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ABSTRACT: The behavior of amphiphilic copolymer
chains in a solvent is not the same as that of homopoly-
mers. As an important synthetic biomaterial, poly(ethylene
glycol)-b-poly(lactic acid) copolymers are often dissolved in
tetrahydrofuran (THF) for study. Few studies have focused
on the potential aggregation behavior and compact confor-
mation of the amphiphilic macromolecules in a THF solu-
tion. In this study, a series of poly(ethylene glycol)-b-
poly(lactic acid) diblock copolymers were synthesized and
characterized using fourier-transform infrared spectros-
copy, nuclear magnetic resonance, thermogravimetric anal-
ysis, and gel permeation chromatography methods. The
aggregation behavior of amphiphilic molecular chains in a
THF solution was studied using dynamic light scattering

and transmission electron microscopy. The results showed
that the aggregation size in solutions at a concentration of
2.0 mg/mL is within the range of 50-250 nm. It was further
demonstrated that molecular chains exhibit a compact
conformation in a dilute THF solution, which leads to a
comparatively larger deviation in the characterization of
molecular weights using GPC method. Here, a model is
proposed to elucidate the dynamic evolution between com-
pact amphiphilic single chains and aggregates. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Amphiphilic copolymers are built by joining two or
more parts that have different solubility and chemi-
cal properties. The behavior of amphiphilic copoly-
mer molecular chains in a solution is not the same
as that of homopolymers. The specific state mainly
depends on their chemical structure and solvent
quality. Amphiphilic copolymers are known to self-
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assemble into large variety of aggregate morpholo-
gies in selective media."? In aqueous solutions, for
example, the association of the hydrophobic seg-
ments results in a certain degree of aggregation,
whereas the water-soluble chains extend into
the bulk aqueous phase.”** Amphiphilic diblock
copolymers have been experimentally observed to
assemble into vesicles and rod- or sphere-like
micelles in water depending on manipulation proce-
dures.”>* Poly(ethylene oxide)-b-poly(propylene ox-
ide),”?® poly(ethylene oxide)-b-poly(butadiene),**’
poly(ethylene oxide)-b-polytetrahydrofuran,” poly(eth-
ylene  oxide)-b-poly(N-isopropylacrylamide),  and
poly(ethylene oxide)-b-poly(vinyl alcohol)**>* exhibit
self-assembling  behavior in aqueous solution.
Recently, research has focused on a type of biodegrad-
able and biocompatible amphiphilic copolymer that
includes poly(ethylene oxide)-b-poly(caprolactone) and
poly(ethylene oxide)-b-poly(lactic acid).”>>” These poly-
mers come into use as sutures, staples, and scaffolds in
tissue engineering and for the controlled release of
drugs because of the amphiphilic properties and the
advantages of these homopolymers.*®** Research on
morphogenesis of poly(ethylene oxide)-b-poly(caprolac-
tone) in aqueous media has been performed.”™* Li
studied the behavior of poly(ethylene oxide)-b-



polylactide block copolymers in aqueous solutions.*
The block copolymers are susceptible to form micelles
because of their hydrophobic polylactide segments.

When block copolymers are dissolved in nonselec-
tive solvents (solvents appropriate for all blocks), the
copolymers are generally considered to exist as single
chains. Because of the unfavorable thermodynamic
interactions between different blocks, the aggregated
conformation of single polymer chains was observed
in some investigated systems, such as poly(ethylene
oxide)-b-poly(N,N-dimethylacrylamide) copolymers
in water and tetrahydrofuran (THF),* poly(ethylene
oxide)-b-poly(methyl methacrylate) in THF, cetone,
chloroform and 2,2,2-trifluoroethanol,*® polystyrene-
b-polyisoprene copolymers in bis(2-ethylhexyl) phthal-
ate solution,*® polystyrene-b-poly(N-vinylpyrroli-
done) copolymers in methanol solution,”’ and block
copolymers of polystyrene and quaternized poly
(N,N-diethylamino)isoprene in N,N-dimethylforma-
mide, dioxane, and THF solutions.>?

