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Heterogeneous nucleation and self-nucleation
of poly(p-dioxanone)
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The changes in nucleation behaviour upon addition of Boron Nitride (BN), Talc and
Hydroxyapatite (HA) to poly(p-dioxanone) (PPDX) were monitored by DSC and Polarised
Optical Microscopy (PM). Self-nucleation DSC studies evidenced the existence of the usual
three self-nucleation domains depending on the self-nucleation temperature (Ts) employed.
By far the best nucleation agents for PPDX were its own self-nuclei and this result was
independent of the presence or absence of any of the other nucleating agents employed,;
once Domain Il was reached, self-nucleation dominated the nucleation process. BN and
Talc were able to nucleate PPDX, thereby increasing its nucleation density, its dynamic
crystallisation temperature upon cooling from the melt (T;) and its enthalpy of
crystallisation (AH;). BN was a better nucleating agent than talc. HA on the other hand
caused an “antinucleation” effect on PPDX characterised by a decrease in its nucleation
density, a decrease in its T; and in AH.. Isothermally crystallised PPDX exhibited large
banded spherulites whose morphology changed as a function of crystallisation
temperature from single banded structures with a very clear Maltese cross to double
banded spherulites. PPDX also shows a change in growth regime upon increasing
crystallisation temperature (from Regime lll to Regime 1) according to the kinetic
interpretation of growth rate data. BN did not cause any significant modification of the
spherulitic growth kinetics (in Regime Il) except for a small decrease in surface free energy
of PPDX crystals (o.). On the other hand HA was found to increase the spherulitic growth
rate and the overall crystallisation rate of PPDX, this increase was caused by a degradation
process experienced by the polymer during the treatments involved in isothermal
crystallisation that was only present in the samples with HA. It is postulated that the
interaction between the phosphate groups on the surface of HA and the ester groups of
PPDX are responsible for both the antinucleation effect and the catalysis of the hydrolytic
degradation of PPDX. © 2000 Kluwer Academic Publishers

1. Introduction pared to the aforementioned polymers [1, 3, 7]. This
Polydioxanone (PPDX) is a biodegradable syntheticcan lead to a longer retention of properties as a func-
polymer with numerous medical applications. For ex-tion of time. There is very limited information on the
ample, PPDX has received the approval of the Foodhucleation, crystallisation and morphology of PPDX
and Drug Administration (FDA) to be used as suturein the open literature [8, 9] (in contrast for instance
material in gynaecology [1]. PPDX degrades by hy-with PLLA [10-13]). Such information is very valuable
drolytic processes, generally resulting in low molec-since the degradation rate of PPDX will depend on its
ular weight molecules, which can be metabolised omorphology and crystallinity as well as on its chemical
bioabsorbed by the body [1-3]. PPDX has been usedtructure. As far as the authors are aware, the influence
widely as a biodegradable suture material [3, 4]; thuspf nucleating agents on the crystallisation behaviour of
the presence of an ether bond and an additiona-®H PPDX has not been reported.

its molecular structure confer on PPDX greater flexi- In a previous study [9], the crystallisation and
bility in comparison to the other two frequently used spherulitic morphology of PPDX was studied.
biodegradable polymers, Poly(glycolic acid) (PGA) Polarised Optical Microscopy (PM) revealed that
and Poly(L-Lactic Acid) (PLLA) [1, 5, 6]. Further- isothermally crystallised PPDX exhibits large banded
more, PPDX shows lower degradation via hydrolysis,spherulites whose morphology changed as a function
due to the lower concentration of ester groups, as comef crystallisation temperature from single banded well
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developed structures with a very clear Maltese cross twvas monitored with a contact thermocouple. The ho-
double banded spherulites with a more granular texturenogeneity of the dispersion was checked by Polarised
The morphological change occurred at a specific narOptical Microscopy and found in most cases to be very
row temperature range that may correspond to a Regimgood.

Il to Regime Il transition according to the Lauritzen

and Hoffman analysis of spherulitic growth rate data.

Nevertheless, the dependence of the type of banding 1 pgarised optical microscopy (PM)

with crystallisation temperature may also be a consetpq morphology of the PPDX films was studied with
quence of a_change in elther_crystal stru_cture_orgrowttgl Zeiss MC-80 polarising microscope equipped with
axis. Avrami theory was applied to calorimetric overall hot-stage Linkam TP-91 and a camera system. Thin

cr_ystalline conversio_n data and good fi_ts were obtaine elt-samples were prepared between microscope cover
with exponents ranging from 3 to 4 as isothermal CrYSslips; they were melted at 140 for 5 minutes and

tallisation temperature was increased from 50t0XD0  .4ad at 90C/min to the required crystallisation tem-

corrobo_rating a chgnge from instant_aneous_to Sporadiﬁerature To) in the hot-stage. Spherulitic growth was
spherulitic nucleation that was consistent with PM ob-¢5|5ye isothermally in a wide temperature range from
servations. PPDX exhibited a marked tendency to ungg 5 100°C. For growth rate measurements a new
dergo partial fusion and recrystallisation during DSCsampIe was used each time to avoid any effects due to

heating scans. _ degradation and at least two samples were measured at
The aim of the present paper is to study the effecteacthl

of the addition of three nucleating agents on the crys-

tallisation behaviour of PPDX and compare its effects

with that of self-nucleation. The selected compounds . . ) .

were Hydroxyapatite (HA), Boron Nitride (BN) and 2-2. Differential scanning calorimetry (DSC)
Talc. It has been reported that Talc acts as an effectivéNeérmal analysis was performed with a Perkin-Elmer
nucleating agent on PLLA [14] and PHB [15]. On the DSC-7 u_nder an ultrahl_gh-purlty.nlt_rogen atmogphere.
other hand, BN has been used to nucleate PolyhydroxThe equipmentwas calibrated with indium and tin stan-
ybutyrate (PHB) [16]. Finally, HA is a very interesting dards. Sample weight was kept constant at 5.0 mg.
material in view of its biocompatibility and osteocon-

ductivity [17]. Itis the main mineral constituent of teeth

and bone and therefore it seems to be the most suitab2 2. 7. Dynamic DSC

ceramic material for hard tissue replacement implants$n order to perform a preliminary evaluation of the ther-
although its applications in this area are still under in-mal behaviour of the sample, dynamic heating and cool-
vestigation [17]. Several recent studies have tried tong scans were recorded at°@Imin.

combine biodegradable polymers with HA in order to

prepare composite materials with tailor made mechani-

cal properties and biocompatibility for medical applica- 2 2. 2. jsothermal crystallisation

tions [17, 18]. HA has been used as coating material fosgmples were heated to Tfor 5 minutes to erase

artificial implants made of metals, ceramic or polymersy| previous thermal history and then were quenched

with the purpose of stabilising the implant to the bone(at a nominal rate of 8@/min) to the isothermal crys-

structure with minimum body rejection [17]. Its effi- ta|lisation temperatur@. The sample was held at

ciency as a nucleating agent has not been establishedor the required time to develop the maximum possible
crystallinity degree. Data taken during this isothermal
run were used to perform the Avrami analysis.

