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ABSTRACT
Crystallization of multiarm star systems constituted by a core of poly(ethyleneimine) (PEI)
and arms of poly(-caprolactone) (PCL) was studied by transmission electron microscopy,
calorimetry and optical microscopy techniques. Three systems differing on the degree of
polymerization of PCL were studied as well as binary mixtures constituted by systems
differing on the length of PCL arms. Samples were able to crystallize from both diluted
solutions and the melt state giving rise to well-formed lamellae and spherulites,
respectively. Lamellae of samples with large PCL arms were highly regular and
corresponded to elongated hexagonal crystals with an aspect ratio that decreased with the
length of PCL arms.
A significant decrease on equilibrium melting temperatures, degree of crystallinity and
glass transition temperature was detected for samples having short PCL arms.
Crystallization kinetics was also highly influenced by the length of PCL arms, being both
nucleation density and secondary nucleation constant increased as the length of PCL arms
decreased. Crystallization of star mixtures having different PCL lengths was determined by
the larger arms since they initiated the process and subsequently shorter arms were
progressively incorporated. A thermal nucleation was characteristic of multiarm star
mixtures due to the different crystallization temperature ranges of samples with large and
short PCL arms, whereas samples with a homogeneous arm length rendered an athermal
nucleation.
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INTRODUCTION
The use of polymers having dendritic structures like hyperbranched or star-like topologies
may lead to a significant improvement of mechanical properties of polymer matrices
without affecting their thermomechanical behavior.1-4 These structures prevent also chain
entanglement and consequently low viscosity formulations can be derived.5 For example, it
has been reported that star branched poly(-caprolactone)s with a Boltorn core had a lower
zero shear rate viscosity than linear polyesters with similar molecular weights.6
Star modifiers provide advantageous technological applications in different fields as for
example the development of epoxy coatings. Interesting properties like low shrinkage can
also be achieved by the use of hyperbranched structures.7,8 In addition, the use of arms with
labile groups (e.g., the ester linkages of poly(-caprolactone)) may provide the capability
to get thermally reworkable materials.1,9
Multiarm stars can be synthesized following the ‘‘core-first’’ approach that consist on a
living polymerization of a monomer from a multifunctional core.10-12 Systems based on
commercial poly(ethyleneimine) (PEI) (LupasolTM) having poly(-caprolactone) (PCL)
arms of different lengths (Figure 1a) can be easily prepared at a low cost. Previous studies
demonstrated that arms with a degree of polymerization of only 10 could effectively reduce
the formulation viscosity and maintain a final Tg of the derived material higher than
measured in matrices modified with the corresponding linear polyester.13,14
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Control of the arm length is in general interesting to improve solubility of the multiarm
modifier in the corresponding polymer matrix. This feature has for example a crucial
influence in thermal curing processes which became decelerated when more soluble
systems having short arms were employed.15 In addition, chain flexibility and hydrophobic
character of PCL arms provided a good miscibility in most epoxy resins16,17 and an
improvement of toughness through crazing and shear yielding mechanisms to absorb
energy locally.18
The attachment of regular linear units to a fully amorphous dendritic core may enable a
crystallization process that rendered semicrystalline materials. Nevertheless, a minimum
length of the arms seems to be required since units close to the amorphous core may be
unable to crystallize and even the presence of the core could make chain fold less tight.19
Star polymers having PCL arms showed a lower degree of crystallinity than linear PCL as a
logical consequence of the steric restrictions imposed by dendritic or hyperbranched
cores.19 It was also found that the typical lamellar rearrangement of PCL was less
pronounced in star polymers respect to the linear ones since amorphous cores constituted an
obstacle to the molecular reordering and the lamellar thicknening process. Interestingly,
equilibrium melting temperature was higher in star polymers due the reduccion of entropy
and positional freedom of the melt caused by the presence of the hyperbranched cores.19
Nevertheless, a faster crystallization of star-branched PCL derivatives compared with linear
PCL was found when arms were sufficiently long. In this case, the result was explained as a
consequence of a cooperative chain mobility in the melt sate, suggesting a faster ordering
of polymer chains to further crystallize.20
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Star-branched PCL samples exhibited a greater tendency than linear polymers to form
spherulites, being postulated that the amorphous material placed between lamellar crystals
enhanced the divergence of crystals at lamellar branch points.21 Morphology of single
crystals of multiarm polymers has been scarcely studied but in general lamellar structures
were reported for systems based on nylon 622 and PCL23 arms. However, these crystals
were more irregular than those obtained from the linear analogues. Specifically, crystals of
star-branched PCL derivatives were characterized by the presence of many irregular steps
on the lateral crystal growth faces, which were related to the high fold surface free energy
and the constrained character of the star-branched polymers.23 In the case of PCL
derivatives it was also detected that the crystal aspect ratio decreased when the length of the
arms was increased. This ratio was also significantly greater for linear polymers with
respect to star-branched and increased with crystallization temperature as it was well
established for polyethylene.24 The capability to render well-defined lamellar structures has
been interpreted as a exclusion of the central cores from the crystalline regions. These cores
should be located at the lamellar surface and the bounded arms should be integrated in the
derived lamellae (Figure 1b).
Another relevant point that has recently been evaluated concerns the influence of the
number of arms of a multistar polymer on the crystal morphology. Thus, sugar alcohols like
glycerol, erythritol and xylitol have been employed as initiators of the ring opening
polymerization of -caprolactone to get multistar polymer with three, four and five arms of
similar length, respectively.25 A decrease of both melting enthalpy and crystallization rate
was observed as the number of PCL arms was increased. It was interpreted as a
consequence of the limiting effect of the central core on the chain mobility.
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In this work we want to insist on the influence of the arm length on factors that determine
the crystallization process like crystal morphology, nucleation density, crystal growth and
secondary nucleation constant. Specifically, the system derived from commercial Lupasol
and -caprolactone (PEI-PCL) has been considered. Furthermore, coexistence of multiarm
systems having different PCL arm lengths could be usual and therefore it becomes
important to evaluate the implications of heterogeneous multiarm systems on thermal
properties and the crystallization process.

