Macromolecular Research, Vol. 11, No. 5, pp 341-346 (2003)

Characterization of Poly(ethylene oxide)-b-Poly(L-lactide) Block Copolymer by
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry

Jeongmin Hong, Donghyun Cho, and Taihyun Chang*

Department of Chemistry and Center for Integrated Molecular Systems,
Pohang University of Science and Technology, Pohang 790-784, Korea

Woo Sun Shim and Doo Sung Lee

Department of Polymer Science and Engineering, Sungkyunkwan University, Suwon 440-746, Korea

Received Apr. 30, 2003; Revised July 21, 2003

Abstract: A poly(ethylene oxide)-b-poly(L-lactide) diblock copolymer (PEO-b-PLLA) is characterized by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and a block length distri-
bution map is constructed. Although the MALDI-TOF mass spectrum of PEO-b-PLLA is very complicated, most
of the polymer species were identified by isolating the overlapped isotope patterns and by fitting the overlapped
peaks to the Schulz-Zimm distribution function. Reconstructed MALDI-TOF MS spectrum was nearly identical to
the measured spectrum and this method shows its potential to be developed as an easy and fast analysis method of

low molecular weight block copolymers.
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Introduction

Poly(ethylene oxide)-block-poly(L-lactide) (PEO-b-PLLA),
a nonionic water-soluble block copolymer with a hydrophilic
PEO component and a hydrophobic PLLA component, has
atracted much attention in the field of pharmaceutical and
biomedical applications due to its biodegradability and bio-
compatibility."* Various physical properties, such as sol-gel
transition, micellization, and degradation, depend on the
composition and chain architecture. In particular, the balance
of hydrophilic and hydrophobic components is a crucial
factor in controlling various physical properties.'? Conse-
quently, the accurate molecular weight characterization of
the individual block length of the block copolymer is highly
desired.

The precise characterization of a copolymer having both
molecular weight distribution (MWD) and chemical com-
position distribution (CCD) is much more complicated than
the analysis of a homopolymer. The ultimate goal would be
the construction of a two-dimensional distribution map, one
in molecular weight and the other in chemical composition,
if" there exist only the two distributions. The most popular
method for this purpose is the two dimensional liquid chro-
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matography (2D-LC), in which two different chromatc-
graphic separation methods are used in sequence.”’ If one
of the two separation methods is sensitive to one molecule:
characteristic while not to the other, and vice versa, it woul:
be possible to construct such a 2D distribution map. This
method has been proven to be useful for the characterizatior
of a copolymer having wide CCD and MWD. Also the
approach has been used efficiently to characterize low
molecular weight diblock copolymers.* '’

Another approach is the liquid chromatography at the
chromatographic critical condition (LCCC).5!! At the LCCC
condition of a homopolymer, the entropic size exclusior
effect and the enthalpic interaction effect compensate eact
other, and the molecular weight dependence of the chrome-
tography retention disappears. Therefore, at the LCCC cor-
dition of a block for a block copolymer, the block become:
“chromatographically invisible” and the other “visible’
block solely determines the chromatography retention of the
block copolymer. If the MWD of each block were charac-
terized in this manner, the information equivalent to 2D mag
of MWD and CCD can be obtained. The other promising
technique is the combination of liquid chromatography an:
mass spectrometry for the characterization of block copoly-
mers. Recently the matrix-assisted laser desorption/ionizatiot
time-of-flight (MALDI-TOF) mass spectrometry has become
a powerful tool for polymer characterization by virtue of the
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soft ionization characteristic that produces mainly single-
charged quasi-molecular ions with little fragmentation.
There have been a number of reports on MALDI-TOF MS
analysis of absolute molecular weight and end-groups for the
various polymeric materials.'”"® And by combining various
LC methods with MALDI-TOF MS technique, both MWD
and CCD information can be easily obtained for the com-
plex polymer systems.'*** For example, Lee et al. carried out
a precise characterization of both blocks of a PEO-b-PLLLA
diblock copolymer by LCCC combined with MALDI-TOF
mass spectromeiry.”’ They obtained fully resolved oligomeric
PLILA block species at the critical condition of PEO block
in the reversed-phase HPLC and successfully characterized
each PLLA block species by MALDI-TOF MS. Although
the combination of HPLC and MALDI-TOF MS offered
high precision on the block copolymer analysis, it is a time-
consuming process to fractionate the polymer by HPLC and
to obtain MALDI-TOF mass spectra for all the fractions.

