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ABSTRACT: In this study we fractionated polystyrene-block-polyisoprene diblock copolymers (PS-b-PI)
prepared by anionic polymerization into fractions which have a narrower distribution in molecular weight
as well as in chemical composition. The strategy was to use two-dimensional HPLC: reversed phase
HPLC to fractionate Pl block and normal phase HPLC to fractionate PS block with a minimal effect of
the other block. The working principle of the separation method was confirmed for a low molecular weight
PS-b-PI (2.4 kg/mol). With the aid of matrix assisted laser desorption/ionization mass spectrometry, we
found that the separation method could resolve each mer of the PS-b-PI. We extended the application to
a high molecular weight diblock copolymer (24 kg/mol) and established the method as a promising tool
to further fractionate block copolymers into molecular species better defined in molecular weight as well
as in composition. We observed a significant variation in average molecular weight as well as in
composition of the fractionated samples. These variations were large enough to show different morphologies

for the fractions taken from the same mother block copolymer.

1. Introduction

Block copolymers exhibit a rich morphological varia-
tion in molecular scale, which attracts considerable
interest due to their potential applicability for the
emerging nanotechnology.'~7 Block copolymers for the
studies on their fundamental properties as well as on
the possible applications of the self-assembled supramo-
lecular structure are commonly prepared by anionic
polymerization. Anionic polymerization is the best
available method to yield the polymers of narrow
molecular weight distribution (MWD) and predictable
molecular weight.8° They are often regarded as “mono-
disperse” although the MWD of each block is far from
the rigorous meaning of the term.

The molecular weight distribution of synthetic poly-
mers is commonly measured by size exclusion chroma-
tography (SEC).1911 However, the resolution of SEC is
not high enough to measure a correct distribution for
many polymers prepared by anionic polymerization.!?
Interaction chromatography (IC) has been known to
provide a much higher resolution for the MWD analysis
of such polymers.3 Recently Lee et al. did a systematic
analysis using IC on the molecular weight distribution
of a set of polystyrenes prepared from a single batch
anionic polymerization.’* They showed that the true
MWD was much narrower than that measured by SEC
and was quite close to the Poisson distribution as
predicted by Flory a long time ago.’®> Nonetheless the
polymers prepared by anionic polymerization still have
a finite MWD. Consequently each block of a block
copolymer has finite MWD, which leads to a chemical
composition distribution (CCD) in a whole ensemble of
block copolymer molecules. How the heterogeneities
would affect the final property of the materials has not
been elucidated.
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The precise characterization of a copolymer having
both MWD and CCD is much more complicated than
the analysis of a homopolymer. The ultimate goal is to
construct a two-dimensional, one in molecular weight
and the other in chemical composition, distribution map.
An attractive method for the purpose is the two-
dimensional liquid chromatography (2D-LC), in which
two different chromatographic separation methods are
used in sequence.16-18 |f one of the two separation
methods is sensitive to one molecular characteristic
while not to the other, and vice versa, it would be
possible to construct such a 2D distribution map. Many
of the copolymer analyses have been done in this way
combining an IC method, commonly in the form of
solvent gradient LC for the separation according to the
chemical composition, and SEC for the separation with
respect to the molecular weight.161° This method has
proven to be useful for the analysis of a copolymer
having wide CCD and MWD, but not for block copoly-
mers with both narrow MWD and CCD mainly due to
the low resolution of SEC.

Another approach is the liquid chromatography at the
chromatographic critical condition (LCCC).1820.21 At the
LCCC condition of a homopolymer, the entropic size
exclusion effect and the enthalpic interaction effect
compensate each other, and the molecular weight
dependence of the chromatography retention disap-
pears. Therefore, at the LCCC condition of a block for a
block copolymer, the block becomes “chromatographi-
cally invisible” and the other “visible” block solely
determines the chromatography retention of the block
copolymer. If the MWD of each block were characterized
in this way, the information equivalent to 2D map of
MWD and CCD can be obtained. The method has
worked well for low molecular weight block copolymers
in which the interaction of the visible block with the
stationary phase is stronger than the invisible block and
the separation of the visible block is done by the IC
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mechanism.?223 For the analysis of high molecular
weight block copolymers, however, the separation of the
visible block has to be done by the SEC mechanism since
the separation condition is fixed at the LCCC condition
of the invisible block.1824 In such a fixed isocratic and
isothermal elution condition, it is difficult to elute high
molecular weight polymers by IC separation mecha-
nism.2® Therefore, the LCCC separation usually suffers
from the low resolution of SEC. Furthermore, the
precision of the method has been questioned.25:2

