mn Y

code (%) (x107%  (x107®) Muw/Mp crystal ! PHP87k
PHP87K 100 2.13 0.87 245 B+y+0o
1 95 486 3.63 134 2z PHPTOK

wn)

f2 45.5 2.65 1.92 138 p+vy g
f3 21.5 1.78 1.29 138 fB+y = S,
f4 8.5 0.90 0.76 119 fp+y - Vi PHP56k
f5 5.5 0.66 0.56 117 pf+y+o
f6 9.5 0.29 0.15 193 ©
PHP70K 100 1.42 0.70 203 y PHP18k
f1 15.6 2.76 2.38 116 y : . i
f2 43.9 1.74 1.30 134 p+vy 15 20 25 30 35
f3 14.3 1.17 0.91 129 B+y 20 /°
f4 9.2 0.69 0.58 119 p+y . . .
5 59 0.50 0.45 112 B+y+0o Figure 1. WAXD patterns of cast PHP with different molecular
f6 111 0.29 0.24 120 o weights.
PHP56K 1.22 0.56 217 y+90
PHP18K 0.45 0.18 248 0 The transmission FTIR measurements were carried out on an

AIM-8800 automatic infrared microscope (Shimadzu Co., Kyoto,
of PHP, a variety of research techniques are used. The crystalapan). The transmission FTIR spectra with an accumulation of 16
structures of the cast PHPs with various MWs and those of the scans were in situ registered during the whole crystallization of
melt-crystallized ones melted at differefigs are studied by =~ PHPs and the subsequent heating at a constant rate@fndin.
X-ray diffraction and Fourier transform infrared spectra (FTIR). All the IR spectra are registered at a resolution of 2°&m
Further, the growth kinetics and morphology of various crystals PyLQeDrig?rI]t&% OII; éhc? iﬁ(sjpr/l;nn?éﬁ?I(CPZ:_ILEEé\llr%se?!]?p;iggger?o%oa
are S.‘tUd'ed by the polar_lzed optical microscopy (POM). Finally, Japan). The scales of temperature and heat flow at differer’lt heatiﬁg
the time-resolved FTIR is employed to investigate the molecular

- . ; rates were calibrated using an indium standard with nitrogen
origin of the Ti-dependent polymorphism during the crystal- 5 rging. All the DSC samples have a mass of about 5 mg and were

lization and subsequent melting processes. heated at a constant rate.
Experimental Section Results
Materials. Four kinds of chemically synthesized PHPs (PHP18K: 0-Form Crystal Favored in Low-Molecular-Weight PHP.
My = 1.8 x 10%, My/M, = 2.48; PHP56K: M, = 5.6 x 10%, My/ In Figure 1 are shown the X-ray diffraction profiles of the cast

M, = 2.17; PHP70K:M, = 7.0 x 10, Mw/My = 2.03; PHP87K:  fiims of four kinds of PHPs, which differ in the molecular
M, = 8.7 x 10, My/M, = 2.45) prepared by a ring-opening \yejght (MW) but have a similar film thickness of about 100
polymerization of propiolactone were kindly supplied by Tokuyama -, "The cast PHP70K shows three diffraction peaks witis 2

co. (-Jaﬁ an) and was purified from chloroform solution by precipita- at 22.%, 25.4, and 31.8, which can be assigned to the reflection
tion in heptane. of the y-form crystal®¢ For PHP56K, the diffraction peaks

PHP87K and PHP70K, at a concentration of 5 mg/mL, were h teristic of thev-f kened. indicati th
fractionated into six fractions with different molecular weights, C¢haracterstic ot tn€y-form are weakened, indicaling the

using chloroform (solvent) and heptane (nonsolvent). The molecular Feduction of they-form in the crystalline phase. In addiEion,
characteristics of PHP samples and their fractions, determined bythree new diffraction peaks can be clearly observed at°20.7
GPC, are tabulated in Table 1. 23.3, and 30.0, any of which, however, cannot be assigned to
Preparation of Polymorphic PHPs. The films of original PHPs  the reflection of any known crystal form, i.e., tie, -, and
and their fractions were prepared by casting their chloroform y-form, of PHP8 With further lowering MW to 1.8x 10%, only
solutions with an appropriate concentration, 10 mg/mL, on the these unknown diffraction peaks remain and are enhanced. It
Teflon dishes. The solvent was allowed to evaporate slowly at 25 js obvious that the three new diffraction peaks should correspond
°C for at least 1 week before measurements. It should be notedtg an unknown crystalline structure of PHP, denoted as the
here that all the cast s_a_mplt_es are prepare_d_at the same time a”@-form in our previous preliminary repoH®
under the same condition in order to eliminate the effects of - .
P As the cast conditions are strictly controlled to be the same
volatilization rate utmost. . i -
for all PHPs, the difference in the crystalline structure among

Melt-crystallized PHPs were compression-molded under 5 MPa .
at a given temperature for 3 min (containing 1.5 min of post- PHP70K, PHP56K, and PHP18K should be due to that in MW.