It is difficult to find a solvent with the same solu-
bility for each segment of an amphiphilic copolymer,
even if the solvent can dissolve both segments. A
good solvent condition for one segment may not be
appropriate for the other segments. In other words,
the solvent toward one segment may encourage co-
polymer chains to form association states.”>>* THF is
often used as a solvent for poly(ethylene oxide)-b-
poly(lactic acid) copolymers (PEG-PLA).>” How-
ever, few studies have focused on the potential
aggregation behavior and compact conformation of
PEG-PLA amphiphilic copolymer chains in THF sol-
utions. In this study, a series of PEG-PLA copoly-
mers with fixed PEG segments of 2.0 x 10° g/mol
were synthesized and characterized. The conforma-
tion and aggregation behavior of amphiphilic PEG-
PLA copolymer chains in dilute and semidilute THF
solutions were studied.

EXPERIMENTAL
Materials

D,L-Lactide was purchased from Chengdu Organic
Chemicals. Monomethoxy poly(ethylene glycol)
(PEG) was obtained from Sigma-Aldrich (M, = 2.0
x 10° g/mol). Stannous octoate was supplied by
Sinopharm Chemical Reagent Company. Methanol,
dichloromethane and diethyl ether from Tianjin
Guangcheng Chemical Reagent Company, were ana-
lytical grade. THF was HPLC grade.

Measurements

Fourier-transform infrared spectroscopy (FTIR) was
performed on a Bruker TENSOR27 spectrometer in
the range of 4000 to 400 cm ™' to identify the struc-
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ture of synthesized copolymers. Each sample was
prepared for an FTIR analysis by casting a 2.0 wt %
CH,Cl, solution onto KBr windows. The sample was
then placed in an oven at 50°C for 48.0 h under vac-
uum to completely remove solvent. 'H nuclear mag-
netic resonance (‘"H-NMR) spectra were recorded on
a 400 MHz UltraShield™ magnet (Bruker) spectrom-
eter using CDCl; as a solvent. Chemical shifts (5) are
given in ppm using tetramethylsilane as an internal
reference. Thermogravimetric analysis (TGA) was
performed using a Mettler TGA/ADTAS851° thermal
analyzer. The samples (6.0-10.0 mg) were heated
from ambient temperature to 600°C at a heating rate
10°C/min under an inert atmosphere of nitrogen.
Gel permeation chromatography (GPC) equipped
with a Waters 515 system, a 2410 refractive index
detector and two Styragel gel columns was cali-
brated with narrow-molecular-weight polystyrene
(PS) standards and was used to characterize the mo-
lecular weight of the synthesized copolymers. THF
was used as a mobile phase at a flow rate of 1.0
mL/min. The concentrations of samples were in the
range of 2.0-3.0 mg/mL and the injection volume
was 100 pL for each analysis. The columns and de-
tector were maintained at 35°C.

Dynamic light scattering (DLS) experiments were
performed to measure the hydrodynamic radius (Rj)
of particals on a Brookhaven BI-200SM instrument
using a solid-state laser (200 mW, A = 632 nm). The
temperature was controlled at 25°C. The scattered
light was collected on a Brookhaven BI-9000 AT cor-
relator. Intensity time correlation functions g(z)(r)
were recorded in the angular range from 20° to 95°,
and the evaluation of the hydrodynamic radius was
obtained using the Laplace inversion program CON-
TIN. The THF solution of PEG-PLA was first filtered
through 0.22 pm Millipore filter to remove dust par-
ticles. Transmission electron microscopy (TEM) was
performed on a JEM-1400 electron microscope
(JEOL) operated at an accelerating voltage of 120 kV.
Specimens were prepared by dipping a copper grid
into THF solutions of copolymers. The grid was then
left to stand on a piece of filter paper and air dried
before measurement.

Preparation of PEG-PLA copolymers

PEG-PLA copolymers with fixed PEG segments
were synthesized by ring-opening polymerization of
D,L-lactide in the presence of PEG (2.0 x 10° g/mol).
In brief, appropriate amounts of p,L-lactide and PEG
were mixed in a 100 mL three-necked round-bottom
flask. The flask was evacuated under vacuum for
2.0 h to remove trace water. Subsequently, 0.5 wt %
stannous octoate was added. Polymerization was
performed at 140-145°C for 12.0 h under nitrogen
atmosphere.  For  purification, the resulting
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Figure 1 Synthetic route of PEG-PLA copolymers.

copolymer was dissolved in CH,Cl, and then pre-
cipitated in excess cold methanol or diethyl ether.
The PEG-PLA copolymers were filtered and dried at
room temperature under vacuum.