In this study, we attempted to fully characterize a PEO-b-
PLILA by MALDI-TOF MS technique only. Although it is
possible, in principle, if a fully resolved mass spectrum is
available, it is not easy in practice since the mass peaks are
significantly overlapped due to the limited resolution of
MALDI-TOF MS analysis. Therefore this type of attempts
has been made only for low molecular weight copolymers
whose monomer molecular weights are appropriately differ-
ent to minimize the peak overlap.”>* For an example, Wilc-
zek-Vera et al. analyzed the MALDI-TOF mass spectra up
to m/z ~ 4000 of a poly(a-methylstyrene)-b-poly(4-vinylpy-
ridine) diblock copolymers of varying poly(4-vinylpyridine)
block length.” From the analysis, they could monitor the
progression of the growing block chain length. The difference
in the monomer molecular weight between PEO and PLLA
is not as favorable for such an analysis as the case of poly
(o-methylstyrene)-b-poly(4-vinylpyridine). Therefore we had
to employ the isotope pattern analysis of a high-resolution
MALDI-TOF mass spectrum. Isotope pattern analysis was
done earlier for a low molar mass (M, =1,200) triblock
copolymer of poly(propylene oxide) and poly(ethylene
oxide) of by MALDI Fourier transform ion cyclotron reso-
nance (FTICR) MS.” In this study, we investigated a PEO-
b-PLLA (M,,=2,600) using MALDI-TOF MS. In general,
TOF method has lower resolution than FTICR, but has an
advantage of less distortion in the mass spectrum over
FTICR.

Experimental

The PEO-b-PLLA diblock copolymer was synthesized by
ring opening polymerization of L-lactide (Boehringer Ingel-
heim) on mono-methoxy poly(ethylene glycol) (MPEG,
Aldrich) catalyzed by tin(I) bis(2-ethylhexanoate) (stannous
octoate, Aldrich). The M,, and M,./M, of MPEG (where M,
and M, are the number- and weight-average molecular
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weight, respectively.) were determined as a 2,000 and 1.02,
respectively, by MALDI-TOF MS.

In the MALDI-TOF MS experiment a Bruker REFLEX 111
mass spectrometer was used. The spectrometer is equipped
with a nitrogen laser (A =337 nm), a pulsed ion extraction,
and a reflector. This instrument operated at an accelerating
potential of 20 kV in reflector mode. Polymer solutions were
prepared in HPLC grade THF. The matrix, trans-3-indole-
acrylic acid (IAA, 99%, Aldrich) was dissolved in THF at a
concentration of 15 mg/mL. A 5 yL. of the polymer solution
was mixed with a 50 uL of the matrix solution and a 1 yL of
sodium iodide solution (1 mg/mL in THF), respectively. A
0.5 pL portion of final solution was deposited onto a sample
target plate and allowed to dry in the air at room temperature.

Results and Discussion

Figure 1(a) displays the MALDI-TOF mass spectrum of
the PEO-b-PLLA diblock copolymer. Close examination of
the spectrum reveals that the spectrum contains a number of
peak envelopes, each of which consists of equally spaced
peaks. The peak spacing corresponds to the mass of an eth-
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Figure 1. (a) MALDI-TOF mass spectrum of a PEO-5-PLLA
diblock copolymer. Matrix: IAA, solvent: THE, salt: Nal, detection:
reflection mode. (b) Reconstructed mass spectrum of the PEO-b-
PLLA obtained from the analysis of the MADLI-TOF mass
spectrum shown in Figure 1(a). Refer to the text for the details.

Macromol. Res., Vol. 11, No. 5, 2003



Characterization of PEO-b-PLLA by MALDI-TOF MS

ylene oxide (EO) unit (formula weight: 44.05) and each
envelope corresponds to the PEO-b-PLLA species of differ-
ent PLLA block length. In principle, we can isolate the indi-
vicual envelopes and obtain the complete information of the
mclecular weight and composition distribution of PEO-b-
PLLA. In practice, however, the peaks are significantly
overlapped due to the limited resolution of MALDI-TOF MS.
Tharefore this type of attempt has been made only for low
mclecular weight copolymers whose monomer molecular
weights are appropriately apart to minimize the peak over-
lap. In this study, we characterize the isotope pattern of the
incividual peaks to extend the application to more general
mcnomer pairs with more serious peak overlap. Figure 1(b)
is the reconstructed MALDI-TOF MS spectrum from such
an analysis, which is very similar to the experimental mass
spectrum. The procedure to extract the necessary information
is as follows.