annealing without pressure), then quenched to a desired crystal-Namely, it seems that lower MW favors the growth of the
lization-temperature, and annealed for a time to generate polymor-0-form. However, as shown in Figure 1, both theandd-form
phic crystalline phase. Similar thermal treatments were also crystals can be detected in the cast PHP87K film, whose MW
employed to prepare the melt-crystallized polymorphic samples in is the highest among the four PHPs. In addition, the appearance
the POM, DSC, and the in-situ FTIR measurements but without of a weak diffraction peak at 22.%9ikely indicates that a small
pressure loading. amount of the3-form also reside in the cast PHP87K. Thus, it

Analytical Procedures. Wide-angle X-ray diffraction (WAXD)  seems hesitating to draw an unambiguous conclusion on the
measurements were carried out on a Rigaku RU-200 (Rigaku Co., effect of the MW. To explain this confliction, the molecular
Tokyo, Japan), working at 40 kv and 200 mA, with Ni-filtered Cu  characteristics are inspected for the four PHPs. As described in
gfasiids'gﬁ'gt‘ g S_C ghﬁ?fglgtgngf;%i?f were made betwegs 2 the Experimental Section, the distribution index of MW{

) M;) of PHP87K is 2.45, which is wider than that, i.e., 2.03, of

Microphotographs were recorded by a FUJIX digital camera HC- .
2500 3CCD (Fuii Film Co., Tokyo, Japan). The radius of growing PHP70K. .If the MW affects the crystalline structure of PHP,
the MW distribution also does.

spherulites was monitored by taking microphotographs during A ] ]
appropriate time intervals before spherulite impingement. Plotting ~ Molecular Weight Dependence in Fractionated PHPsThe

the spherulite radius against the growth time, a straight line was solvent-nonsolvent fractional precipitation was applied to
obtained. The average radial growth rate was taken as its slope. resolve PHP87K and PHP70K into a series of fractions %BV
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Figure 2. GPC curves of PHP87K, PHP70K, and their fractions.

21

different MWs. Figure 2 shows the GPC curves of PHP87K

and PHP70K and their fractions, where the area under the curve

denotes the relative weight content of the PHP sample if the
area corresponding to the original PHP is normalized. Obviously,
a shift of the retention volume toward larger value occurs for
fractions of both PHP87K and PHP70K in the order off12

< f3 < f4 < {5 < 16, revealing that the fractionation of MW
did take place, where the larger value of’ ‘in the fraction
code “” means the higher volume ratio of nonsolvent to
solvent used here. Moreover, in comparison with the PHP87K
and PHP70K, the GPC curves of their fractions are much
narrower, indicating the narrower distribution of MW for the
fractions than that for the original PHPs. Tabulated in Table 1
are the molecular characteristics of the original PHPs and their
fractions, measured by GPC. It is noted that most of the fractions
have a MW distribution below 1.4. Therefore, with using these
fractions, the effect of MW distribution on the crystallization
is expected to be negligible.

In Figure 3 are shown the X-ray diffraction patterns for
PHP87K, PHP70K, and their fractions. As expected, both the
crystalline structures of the PHP87K fractions and those of the
PHP70K fractions exhibit a monotonic dependence on the MW.
That is, with lowering MW, the crystallization of PHP occurs
in the y-, -, and finally thed-form. However, it should be
noted that thes-form crystal has never been the predominant
phase no matter how much the MW value of the fraction is.
The dependence of the crystalline structure of PHP on the MW
value is also listed in Table 1. It is clear that the critical MW
value for the phase inversion from the to S-form and that
from the - to thed-form crystal are around 1.9 1° and 5.6
x 10 respectively.

Dependence on Temperature of the Melt.The X-ray
diffraction profiles of the PHP18Ks crystallized at 70 after
melted at a variety ofss are shown in Figure 4a. When melted
at 130°C, the PHP18K should crystallize in jarich phase
contaminated by a small amount of tidorm, as it shows a
strong diffraction pattern characteristic of threform (22.2°,
25.4, and 31.8)8¢ and a weak one characteristic of {hrdorm

Macromolecules, Vol. 39, No. 1, 2006
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Figure 3. WAXD patterns of cast PHP87K, PHP70K, and their

fractions.
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Figure 4. (a) WAXD patterns of PHP18Ks crystallized at 70 after

being quenched from 130, 117, 114, and 110 and (b) those
crystallized at 70, 65, 60, and 30 after being quenched from
110°C.

(22.9).8ab.dwhen theTs is lowered to or below 117C, the
diffraction pattern of the,-form is much weakened, while that
of the 6-form (20.7, 23.3, and 30.0) emerges and will be
enhanced with further decreasing theOnce theT; is lowered
to 110°C, thed-form is found to be overwhelmingly prepon-
derant in the crystalline phase.

Dependence on Crystallization TemperatureThe effect
of the crystallization temperatur@d) on the crystalline struc-
tures of PHP18K melted at 11 was also investigated. IEDV
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Figure 5. Optical microphotographs of spherulites in PHP18Ks
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crystallized at 70C after quenched from 110, 114, 117, and 280

Type | and Il spherulites correspond to théorm and they-rich phases, 0.3 T T : T
respectively. ¢
70 0.2 g
60+ 0.1
50 :
e 0-019:& =~
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3 301 "t 2o 8
S IF. T2 x g 8 g =
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0+ ; ; ; Wavenumber / cm™
0 100 2'00 30_0 400 500 Figure 7. (a) Time-resolved FTIR spectra in the 156860 cnT? range
Time / min of PHP18K isothermally crystallizing at 7CC after being quenched

Figure 6. Radius of type | §-form) and Il (-form) spherulites growing from 110°C. (b) Second derivatives of the spectra registered at the
in PHP18K at 70°C after being quenched from 12T as a function beginning (0 min) of the crystallization and after crystallization of 160
of time. min. (c) Difference spectra calculated by subtracting the initial

amorphous spectrum from (a).