EXPERIMENTAL SECTION
Materials
Poly(ethyleneimine) (PEI) Lupasol® FG (800 g/mol) was purchased from BASF and used
without further purification. The (NH2/NH/N) relationship of this polymer was reported to
be 1/0.82/0.53, which corresponds to an equivalent number of primary, secondary and
tertiary amines of 0.010, 8.37 × 10-3, and 5.3 × 10-3 eq/g. -Caprolactone (Sigma-Aldrich)
was distilled under vacuum, whereas tin (II) 2-ethylhexanoate (Sigma-Aldrich, 98%) was
used without further purification. For comparative purposes a linear PCL sample with Mn of
11,400 g/mol was synthesized by ring opening polymerization of -caprolactone.
Multiarm star PEI-PCL copolymers were synthesized as previously described.23 Basically,
PEI and the appropriate amount of -caprolactone were placed at room temperature in a twonecked flask equipped with a magnetic stirrer and a gas inlet to fill the flask with argon.
After addition of a small amount of tin (II) 2-ethylhexanoate (i.e., 0.3 mmol respect to 0.625
mmol of PEI), the flask was immersed in an oil bath thermostatized at 130 ºC during 48 h.
The crude product was subsequently dissolved in chloroform and the polymer was isolated
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by precipitation in methanol. Finally, the sample was recovered by filtration and dried at 45
ºC under vacuum for two days.
Degree of polymerization of PCL arms was controlled by means of the feed ratio between
-caprolactone monomer and the number of active NH groups. Specifically, ratios of 10, 30
and 50 were selected to get polymers with rather different arm lengths. These samples will
be named with the acronym PEI-PCL x, where x accounts for the degree of polymerization.
Number average molecular weights were 20,000, 42,400 and 85,500 g/mol as determined
by 1H-NMR spectroscopy26 for PEI-PCL 10 (Figure 2), PEI-PCL 30 and PEI-PCL 50
samples, respectively. Spectroscopic data also revealed that experimental degrees of
polymerization of PCL arms were 12, 26 and 53 (i.e., very close to those expected from the
selected feed ratios).
Mixtures of star samples having two different arm lengths were obtained by slow
evaporation of a chloroform solution containing equal weights of both selected multiarm
polymers. Mixtures will be named with the acronym PEI-PCL x/y where x and y indicate
the caprolactone degrees of polymerization of the involved multiarm stars.
Measurements
The spherulite growth rate was determined by optical microscopy using a Zeiss Axioskop
40 Pol light polarizing microscope equipped with a Linkam temperature control system
configured by a THMS 600 heating and freezing stage connected to a LNP 94 liquid
nitrogen cooling system. Spherulites were grown from homogeneous thin films prepared
from the melt. Next, small sections of these films were pressed or smeared between two
cover slides and inserted into the hot stage, giving rise to samples with thicknesses close to
10 m in all cases. Samples were kept at approximately 20 ºC above the polymer melting
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point for 5 minutes to eliminate sample history effects (when mixtures were studied the
final temperature was determined from the component with the greatest melting
temperature). For isothermal crystallization experiments, samples were quickly cooled to
the selected crystallization temperature. The radius of growing spherulites was monitored
during crystallization with micrographs taken with a Zeiss AxiosCam MRC5 digital camera
at appropriate time intervals. A first-order red tint plate was employed to determine the sign
of spherulite birefringence under crossed polarizers.
A Philips TECNAI 10 electron microscope was used and operated at 100 kV and 80 kV for
bright field and electron diffraction modes, respectively. Selected area electron diffraction
patterns were taken with a SIS MegaView II digital camera and internally calibrated with
gold (d111 = 0.235 nm).
Calorimetric data were obtained by differential scanning calorimetry with a TA Instruments
Q100 series equipped with a refrigerated cooling system (RCS) operating at temperatures
from -90 ºC to 550 ºC. Experiments were conducted under a flow of dry nitrogen with a
