
Introduction

A novel analytical method, two-dimensional correla-
tion gel permeation chromatography (2D GPC), in
which generalized 2D correlation theory [1, 2, 3] was
combined with time-resolved GPC, was first intro-
duced by Izawa et al. [4, 5, 6, 7, 8]. It has been
demonstrated that this technique can be used effec-
tively to study the intricate details of polymerization
processes. For example, Izawa et al. [6, 7, 8] traced the
HCl-catalyzed sol–gel polymerization of relatively
simple silane coupling agents (SCAs), and particularly

that of perfluorooctyl- and n-octyl-triethoxysilane, as a
function of reaction time using the conventional GPC
technique. A set of GPC traces, collected sequentially
at different sampling times during the condensation
reaction, were then converted to 2D correlation spec-
tra. It was found that 2D GPC correlation spectra
thus obtained directly reflected the mechanism of the
polymerization process. However, since the molecular
weights of the polymeric precursors, formed during the
polymerization of these SCAs, were relatively low, it
was difficult to use polystyrene calibration curves to
determine precisely the degree of polymerization of
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Abstract The two-step polymeriza-
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polymeric silane coupling agents,
triethoxysilyl-terminated polysty-
rene with molecular weights equal
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[TESi-PS (8000)], catalyzed by
0.1 mol/kg CH3SO3H, was traced
as a function of reaction time using
gel-permeation chromatography
(GPC). Two sets of GPC traces,
collected during the condensation,
were then converted to two-dimen-
sional (2D) correlation spectra by
using generalized 2D correlation
theory. The 2D correlation spectra
elucidated details of the aggregate–
aggregate correlations [in particu-
lar, the difference between the cor-
relations of TESi-PS (2400) and
TESi-PS (8000)], thus demonstrat-
ing the effect of aggregation on the
polymerization.
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each condensate. This absence of critical information
limited any meaningful in-depth discussion of the
intricate details of the aggregate–aggregate interactions
during polymerization.

Recently, Suzuki et al. [9, 10, 11] reported details of
the acid-catalyzed condensation reaction of five well-
defined polymeric SCAs, triethoxysilyl-terminated
polystyrenes (TESi-PSs), substituted with various poly-
styrene moieties of high molecular weights. The use of
polymeric SCAs made the accurate determination of the
degree of polymerization of each product possible by
using a relevant polystyrene calibration curve. Further-
more, the combined effects on the reaction rate of the
molecular weight of TESi-PS, the amount of included
polystyrene, and the use of nonpolar solvents were
examined in detail [12]. The kinetic data provided irre-
futable evidence that the formation of aggregates during
the polymerization process accelerates the reaction rate.
This acceleration effect was accounted for by postulating
an aggregation model in which the ethoxysilyl groups
were concentrated in the polar core. Support for this
model comes from the fact that the polymeric alkoxy
moiety of a polymeric SCA tends to form an aggregate
in organic solvents [13, 14, 15].

Recently, Ogasawara et al. [16] examined the poly-
merization of n-octyl-triethoxysilane (OTES) in ethanol
by using time-resolved small-angle X-ray scattering
(SAXS). They showed that this polymerization consists
of two separate steps: a monomer–monomer and a
cluster–cluster growth process. Significantly, the second
step, which may be regarded as a transition in the
building of a macroscopic structure, occurs well before
the final macroscopic phase transition. Furthermore,
Izawa et al. [17] used SAXS spectra to detect the
aggregates of OTES and perfluoro-octyl-triethoxysilane
(PFOTES) in ethanol as a polar solvent. The time-re-
solved SAXS profiles led to the postulation of an
aggregational model. It was proposed that condensation
between SiOH groups results in a particle with an
internal Si–O–Si bonding network structure, which
expands to form the core of a particle with external
hydrophobic chains. This model is therefore very similar
to that of a reversed micelle.

