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ABSTRACT: Crystallization and morphology of polyeth-
ylene glycol with molecular weight M,, = 2000 (PEG2000)
capped with cholesterol at one end (CS-PEG2000) and at
both ends (CS-PEG2000-CS) were investigated. It is found
that the bulky cholesteryl end group can retard crystalliza-
tion rate and decrease crystallinity of PEG, especially for
CS-PEG2000-CS. Isothermal crystallization kinetics shows
that the Avrami exponent of CS-PEG2000 decreases as
crystallization temperature (T.). The Avrami exponent of
CS-PEG2000-CS increases slightly with T, but it is lower
than that of CS-PEG2000. Compared to the perfect spheru-
lite morphology of PEG2000, CS-PEG2000 exhibits irregu-
lar and leaf-like spherulite morphology, while only needle-
like crystals are observed in CS-PEG2000-CS. The linear

growth rate of CS-PEG2000 shows a stronger dependence
on T, than PEG2000. The cholesterol end group alters not
only the free energy of the folding surface, but also the
temperature range of crystallization regime. The small
angle X-ray scattering (SAXS) results show that lamellar
structures are formed in all these three samples. By com-
paring the long periods obtained from SAXS with the theo-
retically calculated values, we find that the PEG chains are
extended in PEG2000 and CS-PEG2000, but they are once-
folded in CS-PEG2000-CS. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 103: 2464-2471, 2007
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INTRODUCTION

End groups sometimes play an important role in
polymer properties, such as thermal stability,'™ reac-
tivity,”” aggregation behavior in solution,® and crys-
tallization behavior.” The influence of end groups
becomes more important in polymers of low molecu-
lar weight due to high proportion of end group.'’
For crystalline polymers, end groups can be viewed
as defects and may affect crystallization behavior
and morphology of polymers. Cheng et al. reported
that end groups drive the change of PEO chains
from nonintegrated folding to integrated folding, but
larger end groups make such a change proceed very
slowly due to friction among end groups.'' So far
most of the end groups in PEG are small molecules.
Recently, PEGs capped with fullerene or choles-
terol,'*"> which are relatively more bulky than the
small end groups previously used, were prepared.
However, crystallization behavior of PEG with large
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end group is rarely reported. In this study, PEGs
capped with cholesterol at one end and at both ends
were synthesized and crystallization behavior and
morphology of them were studied.

EXPERIMENTAL
Materials

Cholesterol (ACROS) was purified by recrystalliza-
tion from ethanol. Polyethylene glycol (PEG) with
molecular weight M,, = 2000 and M,/M, = 1.06
(ACROS) and polyethylene glycol (M, = 2000, M,,/
M, = 1.07) monomethyl ether (Aldrich) were puri-
fied by distillation in toluene just before use to
remove absorbed water.

Synthesis of CS-PEG2000

4.0 g PEG monomethyl ether was dissolved in 60
mL chloroform, and 4.03 g terephthaloyl chloride
(TPC) was dissolved in 30 mL dry chloroform. The
PEG/chloroform solution was slowly dropped into
TPC/chloroform solution. The resulting solution was
stirred under nitrogen at 65°C for 24 h. Chloroform
was removed under vacuum and the excessive TPC
in the solid was washed by abundant diethyl ether
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for at least five times under nitrogen. The residue
was dried by vacuum and dissolved in 60 mL chlo-
roform called as solution A. 5 g cholesterol was dis-
solved in 20 mL chloroform. Solution A was then
dropped into cholesterol/chloroform solution slowly,
stirred under nitrogen at 65°C for 24 h. The solution
was cooled to room temperature and washed by
diethyl ether and white solid was precipitated. The
solid was dried in vacuum at room temperature for
24 h. The product was characterized with 'H-NMR
on a Bruker AMX500 NMR spectrometer (Rhein-
stetten, Germany) using deuterated chloroform as
solvent [Fig. 1(a)]. The molecular weight distribution
(My/M,;) of CS-PEG2000 measured by gel-permea-
tion chromatograph (GPC) was 1.06, similar to the
raw material.