sample weight of approximately 5 mg and calibration was performed with indium. Tzero
technology required a calibration based on two experiments: the first was performed
without samples while sapphire disks were used in the second. Thermal characterization
was performed following a four run protocol consisting on a heating run (20 ºC/min) of the
multiarm polymer, a cooling run (10 ºC/min) after keeping the sample in the melt state for
three minutes to wipe out the thermal history, a subsequent heating run (20 ºC/min) of the
sample crystallized from the melt and finally a heating run (20ºC/min) of a sample
quenched from the melt by immersion in liquid nitrogen. Isothermal crystallization studies
were performed with samples previously heated (20 ºC/min) up to 25 ºC above their
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melting temperature (in the case of mixtures this was determined by the component with
the highest melting point), subsequently held for 5 min at this temperature and finally
cooled to the selected temperature at a rate of 50 ºC/min. Samples were kept at the
isothermal temperature until baseline was attained.
RESULTS AND DISCUSSION
Thermal properties of PEI-PCL x multiarm stars
DSC scans performed with samples having the shortest and the largest PCL arms are given
in Figure 3 as representative examples, whereas properties determined for the three PEIPCL x samples are summarized in Table 1. The most distinctive behaviour with respect to
linear PCL was logically found for PEI-PCL 10. Thus, a double melting peak near 43 and
49 ºC was determined for the multiarm star (quenched sample) in contrast with the single
peak reported for PCL within the 59-64 ºC range (e.g. inset of Figure 3b that shows a
characteristic DSC trace for a representative PCL sample). The appearance of the double
peak changed with the crystallization process and specifically the relative intensity of the
lower temperature peak increased in the order solution crystallized > melt crystallized >
quenched sample as expected from a typical lamellar thickening process (i.e., 48-49 ºC is
associated with lamellae that are reordered/thickened during the heating process). Melting
enthalpies indicated a degree of crystallinity of 56.7% for the PEI-PCL 10 melt crystallized
sample that was significantly lower than the value determined for PEI-PCL 50 (i.e., 67.1%).
Crystallinities were estimated taking into account the enthalpy of 135 J/g that was reported
for a 100% PCL crystalline sample27,28 and also the contribution of the PEI core to the total
weight of the sample (i.e., 4% and 1% for PEI-PCL 10 and PEI-PCL 50, respectively).
Crystallinities of the stars were nevertheless similar to the value close to 60% that was
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reported for PCL.29 It is interesting to note that the PEI-PCL 50 sample had the highest
crystallinity, a feature that suggests an enhanced crystallization process that could be a
consequence of the cooperative chain mobility of the multiarm system.20 Glass transition
temperatures were between -62 and -57 ºC, decreasing as the PCL arms became shorter and
in any case comparable with the typical value given for linear PCL (-60 ºC).
Equilibrium melting temperature of PEI-PLC x multiarm stars
Equilibrium melting temperature (Tm0 ) is a crucial parameter for determining crystal growth
rate and specifically degree of supercooling (Tm0 – Tc). The Hoffman-Weeks extrapolation30
is a commonly accepted method to estimate the equilibrium temperature due to its
simplicity and straightforward implementation, although it is subject to criticism 31 and
improvements have been proposed.32 The method is based on equation 1, which was
deduced from a combination of the well-known Gibbs-Thomson equation and secondary
nucleation theory.33 This equation relates the melting temperature, Tm, of a crystal formed at
a temperature Tc , the equilibrium melting temperature and the thickening coefficient, ,
defined as the ratio between the thickness of the grown crystal, lc, and the initial thickness
of a “virgin lamella”, lg*:
Tm = Tm0 (1 - 1/) + Tc / 