It is thus of interest to examine the mechanism of
polymerization of a polymeric SCA, such as TESi-PS, by
using time-resolved GPC combined with 2D correlation
analysis, to elucidate further the intricacies of the
process. In this study, the time-resolved GPC elution
profiles of two polymeric SCAs, TESi-PS samples with
molecular weights equal to 2,400 [TESi-PS (2400)] and
8,000 [TESi-PS (8000)] respectively, were used to calcu-
late the 2D correlation spectra. In particular, the
difference between the polymerization process of the two
TESi-PSs has been examined and the effect of aggrega-
tion of high molecular weight TESi-PS, on the reaction
mechanism has been presented.

Background

The time-resolved GPC trace intensity I (E, t) can be
expressed as a function not only of the chromatographic
elution time E but also of the sampling time t for each
aliquot collected during a polymerization reaction peri-
od between Tmin and Tmax. The dynamic GPC trace
intensity ~y E; tð Þ of the time-resolved GPC profile is given
by

~y E; tð Þ ¼ I E; tð Þ � ~I Eð Þ for Tmin6t6Tmax

0 otherwise

�
ð1Þ

where ~I Eð Þ is the reference GPC trace profile of the
reaction system. The reference trace ~I Eð Þ is set to be the
time-average of trace profiles over the observed reaction
period given by

~I Eð Þ ¼ 1

Tmax � Tmin

Z Tmax

Tmin

I E; tð Þdt: ð2Þ

The generalized 2D correlation function for the analysis
of time-resolved GPC profiles is defined as

U
�
E1;E2

�
þ iW

�
E1;E2

�
¼ 1

p
�
Tmax � Tmin

�
Z 1
0

fY1

�
x
�
�fY2

��x�dx: ð3Þ

The real and imaginary terms, F (E1, E2) and Y (E1, E2),
are the synchronous and asynchronous 2D correlation
intensities, respectively. The synchronous 2D correlation
intensity F (E1, E2) represents the overall similarity or
coincidental trends between two separate intensity
variations of the GPC trace measured at different elution
counts. The asynchronous 2D correlation intensity Y
(E1, E2), on the other hand, can be regarded as a measure
of dissimilarity or out-of-phase character of the GPC
trace intensity variations.

The term fY1 xð Þ is the forward Fourier transform of
the dynamic trace intensity variations ey E1; tð Þ observed
at a specific elution count E1 with respect to the sam-
pling time t.

fY1 xð Þ ¼
Z 1
�1
ey E1; tð Þe�ixtdt: ð4Þ

The conjugate Fourier transform, fY2
� xð Þ, of the GPC

trace intensity variation ey E2; tð Þ, observed at elution
time E2 is given by

fY2
� xð Þ ¼

Z 1
�1
ey E2; tð Þeþixtdt: ð5Þ

While Fourier transformation of the dynamic traceey E; tð Þ, defined in Eq. 1, with respect to the sampling
time t, formally provides the synchronous and asyn-
chronous correlation spectra, F (E1, E2) and Y (E1, E2),
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a simpler computational method has recently been
developed to obtain F (E1, E2) and Y (E1, E2) more
directly. Further details of synchronous and asynchro-
nous 2D GPC spectra are described elsewhere [5, 6, 7, 8].

Materials and methods

Materials and condensation Living polystyrenes (PSs)
with molecular weight (Mn) equal to 2,200 and 7,800
were prepared by anionic polymerization of styrene [18].
TESi-PSs with Mn equal to 2,400 and 8,000 were pre-
pared by the coupling reaction of living PS and chlo-
rotriethoxysilane [18]. The TESi-PS (2400) and TESi-PS
(8000) thus obtained by recrystallization in methanol and
drying in vacuum at circa 298 K, were used for con-
densation. Samples of the TESi-PS (40 mmol/kg), cata-
lyst (CH3SO3H, 0.1 mol/kg) and tetrahydrofuran (THF)
system were placed into each ampoule, sealed under high
vacuum (10)3 mm Hg), and the contents homogenized
by shaking. Condensation of TESi-PS in each reaction
mixture was carried out in a temperature-controlled bath
(333 K) for a prescribed time. The condensation was
quenched by pouring the reaction mixture into a large
excess of methanol, and the resulting TESi-PS polymer,
which precipitated from each reaction mixture, was fil-
tered through a glass filter and dried at circa 298 K.