Therefore, one needs a method of higher resolution
for both MWD and CCD for precise characterization
and/or fractionation of block copolymers. In this study,
we employed the 2D-LC method: normal phase liquid
chromatography (NPLC) for one dimension and reversed
phase liquid chromatography (RPLC) dimension for the
other dimension. The strategy is to separate one block
in terms of its molecular weight with a minimal effect
of the other block, which is like the concept of the LCCC
method. However, in this case there is more freedom in
choosing the separation condition at which isocratic and
isothermal elution for the narrowly dispersed block
copolymer is possible. This idea is not new and has been
already applied for the separation of low molecular
weight diblock copolymers having a high polarity con-
trast between two blocks: alcohol ethoxylates?® or poly-
(ethylene oxide)-block-poly(propylene oxide).?° In this
study we applied the method for the separation of
polystyrene-block-polyisoprene diblock copolymers (PS-
b-P1), which has been used extensively for the morpho-
logical study of block copolymers. The polarity contrast
in PS-b-Pl is subtler than the above examples, but we
found that suitable IC conditions could be established
for the separation of individual blocks with little effect
from the presence of the other block. We extended the
application to high molecular weight block copolymers
and established the method as a promising tool to
further fractionate block copolymers into molecular
species better defined in molecular weight as well as in
composition.

2. Experimental Section

Materials. PS-b-PI diblock copolymers were prepared by
sequential anionic polymerization at 45 °C under Ar atmo-
sphere using sec-butyllithium (Aldrich) and cyclohexane (Al-
drich) as an initiator and a solvent, respectively. After the
polymerization of styrene block was completed, isoprene
monomer was added for the polymerization of the PI block.
Details of the apparatus and the polymerization procedure
were reported previously.?”2° The block copolymers were
precipitated in methanol and characterized with SEC and *H
NMR spectroscopy. Two PS-b-PI polymers of average molar
masses of 2.4 kg/mol (30.4 wt % PI content, My/M, = 1.06)
and 24 kg/mol (34.8 wt % PI content, My/M, = 1.01) were
prepared and their molecular characteristics were determined
by SEC and '*H NMR (Bruker, DPX-300).

For the SEC analysis, two PS gel columns (Polymer Lab.,
PL-mixed C) were used and the eluent was tetrahydrofuran
(THF, Duksan, HPLC grade). The temperature of the column
was kept at 40 °C using a column oven (Eppendorf, TC-50).
Chromatograms were recorded with a multiangle laser light
scattering detector (Wyatt, mini-DAWN) and a refractive index
detector (Wyatt, Opti-Lab).

HPLC. The HPLC apparatus consists of a solvent delivery
pump (Polymer Lab. LC 1150), a six-port sample injector
(Rheodyne, 7125) equipped with a 100 xL injection loop, and
a variable wavelength UV/vis absorption detector (Spectra-
Series, UV 100). For the NPLC separation of the low molecular
weight PS-b-PlI, a diol-bonded column (Nucleosil Diol, 100 A,
250 x 7.8 mm) and a mixture of isooctane/THF (97/3, v/v) were
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used as the stationary phase and the mobile phase, respec-
tively. The sample concentration was 10 mg/mL, and the flow
rate of the mobile phase was 0.5 mL/min. The temperature of
the column was controlled by circulating fluid from a program-
mable bath/circulator (Neslab, RTE—111) through a home-
made column jacket. The chromatograms were recorded with
a UV absorption detector operating at a wavelength of 260
nm. The RPLC system is essentially the same as that of NPLC
system except for the column (LUNA C18, 100 A pore, 250 x
4.6 mm) and the mobile phase (CH.CI./CH3;CN, 53/47, viv).
HPLC grade CH3CN (Duksan), CH,Cl, (Duksan), and ACS
grade isooctane (JUNSEI) were used, and the eluent mixtures
were filtered through a 0.2 um pore membrane filter (Bio-Rad)
before use.