RESULTS AND DISCUSSION
Characterization of PEG-PLA copolymers

The synthetic route of the PEG-PLA copolymers,
which is a ring-opening polymerization reaction, is
shown in Figure 1. Table I presents the PEG-PLA
copolymers synthesized with different feeding ratios
of p,-lactide to PEG. The theoretic molecular
weights are in the range of 7.0 x 10° to 7.2 x 10* g/
mol. The copolymers synthesized were confirmed
using FTIR. The absorption bands at 2990, 2876, and
1380 cm ™' are attributed to the methyl groups. The
peaks at 2930 and 1460 cm ™' are due to methylene
groups and are clearly observable. The characteristic
peaks at 1750 and 1187 cm ' indicate the existence
of ester groups, and the strong absorption peak at
1091 cm™ ! is assigned to the ether (C—O—C) group.
'"H-NMR measurements were used to determine
the chemical structure of PEG-PLA. Figure 2 shows
the '"H-NMR spectrum of specimen 3. Peaks at 5.200
and 1.566 ppm are attributed to the 'H of tertiary
carbon and methyl groups, respectively, in the PLA
block. The peak at 3.645 ppm is characteristic of
methylene groups in PEG segments. The peaks at

[0}
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TABLE I
Comparison of Molecular Weights of PEG-PLA
Copolymers Obtained by Different Methods

NMR GPC
PEG-PLA Me? M,P M, Mo PD*
1 7001 6477 4500 6200 137
2 12,007 11,847 4800 7400 152
3 22,012 22,265 5300 9000  1.69
4 31,999 37,245 5400 8700 156
5 51,985 55613 5800 8600  1.48
6 72,029 72963 11,800 24,800  2.09

@ M9: theoretic molecular weight of PEG-PLA copolymers
calculated according to feeding ratios of p,L-lactide to PEG.

® M,: molecular weight of PEG-PLA obtained by exam-
ining the ratio of integrals of 'H resonances of CH group
in PLA (6 = 5200 ppm) to that of CH,CH,O group in
PEG segments (6 = 3.645ppm) according to eq. (1).

¢ PD: polydispersity of PEG-PLA copolymers deter-
mined by GPC.

342 and 4.37 ppm are attributed to terminal
methoxy hydrogen protons and methylene protons
connected to ester structural units, respectively.

Molecular-weight characterizations

The integrations of the "H-NMR peaks at 3.645 and
5.200 ppm, which belong to the PEG and PLA seg-
ments, respectively, can be used to calculate the num-
ber-average molecular weight (M,) of PEG-PLA
copolymers. The molecular weight of the PEG seg-
ment is known to be 2.0 x 10° g/mol, which can be
used as an internal standard in the determination of
the average molecular weight of PEG-PLA diblock
copolymers. The molecular weights of the PLA seg-
ments were determined by an examination of the ra-
tio of methine protons (CH) in the PLA segment to

Figure 2 'H-NMR spectrum of PEG-PLA copolymer (specimen 3).
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Figure 3 TGA curves of PEG-PLA copolymers.

methylene (CH,) protons in the PEG segment. The
M,, of the PEG-PLA copolymers summarized in Table
I was obtained according to eq. (1). The table shows
that the M, determined using 'H-NMR is in good
agreement with the theoretic molecular weight (M)
calculated from the p,L-lactide/PEG feeding ratios.

Integration (CH)
Integration (CH,)

x 72 + DPpppc x 44 (1)

Mn = DPmPEG X 4 x

Here, Integration (CH) and Integration (CH,) rep-
resent the integrals of 'H resonances of CH group
in PLA and CH,CH,O group in PEG segments,
respectively.

Moreover, the average molecular weights and mo-
lecular-weight distribution of polymers can be ob-
tained using the GPC method, and their values are
considered to be relative to the narrow-dispersed-
polymer standards used for calibration of the sys-
tem. Table I presents a survey of the molecular-
weight data of PEG-PLA copolymers based on the
GPC analysis. The resulting molecular weights are
much smaller than those obtained by the 'H-NMR
method. However, the GPC analysis shows positive
relationship with the p,L-lactide/PEG feed ratios.