Figure 4b are the X-ray diffraction profiles for PHP18Ks
crystallized at a variety ofcs from 30 to 70°C after melting
at 110°C. Obviously, with decreasing thie from 70 to 60°C,
the crystalline structure changes from an almost ase . . .
to ay}/rich phase. However, v?/ith further decreasigzﬁao I and I, respectively, with a difference by a factor of almost
30 °C, the-form crystal becomes dominahg 1.65.

Spherulite Growth and Unique Morphology. A POM To clarify the origin of the different spherulites, an infrared
examination was carried out to investigate the origin ofthe ~ Microscope is used. An appropriate area of the square aperture
dependent polymorphism. In Figure 5 are shown the spherulite for the registration of FTIR spectra is set to match the size of
morphologies of the PHP18Ks melt-crystallized at’@after ~ the spherulite. It is found that the IR spectra of the type | and
melted at variousTys. It is found that the spherulite density !l spherulites (not shown) are very different, which are the same
decreases drastically with increasing fRefrom 110 to 130  as those of thé-form and they-rich phase, respectively.
°C, indicating the nuclei density quite depends on the residual  Crystallization of §- and y-Form. In Figure 7a are shown
thermal history. Possibly, the growth of spherulite possibly the FTIR spectra for thé-form PHP registered at 7 in situ
initiates from some residual crystal fragments or ordered chain during the isothermal crystallization of the PHP18K quenched
structures surviving at low;s. from 110°C. Obviously, with the crystallization proceeding,

The most interesting results found here is that two types of many new bands appear and are further enhanced in the-1500
spherulites grow synchronously at 7G in the PHP18K film 850 cnt?! region. However, the IR absorption bands severely
guenched from 117C, as shown in Figure 5. They have very overlap with each other, especially for those of the amorphous
different morphologies, although both exhibit a radially aligned PHP, making it difficult to accurately define these IR bands.
sheaflike texture and a negative birefringence. In detail, one Thus, the second derivatives of the spectra registered at the
population of spherulites is compact and clear (type I), while beginning (0 min) and after the crystallization of 160 min have
the other one is very coarse and open (type Il). The radial growth been calculated, and the results are shown in Figure 7b. It is
rates of two types of the spherulites can be measured viaclear that the amorphous PHP shows distinctive IR absorptions
monitoring the growth of spherulite. In Figure 6 are shown the at 19 positions, i.e.,1474, 1464, 1458, 1449, 1428, 1407, 18%(,

plots of the spherulite radius of the type | and Il as a function
of time. From Figure 6, the growth rates, i.e., the slopes of the
plots, are calculated to be 0.104 and 0.16%min for the type
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band. As noted, the 1076 cthband is indeed weakened rather

than enhanced during crystallization, although the extent of
1400 1300 1200 1100 1000 900 800 change is not significant. With carefully inspecting the second
derivative of the amorphous spectra, it is found that the line

) ) . shape of the 1071 cm band is not symmetric; i.e., a shoulder
Figure 8. (a) Time-resolved FTIR spectra in the 150060 cnT?! range - . - .
of PHP18K isothermally crystallizing at 7C after being quenched at about 1076 crr seems to exist on its high-frequency S'de'
from 130 °C. (b) Second derivatives of spectra registered at the On the other hand, it is also noted that the 1076 €band it
beginning of the crystallization (0 min) and after the crystallization of is greatly sharpened during the crystallization. Combined all
800 min. (c) Difference spectra calculated by subtracting the initial the facts, it is suggested that there are some conformational
amorphous spectrum from (a). similarities between the PHP chains at amorphous state and

those in they-form, as further confirmed by the enhancement
1364, 1343, 1326, 1288, 1271, 1260, 1225, 1163, 1071, 1036, the two amorphous bands at 1474 and 1464%cturing the

1008, and 980 crit. Therefore, in the spectra of thieform crystallization

PHP, except for these amorphous bands, the other ones at 1458, ' .

1409, 1400, 1389, 1375, 1222, 1208, 1021, 1010, 997, and 933 ' general, no common point can be found between the IR
cm~! should be of the crystalline origin. For the aim of the spectra .Of thed- and the ?/-form, suggesting tr.leé-form.
confirmation, the difference spectra have been calculated bydlffer_entlates from the-form in the chain conformation, as will
subtracting the initial amorphous spectrum from the time- P€ discussed later.
resolved spectra, as shown in Figure 7c. Itis reasonable to note As indicated by the X-ray and the POM results, when
that all the crystalline bands are enhanced with the time elapsing.PHP18K crystallizes at 78 after melted at 117C, the growth
Interestingly, the amorphous band at 1458 ¢im also enhanced  Of they-rich phase will suffer the competition from tideform
during the crystallization. In addition, no distinctive weakening crystal. Then, an in-situ IR observation was carried out here to
but some distinctive sharpening has occurred for the amorphousfurther clarify their competitive growth. The 933 ciband of
band at 1271 cmi. Both results likely suggest that the thed-form and the 806 and 801 crhbands of they-form!ta
amorphous chains take on the conformation similar to that of were monitored through the crystallization. For clarity, normal-
the crystalline chains; i.e., the two bands are possibly charac-ized intensityHs, is defined agH; — Ho)/(H3, — Hg), whereHo