(1)

A straight line is obtained by plotting Tm as a function of Tc, with the equilibrium
temperature corresponding to the intersection of this line with the Tm = Tc line. The validity
of equation 1 implies that lamellar crystals thicken at a specific crystallization temperature
which also influences the thickening parameter.
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Figure 4 shows as a single melting peak was detected for the three types of multiarm stars,
even for the PEI-PCL 10 sample, and that the melting temperature increased as the
crystallization temperature did. An unambiguous estimation of an equilibrium melting
temperatures could therefore be deduced

from the Hoffman-Weeks plots (Figure 5).

Equilibrium melting temperatures increased with the length of the PCL arms, being
determined values of 58.4, 73.1 and 74.7 ºC. These values were larger than those
determined for linear PCL samples having similar molecular weights (i.e., 45, 57, 64 and
67 ºC were estimated for samples having molecular weights of 578, 1,750, 6,590 and
15,700 g/mol, respectively34) as expected from the above indicated decrease of the melting
entropy for hyperbranched cores.16
It is also worth pointing out that the slope of the plots, 1/, can be regarded as a measure of
the stability of crystals undergoing the melting process and that significant differences are
found. Thus, short PCL arms clearly decreased the slope, suggesting a greater difference
between lc and lg*.
Lamellar and spherulitic morphologies of PEI-PCL x multiarm stars
Typical poly(ɛ-caprolactone) lamellar crystals were obtained from PEI-PCL 30 and PEIPCL 50 multiarm star samples (Figures 6b and 6c) by isothermal crystallization at 40-60
ºC from dilute solutions in n-hexanol. In general, multilayered crystals were developed
from helicoidal dislocations, being the thickness of individual lamellae close to 10 nm as
determined by measuring their shadows in the electron micrographs. Morphology of
crystals corresponded to truncated rhombic crystals with different aspect ratios depending
on the sample and the crystallization temperature. Highly irregular crystals were obtained
by contrast at the lower crystallization temperature (40 ºC) from the sample with the
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shortest PCL arms (i.e., PEI-PCL 10). These had a lanceolate appearance, irregular edges
and frequent striations on their surface (Figure 6b). In fact, multifacets seem to be
developed on the curved faces as was also reported for other multiarm systems having in
this case long PCL arms and a core consisting on a third-generation hyperbranched
polyester with approximately 32 terminal hydroxyl groups (Boltorn, Perstorp AB,
Sweden).23 Surface striations is a common feature of linear PCL crystals (e.g. Figure 6a)
that have received different explanations (e.g., presence of microcrystals along the crystal
growth direction35 or non-planar structure of crystals36) but remains nowadays non
completely understood. In any case, results clearly demonstrated the ability to crystallize of
the star samples despite the relatively high bulk dimensions of the core and even the short
length of crystallizable arms (i.e., PEI-PCL 10).
The electron diffraction patterns of PEI-PCL x lamellar crystals are practically identical,
being mainly characterized by four strong spots at spacings of 0.414 nm and two strong
spots at 0.374 nm (Figure 7). These are indexed as the (110), (110) and (200) reflections of
a rectangular unit cell with a = 0.747 nm, b = 0.498 nm. Patterns showed reflections up to
0.186 nm and systematic absences only for h00 and 0k0 reflections with h or k odd. These
data are fully consistent with the reported structure of PCL that obeys to a P212121
orthorhombic space group with cell dimensions of a = 0.747 nm, b = 0.498 nm and c (fibre
axis) = 1.705 nm. The crystalline structure of PCL was reported to be an arrangement of
molecules with a practically all trans molecular conformation.37-39
Correlation between bright field micrographs and the electron diffraction patterns showed
that the crystallographic b axis (or the reciprocal b* axis) was parallel to the truncated face
or the elongation direction of PEI-PCL 10 crystals. Therefore, the well-formed and
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truncated rhombic crystals were constituted by four {110} faces and two {100} faces, being
the angles between two consecutive {110} faces and between {110} and {100} faces of
112 º and 124 º. Namely, very close to the theoretical values (i.e., those deduced from unit
cell dimensions) of 113º and 124º, respectively. It is well known that crystallization
temperature influences the morphology of polyester single crystals, being characteristic an
increase of the aspect ratio with crystallization temperature.40-42 This feature is not observed
when truncated PEI-PCL 30 and PEI-PCL 50 crystals are compared since the aspect ratio
(i.e., determined by the ratio of the dimensions of {100} and {110} faces) decreased from
3.5 to 1.7 despite the crystallization temperature was higher for the second sample (60 ºC
respect to 40 ºC). It seems that the aspect ratio decreased also when the size of PCL arms
increased20 as can also be inferred when morphologies of PEI-PCL 10 and PEI-PCL 30
crystals obtained at the same temperature are compared. For the sake of completeness
single crystals of linear PCL crystallized at 40 ºC are shown in Figure 6a. Note that the
aspect ratio (i.e. 2.1) becomes lower than those determined for star samples crystallized
also at 40 ºC.
PEI-PCL samples easily crystallized from the melt rendering typical spherulitic
morphologies with a negative birefringence as depicted in Figure 8. Main differences
concern to nucleation, which as will further discussed, is lower for samples having larger
arms and a lower ratio of PEI cores that could act as primary nucleating agents.
Isothermal crystallization analysis of PEI-PCL x multiarm stars
Kinetic analysis of multiarm polymers was only performed for melt crystallization
processes because of the impossibility to obtain amorphous samples by cooling the melted
polymer at the maximum rate allowed by the equipment.
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Crystallization experiments were therefore carried out in narrow temperature intervals due
to experimental limitations. These covered the range between 28 and 37 ºC for samples
having the shortest PCL arms (i.e., PEI-PCL 10) and the ranges between 40 and 48 or 49 ºC
for PEI-PCL 30 or PEI-PCL 50 samples, respectively. The time evolution of the relative
degree of crystallinity, (t), was determined from crystallization exotherms (e.g., Figure 9a
for PEI-PCL 10) through the ratio area of the exotherm up to time t divided by the total
exotherm area:
t

 (t) =  (dH / dt )dt /
t0





t0

(dH / dt )dt

(2)

where dH/dt is the heat flow rate and t0 the induction time. The development of crystallinity
always showed a characteristic sigmoidal dependence on time for the five melt
crystallization experiments performed for the different samples (e.g. Figure 9b for PEI-PCL
10). These data were analyzed assuming the well-known Avrami equation43,44 for primary
crystallization:
1 - (t-t0) = exp[-Z (t-t0)n]