Time-resolved GPC measurements GPC measurements
were carried out by using a Toso HLC-802UR
[G2000H and G3000H columns for TESi-PS (2400)]
and a Toso HLC-802A [with two GMH columns for
TESi-PS (8000)], each equipped with a refractive index
(RI) detector and using a column oven temperature of
313 K. THF was used as the eluent. The nominal flow
rate of the eluent was 1 mL/min. Actual flow rates
were inspected during the recording of a GPC curve,
and their constancy was confirmed in order to ensure
that irreversible adsorption of insoluble polymer on
the GPC column, which would have changed the flow
rate, did not occur during the GPC measurements. The
errors of an elution count were ±0.1 min. The GPC
data were calibrated with PS standards (Fig. 1). The
signal-to-noise (S/N) ratios of the elution peaks and of
the baseline, in the conventional GPC profiles, were
checked to prevent error in the interpretation of the
2D GPC spectra. The averaged S/N ratios were 170.
The amount of TESi-PS–catalyst–THF solution in-
jected into the GPC column was controlled to provide
a linearly increasing RI and a linearly increasing UV
absorbance (at 360 nm), both parameters being mea-
sured simultaneously.

2D GPC correlation analysis Synchronous and asyn-
chronous 2D GPC correlation spectra were calculated
from the time-resolved GPC profiles. Calculations were

carried out using the 2D OGAIZA software, which had
been developed at the Nagoya Institute of Technology.

Results and discussion

In our previous papers [9, 10, 11, 12], we have reported
data for the condensation reaction of TESi-PS, with a
narrow molecular weight distribution (Mw/Mn=1.07)
and high functionality (f>96%), catalyzed by acid in
various solvents, and, in particular, for the aggregational
effects on the rate of condensation of TESi-PS [12]. The
results showed that the rate of reaction strongly depends
not only upon the species of the catalyst and solvent used
for the condensation but also upon the molecular weight
of the TESi-PS monomer. Results of special relevance to
the present study may be summarized as follows.

The time course of the CH3SO3H-catalyzed conden-
sation reaction for two TESi-PS monomers with

Fig. 1[A],[B] Calibration curves of polystyrene standards. [A]
Triethoxysilyl-terminated polystyrene with molecular weights equal
to 2400 [TESi-PS (2400)]. Black circles standards. white circles
isolated polymers of TESi-PS (2400). [B] TESi-PS (8000). Black
circles standards, triangles isolated polymers of TESi-PS (8000)
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Mn=2,000 and 8,600 yielded rate constants of
k·106 s)1=110.1 and k·106 s)1=724.5, respectively,
thus confirming that the higher molecular weight TESi-
PS monomer condensed more rapidly. We present the
following explanation for this observation. During the
polymerization reaction, TESi-PS aggregates may be
formed. As the Mn value of a PS moiety increases, the
hydrophobicity of this portion becomes greater, pro-
moting formation of aggregates with a core in which
unhydrolyzed ethoxy groups are concentrated, thus
leading to a faster reaction rate.

Application of the generalized 2D correlation analy-
sis [1, 2] to the time-dependent GPC elution profiles of
the CH3SO3H-catalyzed TESi-PS (2400)–THF and
TESi-PS (8000)–THF systems made it possible to elu-
cidate the difference in the polymerization mechanism
arising from the difference in the Mn values of the two
samples. Figure 2 shows the time-resolved GPC profiles,
obtained at the same prescribed times, for the two sys-
tems. Tentative assignment of the elution peaks, based
on the calibration with PS standards, is listed in Table 1.
It is found that predominant production of the trimer of
TESi-PS (8000) occurs more rapidly (at 2 h) than that of
TESi-PS (2400) (at 4 h).

2D correlation GPC

The synchronous and asynchronous 2D GPC correla-
tion spectra for the TESi-PS (2400) and TESi-PS (8000)
systems, calculated directly from the two sets of time-

dependent GPC profiles (Fig. 2), are shown in Fig. 3,
Fig. 4, Fig. 5 and Fig. 6. The possible synchronous
correlation squares (CSqi, where i=1)5) and their cor-
responding band correlations, are listed in Table 2.
Band correlations, signs and orders of events are listed in
Table 3.