2. Experimental
The PPDX used in the present study was a PPDX- . .
monofilament (Johnson & Johnson Co.). Before usZ-2-3- Self_—nucleatlon experiments _
ing PPDX, all samples were dried at“Z3under vac- The extension of classical self-nucleatlon experiments
uum until a constant weight was achieved. This proce®f Blundell, Keller and Kovacs [19] to differential scan-
dure is vital since humidity promotes hydrolytic degra-Ning calorimetry was conceived by Fillon, Wittmann
dation [2, 4, 7]. The molecular weight was obtained@nd Lotz [20]. The procedure suggested by these au-
by capillary viscometry using phenol/1, 1, 2, 2 tetra-thors to _study self-nucleation behaviour in the DSC
chloro ethane (2 : 3w/w) at 28. The viscosity average Was applied after the sample was molten at"GHor 5
molecular weightM, obtained was B x 10° g mol-! mlnut(_as, to erase all previous thermal history; then the
usinga=0.63 andK =79x 10°3 cm*g~* as Mark- following protocol was followed:
Houwink parameters [7].

The nucleating agents used were Boron Nitride, BN, a. the sample was cooled to“&Dat 10 C/min with
CaMg(CQ), or Talc and Hydroxyapatite (HA) with the aim of creating a “standard thermal history”;
a structure of CgF(PQy)s. 1 gram of PPDX was ac- b. the sample was again heated atthe samerateuptoa
curately weighed and mixed with the required quan-temperature denoteli or self-nucleation temperature;
tity of nucleating agent at approximately 120. The c. the sample was held & for 5 minutes;
mixing was performed manually with a glass rod on a d. a cooling scan of the sample was recorded from
glass slide placed on a hot plate, while the temperatur&s down to 0C;
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e. finally, aheating scan of the sample froA@upto 65 —r——m—"——T—T—TT
140°C was recorded to register the melting behaviour.

PPDX |4

The value of the choseRy is very important because
it determines whether the polymer undergoes complett BN 1
melting (domain 1), only self-nucleation (domain I1), or i o Tale
a combination of self-nucleation and annealing of the A
unmelted crystals (domain 111) [20]. 55 | 4

3

)

>
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3. Results and discussion

3.1. The effect of nucleating agents on the
dynamic crystallisation of PPDX from
the melt and subsequent melting o

Fig. 1 shows DSC cooling scans from the melt at a 45| 4

cooling rate of 10C/min of PPDX after keeping it at n o

140°Cfor 5 minutesin orderto erase its thermal history, - o

for samples with and without different amounts of HA,

talc or BN. 40 F o .

The cooling scan of PPDX without nucleating agents a

(Fig. 1) exhibits a crystallisation exotherm that peaks [ 4

around 44C (see Table ). When Talc (Fig. 1) or BN L3 S T T TN U BRI TR |

(Fig. 1) is added to PPDX a clear nucleating effect can 0 5 0 15 20 25 30

be observed that causes several effects, including a sul .

stantial increase of the onset and peak crystallisatior, Nucleating Agent Content (%)

temperatures (see Table I). The dynamic peak CI’yStathigure 2 Peak crystallisation temperature registered during cooling

sation temperature during cooling from the melt hasyom the melt at 16C/min for neat PPDX and PPDX mixed with the
been correlated with the nucleation density, and it hagdicated amounts of HA, BN and Talc.

been shown that as the peBkincreases the number of
nuclei per volume also increases [21, 22]. o .
In Fig. 2 the peak crystallisation temperatures upor;[allllsz';ltlon temperature, as can be seen in Table |. BN

cooling from the melt at 10C/min are plotted as a func- IS clearly a better n_uclt_eatmg agent than talc_, since the
increase in crystallisation temperature obtained when

tion of the content of nucleating agent. A similar ten- it is added to PPDX is larger at constant composition
dency was encountered when analysing the onset Cry%ﬁan that obtained with talc. In both cases the nucleating
effect seems to saturate as rather large amounts of the
nucleating agents are incorporated in PPDX. However,
the largest changes in crystallisation temperature occur
PPDX+10 %BN below 10% addition of nucleating agent.

An opposite trend to that observed with the addi-
tion of BN and talc to PPDX was observed when HA
was used. An apparent “antinucleation” effect was de-
tected as signalled by the important decrease in both the
onset and peak crystallisation temperature when only
1% of the compound was incorporated in PPDX (see
Fig. 1 and Table I). Fig. 2 shows that upon increasing
the amount of HA, the “antinucleation” effect progres-
sively disappears and the peak crystallisation tempera-
ture becomesthe same as that of neat PPDX only at 30%
addition of HA. The reason behind this antinucleation
effect will be discussed below.

Inthe present case we are able to interpret changes in
PPDX +10 % HA peak crystallisation temperature during dynamic cool-
= o - ing runs from the melt as directly related to changes in
PPDX+1%HA nucleation density. This correlation has been shown be-
PPDX 4 foreforotherpolymers andinthis case, as will be shown
below, measurements were made on the nucleation den-
[P AP AP TP AP TP TPE B TP TP PO | sity of PPDX with and without nucleating agents by PM
20 30 40 50 60 70 80 90 100 110 120 130 during isothermal crystallisation and the results seem

T © to be compatible with the efficiency of nucleation as
O . :
judged byT, increases.
Figure 1 DSC cooling curves for neat and filled PPDX after erasing  In order to rate the efficiency of the three nucleat-
thermal history at 140C for 5 min, cooling rate:10C/min. ing agents used here, we have employed the efficiency

PPDX+1 %BN

PPDX + 10 % Talc |

Heat Flow (ENDO)

PPDX+1 %Talc |

S5mW
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TABLE | Relevant thermal transitions and enthalpies determined by DSC for PPDX and PPDX with nucleating agents