For the fractionation of the high molecular PS-b-PI we used
larger bore columns (100 x 22 mm for NPLC and 70 x 22 mm
for RPLC), different compositions of the mobile phases (isooc-
tane/THF, 70/30 in volume for the NPLC and CH,CIl,/CH3CN,
75/25 in volume for RPLC), higher flow rates (1.5 and 1.2 mL/
min in NPLC and RPLC, respectively), and higher sample
concentration (140 mg/mL).

MALDI-TOF MS. A Bruker REFLEX Il mass spectrom-
eter equipped with a nitrogen laser (A = 337 nm), a pulsed
ion extraction, and a reflector was used. This instrument was
operated at an accelerating potential of 20 kV in reflector
mode. Polymer solutions were prepared in HPLC grade THF
at a concentration of 1 g/L. The matrix, 1,8-dihydroxy-9(10H)-
anthracenone (dithranol, Aldrich), was dissolved in THF at a
concentration of 15 g/L. A 5 uL aliquot of the polymer solution
was mixed with 50 uL of the matrix solution and 1 uL of a
silver trifluoroacetate solution (1 g/L in THF), respectively. A
0.5 uL portion of the final solution was deposited onto a sample
target plate and allowed to dry in air at room temperature.

Small-Angle X-ray Scattering. PS-b-Pl specimens for
small-angle X-ray scattering (SAXS) analysis contain 0.3 wt
% 2,6-di-tert-butyl-4-methylphenol. The antioxidant was added
to the toluene solution of the polymers and the solvent was
slowly evaporated for 1 day at room temperature and then
further evaporated under vacuum at 50 °C for 1 day. Then
the polymer samples were annealed at 110 °C for 24 h and
slowly cooled to room temperature. SAXS measurements were
carried out at the synchrotron SAXS facility in the Pohang
Light Source (PLS), Pohang, Korea.?* The wavelength (1) of
the X-ray beam was 1.608 A and the energy resolution (A1/1)
was 1.5 x 1072. The beam size was smaller than 1 x 1 mm,
and the sample-to-detector distance was 160 cm. Scattering
profiles were obtained at room temperature and then corrected
for absorption and air scattering.

3. Results and Discussion

We first demonstrate the separation method with a
low molecular weight PS-b-PI for the fractionation of
individual block since the fractionation result can be
easily confirmed by MALDI-TOF MS. To separate a
block copolymer by IC with high resolution, a proper
separation condition needs to be selected first. For the
separation according to the PS block length, a diol-
bonded silica and an isooctane/THF mixture (97/3, v/v)
were used as stationary and mobile phases, respectively.
The eluent is a good solvent for Pl chains, and the PI
block shows little interaction with the polar stationary
phase. Therefore, homo-Pl would elute in the SEC
regime while PS block has a sufficient interaction with
the stationary phase to yield high resolution by the IC
separation mechanism.3? Figure 1 displays the NPLC
chromatograms of the low molecular weight PS-b-PI
recorded by a UV detector. To enhance the resolution,
the temperature of the column was raised in three steps
from 3 to 65 °C as shown in the plot. The technique
named as temperature gradient interaction chromatog-
raphy (TGIC) has proven to be an efficient method to
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Figure 1. 2D-LC separation of a low molecular weight PS-
b-PI1 (2.4 kg/mol, 30.4% PI content): (A) NP-TGIC chromato-
grams of the PS-b-PI (top) and a fraction, f6 (bottom), which
separates PS-b-Pl in terms of the PS block length only (the
temperature program is also shown in the plot); (B) RPLC
chromatogram of the NP-TGIC fraction, f6, which separates
in terms of the PI block length only. It elutes as a single peak
in NP-TGIC, but shows multiple peaks in RPLC, indicating
that it contains homogeneous PS block lengths (eight monomer

units) but various Pl block lengths.
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Figure 2. MALDI-TOF mass spectra of the PS precursor,
the low molecular weight PS-b-PI and six fractions collected
from NP-TGIC fractionation as shown in Figure 1A. The
spectrum of PS precursor represents MWD of the PS block
while the spectra of the six fractions represents MWD of PI
block since they have homogeneous PS block length. The
molecular weights and the degrees of polymerization of PS
(DPps) and PI block (DPgy) are shown for several peaks.

separate various polymers according to the molecular
weight.1333 The PS-b-PlI is resolved very well.