109 a 800 min 1.0 .“.5!55“!5“555,g.-ungasn“u
> u" 000
0 min ‘w 0.8 = 000,00000000°00% 00c®0000®
c .5 ...oc . .
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0.00 1% ¥/ by % N /\f A e Figure 9. Normalized intensities of the splitting pairs at 806 and 801
S 8 cm! and that at 933 cni as a function of crystallization time for
i NE S PHP18K isothermally crystallizing at A« after being quenched from
2 117°C.
crystallin
N /\ /V\ ] the bands can be divided into the amorphous and the crystalline
0014 i bands on the origin. Unfortunately, at 7C, the amorphous
PHP18K quenched from 13@ shows the same IR absorption
. : . . : as the one quenched from 110. That is, no IR evidence can
0.14i€ be found to indicate the difference in the thermal history between
them, possibly because the difference is too small to be detected
\ by IR. The bands at 1434, 1427, 1391, 1371, 1357, 1213, 1201,
Al 1076, 1017, 1006, 960, 806, and 801 ¢mwhich are absent
0'0-‘*7:Av;‘ = &7 in the spectra of the amorphous PHP, are reasonably attributed
S U v Y3 to the vibration modes of the crystalline PHP chains. The
=% 5 NI V =7 assignments are further confirmed by the difference spectra
014 3 g 3 shown in Figure 8c, except for the assignment for the 1076'cm
. s y S

1164

-1
Wavenumber / cm

teristic of the specific conformation adopted in thdorm. and H; represent respectively the peak height of the specific
Previously, the in-situ IR results on the crystallization of the band at the beginning of crystallization and that after crystal-
y-rich phase at 65C have been discusséttIn this research, lization for a time t”, and Hj and HY, represent respectively

a more detailed analysis on the IR absorption is carried out for the peak height of the standard band (the 933 cband for

the y-form in comparison with thed-form. In Figure 8a are itself or the 806 cm! band for both itself and the 801 crh
shown the FTIR spectra of therich PHP registered at 7CC band) at the beginning of crystallization and that after comple-
in situ during the isothermal crystallization of PHP18K quenched tion of crystallization. In Figure 9 are shown the plots of the
from 130°C. Similarly, from the time-resolved spectra and the normalized intensities for three bands as a function of the
second derivatives of the spectra registered at initial (O min) crystallization time. Obviously, the growth of thieform is

and after the crystallization of 800 min shown in Figure 8b, initiated much earlier than that of therich phase, which reerct&DV
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70 75 95 Figure 11. Decaying rates of crystalline bands at 933-¢rand/or

) the splitting pair at 806 and 801 cthas a function of temperature
Temperature / °C during heating the PHP18K isothermally crystallized at°@after
Figure 10. (a) Normalized intensities of crystalline bands at 933tm  being quenched from (a) 110, (b) 130, and (c) 2C7 Corresponding
and/or the splitting pair at 806 and 801 Thmas a function of DSC heating thermograms are inserted for comparison.
temperature registered during heating the PHP18K isothermally crystal-

lized at 70°C after being quenched from (a) 110, (b) 130, and (¢) 117 thermogram. In Figure 1tec are shown the plots of the
C. decaying rate for thé-form, they-form, and the mixed phase,
oo . . L . which are calculated from Figure 10a, respectively. In
their difference in the nucleation, and is in good accord with addition, the corresponding DSC scans is included in each part
the POM results. of Figure 11 for comparison. Obviously, the plot of the decaying
Melting of o- and y-Form. The melting behavior of the  rate keeps accordance with the DSC heating thermogram.
y-rich phase and thé-form crystal was also monitored by As shown in Figure 11a, the heating of théorm displays
tracing respectively the change of the 933 ¢rband and those  two melting peaks at about 72 and 83. It is found that the
of the 806 and 801 cmt bands. In Figure 10 are shown the intensities and positions of the two melting peaks are Begth
plots of the normalized intensity of the 933 chband and/or  and time-dependent (not shown), and no phase transition can
those of the 806 and 801 crhpair as a function of temperature, pe detected by FTIR during the melting, possibly suggesting
which are registered during the heating scans of dHerm both are morphology-related. As for the melting of theich
(crystallized at 70C after melted at 116C), they-rich phase  phase shown in Figure 11a, it display three melting peaks, i.e.,
(crystallized at 70°C after melted at 130C), and the mixed two sharp ones at 73 and 8C and a wide one in the 8490

phase (crystallized at 7 after melted at 117C). It is found °C region, which, in our previous wofk?are attributed to the
that the intensity of the 933 cm band decreases quickly in  meltings of the thin (or imperfect) phase, the major one, and
the 71-73 and 82-84 °C region, where thé-form is melted. the melt-recrystallizeg-form, respectively.