Cooling (10°C/min) Heating (10 C/min)
AHc Tc(onset) Tc(peak) AHcy Tcl(peak) AHc2 Tc2(peak) AHm Tm(peak)
Nucleant (g"h 0 0 Qg ) (Ggh 0 (g™ (0
0% 35.1 55.3 438 17.4 45.0 5.20 87.0 58.3 106.8
1% HA 16.4 52.3 36.5 26.1 37.7 5.44 81.9 64.0 105.2
2% HA 20.2 53.4 37.9 235 37.9 4.92 81.9 60.9 105.4
5% HA 29.4 53.5 39.7 185 38.7 4.26 81.6 57.9 105.1
10% HA 316 55.7 42.0 18.1 39.2 3.59 82.7 57.2 105.5
15% HA 46.4 55.6 427 7.1 35.7 3.46 83.2 54.4 105.2
20% HA 41.6 55.4 43.0 7.8 35.0 3.45 83.7 52.0 105.5
30% HA 34.1 55.4 44.1 9.3 28.4 3.28 79.9 49.8 105.5
1% Talc 46.2 56.9 46.7 15 37.4 5.37 86.1 57.6 104.9
2% Talc 50.4 58.6 48.9 15 39.0 4.66 86.9 57.0 104.8
5% Talc 57.9 60.0 51.7 - - 3.39 88.4 61.4 105.0
10% Talc 59.0 64.5 55.8 - - 1.49 90.3 60.1 104.8
15% Talc 59.4 65.6 57.8 - - - 91.5 58.6 104.9
20% Talc 59.7 65.9 58.5 - - - 92.0 58.5 104.9
1% BN 54.9 63.4 53.2 - - 3.55 89.0 57.0 107.2
2% BN 57.7 65.1 56.7 - - 2.48 91.3 58.5 107.0
5% BN 60.8 67.3 58.7 - - 1.01 91.8 60.8 106.9
10% BN 63.3 67.9 60.0 - - - - 62.8 107.1
15% BN 63.4 68.5 61.2 - - - - 64.7 107.0
20% BN 60.1 68.5 62.2 - - - - 60.0 107.2
scale proposed by Filloet al. [21]. This efficiency 0 —m—o—p——r—~r—-v—v—r—7T—v—7
scale is more satisfactory than mere comparisons be i |
tween peak crystallisation temperatures upon dynami
cooling from the melt, since it uses as a reference no WOF A T
the neat polymer but the polymer after it has been : A A 1
self-nucleated to saturation. Therefore a comparisol 30 L A o i
with the best possible situation, i.e., when the poly- A ©
mer has the maximum number of ideally suited nuclei [ °© )
(since they are crystal fragments of identical chemicam 20} A -
constitution and crystal lattice as the polymer) can bEZ° | o) ]
made. s
Following Fillonet al. [21] the nucleating efficiency 01 ° 7
(NE) can be defined as: - 0 1
0
NE = 100N ~ e (1) i o o o |
Tcmax— TC
10k o -
WhereTcna is the peak crystallisation temperature of | DD o HA |1
the polymer with the nucleating agent to be evaluated o Tale
T is the crystallisation temperature of the neat polymet 20 A BN 7
and Temax is the optimum self-nucleation temperature - .
of the neat polymer. A detailed explanation ofthe self- 30l 1 o o 1 o 1 1

nucleation behaviour of PPDX can be found below. Itis -5 0 5 10 15 20 25
important to note that a constant cooling rate was use: Nucleating Agent Content (%)

to determine all these crystallisation temperatures (in

this case 10C/min). NE is expressed as a percentagerigure 3 Nucleating Efficiency (NE) calculated according to Equation 1
where 0 represents no nucleating action and 100 woult$r PPDX mixed with the indicated amounts of HA, BN and Talc.

be the ideal nucleating action.

Fig. 3 plots the NE as a function of content of nu- small quantities of some nucleating agents are needed
cleating agent for the three substances employed. Thi® saturate its NE value (i.e., even 0.1% addition of
“antinucleation” effect of HA is now reflected in neg- Sorbitol can already lead to a maximum efficiency in
ative nucleating efficiency values that progressivelynucleating iPP [23]). The commonly used value of 1%
increase as the HA content increases. For polymersontent of nucleating agent in industry formulations is
such as isotactic Polypropylene (iPP), several nuclebased on such experience [21].
ating agents have been found that are highly efficient Inthe case of PPDX, Fig. 3 shows that even with the
with respect to their NE value (with a maximum NE of best nucleating agent of the three employed here, BN,
60 to 70% [21]). However, it has also been found thatan efficiency of only 20% was achieved with 1% of the
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Figure 4 Crystallisation enthalpy H; and mass crystallinity degre&

registered during cooling from subscripts the melt at @dmin for neat

Figure 5 DSC subsequent heating curves after the cooling runs shown
PPDX and PPDX mixed with the indicated amounts of HA, BN and Talc. 9 9 9 9

in Fig. 1 for neat and filled PPDX, heating rate?0min.