Synthesis of CS-PEG2000-CS

4.0 g PEG was dissolved in 60 mL chloroform and
8.0 g TPC was dissolved in 40 mL dry chloroform.
The PEG/chloroform solution was slowly dropped
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Figure 1 TH-NMR spectra of (a) CS-PEG2000 and (b) CS-
PEG2000-CS.

into TCL/chloroform solution. The resulting solution
was stirred under nitrogen at 65°C for 24 h. Chloro-
form was removed under vacuum and the excessive
TPC in the solid was washed by abundant diethyl
ether for at least five times under nitrogen. The resi-
due was dried in vacuum and then dissolved in 60 mL
chloroform called as solution B. 10 g cholesterol was
dissolved in 30 mL chloroform. Solution B was
dropped into cholesterol/chloroform solution slowly,
stirred under nitrogen at 65°C for 24 h. The solution
was cooled to room temperature and washed by
diethyl ether. White solid was precipitated and dried
in vacuum at room temperature for 24 h. The prod-
uct was characterized with '"H-NMR [Fig. 1(b)]. The
molecular weight distribution (M,/M,) of CS-
PEG2000-CS was 1.08.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments
were carried out on a TA Q100 instrument (New
Castle, DE). In nonisothermal crystallization, the
samples were first held at 80°C for 5 min to erase
thermal history, then were cooled to —50°C at a rate
of 10°C/min and again heated to 80°C at a rate of
10°C/min. Both cooling and heating DSC traces
were recorded. In isothermal crystallization experi-
ments, the samples were held at 80°C for 5 min and
then cooled to the desired crystallization tempera-
ture at a rate of 100°C/min. The samples were held
at crystallization temperature until crystallization
was completed. The change of heat flow with time
was recorded upon crystallization.

Polarized optical microscopy

An Olympus BX-5 polarized optical microscope
(POM) (Tokyo, Japan) equipped with a hot-stage,
and a digital camera was used to study morphology
of the cholesterol capped PEG under isothermal
crystallization conditions. The samples were first
melted at 80°C on the hot-stage, and then transferred
to another hot-stage at the preset crystallization tem-
perature, T, and allowed to crystallize isothermally.
The hot-stage was calibrated with standard, sharp-
melting substances. During crystallization, the growth
of the spherulites was monitored as a function of
time and the linear growth rate of spherulites (G) can
be determined from the slope in the plot of spherulite
radius versus time.

Small angle X-ray scattering

Synchrotron small angle X-ray scattering (SAXS) mea-
surements were performed at beamline 4B9A at
Beijing Synchrotron Radiation Facility,'® using a
SAXS apparatus constructed at the station over g
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Figure 2 Nonisothermal crystallization DSC traces of
PEG2000, CS-PEG2000, and CS-PEG2000-CS.

ranges of 0.005 A7l < g <015 A!, where g = 4n
sin(0/2)/), with 6 and A being respectively, the scat-
tering angle and incident X-ray wavelength of 1.54 A
The data accumulation time was about 5 min for
each sample, depending on the intensity of incident
X-ray. The distance between the sample chamber and
detector was 1.52 m. The images for scattering of the
samples were obtained by an image plate (Mar345)
detector. The data were analyzed with a Fit2D pro-
gram. The samples for SAXS experiments were first
heated to melt and cooled to room temperature, and
then were annealed 2°C below the melting tempera-
ture (determined by DSC) for 12 h.