A fraction, for example, 6, was collected and subjected
to NPLC separation once again to confirm the purity.
As shown in the bottom chromatogram of Figure 1A,
the fraction elutes as a single peak, which is a PS-b-Pl
polymer having a homogeneous PS length. To confirm
the argument, MALDI-TOF mass spectra of several
fractionated PS-b-PI polymers are compared in Figure
2. The top spectrum is for the PS precursor taken before
the polymerization of Pl block. It shows an equally
spaced series of the peaks, and the spacing is equivalent
to the mass of a styrene monomer unit, 104 g/mol. The
second mass spectrum is obtained from the mother block
copolymer before the fractionation and it has a far more
number of peaks due to the addition of the PI block.
The weight-average molecular weight is calculated as
2.4 kg/mol, which is consistent with the SEC analysis
result, 2.4 kg/mol. The bottom 6 mass spectra cor-
respond to the fractions collected from the NPLC
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Figure 3. MALDI-TOF MS spectra of the low molecular
weight PS-b-PI fractionated by both NP-TGIC and RPLC mode
as illustrated in Figure 1. The single mass peak of the fractions
indicates that they are truly monodisperse block copolymers.
The molecular mass and the degree of polymerization of PS
(DPps) and PI block (DPpg) are shown for each spectrum.

fractionation as shown in Figure 1A. The mass spectrum
of each fraction consists of a series of peaks spaced by
68 (the monomer unit mass of PIl) indicating that the
spectrum shows the molecular weight distribution of Pl
block at a constant number of PS repeating units. The
peaks between the two adjacent MALDI-TOF mass
spectra are shifted by 208 g/mol, which is twice as much
as the monomer unit mass of PS. Combining these
results we can confirm that the NPLC fractionation was
done in terms of PS length only and the repeating unit
of PS increased from 3 to 13 from fraction 1 to fraction
11. Also the measured molecular weight is in good
agreement with the calculated molecular weight: 104.15
x n (n styrene units) + 68.12 x m (m isoprene units) +
58.12 (end groups: sec-butyl group from the initiator
and one hydrogen from the termination by alcohol) +
107.87 (Ag* ion). For an example, withn =3 and m =
11, the molar mass of the PS-b-PI was found to be
1228.2 compared to the calculated mass of 1227.8.

To fractionate the PI block, RPLC was used: C18
bonded silica and a mixture of CH,CI,/CH3CN (53/47,
v/v) as a mobile and stationary phase, respectively. In
this polar mobile phase and nonpolar stationary phase
HPLC condition, the situation is reversed and the Pl
block has a stronger interaction with the stationary
phase than PS. The solvent quality of the eluent is good
enough for PS to elute in the SEC regime while PI elutes
in the IC regime.3* When the fraction, f6, was subjected
to RPLC separation at 20 °C, the block copolymers are
separated in terms of PI block length as shown in Figure
1B. The multiple peaks at the short elution time (5—8
min) are due to the additives including the antioxidant
and impurity in the eluent, which was concentrated
during the fraction collection, drying, and redissolution
process.3® The resolved individual peaks were collected
again and their absolute molecular weight was deter-
mined by MALDI-TOF MS. Figure 3 displays the
MALDI—TOF mass spectra of the RPLC fractions. The
MALDI—TOF mass spectrum for each fraction shows a
single mass peak containing eight styrene units and
different number of isoprene units indicating that the
individual block of the low molecular PS-b-PI was
completely resolved.

Applying the same fractionation principle, the indi-
vidual block of a high molecular weight PS-b-PI was
fractionated. Figure 4 shows a 2D-LC fractionation
process similar to that in Figure 1. To fractionate the
PI block, we used a RPLC system operated at 15 °C with
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Figure 4. RPLC and NPLC fractionation of the high molec-
ular weight PS-b-PI (24 kg/mol, 34.8 wt % PI content): (A)
RPLC chromatogram of the mother PS-b-P1 (top, solid line)
and the middle fraction taken between the small vertical bars
shown in the top chromatogram (bottom, dotted line); (B)
NPLC chromatogram of the mother PS-b-PI (top, solid line)
and the RPLC middle fraction (middle, dotted line). The two
chromatograms are almost identical since they differ in MWD
of the PI block only and NPLC separates PS-b-Pl according to
the PS block length. The bottom chromatogram (dashed line)
of part B shows the NPLC fraction between the small vertical
bars of the RPLC fractionated PS-b-PI, which has a narrower
MWD for both blocks.