compound. Itis only when the amounts of BN approactseems that the “antinucleation effect” delayed the onset
values as high as 5-10% that NE approximates to 40%f nucleation from the melt to such an extent that the
Atleastwith BN and talc, the maximum NE will only be overall crystallinity achieved during cooling t6G was
achieved when the content is as high as in formulationslecreased. As the content of HA was increased, both
where the nucleating agent will be considered a filler. T, and AH; recovered and increased to values close
On the contrary, with HA no apparent nucleating actionto that of neat PPDX. The reason why the “antinucle-
could be detected in PPDX even at 30% loading. ation effect” disappears as the content of HA increases
It is interesting to analyse the effects of the nucleatdis not clear but it may be related to the tendency of
ing agents on the maximum crystallinity achieved byHA to form aggregates. The formation of aggregates
PPDX during cooling from the melt. Fig. 4 displays the may make difficult the dispersion of HA as its content
crystallisation enthalpy values extracted from dynamidncreases and this could decrease the effective contact
DSC cooling runs (such as Fig. 1) as a function of nu-area between the polymer and the substrate. As a mat-
cleating agent content. PPDX is a polymer that in spiteter of fact, PM observations indicated that HA particles
of its apparently highly flexible chemical structure only formed aggregates whose size was a function of HA
crystallises up to a value of approximately 25% crys-content in PPDX. In formulations of PPDX with 30%
tallinity during cooling from the melt at 10C/min, as HA, we were able to observe by PM large aggregates
indicated in Fig. 4. Fig. 5 below will show that it also with sizes ranging from 50 to 10@m.
exhibits cold crystallisation during subsequent heating The cooling scan of neat PPDX (Fig. 1) exhibits a
inthe DSC and partial melting and recrystallisation dur-crystallisation exotherm with a crystallisation enthalpy
ing the scan [9]. This is why a very large effect can beof ~35.1 J/g (see Table I). Fig. 5 shows the subse-
produced by a nucleating agent in increasing its overalfuent heating scan for neat PPDX. We have previously
crystallinity (its value can be almost double as can beshown [9] that at temperatures above the glass tran-
judged by the increase inHc, see Fig. 4 in a similar  sition temperature (i.eq is approximately 9C for
way to poly(ethylene terephthalate) (PET) [24]. neat PPDX) PPDX undergoes extensive reorganisation
Fig. 4 shows how BN and talc can sharply increaseduring the scan. This can be seen in Fig. 5 since two
the crystallinity achieved by PPDX during cooling from small cold crystallisation exotherms can be observed at
the melt at 10C/min up to a maximum value located 45°C and 87C respectively indicating that the material
at approximately 10% nucleating agent content. Thiglid not crystallise fully during the previous cooling at
saturation trend upon increasing the content of nucle10°C/min. The enthalpy of fusion associated with the
ating agent is commonly observed for the majority of pronounced melting peak of PPDX in Fig. 5 corrobo-
polymer/nucleating agents formulations [25-27]. rates the previous observation since its value is much
The behaviour of PPDX with HA is also shown in higher (58.3 J/g in Table I) than the crystallisation en-
Fig. 4. The compound causes a dramatic reduction ithalpy associated with the cooling exotherm of Fig. 1
PPDX crystallinity when 1% is added. This is clearly a (for neat PPDX).
consequence of the reductionilipobserved in Fig. 2 of Table | lists all the relevant enthalpies and tem-
approximately 8C when 1% HA is added to PPDX. It peratures evaluated from Figs 1 and 5 and other
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compositions. If the crystallisation enthalpy during The nucleation behaviour during heating of PPDX
cooling is added to the values &fHc;; and AHe,  loaded with HA is difficult to explain (in view of the ap-
(i.e., the crystallisation enthalpies of the two crystallisa-parent antinucleation effect displayed by HA in Fig. 1)
tion exotherms observed during heating and recordednd may be a consequence of self-nucleation processes
in Table I) a total value of 57.7 J/g is obtained. Thisinduced by the PPDX own crystals that were formed
value is rather close to that afH, reported in Ta- during previous cooling runs (as judged by the results
ble I. In a previous work, we demonstrated by self-of self-nucleation experiments presented below).
nucleation and isothermal crystallisation experiments Table | also contains information on the final melt-
that partial melting and recrystallisation should occuring peak and enthalpy of fusion of both neat and filled
during the scan (possibly during and in between the®PPDX. The melting point of neat PPDX is reported at
two cold crystallisation exotherms in Fig. 5) for neat 106.8°C and does not seem to be substantially modified
PPDX. Therefore, the final melting peak reflects theby the addition of the nucleating agents. In the case of
melting of reorganised crystals and its peak temperaBN, the difference is within the experimental error of
ture only depends on the heating rate used to record thae measurement. For both talc and HA a minor melt-
DSC scan but not on the previous thermal history of theng point depression of 1<Z was found. With regards
sample [9]. to AHp, most values for PPDX with nucleating agents
Fig. 5 also shows subsequent DSC melting scans tare reasonably close to the 58.3 J/g reported for neat
the cooling runs shown in Fig. 1 for PPDX samples withPPDX if the uncertainties of integrating the curves are
nucleating agents. In the cases of talc and BN, the effieonsidered (i.e., small changes in baseline and integra-
ciency of the nucleating agents in inducing an increaséion limits).
in the enthalpy of crystallisation during the previous
cooling runs (Fig. 4) provokes the total disappearance
of the cold exotherm that is present in neat PPDX at3.2. Self-nucleation behaviour of PPDX

43.8°C (except in the case of 1% talc, althoughvithi. and PPDX with nucleating agents
value is about 10 times lower than that of neat PPDXFig. 6 presents DSC curves corresponding to dynamic
see Table I). cooling runs at 16C/min of PPDX after self-nucleation

Neat PPDX exhibits a second cold crystallisationatthe indicateds temperatures. The immediate heating
exotherm at a peak temperature of& When talc or  runs after cooling fronTs are shown in Fig. 7. In order
BN is added to PPDX (see Fig. 5) this small exothermio analyse these data; we have plotted the relevant peak
does not disappear completely althoughtdc is sub-  crystallisation and melting temperatures as a function
stantially decreased (see Table I). The peak crystalliof self-nucleation temperatureE, in Fig. 8.
sation temperature of this second cold crystallisation Fig. 8a shows that whef; was greater than 1T€,
exotherm shifts to higher temperatures as the nucleathe time spent afs was enough to erase the crystalline

ing agent content increases. Simultaneously, a rathghemory of the material, therefore PPDX needed the
broad endotherm seems to develop at temperatures just

below that second cold crystallisation exotherm. As a
matter of fact, in Fig. 5, when 10 and 20% BN are used, T T T I I I

1
this endotherm can be seento peak attemperatures clos 140°C
to 90°C. These results indicate that even when enough ~

active nucleating agent is added, such that PPDX car J 111.5°C L
crystallise a substantial amount when cooled from the W )
melt, the process of partial melting and reorganisation 110°C

during the heating scan can still take place.

Fig. 5 shows the effect of adding HA on the subse-
quent heating after the cooling shown in Fig. 1. The
absence of a nucleation effect in the previous cooling

é 108°C
run (Fig. 1) is reflected in the marked cold crystalli- = F _
sation exotherm displayed at low temperatures duringé s\r—j 107°C
the heating DSC scans of samples containing HA in
—

109°C

!

proportions less than 15%; in Table I).
It is rather peculiar that a nucleation effect during 106.5°C
heating of the sample can now be observed in Fig. 5 for _ 105.5°C

PPDX+ HA, as far as the cold crystallisation at low 7S q0sc
temperature is concerned, since its peak crystallisatior
temperature .y in Table I) is always lower for sam- ﬂ 104°C .

ples with HA than for neat PPDX. When crystallisable

10 mW

X ; —100°C
polymers like PET are used, the nucleating effect of a ] . I ! . 1 !
substance is usually manifested by raising the crystalli- 20 40 60 80 100 120 140
sation temperature when cooling the polymer from the Temperature (°C)

melt or by decreasing the crystallisation temperature
when the same sample is heated from the glassy stat@ure 6 DSC cooling scans at 1@/min of PPDX after 5 min at the
[28]. indicatedTs temperature.
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Figure 7 Subsequent DSC heating scans at’@min of PPDX after 115 —71 v T r T 1 T 1 ' 1
the cooling runs shown in Fig. 6, the valuesTgfare indicated above 5 DIODII| DI J
each curve.
110 |- -
&
maximum undercooling in or.der.to crystallise whgn [ . o ....“.O .b..é- o o |
cooled fromTs and the crystallisation temperature did 105 | e
not change withTs. The melting point was invariant
with Ts as shown in Fig. 8b whefs was greater than &
116°C, and this was also the case for the cold crystalli-~ 100 - 0 b
sation temperature of PPDX during the heating scan. _E : o o
The typical behaviour of Domain | is therefore that 05 |- o T A
of PPDX atTs > 116°C, where only temperature resis- o o
tant heterogeneous nuclei can survive and are able t i
nucleate the polymer once itis cooled to the appropriate 20k o -
temperature [20]. |
A very important change in the nucleation behaviour
of PPDX was found wheils temperatures lower than S ° 7
116°C were used as indicated in Fig. 8a. This means -
that the boundary to Domain Il or self-nucleation do- 80k o R
main has been crossed. In tflistemperature region, o)
partial melting occurs leaving crystal fragments that are [
small enough so that annealing does not take place, bt 75 et Ll L. 1. |
they are big enough to act as self nuclei for PPDX. The 70 80 9% 100 110 120 130 140
practical consequence is an enormous increase in nt Ty O
cleation density ags is lowered within the limits of
Domain Il [20]. Figure 8 (a) Peak Crystallisation temperature as a function of self-