Enlarged mass spectrum of the m/z (mass/charge) range
of 2310-2365, near the maximum intensity position of the
entire mass spectrum, is displayed in Figure 2(a). The spec-
trum spans over the mass range of one EO group difference
from (LLA,, EQ,g) to (LLA,, EO,). Each group of 5-6 peaks
represents the isotope pattern of a molecular species of

(DPPLLA' DPPEO)

PEO-b-PLLA, which appears as a single peak in the low-
resolution spectrum shown in Figure 1(a). The isotope pattern
of the mass peaks can be calculated from the natural abun-
dance of C/C, '%0/"0/"®0, and "H/H. For example, the
calculated peak intensities are shown in Table I together
with the observed intensity for (LLA,, EOy) that consists of
103 carbons, 204 hydrogens, 53 oxygens, and 1 sodium ion.
There are 6 peaks whose intensity is larger than 1% and the
6 peaks consist of 99.3% of the total intensity. Also we can
notice that the second lowest molar mass peak shows the
highest intensity. Although the isotope pattern should depend
on the number of the atoms in a molecule, the second peak
is always the largest in the molecular weight range shown in
Figure 2(a). We labeled the number of EO and LLA units
and its molar mass for the second peaks of each species in
the spectrum.

In the one period of the peak pattern between (LLA,, EOy)
and (LLA,, EO4) as shown in Figure 2(a), we can see the
appearance of the peaks of (LLA,y, EQO;s), (LLA;, EO4),
(LLA4, EOqs), (LLA;, EOspand LLA 5, EO5y), (LLAy, EOx),
(LLAs, EOy), (LLA3, EO4 and LLA,,, EOy), (LLA,, EOs,),
(LLAg, EOy), (LLAs, EOy and LLA 4, EO4) in sequence.
Their molecular weights differ by about 4. Of course other
combinations of LLA and EO units are also possible, but
their abundance is negligible as to be discussed later. Con-
sidering the formula mass of an LLA unit (72.06) and an
EO unit (44.05), the following pairs are identified to cause
the peak overlap: 11 LLLA (792.66) and 18 EO (792.90) AM
=0.24, 8 LLA (576.48) and 13 EO (572.65) AM = 3.83, and
3 LLA (216.18) and 5 EO (220.25) AM = 4.07. The last two
pairs with AM =4 make the partial overlap in isotope pattern
to result in the series of peak groups described above. They
can be isolated by analyzing the isotope pattern with relative
ease. On the other hand, the mass difference of the first pair
is too small to be resolved in the mass spectrum. It means that
(LLA,, EO,) peaks are almost exactly overlapped with

Table I. Observed and Calculated Mass of the Isotopic Con-
tent of (LLA,, EO) and (LLA ¢, EOs5)
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Figure 2. (a) Enlarged MADLI-TOF mass spectrum of the mass
rar.ge from 2310 to 2365 of Figure 1 (a). (b) Reconstructed mass
spectrum of the mass range from 2310 to 2365.
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Mass (amu) Abundance
Observed Calculated Calculated Observed
LLA, LLA, LLA, LLAj,

23125 23123 0.273 7211
23135 23133 0.327 8573
23145 23143 0.223 6067
23155 23153 0.111 3325
23165 23163  2316.1 0.044 0.278 2007
23175 23173 23171 0.015 0.326 1221
2318.5 23183 2318.2 0.004 0.221 780

2319.2 0.109 758
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(LLAp11, EOy18) 01 (LLA,. 11, EO,yy) and it is impossible to
isolate the distribution of LLA,, from LLA ., directly from
the mass spectrum. However, it is possible to extract the
necessary information taking advantage of the narrow mole-
cular weight distribution of the diblock copolymer and the
high abundance of PLLA blocks having even numbered LLA
units since the PLLA block was polymerized by ring open-
ing polymerization of cyclic lactide dimer.*' Figure 2(b)
shows the reconstructed mass spectrum from the analysis,
which is very similar to the experimental mass spectrum.
We will discuss on how to obtain the result.