TESi-PS (2400)

In the synchronous map (step I) of TESi-PS (2400)
(Fig. 3a), the very strong intensity of autopeak A at
25.5 min and the medium intensity of autopeak B at
23.2 min suggest that the monomers (band A) are
rapidly consumed to produce dimers (band B). The
strong negative cross peaks at (25.5, 23.2) min and
(23.2, 25.5) min arise from the coordinated decrease in
the intensity of band A and simultaneous increase in
intensity of band B [correlation (AMB)] [2, 3]. Fur-
thermore, the negative cross peaks at (25.5, 22.5) min
and (22.5, 25.5) min come from the coordinated de-
crease in intensity of band A and simultaneous in-
crease in intensity of band C. These correlations
clearly imply the existence of coherent variation in
GPC trace intensities at these elution times, and are
reflected in CSq1 and CSq2. Comparison of the relative
intensities of the A and B autopeaks shows the former
to be more intense. This fact indicates that dynamic
variation in concentration of the monomers [probably
via hydrolysis of TESi-PS (2400)] makes a major
contribution to step I.

Fig. 2[A],[B] Time-resolved
gel-permeation chromatogra-
phy elution profiles of the
CH3SO3H-catalyzed [A] TESi-
PS (2400)–THF and [B] TESi-
PS (8000)–THF systems. a
t=0 h, b t=0.5 h, c t=1 h,
d t=2 h, e t=4 h, f t=24 h.
RI Refractive index
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In the asynchronous spectrum (step I) of TESi-PS
(2400) (Fig. 3b), we find that band A is made up of at
least two bands at (25.6–26.1, 24.9–25.1) min and (25.6–
25.8, 24.6–24.7) min fused together. Previously, the
multiple components AH, A and AL of band A had been
detected by the resolution enhancing characteristics of
the 2D GPC spectra [2, 3]. The positive cross peaks
arising from the AHMA and AHMAL correlations
indicate that the AH component changes first, followed
by change in the A or AL component [2, 3]. Component
AH correlates with components B and C, furnishing the
negative cross peak extending in the region E1=25.3–
26.6 min and E2=21.5–24.0 min. The A and AL com-
ponents correlate with component B, resulting in the
positive cross peaks at (24.9–25.0, 23.4) min and (24.6,
23.4) min, respectively. The appearance of the positive
cross peak at (23.4, 22.4) min indicates a BMC corre-
lation, with the dimer (band B) changing first followed
by the trimer (band C). The order of other events is
listed in Table 3. It should be noted that in step I both
components B (dimer) and C (trimer) are produced
rapidly as a consequence of consumption of components
AH, A and AL.

In the synchronous map (step II) of TESi-PS (2400)
(Fig. 4a), the AMC correlation furnishes two autopeaks
and two negative cross peaks which together construct a
correlation square (CSq3). Since we may assume that a
very weak autopeak coming from the B component exists
at circa 23.7 min [2, 3], we may then construct a weak
correlation square CSq4 by connecting the autopeaks B
and C with the two negative cross peaks at (25.1,
22.2) min and (22.2, 25.1) min. However, consideration
of the relative intensities of the three autopeaks leads to
the conclusion that the AMC correlation contributes to a

major extent to step II, and that an increase in the
population of C occurs rapidly in this step.

In the asynchronous map (step II) of TESi-PS (2400)
(Fig. 4b), the correlations of band A with bands B and C
leads to the positive and negative cross peaks at (25.2,
23.4) min and (25.2, 21.9) min, respectively. The result
implies that the A components are consumed to produce
the B and C components. The strong correlation of band
B with band C provides the positive cross peak at (23.4,
22.3) min, which arises from the simultaneous produc-
tion of the C component and consumption of the B
component.

TESi-PS (8000)

The synchronous spectrum (step I) for TESi-PS (8000) is
shown in Fig. 5a. The AMC correlation furnishes two
autopeaks and two negative cross peaks, which define
the correlation square CSq1 (Table 2), reflecting the
existence of coherent variation of GPC intensities at
these elution times. The very strong intensity of auto-
peak A at 33.9 min implies that hydrolysis of the TESi-
PS (8000) monomers occurs rapidly, in step I, to produce
the trimer (band B).