Self-nucleation causes two major effects in the dy_nucleation temperatl_]re for PPDX (Dat_a from Fig. 6). (b) Melting tem-
namic crystallisation of PPDX from the melt. The first ﬁigt;ir;s?a)tts a function of self-nucleation temperature for PPDX (Data
effect is an expected substantial decrease in the under-
cooling needed for crystallisation @sis decreased, as
can be seeninboth Fig. 6 and Fig. 8a. The second effethe substantial decrease in undercooling needed to start
is an increase in the enthalpy of crystallisation whichthe crystallisation process allows the material to have a
is clearly seen in Fig. 6 @k is decreased from 14€C  wider range between the onsgtand Ty and therefore

to 107°C. A similar increase imAH. upon decreas- provides a relatively longer effective time for crystalli-
ing Ts has also been reported to occur in PET withinsation during dynamic cooling froffy at 10°C/min.
Domain Il [24]. In the case of iPP this effect is al- The two effects described above for self-nucleation
most negligible since crystallisation rate is extremelyare very similar to that caused by the addition of BN
fast. However in linear polyesters like PET or PPDX, or talc as explained in the previous section, with the
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difference that the effects are somewhat smaller wher 100
these nucleating agents are used in view of their limitec
NE.

Fig. 7 shows heating scans after the crystallisatior
from Ts presented in Fig. 6. For those temperatures lo- 5%HA
cated within Domain Il (116—108C) or self-nucleation I i 30%HA
domain, the lack of annealing of unmelted crystal frag- 80 | =
ments can be seen in the heating scans of Fig. 7 B§
since there are no higher melting endotherms othe ~ | B
than that exhibited by the material in Domain | (i.e., & 70
Ts = 140°C). However, two melting endotherms were «,
observed for all the samples in Domain Il in Fig. 7. The = | B
first melting temperature is highly dependent onThe 60
value and occurs at lower temperatures, while the sec
ond one is practically independent ©f and occurs at
the same temperature as that exhibited by the sampl 50
whoseTstemperature was 14Q. Fig. 8b clearly shows N
the Ts dependence of these two melting points within [ GEm O g g8
Domain Il. The lower temperature melting point repre- 40 |- ® & -
sents the fusion of the crystals formed during cooling L DI DIl DI
from Ts while the higher temperature one is that due
to the fusion of crystals that were partially melted and e e
recrystallised during the scan, that is whyTtsvalues 95 100 105 110 115 120 125 130 135 140 145
are independent dfs [24, 28]. Ty O

Finally, if Ts is decreased to temperatures below
106°C, Domain Il is reached. In this Domain, par- Figure 9 Peak Crystallisation temperature as a_function of self-nuclea-
tial melting takes place but this time the amount Oftlon temperature for neat PPDX and PPDX mixed with the indicated
unmelted material is such that large crystals can s OfHA, BN and Talc.
vive and can experience annealing during the holding

time atTs [20]. Therefore, the transition to Domain 11| : :
is best detected in the subsequent heating scans aft%jde' preferentially nucleate PPDX regardless of the

cooling from T.. On remelting a hiah temperature en- pe and content of the nucleating agent employed. This
9 s 9 gh temperature €n- o g 1t was expected since the best nucleating agent for
dotherm becomes apparent (see Fig. 7). Appearance

L e PDX should be its own crystals (they would have a
this high temperature shoqlde'r (barely visible in Fig. 7100% NE value). It is interesting to point out that even
for Ts temperature 106°® in view of the scale used

' the antinucleating effect of HA disappears whefsa
b:t \k/(?rytﬁle?rr ;orn?Tsrkof flgSﬁ(T‘nolr“Ioiwer) for dsdrirt]ia” Itemperature within domain Il is used, even though it
peak 1s the trademark ot doma ; 1.€. of & onalis clearly present in Domain | when the PPDX is fully
annealing as opposed to only self-nucleation.

The heating scans of Fig. 7 (for Domain IIl sam- melted at thels temperatures used in Domain |.

ples, i.e., forTs < 106 °C) show complex endotherms

that are composed of two signals: the endotherm that

corresponds to the fusion of the crystals that were an3.3. Influence of nucleating agents on the

nealed af’, and that of the fusion of the crystals formed isothermal crystallisation behaviour

during cooling (and altered during the heating scan by of PPDX

partial melting and recrystallisation processes). Fig. 8tA detailed description of PPDX spherulites can be

shows how these twdy, values depend oifis within ~ found in a previous work, where isothermal crystalli-

Domain Ill. The melting point that is a linear function sation of PPDX was studied [9]. When PPDX is crys-

of Tqis clearly the one corresponding to the fusion of thetallised from the melt it forms banded spherulites that

annealed crystals (represented in Fig. 8b by open cirean exhibit a well defined Maltese cross depending on

cles). Wherilsis too low, thisT,, can be lower than the the crystallisation temperature. The variation in band

usual fusion temperature of the polymer (i.e., approxispacing withT. and the temperature dependence of

mately 106°C). The second melting point that is nearly mean spherulite diameter are both increasing functions

independent of (filled circles in Fig. 8b) corresponds of the crystallisation temperature and resemble the be-

to the fusion of the crystals formed during cooling (if haviour reported for Polyhydroxybutyrate, PHB [29],

any depending offs) and altered during the heating Poly(e-Caprolactone) and Polyamides [30].

scan by partial melting and recrystallisation processes At large undercoolings well-defined spherulites

[24]. (with very clear banding and Maltese cross extinction
The self-nucleation experimental protocol was alsgpatterns) were observed for neat PPDX crystallisation

applied to PPDX samples with the nucleation agent¢emperatures between 60 and°?5 As the under-

under study. The results are summarised in Fig. 9. Thisooling was reduced several changes in the spherulitic

figure clearly shows that once self-nuclei are generatethorphology were observed. At crystallisation temper-

(i.e., as soon a3s is within Domain 1), these self- atures of 80C or higher the spherulites exhibit “double