In contrast, the paired bands of theich phase decay rapidly As shown in the DSC heating thermogram inserted in Figure
in the 72-74 and 79-81 °C region, where the-form is melted. 11c, the melting of the mixed phase is very complex, which

Similar to our previous work!2a definition of the decaying  shows four melting peaks at 73, 80, 83, and’@0Fortunately,
rate for IR band is introduced here to describe the melting as shown in Figure 11c, the melting of the mixed phase can be
behavior more clearly. The decaying rate is defined ldg d  simply resolved into those of thie andy-form via monitoring
dTe, where dHs and d, are respectively the small changes of the decaying rate of the 933 cfband and those of the 806
the normalized intensity and the temperature with heating. and 801 cm? pair. Then, the multimelting behavior of the mixed
Normally, the change of intensity of the crystalline band phase can be explained reasonably. In addition, we compare
describes that of crystallinity. Therefore, the plot of the decaying the melting behavior of thé-form and they-rich phase in the
rate of the crystalline band is comparable to the DSC heating mixed phase with that of the pure phase and find no differe&gv
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] words, the Gibbs free energ@. = H. — TS, of thed-form is
1504 = B:ffmm lower than they-form, indicating the higher thermal stability
i y-rorm
140 — non-linear of the d-form than they-form.
| --- linear
130 Discussion
1204 £ 21 Helix Conformation in d-Form. In our previous worka
O 1104 g a tentative assignment has been made to clarify the IR spectra
e ] 7 g I of the y-form PHP, which is based on the reports on PHP
~" 100+ ///" | z 3 and with referring to those on polyethylene (PEpoly(ethylene
0] % = g E glycol) (PEG)¥ the related polyesters with the ethylene glycol
] - 2 unit,’ poly(e-caprolactone}® etc. A similar assignment is also
80 - S carried out here for the IR absorption of theform as
70_‘ g = following: the crystalline bands at 1458, 1409, and 1400%m
————r——— those at 1389 and 1375 cy those at 1271, 1222, and 1208
70 80 90 100 110 120 130 140 150 cm™1, those at 1022, 1010, and 999 chand that at 933 cnt
T /°C are attributed to the CHbending, the CH wagging, the
c C—0O-—C stretching, the €C stretching, and the GHocking,

Figure 12. Extrapolation of melting temperatures with crystallization  respectively. These vibration modes are known to be very

temperatures, analyzed with the linear and nonlinear approaches forgansitive to the conformation adopted by polymer ch&in

the initial lamellae of the)- andy-form. . .
Therefore, the fact that the IR spectrum of #hdéorm is not

. . . the same as that of theform at all unambiguously indicates
It seems that thé-form and they-rich phase in the mixed phase that thed-form PHP does not take on the same trans conforma-

?hre mgltad |skcl)lattadly, l.e., no phase transition occurs betweention as they-form one. The previous conformational analysis
€m dunng heating. predicted that PHP and the- or -substituted PHPs would
Thermal Stability of Two Crystals. It would be helpful for oy qtajlize in either the 2helix or the trans conformation

us to understand the polymorphism of PHP if the equilibrium 5 te natively. Up to date, this prediction has been well validated

melting temperatureT() of the two phases can be compared. \ithout exception by all the research on PHPHBS poly-

Recently, the validity of the linear Hoffmar\Weeks extrapola- pivalolactoné®2-¢ poly(a-methyl-o-n-propyl-3-propiolactone}ode

tion to determinéﬁ] has been critically reviewed by Marand et and polyf-methyl-a-ethyl3-propiolactone}°e-9 As a result,

al1? Their results indicated that, first, the linear extrapolation it js reasonable that the PHP chains in théorm are 2 helix

is not justified on the theoretical grounds, as it holds only at conformed:; i.e., GEO)—CH,—CH,—O—C(=0) segments adopt

extremely low supercoolings, which are not experimentally the GGTT conformation.

accessible; second, the linear extrapolation leads to underestima- 5 getailed IR analysis would shed more light on the

tion of Ty, and overestimation of the thickening coefficient. conformation of the-form PHP. First, let us focus on the GH

Thus, the nonlinear extrapolation developed by Marand €t al. - pending vibration, which is sensitive to the conformation of

is applied here. In this experiment, tide and y-phase are  ethylene group. For PEPEG42poly(ethylene 2,6-naphthalate)

isothermally formed respectlvely at 704 °C after meltlng at (PEN)52< and poly(ethylene terephthalate) (PEthe CH
110°C and at 68-72°C after melting at 130C. The f2 fraction  pending of the trans ethylene group and that of the gauche one
of PHP70K 'is used to prepare theform instead of the  are calculated and/or observed to show IR absorption in the