In the asynchronous spectrum (step I) of TESi-PS
(8000) (Fig. 5b), the positive cross peak at (33.9,
33.4) min indicates that band A consists of components
A and AL. Correlation of component AL with band B
provides the positive cross peak at (33.6, 32.4) min,
indicating that the B component changes first and
change in the AL component follows [2, 3]. The AMC
correlation furnishes the negative cross peak at (33.9,
31.5–31.7) min, implying that the C component changes

Table 1 Tentative assignment
of elution peaks in
time-resolved GPC spectra of
TESi-PS (2400)–THF and
TESi-PS (8000)–THF

aThe errors of elution peaks are
±0.1 min
bSubscript H=high elution
component; subscript L=low
elution component

Conventional GPC 2D GPC Assignment

Counts (min) Band no. Counts (min)a Band no.b

TESi-PS (2400) 25.6–26.1 AH THSi-PS (2400)
(hydrolyzed
monomer)

25.3 A 25.0–25.5 A TESi-PS (2400)
(monomer)

24.6–24.7 AL Solvated monomer
23.4 B 23.0–23.5 B Dimer
22.3 C 22.0–22.5 C Trimer

21.5–21.6 D Tetramer
TESi-PS (8000) 33.8 A 33.7–33.9 A TESi-PS (8000)

(monomer)
33.4–33.6 AL Solvated monomer
32.7–32.9 BH Hydrolyzed dimer

32.5 B 32.4–32.6 B Dimer
32.1–32.3 BL Solvated dimer

31.6 C 31.5–31.7 C Trimer
31.2–31.4 CL

30.9–31.1 D Tetramer
30.5–30.7 E Pentamer
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first followed by the A component. The strong positive
cross peak at (32.4, 31.7) min, arising from the BMC
correlation, indicates that consumption of the B
component is followed by rapid production of the C
components.

The synchronous spectrum (step II) for TESi-PS
(8000) is shown in Fig. 6a. The BMC correlation pro-
vides two autopeaks and two negative cross peaks which
together define a correlation square CSq2 (Table 2).
Since the intensities of these four peaks are very strong,
the BMC correlation is the dominant contributor to step
II. In other words, consumption of the dimers (band B)
occurs rapidly to produce trimers (band C). The very
weak correlation squares CSq3 and CSq4 suggest that
although the AMB and AMD correlations exist, they do
so to only a very small extent.

In the asynchronous spectrum (step II) of TESi-PS
(8000) (Fig. 6b), we find that band B consists of com-

ponents BH, B and BL, providing the negative cross peak
in the region E1=32.0–33.0 min and E2=30.0–33.0 min.
Correlations of the BH and B components with band C
yield the two positive, fused cross peaks at (32.4–32.8,
31.7) min. The positive cross peak at (32.9, 31.4) min
arises from the BHMC correlation. These three compo-
nents correlate with bands C and D, rendering the region
consisting of negative cross peaks. In particular, the
correlation of component BL with bands C and D brings
about the very strong negative cross peaks. Further-
more, the contour level of this region extends to
E2=30.5 min, showing that the BL component corre-
lates with the pentamers (band E), although to only a
very small extent. It should be noted that band C con-
sists of components C and CL, which are seen in the very
strong positive cross peak at (31.7, 31.3) min. The cor-
relation of component C with band D appears as a very

Fig. 3a, b Synchronous (a) and asynchronous (b) spectra of step I
(0, 0.5, 1, 2 h) CH3SO3H-catalyzed TESi-PS (2400)-THF system

Fig. 4a, b Synchronous (a) and asynchronous (b) spectra of step II
(2, 4, 24 h) for the CH3SO3H-catalyzed TESi-PS (2400)-THF
system

311



strong positive cross peak at (31.7, 31.0) min. Moreover,
component CL correlates with band D, resulting in the
appearance of an extremely strong positive cross peak at
(31.3, 31.2) min. There also exists a very weak positive
correlation between bands C (trimer) and E (pentamer)
at circa (31.6, 30.6) min.