C18 bonded silica and a mixture of CH,CI,/CH3CN (75/
25,v/v) as stationary and mobile phase, respectively.
Figure 4A shows a RPLC chromatogram of PS-b-PI
whose molecular weight is 24 kg/mol and P1 composition
is 34.8 wt %. Because of the high molecular weight,
resolution of each mer was impossible and a continuous
elution curve was observed as shown in Figure 4A (top).
The middle fraction was collected as indicated with
small vertical bars and the bottom chromatogram of
Figure 4A was obtained from the middle fraction at the
same RPLC condition. A small broadening of the col-
lected fraction is observed, but it is apparent that the
peak width of the fraction is much narrower than the
mother PS-b-PI, indicative of the narrower MWD of the
P1 block.

Figure 4B displays NPLC chromatograms obtained
at 32 °C that separate the PS-b-PI according to the PS
block length using a diol-bonded silica and isooctane/
THF (70/30, v/v) as a stationary and mobile phase,
respectively. The top (solid line) and middle (dotted line)
chromatograms correspond to the mother PS-b-PI and
the RPLC middle fraction (the bottom chromatogram
in Figure 4A), respectively. The two chromatograms are
almost identical indicating that the two polymers have
almost the same MWD in the PS block, which confirms
that the first RPLC separation fractionated the polymer
in terms of PI block length only. Although it is impos-
sible to confirm it directly like the MALDI-TOF MS
analysis for low molecular weight PS-b-Pl, the identical
NPLC chromatograms of the mother and the RPLC
fraction indicate quite convincingly that the 2D-LC
separation is carried out as expected. The bottom
chromatogram (dashed line) of Figure 4B shows the
NPLC fraction of the RPLC fractionated PS-b-PI be-
tween the small vertical bars of the middle chromato-
gram, which has narrower MWD for both blocks.

To find how the fractionation would affect the proper-
ties of PS-b-PIl block copolymers, the mother block
copolymer was fractionated into nine fractions, three
fractions each by NPLC and RPLC. Figure 5A displays
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Figure 5. 2D-LC fractionation of high molecular weight PS-
b-P1 (24 kg/mol, 34.8 wt % PI content): (A) RPLC chromato-
grams of the mother PS-b-PI (solid line) and its three fractions
(dash—dot line); (B) NPLC chromatograms of the middle
fraction of RPLC separation (solid line) and its three fractions.
RPLC fractionates the PI block while NPLC fractionates the
PS block. The range of the fraction collected is indicated with
small vertical bars.

Table 1. Characteristics of the PS-b-PI Block Copolymers

mother PS-b-PI
(M = 23.4 kg/mol, 34.8 Pl wt %, gyroid morphology)

NPLC
sample code? SL Sm SH
RPLC Iy 21.8 kg/mol®  23.5 kg/mol  25.2 kg/mol
39.0 wt %° 37.6 wt % 35.3wt %
lamellard lamellar lamellar
Im 21.4 kg/mol 23.0 kg/mol 24.5 kg/mol
37.2wt% 34.8 wt % 319wt %
- gyroid gyroid
I 21.0 kg/mol 22.5 kg/mol 24.0 kg/mol
323wt % 32.1wt% 30.4 wt %
hexagonal hexagonal
cylinder cylinder

a2 S and | stand for PS and PI block fractionated by NPLC and
RPLC, respectively. Subscripts L, M, and H stand for low, medium,
and high molecular weight fractions, respectively. ® Number-
average molecular weights determined by SEC. ¢ Weight fraction
of Pl block determined by 'H NMR spectroscopy. 4 Morphology
determined by SAXS.

the RPLC chromatograms of the mother copolymer
(solid line) and its low, middle and high molecular
weight fractions in the PI block (dash—dot line) sepa-
rated by RPLC. Figure 5B shows the NPLC chromato-
grams of the RPLC middle fraction in Figure 5A (solid
line) and its three fractions (dash—dot line) that have
different PS content. Small vertical bars on the solid
line chromatogram indicate the portions collected. In
this way, nine fractions of the mother PS-b-Pl with
different molecular weights and weight fractions were
obtained.