PHP18K, as the higher MW favors the growth of tidorm 1485-1470 and 14651455 cnt! regions, respectively. It is

crystalie . . . then reasonable to attribute the 1474 and/or 1464*dvand of
The de_ta|ls about the nonlinear approach will not be |nv_olved the y-form to the trans-conformed ethylene group. In contrast,
here, as it has been well addressed in many wbrita avoid the appearance of a GWibration band at 1458 cm in the

complications in the analysis caused by thickening, we used spectra of thé)-form likely indicates that the ethylene group is
the melting temperature of initial (nonthickened) lamellae, which gauche-conformed in thé-form.
is obtained by extrapolating the measured peak melting tem- Normally, the CH wagging modes of the gauche and
peratures to zero crystallinity. The extrapolated melting pointS the trans-conformed ethylene group of PEG induce respec-
of thed- andy-form are .plotted asa function of tig value in tively two IR absorption at about 1360 and 1340 érHa In
Figure 12. For comparison, the linear HoffmaWeeks plots  yqgition, the corresponding gauche and the trans bands are at
are included. TheT), values determined by the linear and 1370 and 1337 cnt for PENS2-< and 1365 and 1337 crh
nonlinear Hoffmar-Weeks plots are respectively 104.9 and for pET152 Thys, the 1375 crit band of thed-form and the
134.7°C for they-form, and 115.7 and 153°€ for theo-form. 1343 cnr! band of they-form possibly reflect respectively
Itis quite clear that the linear and nonlinear extrapolations lead the gauche ethylene in thiform and the trans one in the
to significantly different estimates o'FﬂV the latter being about  5-form.
30°C higher. _ _ Furthermore, the Cirocking is also quite dependent on the
However, theTy, of the 5-form is always higher than that of  hackbone conformation. The GGT-conformed ethylene glycol
the y-form, whether the linear or nonlinear extrapolation is of PEG is computed and observed to show & @&tking band
employed. On the basis of the thermodynamic equilibrium, the at around 920 crt. The corresponding gauche rocking bands
chemical potentials of polymer repeating unit in the crystal and for PENL5a¢ and PEt52f are found to be around 930 ci
in the _melt must be equal at equilibrium. The melting temper- Namely, the presence of the 933 chband possibly implies
ature is defined as the ratio of the heat of fusiai, to the the gauche conformation of the ethylene group indkHerm.
entropy of fusionASy (i.e., To, = AHW/ASy). As a matter of  On the other hand, the trans-conformed ethylene glycol gives
fact, the higher value ofJ, in the 6-form may be attributed to  birth to the 848 cm?! band for PE¥2and the 813 cm band
the lower value oAAS;, and/or the higher value &H,. In other for the a-form (all-trans) PENE>2°Thus, the absorption arour}gDV
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804 cn1! of they-form possibly arises from the trans-conformed
PHP chains. Actually, the GHocking absorptions of thg-form
around 804 cm! split into two bands at 806 and 801 chdue

to the strong intermolecular interaction in tpeform.12 The
crystal-field splitting possibly produces another pair of bands
at 1434 and 1427 cm for the y-form.112

As previously indicated, the €0 stretching band at 1271

A New Crystal Form of Poly(3-hydroxypropionate01

of this change may be different, it may destabilize some chain
conformation or some kinds of packing compared to the other
ones. Possibly, the competition between the growths of poly-
morphic crystals depends more on the change oﬂ'ﬂpdhan
that of the mobility, as the contribution from the change of the
mobility to the growth of each crystal is normally similar. In
this way, the less thermodynamically accessible but kinetically

cm~1 arises from the amorphous PHP. It is not strange at all to more stable form possibly crystallizes faster in the polymer with

note its absence in the IR spectra of fhéorm. However, it is
really notable that the 1271 crhband is still present in the IR
spectra of the-form, which, as shown in Figure 7, is almost

lower MW, making its amount preponderant over the more
thermodynamically accessible one, which seemingly happens
in poly(decamethylene oxid€y and poly(pentene-1f9On the

not weakened but greatly sharpened with crystallization. In other other hand, from a thermodynamic viewpoint, as the chain ends

words, the 1271 crmt band reflects the conformation adopted

will hardly enter into the crystal, the chain ends, with decreasing

in the 6-form. As the isotactic PHB shares the same backbone MW (increasing relative amount of chain ends), will tend to
with PHP, the backbone vibration of PHB and PHP should show accumulate preferentially at the crystallir@morphous interface

similar IR absorption when they conformed similarly. It is
reported that the €0 stretching bands at 1279 and 1228¢m
are characteristic of the; helix conformation for PHBY In
this way, the presence of the twe-© stretching bands at 1271
and 1222 cm! in the IR spectra tends to indicate that the PHP
chains adopt the;2helix in the o-form.

Actually, the difference of the conformation explains only
partially the spectral difference between the two crystal forms.
The packing way in the crystal also affect the IR absorption

and will perturb the crystalline morphology much less in a
situation with the large crystal surface per ch&fhNamely,
the chain ends are viewed as the defects similar to the
comonomeric units and the stereoirregular segments in polymers.
As revealed by us, thg-form crystal, as a kinetically stable
phaseildis favored in both the melt-crystalliz€@and the cast
PHPs with lower MW. In addition, the lamellar thickness of
the melt-crystallizegs-form PHP is similar to that of the melt-
crystallizedy-form PHP, as indicated by the small-angle X-ray

and is possibly responsible for the appearance of new bands inscattering results (not shown here). Thus, it seems reasonable

the most of cases. In our previous wéiRthe split absorptions
around 1430 and 804 crhare attributed to the tight packing
of PHP chains in the-form. In this research, with the aid of

that the growth of thg-form crystal in PHPs with low MW is
due to the kinetic force rather than the thermodynamic one.