PPDX
5%BN
5%Talc 7

8
1
g
oeo0DB

T
SO
1

T
>
>
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100 pm

Figure 10 Polarised optical micrographs showing spherulites growing atc76f: (a) neat PPDX, (b) PPDX 1%HA, (c) PPDX+ 1% BN; and
spherulites growing at 85C of: (d) neat PPDX and (e) PPDX1% HA.

banding”, a banding with two different periodicities Regime Ill to Regime Il transition according to the
whose mean distance between these double rings nelzauritzen and Hoffman analysis of spherulitic growth
ertheless keeps increasing with This double band- rate data[9]. This may be just a coincidence and further
ing also resembles that encountered in several aliphatievidence should be obtained in future studies to clarify
polyesters orin PHB spherulites [29, 31-33]. The originthis point and determine whether a change in crystal
of ringed spherulites was studied in detailed by Kellerstructure or growth axis is simultaneously occurring.
[33, 34] and by Keith and Padden [31, 32]. The sin- Fig. 10 shows a series of optical micrographs of
gle ring extinction patterns in polymer spherulites havePPDX spherulites grown at 7& and 85°C (with and
been interpreted as arising from a uniaxial indicatrixwithout nucleating agents). If a comparison is made of
twisted about a normal to the optic axis (i.e., like inthe number of growing spherulites at % between
polyethylene, a polymer that has an orthorhombic unithe neat PPDX and that with 1% BN or with 1% HA, it
cell and approximates very closely a uniaxial material).is clear that the nucleation density is increased by the
Doubled ringed spherulites arise when the material posdase of BN but decreased by the use of HA. It should
sesses a biaxial indicatrix twisted about the optic norbe mentioned that the birefringent particles in Fig. 10b
mal leading to uneven spacing of the rings. The morphoef sizes less than 1@m are not small spherulites but
logical change experienced by PPDX upon increasinglA aggregates since they were always present (even at
T. may be due to a change in crystal structure or growtt120°C) and did not experience any growth with time.
axis in view of the change in the extinction patterns. The size of these HA aggregates depended on the HA
The morphological change in PPDX with increas- content as mentioned above.
ing crystallisation temperature (i.e., from single to Fig. 11 presents an approximate estimation of the
double-ringed spherulites) occurred at a specific narromucleation density that was made from PM observations
temperature range (75—-80) that also coincided witha as a function of time. Fig. 11 shows the usual trend
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Figure 11 Nuclei concentration as a function of time for neat PPDX and u
PPDX mixed with the indicated amounts of HA, BN and Talc. 0
10 | - o -
of increasing the number of nuclei per unit volume as n
crystallisation time elapses. It also shows that at lower u o o
crystallisation temperatures (70 or’@) the nucleation R A R " n A wm
density seems to follow the order of NE suggested in
1 1 1 1 1

Fig. 3, thereby the direct relationship betweknand L
nucleation density suggested above is plausible also i >0 60 7 80 %0 100
this case. Te (°O)

It is- im‘;‘)ort_ant o nqte ,Fhat HA seems to -be causing aFigure 12 Variation in spherulite growth rate with crystallisation tem-
ge_nume anthde_atlon effect_on PPDX S_mce notonly perature for neat PPDX and PPDX mixed with 1% of HA or BN.

Tc is depressed (Fig. 2) by the incorporation of 1% HA

but the actual number of active nuclei also decreases.

In morphological terms, the spherulites of neat PPDXwhen the comparison is made at the same isothermal
or those nucleated by HA are very similar, as shown incrystallisation temperature (Fig. 12).

Fig. 10, they even show the characteristic double band- In contrast to BN, the behaviour of HA was again
ing at high crystallisation temperatures (see examplerot the expected one. Fig. 12 shows that the sample
at 85°C in Fig. 10d and e). However, there are minor of PPDX with 1% HA exhibited a faster crystallisation
differences, since spherulites of PPBXL% HA seem  rate than neat PPDX, especially at lower temperatures
to be slightly coarser and their Maltese crosses are ndtn this case this is the reason behind the lack of exper-
so well defined (see for example Fig. 10b, and in particimental data below 70C in Fig. 12). This behaviour
ular the samples crystallised at85in Fig. 10e, where is clearly unexpected, specially when HA induces an
more details are apparent) as in neat PPDX. apparent antinucleation effect on PPDX.

Spherulitic growth rates were calculated after mea- Earlier reports of antinucleation phenomena indi-
suring spherulitic radii from sequential polarised opti- cate that “antinucleating agents” seem to reduce crys-
cal micrographs as a function of time. The radial growthtallisation rate. For instance, it has been reported that
rates were found to be linear in all cases. The kineticeamounts of silica nucleants in excess of 5% reduce
were followed for neat PPDX and for PPDX loaded the crystallisation rate of PET in spite of increas-
with 1% BN or 1% HA. Fig. 12 presents the varia- ing nucleation density [35, 36]. This has been inter-
tion of spherulitic growth rate as a function of crystalli- preted as being due to an increase in melt viscosity
sation temperature. Crystallisation temperatures loweproduced by a strong interaction between PET and
than 50°C caused very fast growth of small spherulitessilica. Another example is provided by Mercier [37]
that quickly impinged with one another making growth who reports that the central Na sulfonation of PEK
measurements very difficult to make in neat PPDX. (an aromatic polyetherketone) results in antinucleation