In order to analyze the distribution of individual molecular
species, we first roughly estimate the average number (high-
est abundance) of the EO units and LLA units in a PEO-b-
PLLA chain from Figures 1 and 2 as ca. 50 and 4, respec-
tively. With this information in mind, we first analyze the
peaks corresponding to the species of LLA,, LLA,, LLA,,
and LLA; that are intense and relatively easy to be isolated
from the other peaks. They are supposed to be fully over-
lapped with LLA 3, LLA s, LLA,;, and LLA , respectively.
However the abundance of LLA 3, LLA s, LLA,;, and LLA,,
must be much smaller than LLA,, LLA,, LLA,, and LLAg
since they have a much larger number of LLA units than the
most abundant species (LLA,) and they are odd-numbered.
For the even numbered, highly populated species, the second
peak intensities are plotted in Figure 3(a)-(d). The second
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Figure 3. EO unit distribution at a fixed number of LLLA units.
(a) PEO-b-LLA,;, (b) PEO-b-LLA,, (c) PEO-b-LLA,, and (d)
PEO-b-LLA;.
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peak was chosen because not only it is the most intense
peak but also the peak is almost free from the overlap with
the mass peaks of the adjacent species. Their adjacent spe-
cies are LLA,,,sand LLA_, gat M-4 position and LLA,, ; and
LLA,.sat M+4 position. LLA_; and LLA_,,; appearing at
M+4 position do not make any overlap with the second peak
while the sixth peak of LLA,,;;and LLA_ s overlaps with the
second peak of LLA,. As can be seen in Figure 2(a) the
sixth peak intensity of LLA3 and LLA ¢ is much smaller
than the second peak of LLA,, (m=2, 4, 6, 8) and it is safe to
extract the MW distribution of the highly abundant species
from the second peak intensity directly. Their number and
weight average molecular weights and their ratios (M,,/M,)
are calculated from the distributions displayed in Figure
3(a)-(d) and summarized in Table II. In the table, the mass
of PLLA block and a sodium ion are subtracted to compare
the molecular weight distribution of PEO blocks only. Since
the PEO-b-PLLA was synthesized from a PEO precursor
polymer, the MW distribution of PEO block has to be iden-
tical for all the block copolymer species regardless of the
PLLA block length. The plots in Figure 3 and the results in
Table II show practically the identical MW distributions,
which indicate that the assumptions made in the analysis
scheme are acceptable for the highly abundant species
within the experimental precision.

On the other hand, the other species of relatively weak
intensity are not easily extracted due to the overlap with a
strong adjacent species. For examples, Figure 4(a)-(c) dis-
play the molecular weight distribution curves of LLAq,
(LLA, and LLA};), and (LLA; and LLA,,) obtained from
the second peak intensity pattern, respectively. They have
clearly distorted shapes in comparison with the distribution
curves of the abundant species shown in Figure 3. In order
to remove the overlapped peaks intensity we employed the
following procedure.

(1) The second peak of LLA,, is overlapped with the sixth
peak of LLA, s and LLA,,; peaks. For an example, for
LLA,, they are LLA, and LLA;. The contribution from
LLA,; would be negligible compared to that of LLA, and
the sixth peak of (LLA,, EOys) (MW =2,317.3, 1.49% of the
total intensity of LLA; as shown in Table I) can be regarded
as the only species to contaminate the second peak of
(LLA 4, EOs5) MW =2,317.1, 32.6% of the total intensity
of LLA,, as in Table I). The peak intensity of the sixth peak

Table II. The Number Average (M,) and Weight Average (M,)
Molecular Weight of PEO Block in the PEO-b-LLA, (m =2,
4,6, and 8)

LLA, LLA, LLA, LLAg
M, 2.10kDa  2.08kDa 2.07kDa 2.04kDa
M, 213kDa 2.11kDa 2.10kDa  2.07kDa
MM, 1.01 1.01 1.01 1.01
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Figure 4. EO unit distribution at a fixed number of LLA units.
@) PEO-b-LLA,,, (b) PEO-b-LLA, and PEO-b-LLA,;, and (c)
PEO-b-LLA; and PEO-b-LLA,,.

of LLA, is calculated from the isotopic abundance of the
two peaks (2nd peak: 0.327, 6th peak: 0.0149) and the
inensity of the second peak (8573) from Table I.