RESULTS AND DISCUSSION

Nonisothermal crystallization and
melting behaviors

Figures 2 and 3 show the nonisothermal crystal-
lization and melting DSC traces of PEG2000, CS-
PEG2000, and CS-PEG2000-CS, respectively. It is
found that CS-PEG2000 exhibits lower crystallization
temperature than uncapped PEG2000, showing that
larger supercooling is required for crystallization CS-
PEG2000. The crystallization peak of CS-PEG2000 is
also broader than that of PEG2000, which means the
crystallization rate of PEG is retarded by large cho-
lesterol end-group. For CS-PEG2000-CS, which is
capped with cholesterol at both ends, the crystalliza-
tion temperature shifts further to lower tempera-
ture. We notice that the crystallization enthalpy of
CS-PEG2000-CS is evidently smaller than that of
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PEG2000 and CS-PEG2000, indicating that crystallin-
ity is greatly reduced by the bulky cholesteryl at
both ends. No liquid crystalline phase was detected
in CS-PEG2000 and CS-PEG2000-CS. This is possibly
due to the long PEG chain. In contrast, liquid crys-
talline phase is retained in cholesterol attached with
short PEG chains."” One can see from Figure 3 that
CS-PEG2000 has similar melting temperature with
PEG2000, but CS-PEG2000-CS has much lower melt-
ing temperature. This finding will be discussed in
terms of SAXS results in the next section.

Isothermal crystallization kinetics

The isothermal crystallization kinetics of polymer
can be analyzed using Avrami equation:

AH;_  — AH;
1—X(t) = 22— = exp(—K¢t" 1
where X(t) is the relative crystallinity at time f{,
AH{__ and AHj are the crystallization enthalpies on
complete crystallization and after time t. Therefore,
we have:

In[-In(1 - X(#))]=InK+nlInt (2)

The crystallization rate constant K and Avrami
exponent n can be determined from the intercept
and slope in the plot of In[-In(1 — X(t))] versus In(¢),
respectively.

The Avrami plots of CS-PEG2000 and CS-PEG2000-
CS at various crystallization temperatures are illus-
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Figure 3 Melting DSC traces of PEG2000, CS-PEG2000,
and CS-PEG2000-CS.
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Figure 4 Avrami plots of CS-PEG2000 at various crystalli-
zation temperatures.

trated in Figures 4 and 5, respectively, and the ob-
tained values of Avrami exponent and crystallization
rate constant are summarized in Table I. The Avrami
exponents of CS-PEG2000 at T, = 34°C and T, = 36°C
are around 2.0, which are similar to the values of
PEO homopolymer.'®'” However, it is found that the
Avrami exponents of CS-PEG2000 strongly depend

Y
4L o Teee o
o T:25°C '
T=28°C
2 |
o
X
=
Eal
=
4 |
_5 1 1 1
1 2 3 9

In{q {s)

Figure 5 Avrami plots of CS-PEG2000-CS at various crys-
tallization temperatures.
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TABLE 1
Avrami Exponents and Crystallization Rate Constants of
CS-PEG2000 and CS-PEG2000-CS

T. (°C) n In K (s
CS-PEG2000 34 2.3 -11.0
36 1.9 -10.7
38 1.6 -10.6
40 1.3 —-10.0
CS-PEG2000-CS 24 1 —5.4
25 1.1 -5.7
26 1.2 -6.1
27 1.3 —6.3

on crystallization temperature. With increase in T,
the Avrami exponent decreases gradually from 2.3 at
T. = 34°C to 1.3 at T, = 40°C. The Avrami exponent
is related to growth dimension of polymer crystals.
At higher T, the polymer crystals generally grow
more perfectly and have larger Avrami exponent. As
a result, such a phenomenon that Avrami exponent
decrease with T, is quite unusual. The Avrami expo-
nents of CS-PEG2000-CS are around 1.0 and are lower
than those of CS-PEG2000. Usually an Avrami expo-
nent n = 1.0 is observed for crystallization in a con-
fined environment.’’ However, we did not observe a
microphase separated structure in the melt of CS-
PEG2000-CS by SAXS and liquid crystalline phase
was not detected by DSC either, so PEG2000 does not
crystallize from a preordered structure, which pro-
vide for a confined environment. We speculate that
the small Avrami exponent of CS-PEG2000-PEG is
the result of the strongly reduced growth dimension
of PEG crystals due to the presence of cholesterol
end-groups, as can be seen from the superstructure in
the next section. It also noticed that the Avrami expo-
nent of CS-PEG2000-CS increases slightly with increase
of T, and exhibits a weaker dependence on T.. The
crystallization rate constants for both CS-PEG2000 and
CS-PEG2000-CS do not change much with T,.