(3)

where Z is the temperature-dependent rate constant and n the Avrami exponent whose value
varies according to the crystallization mechanism. A normalized rate constant, k = Z1/n, is
usually evaluated for comparison purposes since its dimension (time-1) is independent of
the value of the Avrami exponent.
Table 2 summarizes the main kinetic parameters of the primary crystallization process, as
deduced from the plots of log{-ln[1-(t- t0)]} against log (t - t0) (Figure 9c). The values of
the Avrami exponent for PEI-PCL 10 remained in a narrow range, from 2.19 to 2.47, 2.37
being the average value. This suggests the occurrence of predetermined (heterogeneous)
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nucleation with spherical growth under high geometric constraints since the theoretical
value should be equal to 3. Both sporadic (heterogeneous) and homogeneous nucleation can
be clearly discarded as a higher exponent, close to 4, should be derived. Furthermore,
homogeneous nucleation usually requires high undercooling, which is not the case. It can
be indicated that the Avrami exponents tended to decrease with decreasing the
crystallization temperature, suggesting a higher geometrical constrain. Specifically, at a
temperature of 28 ºC crystallization approaches to a two-dimensional growth. Samples with
longer arms showed a similar behaviour, being the average Avrami exponents of 2.22 and
2.23 for PEI-PCL 30 or PEI-PCL 50 samples. Exponents of these samples were found to
vary without a well-defined trend within slightly larger intervals (i.e., 1.60-2.48 and 1.812.64 for lengths of 30 and 50, respectively).
The values corresponding to reciprocal crystallization half-times (1/1/2), calculated as the
inverse of the difference between crystallization start time and half-crystallization time, are
also given in Table 2. This parameter is a direct measure of the crystallization process, and
can therefore be used to check the accuracy of Avrami analysis by comparison with the
theoretical kinetic value (i.e., 1/1/2

=

(Z / ln 2)1/n). Values reported in Table 1 showed a

good agreement between reciprocal crystallization half-times deduced from both methods.
Summarized data allow also evaluating the variation of the overall rate constant with
temperature for the different samples, as then will be discussed.
Secondary nucleation constant for the isothermal crystallization of PEI-PCL x
multiarm stars
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Crystallization kinetics from the melt state was also studied for the three PEI-PCL x
samples by optical microscopy. Spherulite radii grew linearly in all cases with time until
impingement, as shown in Figure 10a for the representative and less crystalline PEI-PCL
10 sample. Figure 10b compares the temperature dependence of the crystal growth rate for
the three PEI-PCL samples, being found a similar evolution than the overall crystallization
rate (k = Z1/n) determined from DSC experiments. The relatively high growth rate allowed
collecting only experimental data over a narrow temperature range where crystallization
was mainly governed by secondary nucleation. This interval was clearly shifted to lower
temperatures for the sample with shorter arms but corresponded to a similar degree of
supercooling (i.e., higher than 8 ºC) than found for samples with larger arms (i.e., higher
than 13 ºC ).
Final spherulitic radii varied between 17 and 200 m and logically decreased for a given
multiarm sample when primary nucleation density was higher (i.e., samples obtained at
lower crystallization temperatures). Nucleation was very low at the highest crystallization
temperature where spherulites with diameters up to 200m could be obtained. The number
of nuclei remained practically constant during crystallization for all isothermal
experiments, suggesting that it proceeded according to an athermal nucleation. This feature
can justify the observed proportionality between G and k as reported for different authors.4548

As can be seen in Figure 11a, the temperature evolution of primary nucleation revealed a

single exponential dependence. It is remarkable that the number of active nuclei was high
(e.g., 4,000 nuclei/mm2 for the less crystalline PEI-PCL 10 sample crystallized at a such
low temperature as 28 ºC). This feature is a clear indication of the effectiveness of cores to
start crystallization. In fact, PCL branches emanting from the core should be close enough
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and probably in a parallel array to start effectively the crystallization process. The
maximum measured nuclei density varied also with the arm length, being found that this
density decreased when stars had longer arms probably as a consequence of their lower
ratio of PEI cores that may act as primary nuclei.
The radial growth rate (G) of polymer crystals is usually described by the Lauritzen and
Hoffman equation,49 which is based on the Turnbull–Fisher expression50 suitable for the
crystallization process of homopolymers. The Lauritzen and Hoffman equation is
formulated as:
G = G 0 e x p [ - U*/ ( R ( T c - T ∞ ) ) ] e x p [ - K g / ( T c ( Δ T ) f ) ]

(4)

where G0 is a constant preexponential factor, U∗ represents the activation energy
characteristic of the transport of the crystallizing segments across the liquid–crystal
interface, T∞ is the temperature below which such motion ceases, Tc is the crystallization
temperature, R is the gas constant, Kg is the secondary nucleation constant, ΔT is the
degree of supercooling measured as Tm0 - Tc, and f is a correction factor accounting for the
variation

in

the

bulk

melting

enthalpy

per

unit

volume

with

temperature

(f = 2Tc/(Tm0 + Tc)).
It is advisable to rearrange Eq. (4) in a logarithmic form:
l n G + U*/ R ( T c - T ∞ ) = l n G 0 - K g / [ T c ( Δ T ) f ]

(5)