The difference in band correlations between the syn-
chronous and asynchronousmaps of TESi-PS (2400) with
those of TESi-PS (8000) may be summarized as follows.

Step I (a) synchronous behaviors For TESi-PS (2400), A
(monomer)MB (dimer) and A (monomer)MC (trimer)
correlations coexist. The difference in the height of the
contour levels suggests that the extent of the former
correlation is slightly larger than that of the latter.
Conversely, for TESi-PS (8000), it is the A (mono-
mer)MC (trimer) correlation which is predominant.

Fig. 5a, b Synchronous (a) and asynchronous (b) spectra of step I
(0, 0.5, 1, 2 h) for the CH3SO3H-catalyzed TESi-PS (8000)-THF
system

Fig. 6a, b Synchronous (a) and asynchronous (b) spectra of step II
(2, 4, 24 h) for the CH3SO3H-catalyzed TESi-PS (8000)-THF
system

Table 2 Possible synchronous correlation squares (CSqi: i=1–5)
and band correlations for the CH3SO3H-catalyzed TESi-PS
(2400)–THF and TESi-PS (8000)–THF systems

Step CSqi Band
Correlations

TESi-PS (2400)–THF I CSq1 AMB
CSq2 AMC

II CSq3 AMC
(CSq4) (BMC)a

TESi-PS (8000)–THF I CSq1 AMC
II CSq2 BMC

(CSq3) (AMB)a

(CSq4) (AMD)a

(CSq5) (BMD)a

aVery weak
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Step I (b) asynchronous behaviors For TESi-PS (2400),
the asynchronous map provides direct evidence for the
existence of components AH, A and AL, which correlate
with bands B (dimer) and C (trimer). In particular, the
intensities of the positive cross peaks for TESi-PS
(2400), in the region E1=25.0–27.0 min and E2=24.3–
26.0 min, which arise from correlations between AH, A
and AL, are extremely strong. Conversely, for TESi-PS
(8000), the band intensity coming from the monomeric
components in the regions E1=33.0–35.0 min and
E2=33.0–34.0 min is weak, while the BMC correlation is
strong compared with that in the TESi-PS (2400) system.

Step II (a) synchronous behaviors For TESi-PS (2400),
the AMC correlation is predominant, while the extent of
the BMC correlation is very small. Conversely, for TESi-
PS (8000), the BMC correlation is extremely strong, al-
though very weak AMB and AMC correlations coexist.

Step II (b) asynchronous behaviors For the TESi-PS
(2400) system, three relatively strong correlations,
AMB, AMC and BMC, coexist with the BMC cor-
relation being of slightly stronger extent. For the
TESi-PS (8000) system, the asynchronous map indi-
cates directly the existence of components BH, B and
BL and C and CL. The BH, B and BL components
correlate with bands C and D, which arise from for-
mation of trimers and tetramers. The components CL

and C are consumed to produce tetramers (band D)
and pentamers (band E). Thus, for TESi-PS (8000) in
step II, the correlations BH, B, BLMC, D; CLMD and
CME are predominant.

We observe that the two sample systems provide a
marked difference in the synchronous and asynchronous
behaviors between the two steps. The AH and AL com-
ponents, which appear in the asynchronous map (step I)
for TESi-PS (2400), may be assigned to the hydrolyzed
or partially hydrolyzed monomers (THSi-PS) and the
THF-solvated THSi-PS monomers [7], respectively. For
TESi-PS (2400), the correlations of band A and its
components with bands B and C are generally pre-
dominant in the synchronous and asynchronous maps
throughout steps I and II. In particular, the strong
correlation of the AH, A and AL components with bands
B and C in step I may imply an increased population of
condensates B and C as components AH, A, and AL are
consumed. We note the existence of components BH, B
and BL in step II for the TESi-PS (8000) system. The BH

and BL components may be assigned to the hydrolyzed
or partially hydrolyzed dimers and their solvated species
[7]. It is evident that the correlations of components BH,
B and BL with components C, CL, D and E are pre-
dominant in step II, implying that formation of these
species plays a critical role in the growth of longer
oligomers. We address this factor in the following dis-
cussion of the reactivity of the components.