Morphology and linear growth rate of spherulites

Figure 6 shows the polarized optical micrographs of
PEG2000, CS-PEG2000, and CS-PEG2000-2000 during
isothermal crystallization. It is observed that PEG2000
exhibits typical spherulite morphology with Maltese
crosses. Spherulites with Maltese crosses are observed
for CS-PEG2000 as well, but the spherulites are irreg-
ular and leaf-like, showing that the PEG crystals
grow preferentially in some directions due to the
presence of cholesterol end group. In contrast, no
spherulites and only needle-like crystals are observed
in CS-PEG2000-CS.

The linear growth rates of spherulites (G) for
PEG2000 and CS-PEG2000 are illustrated in Figure 7.
Since the crystals of CS-PEG2000 are polygonal, the
radius is determined in terms of the average values
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of distances from the center to various corners. It
is found that linear growth rates of spherulites
decreases as crystallization temperature increase for

(c)

Figure 6 Polarized optical micrographs of (a) PEG2000,
(b) CS-PEG2000, and (c) CS-PEG2000-CS during isothermal
crystallization. The crystallization temperatures are 45°C
for PEG2000, 44°C for CS-PEG2000, and 30°C for CS-
PEG2000-CS.
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Figure 7 Linear growth rates of spherulites for PEG2000
and CS-PEG2000.

both samples, but obviously CS-PEG2000 exhibits a
stronger dependence on crystallization temperature.
Based on the crystallization regime theory of Laur-
itzen and Hoffman, the linear growth rate (G) of
polymer spherulites can be expressed as follows>":

G = Goexp[~U"/R(Tc — To)lexp[—Kg/Te(T,, — Tc)f]
®)

where Gy is a constant and is independent of tem-
perature, U* is the activation energy related with the
short distance diffusion of the crystalline unit across
the phase boundary, T, is crystallization tempera-
ture, T is the temperature below which there is no
chain motion (usually Ty = T, — 30 K), f is the cor-
rection factor and is equal to 2T./(ATY + T,).
The nucleation constant, K,, is expressed as:

K, = jbooo, T, /k(Ah) 4)

where j = 4 for crystallization regimes I and III, and
j = 2 for crystallization regime II, by is the layer
thickness, ¢ is the lateral surface free energy, o, is
the free energy of the folding surface, Al is fusion
enthalpy, and k is Boltzmann’s constant. The values
of U*, ATy, T,, To, Ahy, by, and o are 6.28 k]/mol,
339.4 K, 206 K, 176 K, 230 x 10° J/m® 4.6 A, and
10.0 erg/cm?,** respectively.

Figure 8 shows the plot of In G + U*/R(T, — Ty)
versus 1/T.(AT)f for PEG2000 and CS-PEG2000. A
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Figure 8 Plots of In G + U*/R(T, — Ty) versus 1/T(AT)f
for PEG2000 and CS-PEG2000.

deflection in the slope is observed for both samples.
It is found that for PEG2000 the slope higher than T,
= 44°C is nearly half of the slope lower than T.
= 44°C, indicating a transition occurs at T, = 44°C
from regime III to regime II. In contrast, we notice
that in CS-PEG2000 the slope lower than T, = 42°C
is half of that higher than T. = 42°C, showing that
regimes I and II are observed and the transition is
located at T, = 42°C. This shows that temperature
range of crystallization regime is altered by the cho-
lesterol end-group. The free energy of the folding
surface (o) can be calculated from the K,, which is
the slope in Figure 8. Assuming that o is 10 erg/
cm?, the values of o, are 25 and 28 erg/ cm? for PEG
2000 in regime III and regime II, respectively. These
values are very similar to those of PEO homopoly-
mer Crzlstals, 26 erg/cm” reported by Kovacs and
Cheng.**** For CS-PEG2000, the values of o, are 106
and 112 erg/cm? in regime II and regime I, respec-
tively, much higher than those for PEG2000. There-
fore, the cholesterol end-group increases the free
energy of the folding surface of PEO crystals greatly,
which is unfavorable to crystallization of PEG.