and plot the left-hand side of the equation versus 1/ [Tc (ΔT) f ]. Straight lines with slopes
equal to -Kg should be obtained.
The Lauritzen-Hoffman plot was fitted for the three considered PEI-PCL x copolymers with
straight lines (r2 > 0.98) when the “universal” values reported by Suzuki and Kovacs51 (i.e.,
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U* = 1500 cal/mol and T∞ = Tg - 30 K) were used in the calculation (Figure 11b). Kinetic
features at low supercoolings are basically governed by the nucleation term, and
consequently crystallization rates could become relatively insensitive to the U* and T∞
parameters. The plot was used to estimate secondary nucleation constants of 0.66 × 105,
0.51 × 105 and 0.26 × 105 K2 for PEI-PCL 10, PEI-PCL 30 and PEI-PCL 50 samples,
respectively. These values clearly indicate a greater difficulty for crystallization as the
length of the PCL arm decreased.
Thermal behavior of PEI-PLC x/y multiarm star mixtures
Figure 12 shows the calorimetric runs performed with the PEI-PCL 10/50 mixture as a
sample having the largest difference between the lengths of constitutive PCL arms. Several
points deserve attention when runs are compared with those obtained from each multistar
system:
a) Melting point of the mixture becomes similar to that determined for the individual PEIPCL 50 component, indicating that shortest PCL arms were mainly incorporated into
lamellae constituted by the sample with the larger arms. Namely, the characteristic crystals
observed for PEI-PCL 10 (predominant melting peak at 44.8 ºC) were not developed since
only a very small shoulder could be detected near 49 ºC.
b) Crystals became less perfect since a population of thin crystals were detected for solution
crystallized samples in disagreement with results attained with PEI-PCL 50 (i.e., melting
peaks at 58.1 and 61.3 ºC were observed for the mixture in contrast with the single peak at
62.4 ºC observed for PEI-PCL 50).
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c) A complex melting peak was observed for melt crystallized or quenched samples, being
temperatures again similar to those determined for PEI-PCL 50 crystals prepared under
identical procedures.
d) Melting and crystallization enthalpies were lower than measured for the individual PEIPCL 10 and PEI-PCL 50 components and obviously than expected from a simple mixture
of spherulites, a feature that it is again in agreement with an effective incorporation of short
PCL arms into lamellae of the PEI-PCL 50 sample. Note for example that melting enthalpy
of melt crystallized PEI-PCL 10/50 mixture is 74.1 J/g (once the experimental enthalpy was
corrected taking into account the mass of the PEI core), whereas a value of 83.6 J/g could
be expected for the mixture (i.e., the average of 76.6 and 90.5 J/g enthalpies determined for
the individual components).
e) Crystallization of PEI/PCL 10/50 from the melt was slightly delayed with respect to
PEI/PCL 50 (i.e., 28.1 with respect to 32.7 ºC) but took place clearly faster than PEI-PCL
10 (i.e., 28.1 with respect to 19.5 ºC).
f) Glass transition temperature of the mixture became on the contrary closer to that
observed for PEI-PCL 10 suggesting that the amorphous phase was enriched on the shortest
PCL arms.
Figure 13 shows the equilibrium melting points determined for PEI-PCL 10/50, 30/50 and
30/50 mixtures according to the Hoffmann-Weeks plot.30 Values were similar (65.2-67.6
ºC) but slightly decreased as the average length of PCL arms did (i.e., the order of Tm0
values was PEI-PCL 30/50 > PEI-PCL 10/50 > PEI-PCL 10/30). It should be pointed out
that these temperatures demonstrated again a worse degree of lamellar perfection than
found for samples with larger PCL arms (i.e., PEI-PCL 50 and PEI-PCL 30 with
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temperatures higher than 73 ºC). Nevertheless, temperatures were significantly greater than
detected for PEI-PCL 10 (i.e., 58.4 ºC) as presumably for a crystallization driven by the
largest PCL arms.
Crystallization from the melt gave rise to typical spherulites with a negative birefringence.
Morphology of spherulites obtained at a given temperature was similar but with a wide
range of diameter sizes for PEI-PCL 10/50 and PEI-PCL 10/30 samples (Figure 14). In
fact, the number of nuclei increased during crystallization for all isothermal experiments,
suggesting a thermal nucleation that could be related to the great difference between
maximum temperatures at which crystallization of PEI-PCL 10 and PEI-PCL-30 or PEIPCL 50 multiarm samples is possible (Figure 10b).
Influence of the coexistence of different PCL arm lengths on spherulitic growth rates,
primary nucleation density and secondary nucleation constant
Figure 15a shows the evolution of the crystal growth rate for the different studied multiarm
mixtures. Measurements could be performed in different temperature intervals but in this
case the highest temperature was always similar (48-49 ºC) as a consequence of the
presence of a ratio of PCL arms with a degree of polymerization equal or greater than 30,
which initiated the crystallization process. The lowest crystallization temperature was
related to the presence of arms with the lowest degree of polymerization and specifically
corresponded to the PEI-PCL 10/30 sample. Similar conclusions could be obtained when
the evolution of primary nuclei with temperature (Figure 15b) was considered. Namely, the
highest temperature at which nuclei were formed was similar. Logically an exponential
dependence with decreasing temperatures was found and the number of nuclei became
lower than determined for the parent samples with uniform arm lengths.
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Lauritzen-Hoffmann plots (Figure 16) showed a slight difference between slopes from the
three studied mixtures, being the corresponding secondary nucleation constants 0.92 × 105,
0.99 × 105 and 1.16 × 105 K2 for PEI-PCL 10/50, PEI-PCL 30/50 and PEI-PCL 10/30,
respectively. Note that only the sample with the lowest average PCL length had a
significantly higher value. It should also be pointed out that nucleation constants were
clearly higher than determined for the corresponding samples with PCL lengths of 10, 30
and 50, demonstrating a hindered crystallization process for samples with heterogeneous
sizes.
Crystallization process was also evaluated from calorimetric experiments as summarized in
Table 3. In this case, the Avrami constant seems to increase for all mixtures when the
crystallization temperature decreased, a feature that contrast with previous observations on
samples having homogeneous arms. In this way, nucleation may follow a different
mechanism that implied some sporadic or homogeneous nucleation, which agrees with the
thermal nucleation process previously pointed out for mixtures of PEI-PCL stars having
different PCL lengths. This process seems more important when crystallization temperature
decreased. It is also remarkable that the overall crystallization rates (Table 3) were not
proportional to the crystal growth rates for mixtures having PCL arms with the lowest
degree of polymerization as shown in Figure 15a for PEI-PCL 10/50. Note, on the contrary
the good agreement between temperature evolution of k and G for the PEI-PCL 30/50
mixture.