As to thed-form crystal, it is also of interest that it only

the difference spectra and the subtraction spectra, the crystalgrows in the PHP with MW below 5.6 10% Unfortunately,

field spilitting is also clearly observed for the @iWagging mode
at 1365 cm?, which splits into 1371 and 1356 crhbands,
and the G-C stretching band at 1008 crh which splits into
1017 and 1006 cmt bands. For thé-form, no new bands and

at anyT,, we cannot detect any evidence showing the presence
of the d-form crystal in the melt-crystallized PHP with low MW
after melted at above 13, suggesting that the kinetic force

is not or only partially responsible for the formation of the

thus no IR splitting have been observed in the same vibration §-form. The casv-form holds a similar lamellar thickness to

region, possibly indicating that théform is not packed so
tightly. However, the two €C stretching bands at 1010 and
1022 cntt and the two CHwagging bands at 1409 and 1400
cm! are really look like pairs of bands corresponding to one
single amorphous band. As the PHP chains adopt theex
conformation in the)-form, the band pairs possibly arise from
the intramolecular helical splittin}.

the casty-form (not shown here), which also likely excludes
the possibility that the formation of théform is due to the
large crystal surface per chain of théorm. In fact, the absence

of the 6-form in the random poly(3-hydroxybutyrats-3-
hydroxypropionate) with very low content of 3-hydroxybutyrate
units?® again excludes the defect effect of the end group as a
possible reason.

Several amorphous bands are found to be characteristic of However, we still speculate that the formation of théorm

the crystalline structure, which possibly indicates the corre- crystal is related to the terminal groups of PHP. As revealed by
sponding group in the amorphous phase adopting the sameNMR (not shown here), our PHP samples hold two kinds of
conformation as that in the CrySta”ine phase. That iS, the terminal groups, i_e_' the Carboxy”c acid and the hydroxy|
amOfphOUS Clleibl'ation band at 1458 cm and those at 1474, groups. Similar to the hydroxy] groups of p0|y(ethy|ene oxﬁﬂe),
1464, and 1343 cnt possibly arisen from the gauche- and the  those terminal groups of PHP likely interact with each other
trans-conformed ethylene group in the amorphous phase,yia the hydrogen bond, especially in the low-molecular-weight
respectively. In addition, the amorphous-O stretching band ~ pHPp. |t is expected that the intramolecular association is more
at 1271 cm? possibly corresponds to the TT-conformed favorable than the intermolecular association because of the low
—CH,—0O—C(=0)~— in the amorphous phase. concentration range in this research and the use of the
Driving Force To Form ¢-Form. i. Cast PHP. It is known chloroform (good solvent for PHP). In fact, the solvent is very
that with decreasing the MW value the crystalline structure of important for the formation of thé-form. Our most recent result
the cast PHP changes in the orderjeform, s-form, and indicates that the good solvent benefits the formation of the
o-form. However, the fundamental issue of the driving force d-form (not shown). The intramolecular association may prevent
leading to the MW-dependent polymorphism, and especially the the chains from adopting some conformation or trap the chains
formation of thed-form, still remains open. into some specific conformations during the crystallization. The
During the past several years, the influence of MW on the restrictive effect of the hydrogen bonds on the crystallization
crystallization of polymers is intensely concerriéds usual, during the precipitation from the concentrated solution renders
the MW-dependent polymorphism arises from either the kinetic it of interest to clarify the effect of the hydrogen bonds on the
reason or the thermodynamic one. From a view of kinetic, a polymorphism.
decrease of MW, resulting in the increased chain mobility and  ii. Melt-Crystallized PHP. In Figure 13 are shown the DSC
the depressed?n, possibly increases or decreases the crystal- cooling scans at 10C/min for PHP18Ks melted at various

lization rates of the various crystal forms. But, since the extent temperatures. It is obvious that the low&r upshifts theCDV
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at 1 °C/min after melting at 117C (not shown). It obviously
110°C indicates that the residual heat-sensitive nuclei can nucleate the

‘ﬁm o-form very effectively. In addition, all thé-form spherulites
are found to nucleate almost simultaneously, and no additional

. nucleation occurs for thé-form during the subsequent process,
117°

suggesting that the nucleation of theform is not time-
dependent and hence heterogeneous. Thus, it is not strange to
120°C note that all the)-form spherulites have almost the same size
jr—"‘ before impingements. In contrast, the nucleation ofjthech
w is continuous and time-dependent. In addition, as revealed by
the in-situ FTIR (not shown), the induction time for the
10 20 30 40 50 60 70 crystallization of they-form after melting at 117°C is

comparable to that after melting at 130, indicating that the
nucleation of they-rich is insensitive to the residual heat-

<Exo Endo>

Temperature / °C

Figure 13. DSC cooling scans for PHP18Ks melted at 110, 114, 117, sensitive nuclei (denoted as thenuclei from now on).
120, and 13CC.