The BH component correlates mainly with bands C
and CL. The BHMC correlation is strong, while the
BHMCL correlation is only moderate (Table 3). More-
over, the BHMD correlation is very weak, and there is
no evidence for a BHME correlation. Conversely, the B
and BL components correlate strongly not only with the
C and CL bands, but also with band D, and the B and BL

components correlate only weakly with band E. This
result implies that, compared with the B and BL species,
the BH species is more reactive and rapidly consumed to
form longer oligomers. The difference in the extent of
correlation among the BH, B and BL components may
arise from the differences in their reactivities. Similarly,
component C correlates strongly with component D but
weakly with component E, while although the CL com-
ponent correlates with that of D, it does not correlate
with component E. The result implies that the latter
component E is more reactive than component D.

A TESi-PS (2400) molecule is much less hydrophobic
than a TESi-PS (8000) molecule, leading to the reduced
extent of aggregation and increasing the population of
TESi-PS (2400) molecules in the monomolecular state.
This environment may promote an increased population
of the AH, A and AL components, thereby strengthening
the AH, A B B, and C correlations. Conversely, since the
greater hydrophobicity of TESi-PS (8000) promotes
formation of aggregates, the population of the mono-
meric components may decrease, resulting in the reduced
extent of the correlations of the monomeric components
with those of B and C.

In our previous study [10], we showed that the TESi-
PS dimer is reversibly hydrolyzed to provide monomeric
TESi-PS, which can condense with a dimer to form a
trimer. We may assume the following cascade steps in
the polymerization process.

Monomers Að Þ½ �Monomers AH or ALð Þ ð6Þ

Monomers AH or ALð Þ�Dimers Bð Þ ð7Þ

Dimers BH;B or BLð Þ
þMonomers AH or ALð Þ½
 �Trimers C or CLð Þ ð8Þ

Trimers Cð Þ þMonomers AH or ALð Þ½ �Tetramers Dð Þ
ð9Þ

The cascade steps shown in Eq. 8and Eq. 9, involving
condensation between the monomeric species (AH, A
and AL) and the dimeric (or trimeric) species, thereby
increasing the correlations of the monomeric species
with components B and D, lie well to the right.

The existence of components arising from hydrolysis
or partial hydrolysis of ethoxysilyl groups may be
possible for dimers and longer oligomers, since steric
hindrance of the PS chain promotes probable isolation
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of any ethoxysilyl groups which may be incorporated
into the aggregates. This isolation effect may account for
the difference in the extent of hydrolysis of the ethoxy-
silyl groups. The effect should be greater in the TESi-PS
(8000) system than in the TESi-PS (2400) system,
resulting in the observed difference in their respective
reactivities.

We may postulate both linear and cyclic molecular
structures for a dimeric species [Fig. 7a, b (I)]. How-
ever, since the TESi-PS dimer is reversibly hydrolyzed,
we may assume a preference for a linear structure in
the polymerization process. The steric hindrance
caused by the bulky and rigid PS chains and their
high hydrophobicity would induce a difference in the
extent of hydrolysis of ethoxysilyl groups in a linear
molecule [Fig. 7 (II)]. Hydrolyzed and partially
hydrolyzed dimers and their solvated species probably
give rise to bands BH and BL, respectively, and the
unhydrolyzed species furnish band B.

In the TESi-PS (2400) system (steps I and II), which is
less aggregated than the TESi-PS (8000) system, the
cascade step shown in Eq. 6 probably lies in the direc-
tion of the long arrow, while the step shown in Eq. 7 lies
toward the monomeric species, giving rise to the pre-
dominant correlations of components AH, A and AL

with bands B and C. Consequently, interaction between
a monomer and an oligomer is predominant throughout
the two steps of the polymerization.

However, in the TESi-PS (8000) system (step II),
aggregation may result in the predominant correlations
of the BH, B and BL components with the longer olig-
omeric species (C, CL, D and E). When the TESi-PS
molecules form a reversed micelle-type aggregate in or-
ganic solvents, the triethoxy groups are concentrated in
the polar core. The steric hindrance of the bulky and
rigid PS chains and their high hydrophobicity probably
induce formation of aggregate structures which are
limited in size, and aggregation numbers N (N=2, 3 and
4) will be predominant. Therefore, in addition to the
dimer-longer oligomer correlations, correlations of the
trimer (C and CL) with the tetramer (D) and the pent-
amer (E) and, specifically, the D B E correlation, appear
in step II for TESi-PS (8000). Therefore, we may assume
the existence of following cascade steps, which become
predominant in step II for this system.