CONCLUSIONS
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Multiarm star systems constituted by a commercial core of poly(ethyleneimine) and poly(caprolactone) arms with degrees of polymerization of 50, 30 and 10 were able to crystallize
from both the melt state and diluted n-hexanol solutions. In the last case, lamellae with the
typical PCL structure were attained, being demonstrated the capability to crystallize even
when samples had a degree of polymerization as low as 10. Morphologies of single crystals
were variable, being found the lower degree of perfection when sample had the shortest
PCL arms.
Thermal properties showed also a differentiated behaviour for PEI-PCL 10 in terms of low
melting and glass transition temperatures and reduced crystallinity. The length of PCL arms
had also a remarkable influence on the crystallization kinetics. Specifically, the primary
nucleation density and the second nucleation constant increased when the length decreased
as consequence of the increase of the nucleation effect caused by a major ratio of PEI cores
and the hindered crystal growth due to the existence of short PCL arms.
Crystallization of PEI-PCL x/y mixtures from the melt was basically determined by the
larger PCL arms. These were the first to crystallize determining the final thermal properties
(e.g. melting and equilibrium melting points) and subsequently the shorter arms were
progressively incorporated into the lamellae. A thermal nucleation was characteristic of
multiarm star mixtures due to the different crystallization temperature of samples with long
and short PCL arms, a feature that contrasts with the athermal nucleation determined for
samples with a homogeneous arm length.
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FIGURE CAPTIONS
Figure 1. a) Chemical structure of multiarm star PEI-PCL x copolymers. b) Model of
lamellar crystals grown from multiarm star PEI-PCL copolymers.
Figure 2. 1H-NMR spectrum in CDCl3 of PEI-PCL10 multiarm star.
Figure 3. DSC traces obtained with PEI-PCL 10 (a) and PEI-PCL 50 (b) samples,
corresponding from down to up to the heating run (20 ºC/min) of the as-synthesized
sample, the cooling run (10 ºC/min) after keeping the sample in the melt state for three
minutes, the subsequent heating run (20 ºC/min) of the non-isothermally crystallized
sample (c) and the heating run (20 ºC/min) of a sample previously cooled from the melt
state at the maximum rate allowed by the equipment. Insets show the glass transition
temperatures detected in the third heating run of the multiarm star samples and the first
heating run of a representative PCL sample with a molecular weight of 11,400 g/mol.
Figure 4. DSC heating scans (20 ºC/min) of PEI-PCL 10 (a), PEI-PCL 30 (b) and PEI-PCL
50 (c) samples isothermally crystallized at the indicated temperatures.
Figure 5. Hoffman-Weeks plot of temperatures corresponding to endothermic melting
peaks versus crystallization temperature for PEI-PCL 10, PEI-PCL 30 and PEI-PCL 50.
Equilibrium melting temperatures are explicitly indicated at the intersection point with the
Tm = Tc line.
Figure 6. Transmission electron micrographs of PCL (a), PEI-PCL 10 (b), PEI-PCL 30 (c)
and PEI-PCL 50 (d) samples isothermally crystallized from n-hexanol at 40, 40, 40 and 60
ºC, respectively. The arrows indicate the b crystallographic axis direction for the different
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crystals. The inset of (b) shows more clearly the lanceolate/lenticular morphology of PEPCL 10 single crystals.
Figure 7. Electron diffraction pattern taken from PEI-PCL 10 (a), PEI-PCL 30 (b) and PEIPCL 50 (c) lamellar crystals obtained as above indicated.
Figure 8. Polarized optical micrographs of PEI-PCL 10 (a), PEI-PCL 30 (b) and PEI-PCL
50 (c) isothermally crystallized at 40 ºC, 48 ºC and 49 ºC, respectively.
Figure 9. a) Exothermic DSC peaks corresponding to isothermal crystallizations of PEIPCL 10 at temperatures between 28 and 37 ºC. b) Development of the relative degree of
crystallinity of PEI-PCL 10 at different crystallization temperatures. c) Avrami plots
corresponding to isothermal crystallization of PEI-PCL 10 at the above indicated
temperatures.
Figure 10. a) Plots of the radius of PEI-PCL 10 spherulites versus crystallization time for
isothermal melt crystallizations performed between 28 and 40 ºC. b) Experimental
spherulitic growth rates (solid lines and full symbols) and overall crystallization rates
(dashed lines and open symbols) of PEI-PCL 10, PEI-PCL 30 and PEI-PCL 50 samples.
Figure 11. a) Change in the nucleation density with isothermal crystallization temperature
for PEI-PCL 10, PEI-PCL 30 and PEI-PCL 50 samples. b) Plot of ln G + U* / R(Tc-T)
versus 1 / Tc(T) f to determine the Kg secondary nucleation constant of PEI-PCL 10, PEIPCL 30 and PEI-PCL 50 samples.
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Figure 12. DSC traces obtained with PEI-PCL 10/50 samples following the same protocol
indicated in Figure 2.
Figure 13. Hoffman-Weeks plot of temperatures corresponding to endothermic melting
peaks versus crystallization temperature for PEI-PCL 10/30, PEI-PCL 10/50 and PEI-PCL
30/50 samples. Equilibrium melting temperatures are explicitly indicated at the intersection
point with the Tm = Tc line.
Figure 14. Polarized optical micrographs of PEI-PCLX 10/50 isothermally crystallized at
35 ºC.
Figure 15. a) Experimental spherulitic growth rates (solid lines, full symbols) of PEI-PCL
10/30, PEI-PCL 10/50 and PEI-PCL 30/50. For the sake of completeness experimental
overall crystallization rates (dashed lines and open symbols) are also plot for PEI-PCL
10/50 and PEI-PCL 30/50 samples. b) Change in the nucleation density with isothermal
crystallization temperature for PEI-PCL 10/30, PEI-PCL 10/50 and PEI-PCL 30/50
samples.
Figure 16. Plot of ln G + U* / R(Tc-T) versus 1 / Tc(T) f to determine the Kg secondary
nucleation parameter of PEI-PCL 10/30, PEI-PCL 10/50 and PEI-PCL 30/50 samples.
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Table 1. Main thermal properties determined by DSC for PEI-PCL x samples.