It is reasonable that the residual heat-sensitive nuclei make a
difference between the nucleations of the two kinds of crystals,
as the heat-sensitive nuclei are quite possibly some residual
chain orders of thé-form. However, it is still amazing to note
that the heat-sensitive nuclei can withstand such a high
temperature (117C), which is about 3#C higher than the
melting temperature of thé-form (83 °C). The residual chain
orders should not be partially melted lamella but at most some
small crystal fragments. In fact, the residual chain orders should
be very short, as it cannot be detected by FTIR (Figures 7 and
8) at all. Moreover, it is noted that the self-nucleation domain
of the cast PHP18K (not shown), where no partially melted
lamella exists, almost locates in the safpeange as that where
a strongTi-dependent polymorphism is found.

The density of such-nuclei is dependent only on tAgvalue
and the annealing time. In other words, the density of the
d-nuclei should be similar after melting at the samedor the
same time and lead to the fixed nucleation of idorm
independent of th&. value. On the other hand, the nucleations

80 pum
-

S0min 4hr

B0 pm 80 pm

12hr of the y- and/org-form would increase with decreasifigfrom
Figure 14. Optical microphotographs of spherulites growing in 70 °C.}*2 Thus, the competition between the nucleations of
PHP18Ks at 70C after being quenched from 12T. Type | and Il various crystals does play an important role in Teelependent

spherulites correspond to theform and they-rich phases, respectively. polymorphism of PHP.

Kinetically Favored But Thermally More Stable. Nor-
mally, the less thermally stable phase, with the introduction of
its specific nuclei, can preponderate over the thermally stable
one even at a very high temperatéfdhus, it is not strange at
d all to find that thed-form, the thermally more stable phase,

becomes the major phase via heterogeneously nucleating on the

residual heat-sensitivinuclei. However, it is really remarkable
t that no evidence could be available to indicate the spontaneous

growth of thed-form after melting at 110C implies the heat- melt-crystallization of thed-form without thed-nuclei. That
sensitive nuclei would intend to nucleate théorm rather than is, once the)-phase is melted at or above 120, noo-form

- or - 1 i
they- andg-form. In addition, it is noted that once the PHP18K but they _orﬁ form can pe formed:2Until now, no reasonable
is melted at 13C°C, no o-form is formed during the melt- explanation can be available to be responsible for the absence

crystallizationt1a suggesting that thé-form is only nucleated of the spontaneous nucleation of the thermally most stable phase,

by the heat-sensitive nuclei. On the contrary, the nucleation of i.e., theo-form, during the melt-crystallization.
the y-rich crystal shows an inverse dependence on The
suggesting that the- and 5-form cannot be nucleated by the
heat-sensitive nuclei at all. A new crystal form, i.e., th&-form, has been prepared in

In fact, the different nucleation mechanisms of crystals are the cast and the melt-crystallized low-MW PHP by optimizing
also reflected by the competitive growth of two crystal forms. the crystallization conditions. It has been found that the
In Figure 14 are shown the POM photographs of the PHP18K crystalline structure of cast PHPs quite depends on the MW.
guenched to 70C after melted at 117C, which are arranged  With decreasing the MW, the crystalline structure of cast PHPs
in the crystallization time. The latter two photographs were taken changes on the order ¢f, -, ando-form. The kinetic force
from a different place in the same sample. As shown in the and the restrained conformation by the intramolecular interaction
first two photographs, thé-form nucleates much earlier than are proposed to give birth to respectively ffreando-form in
the y-rich (about 50 min earlier), as is also evidenced by the the low-MW PHP. For melt-crystallized low-MW PHPs, both
corresponding in-situ IR (Figure 9) and the DSC cooling scan T; andT. are found to be quite effective factors to control th&'BV

crystallization temperature, indicating the density of the heat-
sensitive nuclei increases with decreasifiig which is well
accordant with the POM results. However, such heat-sensitive
nuclei cannot survive at the temperature as high as°@Q@&s
the PHP18K hold the same crystallization kinetics after melte
at anyT; above 120°C.

As shown in Figure 6, thé-form grows much slower than
they-rich crystal at 70C. Thus, the overwhelming preponderan

Conclusion
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crystalline structures. A low; and a highT, favor the formation
of the d-form, a highT; and a highT, favor the formation of
they-form, and a lowT, favors that of thgg-form. The complex
T¢- and T.-dependent polymorphism of low-MW PHP is

suggested to be related to the different nucleation mechanisms

of the -, v-, and 6-form. The o-form only heterogeneously
nucleates on the heat-sensitiwenuclei, whose density only
relies on theT; under a fixed annealing time. In contrast, the
nucleation of the mixed phase of thg and g-form is
T-dependent and not sensitive to thauclei. TheTi-dependent
nucleation of the)-form competes with th@.-dependent one
of the other polymorphic crystals and plays a very important
part in theTs- andT-dependent polymorphism of low-MW PHP.
Being different from the trans-conformed PHP chains in the
y- and g-form, the PHP chains in thé-form have been
suggested to take on the Belix conformation, i.e., the most
usual one for the crystalline P3HAs, by the FTIR analysis and
the conformation prediction. With in-situ tracing the confor-
mational bands, the multiple-melting behavior of thdorm
and the other polymorphic crystals have been clarified. It is
found that thed-form and they-rich phase, which coexist in

one sample, are melted without affecting the structure evolution

each other, although thieform is found to be thermally more
stable and have a higher melting temperature tharytfegm.
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