DimerþDimer½ �Tetramer ð10Þ

Dimerþ Trimer½ �Pentamer ð11Þ

Accordingly, in addition to the monomer-oligomer
interactions, the interaction between oligomer and oli-
gomer arising from the condensation reaction, becomes
predominant in step II. Thus, the steps shown in Eq. 10
and Eq. 11 lie in the direction of the long arrow. For the
tetramer and longer oligomers, co-existence of the
reactive and less-reactive components may be possible.

Table 3 Synchronous
and asynchronous band
correlations, signs and order of
events for the CH3SO3H-
catalyzed TESi-PS (2400)-THF
and TESi-PS (8000)-THF
systems.vs Very strong,
s strong, m medium, w weak,
vw very weak

aSynchronous
bAsynchronous
cEx fi Ey; the event Ex occurs
before Ey
dSubscripts H and L represent
high and low elution compo-
nents, respectively

Step Correlation Sign Order of eventsc,d

(F)a (Y)b

TESi-PS (2400)-THF I AHMA, AL s + + AH fi A, AL

AHMB m - - AH fi B
AHMC s - - AH fi C
A, ALMB m + - B fi A, AL

BMC m + + B fi C
II AMB m + + A fi B

AMC s - - A fi C
BMC s + - C fi B

TESi-PS (8000)-THF I AMAL m + + A fi AL

ALMB s + - B fi AL

AMC s - - A fi C
BMC s + + B fi C

II AMC vw - + C fi A
ALMD vw - - AL fi D
BHMB m + - B fi BH

BMBL vs + - BL fi B
BHMC s - + C fi BH

BHMCL m - + CL fi BH

BMC vs - + C fi B
BMCL w - + CL fi B
BMD m - - B fi D
BME m - - B fi E
BLMC, CL, D vs - - BL fi C, CL, D
BLME m - - BL fi E
CMCL, D vs + + C fi CL, D
CME s + + C fi E
DME m + + D fi E
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Currently, it is difficult to detect such species even with
the 2D GPC technique, since the difference in elution
time of longer oligomers is vanishingly small.

The oligomer-oligomer interactions for TESi-PS
arise not only from formation of a siloxane bond but
also from the very hydrophobic PS chains. A hydro-
phobic interaction between oligomers should hinder
elongation of a polymer via the chemical bond for-
mation during polymerization. Therefore, the forma-
tion of oligomers with high reactivity may play a
critical role in the elongation process. Recently, Stell-
brink et al. [19] used small angle neutron scattering to
demonstrate aggregational behavior of styryl lithium
head groups in benzene. The result indicated that di-
mers and tetramers were produced in a first step before
large-scale formation of self-assembled aggregates.
However, very little is known about the significance of
hydrophobic interactions between aggregates during
polymerization. Since the reactivity of longer oligomers
may be intrinsically correlated with their steric struc-

tures, further research along these lines is highly
desirable.

Conclusion

The CH3SO3H-catalyzed polymerization process of the
well-defined polymeric SCAs, triethoxysilyl-terminated
polystyrenes, TESi-PS (2400) and TESi-PS (8000),
which were used instead of simple SCAs with low
molecular weight (Mn<1000), has been examined by
2D GPC. A detailed discussion of oligomer–oligomer
interactions became possible based on the explicit de-
termination of molecular weight and assignment of
each oligomeric aggregate. It was found that there
exists a marked difference in the process of poly-
merization of TESi-PS (2400) and TESi-PS (8000),
probably reflecting the difference in the extent of
aggregation of these two triethoxysilyl-terminated
polystyrene systems.

Fig. 7 Possible molecular
structures (I) and (II) of the
TESi-PS dimers. PS Polysty-
rene chain, triangle ethoxy
group
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