TABLE II
TGA Data of PEG-PLA Copolymers
Theoretical Experimental

weight loss (%) weight loss (%)
PEG-PLA M, Stepl Step 2 Step 1 Step 2
1 7001 71.43 28.57 70.64 28.72
2 12,007 83.33 16.67 82.31 14.91
3 22,012 90.91 9.09 89.68 8.08
4 31,999 93.75 6.25 93.49 4.45
5 51,985 96.15 3.85 95.92 2.23
6 72,029 97.22 2.78 96.19 2.65
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Figure 4 Schematic illustration of chain conformation in
a dilute THF solution: (a) PEG-PLA; (b) polystyrene, (Blue
line represents PEG segment; red line represents PLA seg-
ment; green line represents polystyrene chains). [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

In this work, TGA was performed to estimate mo-
lecular segments of the PEG-PLA diblock copoly-
mers. For block copolymers, TGA curves can show
different breakdown stages because of the dissimilar
thermal stability of each segment. Consequently, the
quantitative analysis of block copolymer composi-
tions can be performed using this method. PEG-PLA
copolymers contain polyester and polyether seg-
ments, and the PLA segment is bound through an
ester linkage to the PEG segment. In the TGA curves
of PEG-PLA copolymers, two thermal degradation
stages were observed (Fig. 3). Because the ether
bond is more stable than the ester group, PEG seg-
ments break down at high temperature. The thermal
analysis data are summarized in Table II. The PEG
and PLA segment weights in the PEG-PLA speci-
mens calculated according to the TGA curves are in
reasonable agreement with those obtained using the
"H-NMR method. For example, in the TGA curve,
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Figure 5 Selected correlation function ¢®(t) and corre-
sponding relaxation time distributions of specimen 3 at
20°. Insert is dependence of relaxation rates on the square
of the scattering vector (¢°)
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scattering.

the two step weight losses of specimen 3 are 89.68
and 8.08%, respectively. The theoretic PLA and PEG
contents of specimen 3 are 90.91 and 9.09%.

Compact chain conformation

GPC primarily uses conventional liquid-chromato-
graphic equipment. A polymer solution flows
through a column or series of columns that contain
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in THF solutions obtained using dynamic light

a special gel with pores comparable in size to the
molecular coils in the solution. As the polymer mol-
ecules elute from the columns, they are separated by
the scale of their hydrodynamic radius and then
detected using a suitable concentration detector to
produce an elution volume curve (concentration vs.
time). A distribution can be produced because the
instrument has been calibrated using narrow-
dispersed polymer standards. By suitable data

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Representative TEM images of specimen 3 in a semidilute THF solution. (a) in the solution kept a static state

for 48.0 h; (b) in the fresh prepared THF solution.

manipulation, average molecular weights can be cal-
culated. The mechanism of the GPC instrument is
based on size-exclusion theory. Clearly, the molecu-
lar weights determined using GPC are closely
related to the chain conformation of samples in
dilute solution and the narrow standards.

The solubility parameters ({) of THF, PLA, PEG,
and PS are 18.6 MPa'/?, 21.3 MPa'/?, 19.9 MPa'’?,
and 18.6 MPa'/?, respectively.® PS shows the same
€ as THF and has uniformity and consistency within
the entire chain. Accordingly, PS has a good degree
of stretch and a high excluded volume in a THF so-
lution. PEG has a { similar to that of THF. The large
A( (solubility parameter gap) between PLA and THF
indicates that PLA has a comparatively poor solubil-
ity in THF. Therefore, in a dilute THF solution, the
PLA segments tend to curl, which results in a com-
pact PEG-PLA chain conformation and the decline
of apparent excluded volume (see Fig. 4). When
compared with PS chains, PEG-PLA chains will ex-
hibit a crimp conformation and smaller coils in a
dilute THF solution, which causes deviation of PEG-
PLA molecular weights determined by GPC using
narrow-dispersed PS standards. These results may
explain why the molecular weights of PEG-PLA
determined using GPC are significantly lower than
the theoretic values.

Aggregation

To gain insight into the behavior of PEG-PLA molec-
ular chains in a semidilute solution, DLS experi-
ments were performed. PEG-PLA copolymers were
dissolved in THF at a concentration of 2.0 mg/mL,
which was the same as the initial sample concentra-
tion used for GPC measurements. The sample solu-
tions were kept a static state for 48.0 h prior to mea-
surement. Intensity time correlation functions g(z)(t)