Sth peak intensity of LLA, =(2)'—_031§ x8573 = 391

3y subtracting the calculated intensity of the 6th peak of
LILA, (391) from the peak intensity observed at MW=
2317.5 (1221) we can obtain the 2nd peak intensity of LLA,
as 830. In this way, the peak overlap of LLA,, with LLA
(and LLA,,,;) can be removed.

+2) The other overlap problem with LLA,;; cannot be
so.ved in the similar manner since their molecular weights
are almost exactly overlapped. To resolve the problem, we
utilize the fact that all the PEO-b-LLA,, has an identical
MW distribution in PEO block. In the first step, the MW
distribution of PEO block is extracted from the PEO-b-
LLA,, PEO-b-LLA,, PEO-b-LLA¢ block copolymers. The
two-parameter Schulz-Zimm distribution, is chosen to
describe the MW distribution of the PEO block, which has
the following form.

Lo )
fnst,n) = () n; exp( r_z) @8]
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where n; is the degree of polymerization (DP) of EO units,
n is the number average DP of PEO, ¢ is a parameter related
to the width of the distribution and I1¢) is the gamma func-
tion. Figure 5 shows the DP distributions of PEO block in
the PEQ-b-LLA, (O), PEO-b-LLA, (<), PEO-b-LLA, ((1)
block copolymers obtained from the MALDI-TOF MS spec-
tra shown in Figure 3. As expected, they have very similar
distributions and the fitting to Eq. 1 (solid line) yielded n =
46.7 and 1 = 61.0.

From the model, the overlapped peaks of (LLA,, EO,) and
(LLA,,,1;, EO,.;s) can be separated by fitting the distribution
to the following bimodal distribution.

Sfn) = r,f() + 1 f (- 18) @

where r,, is the relative abundance of PEO-b-LLA,,. Figure 6
shows an example of such analyses for the overlapped dis-
tribution of LLA; and LLA . The fitting quality cannot be
said excellent but acceptable to extract the relative contribu-
tion of the two species. The fitting quality could be improvec.
by floating » and the separation of two peaks, but we fixec
them as 46.7 and 18 since it constitutes the basis of this
analysis scheme.

Figure 2(b) is the reconstructed spectrum for the m/2
range of 2310-2365 from the analysis procedure describec.
above. It is very similar to the measured mass spectrum dis-
played in Figure 2(a). In this way, the whole mass spectrurc
was reconstructed as shown in Figure 1(b), which appears
almost indistinguishable from the measured spectrum. Figure
7 displays a 2D distribution of EO and LLA units in the PEO-
b-PLLA obtained from the analysis described above. As
expected, the diblock copolymer shows a highest population
at (LLA4, EQ,s) and the species with even number of LLLA
units show much higher abundance than the odd-numbered
ones.

In summary, we characterized the molecular weight and
composition distribution of a PEO-H-PLLA diblock copolymer

Ratio (a.u.)

DP of EO

Figure 5. Fitting EO unit distribution to the Schulz-Zimm distri-
bution function (Eq. 1): PEO-b-LLA, (O), PEO-b-LLA, (),
PEO-b-LLA4 ([) and the fit result (solid line).
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Intensity (a.u.)

DP of EO

Figure 6. Fitting overlapped EO unit distribution of PEO-b-
LLA; and PEO-b-LLA,, to the two Schulz-Zimm distribution
functions that are apart by 18 EO units (Eq. 2). The filled squares
are the experimental data and the lines are the isolated distribu-
tions of PEO-b-LLA; and PEQ-b-LLA,, from the fit. Abscissa
stands for the degree of polymerization of the PEO block in
PEO-b-LLA,. For PEO-b-LLA 4,18 needs to be subtracted.

Figure 7. Distribution map of EO and LLA units in the PEO-b-
PLLA.

by MALDI-TOF MS only. From a mass spectrum with a
practically available mass resolution, a full characterization
of the block copolymer was possible utilizing the isotope
pattern analysis. Although the application of this type of
analysis has been limited to relatively low molecular weight
polymers, it can be very useful if such low molecular weight
polymers have a practical use as exemplified by the PEO-b-
PLLA in this study. Such an isotope pattern analysis can be
expedited by computer programming, which is the most
attractive feature of this method over HPLC separation.
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