The fractionated PS-b-PI was characterized by SEC—
light-scattering detection for the average molecular
weight and *H NMR for the composition and the results
are summarized in Table 1. Specific refractive index
increments (dn/dc) of the PS-b-PI samples were calcu-
lated by the following equation.6

(dn/dc)ps 1, _py = (Wt)pg(dNn/dc)ps + (WE)p, (dn/dc)p, (1)
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Figure 6. SAXS profiles of the mother and three fractionated
PS-b-PI: (A) S_Iy fraction showing lamellar morphology; (B)
Swmlm fraction showing gyroid morphology; (C) Sul. fraction
showing hexagonal cylinder morphology; (D) mother PS-b-PI
showing gyroid morphology. The number on the peak positions
represents the scattering vector of the peak position relative
to the first-order scattering maximum.

The dn/dc values of homopolymers were determined
(Wyatt, Opti-Lab) as PS = 0.185 mL/g and PI = 0.120
mL/g in THF, and the weight fraction (wt) was deter-
mined by 'H NMR measurement. The subscripts L, M,
and H in the sample code stand for low, middle, and
high molecular weight fraction of each block. In Table
1, the variation in molecular weight as well as in
composition shows a reasonable trend. The magnitude
of the variation is significant, almost 15% difference in
average molecular weight and close to 10 % difference
in composition between the extreme cases. This result
clearly tells us that the mother block copolymer is far
from a “monodisperse” chemical species. So far, block
copolymers prepared by anionic polymerization have
never been examined for their detailed molecular char-
acteristics to this extent.

Next we have examined how such differences in
molecular weight and composition would affect the
morphological behavior of the block copolymers. Under
appropriate conditions, diblock copolymers undergo
microphase separation to form characteristic self-as-
sembled structures, in which domains consisting pri-
marily of one block are locally separated from domains
consisting primarily of the other block. The phase
behavior is governed by molecular weight, the inter-
action parameter between the block species and the
composition.3”=3% The morphologies of the microphase-
segregated block copolymers were studied by SAXS, and
the determined morphology of each fraction is listed in
Table 1. We observed various morphologies of the
fractions different from that of the mother PS-b-PI. In
the cases of S_I_and Sl samples, we could not identify
their morphologies, likely due to their low molecular
weights.

Figure 6 shows the plots of SAXS intensity vs scat-
tering vector of the mother and three fractionated PS-
b-P1 moieties spanning the largest composition variation
among the fractionated samples, Si Iy, Smlm, and Syl
The SAXS profile of S_1 in Figure 6A shows scattering
maxima at the scattering vectors of integer multiples
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of the first-order scattering maximum, which indicates
that this block copolymer has lamellar morphology.? The
scattering profile is clearly different from the mother
polymer shown in Figure 6D, which shows gyroid
morphology as evidenced from the shoulder appearing
at the scattering vector of 1.15 times the first-order peak
position.2 The Syly sample also shows gyroid morphol-
ogy as expected from the similar molecular weight and
composition to that of the mother PS-b-PI. However, the
scattering profile is very distinct from that of the mother
polymer; the Syly fraction shows remarkably sharp
peaks. It is likely due to the larger grain size in the
fractionated sample. The quantitative analyses of the
grain size and other morphological features relative to
the MWD and CCD of PS-b-PI are in progress. The
SAXS profile of Syl_ fraction in Figure 6C shows
another different morphology. The higher order scat-

tering peaks appearing at the scattering vectors of Va

and +/7 times relative to the position of the first-order
scattering maximum are weak but discernible enough
to confirm hexagonal cylinder morphology.?

In conclusion, it is apparent that the PS-b-PI diblock
copolymer made by anionic polymerization has wide
MWD and CCD enough for its fractions to exhibit
various morphologies from lamellar, to gyroid, to cyl-
inder. It remains to be investigated further how the
finite MWD and CCD would affect our current knowl-
edge on various properties of block copolymers and what
benefit in the application side would be expected from
the time-consuming fractionation.
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