Sample

1st Heating scan
Tf
∆Hf
(ºC)
(J/g)

PEI-PCL 10

44.8, 48.3

74.5

PEI-PCL 30
PEI-PCL 50

62.7, 63.9

115.7
117.1

a

62.4

Cooling scan
Tc
∆Hc
(ºC)
(J/g)
19.5
32.2
32.7

76.9
87.8
89.7

2nd Heating scan
Tf
∆Hf
(ºC)
(J/g)
44.7, 48.2
53.7
54.6

76.6
89.7
90.5

When multiple melting peaks are observed the most intense one is indicated in bold numbers.
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Tg
(ºC)

3rd Heating scan
Tf
∆Hf
(ºC)
(J/g)

-62.0

43.1, 48.6

75.2

-57.0
-57.0

53.2
54.1, 55.5

88.3
90.5

Table 2. Main crystallization kinetic parameters determined by DSC for PEI-PCL x
samples.
Sample

T
(ºC)

Z . 106
(s-n)

n

k. 103
(s-1)

1 /τ1/2 .103
(s-1)

(Z/ln2)1/n . 103
(s-1)

28
30
32
35
37

39.40
10.57
1.534
0.3179
0.0527

2.19
2.34
2.47
2.40
2.47

9.69
7.46
4.40
1.94
1.13

11.43
8.70
5.09
2.27
1.31

11.46
8.72
5.10
2.29
1.31

40
43
45
47
48

517.13
1.4564
0.2078
0.0059
0.0012

1.60
2.22
2.35
2.46
2.48

8.87
2.33
1.44
0.45
0.26

11.55
2.77
1.68
0.52
0.29

11.16
2.75
1.68
0.52
0.30

40
43
45
47
48
49

34.522
11.738
24.333
1.4454
0.0800
0.0012

2.37
2.16
1.81
2.10
2.31
2.64

13.14
5.18
2.90
1.63
0.85
0.42

15.34
6.21
3.57
1.91
0.99
0.53

15.29
6.18
3.57
1.94
0.99
0.48

PEI-PCL 10

PEI-PCL 30

PEI-PCL 50

35

Table 3. Main crystallization kinetic parameters determined by DSC for PEI/PCL x/y
samples.
Sample

k. 103

1 / τ 1/2 .103

(Z/ln2)1/n .103

(s-1)

(s-1)

(s-1)

2.94
3.03
2.44
2.19
2.10
2.30

12.54
8.38
7.58
4.21
1.59
0.92

14.16
9.43
8.62
5.04
1.88
1.07

14.03
9.46
8.87
4.90
1.87
1.07

7.4148
6.9214
0.5138
0.0963
3.6542
0.0691

2.69
2.44
2.61
2.65
1.94
2.26

12.50
7.80
3.87
2.27
1.57
0.67

14.28
9.09
4.46
2.69
1.89
0.79

14.19
8.92
4.48
2.58
1.90
0.79

1.3664
0.0696
0.0095
0.0175
0.4102
0.2445

3.16
3.31
3.18
2.87
2.22
2.03

14.05
6.89
3.01
2.00
1.32
0.56

15.58
7.70
3.39
2.26
1.09
0.65

15.65
7.69
3.37
2.25
1.52
0.66

T

Z. 106

(ºC)

(s-n)

33
35
38
40
43
45

2.4774
0.5113
6.8328
6.0534
1.2879
0.1025

33
35
38
40
43
45

38
40
42
43
45
47

n

PEI-PCL 10/30

PEI-PCL 10/50

PEI-PCL 30/50
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