Fig. 12 corroborates that BN is acting as a classi-effects that included the reduction of both the crys-
cal nucleating agent, since it does not affect the ratéallisation temperature during dynamic crystallisation
at which spherulites grow. Its action is limited to the and a slow down of the crystallisation rate. A dif-
creation of new nucleation sites that are active at loweferent type of antinucleation has been also recently
supercoolings than those needed for the usual heteroeported by Balsamet al [38] for the Polycapro-
geneities presentin PPDX to become active. Therefordactone block of SEC block copolymers (Polystyrene-
BN produces an increase in nucleation density (Fig. 11Polyethylene-Polycaprolactone). However in that case,
and an increase in the peak crystallisation temperaturhe antinucleation effect had its origins in topologi-
when PPDX is crystallised from the melt (Figs 1-3). cal constrains induced in the PCL block by the PE
This increase in nucleation density resulted in smallecrystals within the PE block when they were annealed
spherulites (Fig. 10), the reason behind the absence §388].
data for temperatures lower than“@in Fig. 12. How- If the kinetic theory of polymer crystallisation is
ever, once the nuclei are activated, the spherulite growthsed to analyse the spherulitic growth rate data the
that follows is produced at the same rate as that of PPDXalues for surface energies within the crystals can be
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obtained. Hoffman [39, 40] gives the linear growth ratetransition corresponds to the limit at which single band-
of spherulites as: ing is observed [9].
In the case of both BN and HA filled PPDX sam-
—U* —Kyg ples, Fig. 13 shows that both samples seem to be un-
R(Te — Ta) P (T.AT ) @ der Regime Il since no substantial differences in slope
can be observed. Unfortunately, no data are available
whereGy is a rate constant) * is an activation energy at high supercoolings where the change to Regime III
for the transport of molecules to the growth frot, Was detected for PPDX for the reasons already ex-
is the gas constanf, is the temperature below which plained above. The fact that spherulitic growth is faster
molecules become immobile (usually approximated tovhen HA Is present accounts for the displacement of
T. = Ty — 30),Kg is akinetic constantfor the secondary the ING +U*/R(T; — T,) values for PPDXt- 1% HA
nucleation T, is the crystallisation temperaturaT is 0 higher values as compared to neat PPDX. _
the supercoolingT? — To), TQis the equilibrium melt- ~ The slopesk) of the secondary nucleation analysis
ing temperature and is a correction factor that ac- €an be used to estimate the fold surface free energies,
counts for the change of heat of fusion as the temperaZ @ndoe, of the polymer:
tureis decreased beldf ( f is equalto Io/(T2+T)). ‘b T0
In order to apply the treatment of Lauritzen o= 1B00%e 1m 3)
and Hoffman, we have used the following val- (kAHr)
q* — _ 0_ o
FSeSéEJ Fi—gGigOS\:]/g\)ng,E r;ot gﬁ%?g}; R(%’ZZch): where I is the width of the chainA H? is the heat of
] . . c~ lu . . S .
versus X(T.AT f) for neat PPDX and PPDX with 1% fusion of a 190% crystallme ;amplga,ls determmgd
HA and 1% BN. There is a clear change in slope inby the operating regime and IS eq“"’." to 4 for regime |
Fig. 13 for neat PPDX that has been interpreted as gnd lll, and equal to 2 for regime Ik is Boltzmann's
change in growth regime [41-44]. PPDX samples ar onstant andr andoe are the lateral and fold surface
crystallising in regime RII (at low supercoolings) and re(te) gntatrr]gles, Tesplectlvely. Tfhfh vaI;ne;a@fand t;O K
then change to regime RIlI (at large supercoolings), the(ao 6"'155 € mode%u4alr area4% ehg: haln) V\{ﬁre al en
transition temperature is located in the range 75€80 as .t d?m Ignl ) nlm E ] Wpé:cl_ are the vg Lf[es
An additional evidence of a regime II-lll transition can reported for Fo )-caprolactone), » SINCE NO data
be obtained by the ratio of the slopES i,/ Kq(ri) are available for PPDX and the molecular structure of
g

: : PPDX is similar to that of PCL. Tha H? value was re-
since aresult close to 2 was found (i.e., 2.2, seeref. [9]). N f 1
A similar Regime Il transition was also found by polrted b¥ Ishlklrly?rr]naatbal. ([jS]tas 1'4.4dkf\] mdtﬁ Th?
Barhamet al. using PHB [29, 45] and by lannace and V?tuhesl_o 00e cg_n 12” (ej the ermlnlf rom the Stoge
Nicolais for PLLA [11] among others [42]. As pre- or the ineés In Fig. 15 and the resulls are presented in

. L : Table Il.
viously indicated, the temperature of the regime II-llI The Hoffman modification of the Thomas-Stavely

relation [46, 47] was employed to estimate

G=0Gg exp[

T T T v T
Tk = PPDX . o = 0.1AH[agho] V2 (4)
= ) o PPDX+1%HA| 1 . . .

s 8k A PPDX+1 ‘%l:BN i avalue of 8.556 (mJ/A) for o was obtained. Using this
n | | value an estimate of the fold surface free energy (
= ol i was calculated and reported in Table Il. Ongewas
o obtained, the work done by the PPDX chaif{o form
5 10 a fold was calculated by:

+
o L . q = 2aghooe )
g -11[F -
= 5 | Table Il also reports the calculatgdvalues. The val-
1k i ues obtained in Table Il are within the range usually
I encountered for flexible linear macromolecules [46].
13k o
- TABLE Il Isothermal Crystallisation Kinetic parameters obtained
4k i from spherulitic growth rate data
: PPDX+ PPDX-+
15k - PPDX 1% BN 1% HA
X RII RIIl RII RII
-16 — — — Kg x 1075(K?2) 119 249 096 1.27
5.00x10 7.50x10 1.00x10 voex 10P (Pim¥) 6193 6447 4941 684.3
oe x 10° (J/nB) 72.4 75.3 57.8 79.9
1/(TcAT f) g x10° (J) 2.67 2.78 2.13 2.95
, _ LnGo (Goinumis) —3.19 3.68  —4.67 -1.05
Figure 13 Plots of InG +U*/R(T; — T,) as a function of 1(T.ATf) structure spherulitic

for neat PPDX and PPDX mixed with 1% of HA or BN.
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The effect of the addition of BN or HA does not seem For HA the situation is complex since, as it has
to affect greatly the growth rate kinetics under Regimebeen shown it slows down nucleation but enhances
1. A lower value ofoe was obtained for the sample nu- spherulitic growth rate of PPDX. Therefore the overall
cleated with BN, a fact consistent with Beck’s criterion. crystallisation rate of PPD> HA may be difficult to
According to the work of Beck [48, 49], a good nucle- predict. According to Table lll, the values &f, the
ating agent should reduce the interfacial surface fre@verall conversion rate are higher than for pure PPDX
energy. Table 1l shows that only with BN a reduction of indicating that once again when isothermal crystallisa-
oe Was obtained (and an expected decreasp,igince tion is considered, the increase in crystallisation rate
HA produced a slightly higher value ef than that of dominates over the decrease in nucleation rate.

neat PPDX.