SAXS result

The SAXS profiles of PEG2000, CS-PEG2000, and CS-
PEG2000-CS are shown in Figure 9. The samples
were subject to long time annealing to reach their
equilibrium structures. From the positions of SAXS
peaks, we can see that lamellar structures are formed
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in both samples, since the second SAXS peak ap-
pears at 2g* (g* is the position of the first order SAXS
peak.). The long periods (L) can be calculated by L
= 2n/q*, which arel3.3, 154, and 10.7 nm for PEG2000,
CS-PEG2000, and CS-PEG2000-CS, respectively.
Based on the reported data, the size of extended cho-
lesterol is about 2.0 nm,” and the length of oxyethy-
lene unit is 0.285 nm when PEG ado;ts a 7, helical
conformation in monoclinic crystals.”® As a result,
the theoretical long periods can be calculated in
terms of folding number of PEG chains and packing
of cholesteryl. For PEG2000, assuming the PEG
chains are extended [Fig. 10(a)], the calculated long
period is L = 0.285 x 45 = 12.8 nm (The size of two
hydroxyl end groups was not considered.), which
agrees well with the long period (L = 13.1 nm)
obtained from SAXS. In CS-PEG2000, if the repeating
structure contains single layer of cholesterol and the
PEG chains are extended [Fig. 10(b)], the calculated
long period for CS-PEG2000 is L = 2.0 + 0.285 x 45
= 14.8 nm (The sizes of methoxyl end group and ter-
ephthaloyl coupling reagent were not included). This
value is also in accordance with the SAXS result.
From SAXS result, we notice that CS-PEG2000-CS
has smaller long period than PEG2000 and CS-
PEG2000, though this sample contains two bulky
cholesteryl end-groups. Therefore, we believe that
the PEG chains in CS-PEG2000-CS are folded. As-
suming the PEG chains are once-folded and the
repeating structure included double layers of choles-
terol, the calculated long period, which is L = 2.0
x 2 + 0.285 x 45/2 = 10.4 nm (The size of tereph-

PEG2000

log(Xq)) (a.u.)

00 02 04 0.6 0.8 1.0 12 14 1.6
q{nm 'y

Figure 9 SAXS profiles of PEG2000, CS-PEG2000, and CS-
PEG2000-CS after annealing.
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Figure 10 Possible structures of (a) PEG2000, (b) CS-
PEG2000, and (c) CS-PEG2000-CS.

thaloyl coupling reagent was not included.), can be
comparable to the value from SAXS. As a result, the
structure of CS-PEG2000-CS is tentatively like that
shown in Figure 10(c). It should be emphasized that
we cannot determine the structure of CS-PEG2000-
CS from unambiguously. It may also adopt a nonin-
tegral folding conformation. However, we can con-
clude that the PEG chains are extended in PEG2000
and CS-PEG2000 after long time annealing, but
extended conformation can not be reached for CS-
PEG2000-CS, even after long time annealing. This is
in accordance with the report that large rigid end
groups may prevent the transformation of PEG crys-
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tals.”” This result can perfectly explain the fact that
CS-PEG2000 and PEG2000 have similar melting tem-
peratures, but CS-PEG2000-CS has evidently lower
melting temperature, since the melting temperature
of polymer crystals is determined by lamellar thick-
ness of crystals.

CONCLUSIONS

The bulky cholesteryl end group can retard crystalli-
zation of low molecular weight PEG, especially
when both ends of PEG are capped with cholesterol.
Isothermal crystallization kinetics shows that the
Avrami exponent of CS-PEG2000 abnormally
decreases as crystallization temperature. The CS-
PEG2000-CS has lower Avrami exponent. Perfect
spherulites are observed in PEG2000, and CS-
PEG2000 exhibits irregular leaf-like spherulites mor-
phology, while only needle-like crystals, instead of
spherulites, are observed in CS-PEG2000-CS. Crystal-
lization temperature has a greater influence on linear
growth rate of CS-PEG2000 than PEG2000. The cho-
lesterol end-group can change both the free energy
of the folding surface and the temperature range
of crystallization regime. The SAXS results show
that the PEG chains are extended in PEG2000 and
CS-PEG2000, but they are once-folded in CS-
PEG2000-CS.
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