Journal of Applied Polymer Science DOI 10.1002/app

were recorded in the angular range from 20° to 95°.
Figure 5 shows a t(y})ical experimental intensity cor-
relation function ¢'*(1) for specimen 3 measured at
20°, together with the corresponding relaxation time
distributions. The relaxation time distribution is
found to be bimodal with a fast and slow mode
relaxation peaks. Both relaxation rates are linearly
dependent on the square of the scattering vector (q)
and pass through the origin, showing that both
modes are diffusive. The fast diffusive mode is
attributed to the unimers and the the slow mode is
attributed to the aggregates formed by PEG-PLA in
THF solution. The apparent hydrodynamic radius R,
of the majority particles computed according to the
CONTIN method was in the range of 50250 nm
(Fig. 6). These particles are in an aggregation state
formed by the association of several PEG-PLA
chains. A small quantity of particles with hydrody-
namic radii of several nanometers was also found in
the solutions. This size represents a typical diameter
of a single chain. As reported in the literature, the
Ry, of single poly (o-methylstyrene) chains with M,
of 1.3 x 10* and 2.48 x 10* g/mol in a good solvent
are 2.66 and 3.66 nm, respectively.” From the results
of DLS, the aggregates and single molecular chains
clearly coexist in the THF solution, and the aggre-
gates of multichains are the primary structure form.

TABLE III
Dynamic Light Scattering Results of PEG-PLA
Copolymers in Fresh Prepared THF Disperse Systems

Concentration Ry, (nm)
(mg/mL) Specimen 3 Specimen 6
2.5 29.9 441
2.0 27.7 422
15 28.3 45.6
0.5 28.7 44.0
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Figure 8 A schematic model of PEG-PLA chains behavior in a semidilute THF solution and a dilute THF solution.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

To provide direct evidence for the aggregation
behavior of PEG-PLA in THF solution predicted by
DLS measurements, TEM measurements were per-
formed to observe possible aggregation morphology.
Figure 7 shows a typical TEM image of specimen 3
in a semidilute solution. The spherical aggregates,
which exhibit diameters in the range of 50-250 nm,
are visualized clearly [Fig. 7(a)]. These results are in
good agreement with those determined using DLS.

In the fresh prepared THF solutions, the R;s of
specimen 3 and specimen 6 with different concentra-
tions were measured using DLS (Table III). The
average values of the R;s were 28.6 and 44.0 nm,
respectively. These values are smaller than the Rjs
detected in solutions equilibrated for 48.0 h. Further-
more, at the experimental concentrations, the scale
of the aggregates showed little change when concen-
trations were increased from 0.5 to 2.5 mg/mL. This
phenomenon can be explained as follows: in a fresh
THEF solution, initial aggregates assisted by hydro-
phobic interaction of PLA blocks are formed. This
process is a spontaneous. In this stage, the scale of
the aggregates does not depend on the concentra-
tion. With time, other PEG-PLA chains will enter
into the aggregates and the aggregates will grow
larger. Furthermore, some copolymer chains and sol-
vent molecules are embedded in the inner core of
the micelle-like structures. Consequently, the R;
detected will result in larger values and present
some degree of dispersion. Because of the longer
hydrophobic PLA segments, the R, of specimen 6 is
larger than that of specimen 3 in the freshly disperse
system. Figure 7(b) shows the morghology obtained
from a fresh solutions of specimen 3.

In summary, in a semidilute THF solution, the
association of hydrophobic PLA segments results in
a certain degree of aggregation of PEG-PLA molecu-
lar chains. PLA segments form a core, with the PEG
segments stretched out and forming a “brush” at the

periphery of the core. State “A” in Figure 8 illus-
trates the aggregation behavior of PEG-PLA chains
in a static semidilute THF solution. When the system
is disturbed, such as by flowing through the GPC
system, where the porous particles wall dynamically
shear the chains and the chains are diluted by the
mobile phase, the structure of multichains will dis-
aggregate. After the solution elutes from the GPC
columns, the PEG-PLA chains will be compact single
chains dispersed in THF and described as state “C”.
State “B” is an intermediate state between “A” and
“C”. A compact single coil of PEG-PLA in a dilute
THF solution will give a small molecular weight
characterized using GPC.

CONCLUSIONS

THEF is often used as a solvent for PEG-PLA amphi-
philic copolymers. The solution of PEG-PLA in THF
is commonly dealt with as a homogenous solution.
The potential behavior of aggregated conformation
is ignored. This study demonstrates that multichain
aggregates and single chains of PEG-PLA coexist in
a semidilute THF solution. Multichain aggregates
can be disaggregated by dilution effect together with
the interaction of dynamic shear and disturbanc. The
PEG-PLA chains present a compact conformation in
a dilute THF solution, which leads to a compara-
tively larger deviation in the characterization of mo-
lecular weights using the GPC method. These results
on PEG-PLA amphiphilic copolymers in THF solu-
tions can be used for reference to consider other
amphiphilic copolymers solutions in so-called good
solvents.
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