3.5. The behaviour of PPDX with HA
3.4. Overall crystallisation kinetics As can be gathered from the results presented above, the
We have used Avrami’s equation to analyse the isothemehaviour of PPDX with HA is very peculiar. The effect
mal crystallisation calorimetric data obtained by DSCcaused by HA on the nucleation and crystallisation of
[46, 47]: PPDX seems to be a result of the competition of two
N processes. On one hand the compound clearly causes an

1 - wc(t) = exp[-Kt'] (6)  antinucleation effect that manifests itself by decreasing
wheren is known as the Avrami indeX is a rate con- q_ucleation dens_ity e_md causing a_d(_apression in dy_namic

. ) . ; < and a reduction in the crystallinity degree achieved
stant and (t) is the relative crystalline fraction of the during cooling from the melt. On the other hand, HA

FOIngﬁg ':r?e?(?rnigl ap(;jWKthCh:g?ﬁg:'sf;ir;?nn&f)l(euﬂﬂ?l increases the isothermal spherulitic growth of PPDX
yp ysialg 9 Y, Yand the overall crystallisation rate.

varies between 3 and 4 for semi-crystalline polymers It is clear that when a dynamic experiment is per-
[46, 471 formed, such as those depicted in Fig. 1, the antinu-

The values oh andK derived from applying Avrami ; : Lo .
i . S . cleation effect dominates over the possible increase in
equation to isothermal crystallisation data obtained by o ' .
. . crystallisation rate. This may be caused by a reduction
DSC are shown in Table Ill. A previous study com-

prising crystallisation temperatures from 30 to ‘8D in the crystallisability window (i.e., difference between

has shown a svstematic increase in Avrami index fro crystallisation onset at 1@/min and vitrification) due
; y . Mo the substantial decreasé€liy) nevertheless other fac-
approximately 2 to 3.8 [9]. Table Il only contains data tors may also play an important role as explained in

for a limited crystallisation temperature range where what follows
for PPDX varies between 3.1 to 3.8. This behaviour is The possible interactions between HA and PDDX

may arise from the presence of phosphate groupsin HA.
The biodegradability of PPDX stems from its suscep-
tibility to undergo hydrolytic degradation. The hydrol-
ysis usually occurs via the ester bond yielding alcohol
1’;\nd carboxylic acid groups. Furthermore, hydrolytic
degradation studies have been performed in several
" biodegradable aliphatic polyesters, like PGA [51, 52],
. In the _,ca_se of _the addition Qf BN, a decreqsePLLA [53] or even PPDX [7]. These studies have
in Avrami’'s index is expected since the nucleation . .
; i . ) shown that phosphate ions can catalyse the hydrolytic
of three dimensional spherulites (Fig. 10) should be . .
)gegradatlon of the ester groups in these polyesters
causing substantial decreases in hydrolytic degradation
time.

as the crystallisation temperature is raised [50].

The effect of adding BN and HA on the values of
K, nis presented in Table Ill. Since Avrami’s treat-
ment comprises both the nucleation and the growth o
crystals, it can be difficult to interpret.

(Fig. 11). Table Il indeed shows lower values of n for

PPDX+ loverall crystallisation rate (nucleation and The effect of hydrolytic degradation on the crys-

growth) may also be expected with the addition of BN.taIIisation kinetics of PPDX has been the subject of

(since nucleation is enhanced) and is also observed in .
Table 11l whenK values are compared a parallel study in our laboratory [54]. In the course of

that study, PPDX samples were immersed in phosphate
buffer solutions for several weeks. After 6 or 12 weeks
TABLE 111 Avrami coefficients for PPDX as a function of isothermal th€ samples were dried and their spherulitic morphol-
crystallisation temperature ogy and crystallisation kinetics was examined. A sub-
stantial increase in spherulitic growth rate was detected

Sample T (0 " K™ for samples whose molecular weight was reduced from
PPDX 60 3.39 93% 107 18.0000 g/mol to 19.000 g/mol in 12 weeks of treat-
70 3.56 3.22¢1077 ment.
80 3.77 1.35¢10°7 In view of all of the above, it is possible that phos-
PPDX+ 1% HA 60 3.12 32K 10°°  phate groups in HA are catalysing a possible hydrolytic
70 3.19 25510°  degradation in PPDX, in spite of the careful drying pro-
80 315 14%10°  cedure of both PPDX and HA before mixing. It may be
PPDX+1% BN 60 3.09 7.5k 1“; possible that during the mixing procedure, which was
;8 gg igz i; performed on air, some moisture may have been ab-

sorbed by HA and PPDX. In order to test this hypothesis
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the samples with 1% HA that were used for the de-ing on the self-nucleation temperatui)(employed.
termination of spherulitic growth rates were carefully By far the best nucleation agents for PPDX were its own
dissolved in a mixture of phenol and tetrachloroethaneself-nuclei and this result was independent of the pres-
and filtered twice to remove the HA. After this processence or absence of any of the other nucleating agents
was completed, the viscosity average molecular weighemployed. It was demonstrated that once Domain I
of PPDX was once again measured. It was found thaivas reached, self-nucleation dominated the nucleation
M, decreased from 180.000 g/mol for neat PPDX toprocess.
130.000 g/mol for the PPDX that was in contact with BN and Talc were able to nucleate PPDX, thereby
HA during the thermal treatments needed to measur@creasing its nucleation density, its dynamic crystalli-
its isothermal spherulitic growth rate or overall crys- sation temperature upon cooling from the m&}) @nd
tallisation kinetics. its enthalpy of crystallisationAHc). BN was a better
The result presented above explains why thenucleating agent than Talc displaying a greater “Nucle-
spherulitic growth rate is enhanced during isothermahting Efficiency” (NE). HA on the other hand caused
crystallisation, while during dynamic crystallisation at an “antinucleation” effect on PPDX characterised by a
10 °C/min this is not so apparent. It is clear that dur-decrease in its nucleation density, a negative NE and a
ing isothermal crystallisation the time PPDX spends atreduction inA H.
higher temperatures is greater than that during dynamic Isothermally crystallised PPDX exhibited large
cooling from the melt. banded spherulites whose morphology changed as a
The antinucleation effect of HA on PPDX may also function of crystallisation temperature from single
be linked to the interactions between the phosphatbanded structures with a very clear Maltese cross to
groups on the surface of HA and PPDX. As explaineddouble banded spherulites. The change in banding co-
above, the mechanism for hydrolytic degradation (seéncided with a change in growth regime according to the
reaction scheme below) involves the initial hydroly- kinetic interpretation of spherulitic growth rate data.
sis of the ester group followed by the formation of BN did not cause any significant modification of the
a complex between the hydrolysed PPDX moleculespherulitic growth kinetics (in Regime 1) except for a
and the phosphate ions that can form on the sursmall decrease in surface free energy of PPDX crystals
face of the HA particles. The formation of this com- (o¢). On the other hand HA was found to increase the
plex may limit the local mobility of PPDX chains spherulitic growth rate of PPDX and its overall crys-
and may be responsible for the antinucleation effecttallisation rate, this increase was caused by a degra-
These complexes are highly unstable and they willdation process experienced by the polymer during the
cause chain scission of PPDX molecules (as indicatethermal treatments involved in isothermal crystallisa-
in the proposed reaction scheme), a fact that increasemn that was only present in the samples with HA. Itis
postulated that the interaction between the phosphate
groups on the surface of HA and the ester groups of

o i . .

/? H20 |H PPDX are responsible for both the antinucleation ef-

wieet CH2-CH2-0-CH2-C-Ouw WO-CHZ-?-OM fect and the catalysis of the hydrolytic degradation of
OH PPDX.
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