
Introduction

Silane coupling agents (SCA) are commonly used to
reinforce the mechanical properties of the interface be-
tween two different materials. Extensive studies have
been carried out on their macroscopic properties [1–3]
and molecular structure [4–19] when they are coated
onto the surface of a substrate. One of the most com-
monly used SCAs, which provide hydrophobic character
to a surface, is alkyltriethoxysilane (ATES). In the acid-
catalyzed ATES system, an acid catalyst induces
hydrolysis of the ethoxy groups to produce silanol
groups. The silanol groups react to form a siloxane

linkage between two silane molecules, with the release of
ethanol and formation of another H2O molecule (reac-
tions I and II).

RSiL2(OC2H5)þH2O���!
catalyst

RSiL2(OH)þC2H5OH ðIÞ

2RSiL2(OH)! RSiL2�O� SiL2RþH2O ðIIÞ

R ¼ alkyl group, L ¼ �OC2H5; �OH or �O� Si

Izawa et al. [20–22] used time-resolved gel permeation
chromatography (GPC) profiles and two-dimensional
(2-D) GPC correlation spectra to examine the reaction
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Abstract Time-resolved gel-perme-
ation chromatography (GPC) pro-
files were measured over a long
period of time (t=0–768 h) for the
HNO3-catalyzed reaction mixture
of a well-defined polymeric silane
coupling agent, triethoxysilyl-ter-
minated polystyrene. The results
showed that HNO3 catalyzes the
rate of polymerization, but only to
a small extent. Two-dimensional (2-
D) GPC correlation spectra were
calculated from time-resolved GPC
profiles and were used to examine
the mechanism of polymerization.
The resolution enhancement ob-
tained by 2-D correlation provided
ample evidence for existence of
four monomeric components. It
has been demonstrated that dy-
namic variation in the population
of these components occurs over a
long reaction time, reflecting the

mechanism of a slow polymeriza-
tion process.
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mechanism in the relatively simple ATES-ethanol sys-
tems catalyzed by 1.0 M HClÆH2O. The results showed
that polymeric precursors are formed not only by fully
hydrolyzed monomers but also by partially hydrolyzed
species. The weak intensities of the elution bands of the
monomeric species in the GPC profiles hindered the
elucidation of their critical role in the overall mechanism
of the growth process. However, resolution enhance-
ment of the 2-D GPC correlation spectrum [20–22] made
it possible to discuss in detail the significant role that the
monomer played.

The time-resolved GPC profiles for the CH3SO3H-
or HCl-catalyzed reaction mixture of a macromolecular
SCA, triethoxysilyl-terminated polystyrenes (TESi-PS)
[23, 24], furnished only the elution band of unhydro-
lyzed TESi-PS. Elution bands which might be assigned
to fully or partially hydrolyzed monomers were not
observed. The resolution enhancing character of 2-D
GPC correlation maps is useful for predicting the
existence of these hydrolyzed monomeric species. In
fact, only one elution band coming from partially or
fully hydrolyzed monomeric species is predicted, and
this will have a higher elution count than that of the
unhydrolyzed TESi-PS monomer [23, 24]. However, its
assignment still remains equivocal. Therefore, identifi-
cation of the elution bands of mono-, di- and tri-hy-
droxyalkylsilane becomes critical for elucidation of the
polymerization mechanism.

In the present study, 2-D GPC correlation spectra
are used to examine details of the polymerization
process in the HNO3-catalyzed TESi-PS system. In
particular, the correlation of unhydrolyzed TESi-PS
and its hydrolyzed species with polymeric precursors is
discussed with respect to the mechanism of slow poly-
merization.

Experimental

Materials

Living polystyrene (PS) with molecular weight (Mn)
equal to 7,800 was synthesized by anionic polymeriza-
tion of styrene [25]. TESi-PS with Mn equal to 8,000 was
prepared by the coupling reaction of living PS and
chlorotriethoxysilane [25]. The sample (TESi-PS), which
was reprecipitated in methanol, was used for conden-
sation after drying in vacuum at ca. 298 K. Samples of
the reaction systems (TESi-PS (40 mmol/kg), catalyst
(HNO3, 0.1 mol/kg) and tetrahydrofuran (THF)) were
placed into each ampoule, and sealed under high vac-
uum (10)3 mm Hg). Condensation of TESi-PS in each
reaction mixture was carried out in a temperature-con-
trolled bath (333 K) for a prescribed time. The con-
densed products of TESi-PS, precipitated from each

reaction mixture, were filtered through a glass filter and
dried at ca. 298 K.

The yield (Y (%)) of polymerized TESi-PS was cal-
culated from the GPC curve of the recovered polymer
using the equation

Y ð%Þ ¼ GPC peak area of polymerized TESi � PS

Total GPC peak area of the reaction products
� 100:

The functionality of TESi-PS (f (%): the maximum Y
value of TESi-PS) was 98%. The contribution of the
band for the unfunctionalized trace constituent, which
was obtained from control experiments of the sample
system, to the band for the total condensed product was
2%. This contribution was subtracted from the area of
polymerized TESi-PS to obtain the value of Y.

The area of polymerized TESi-PS was calculated
from that of GPC peak detected by the difference in
refractive index (RI) between the peak component and
the solvent THF. It was confirmed that the peak area
obtained by the RI difference was equal to that deter-
mined simultaneously from the difference in UV
(360 nm)-absorbance.

Time-resolved GPC measurements

A Toso HLC-802A (with two GMH columns), equipped
with RI and UV detectors (column oven temperature
313 K), was used for the GPC measurements. THF was
used as the eluent at the nominal flow rate of 1 mL/min.
The actual flow rate was inspected during the recording
of a GPC curve, and its constancy was confirmed (the
errors of an elution count: ±0.1 min and the average
signal-to-noise ratio of the GPC data: less than 170).
The amount of TESi-PS-catalyst-THF solution injected
into the GPC column was controlled to provide a line-
arly increasing RI and a linearly increasing UV absor-
bance (at 360 nm).

A GPC calibration curve with linear PS standards,
whose application to the branched products of TESi-PS
had already been confirmed [26], was used to make
assignments.

Two-dimensional gel permeation chromatography
correlation analysis

Synchronous and asynchronous 2-D GPC correlation
spectra were calculated from the time-resolved GPC
profiles, using the 2-D OGAIZA software developed at
Nagoya Institute of Technology. The theoretical back-
ground of 2-D GPC spectra has been described in recent
publications [20–22, 27].
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Results and discussion

Time-resolved GPC profiles

Time-resolved GPC profiles of the HNO3-catalyzed
TESi-PS-THF system, which provide the time-depen-
dence of the composition in this reaction mixture, are
shown in Fig. 1. Assignments of the elution bands are
listed in Table 1 together with those based on the 2-D
GPC correlation spectra.

The elution bands A, B and shoulder C correspond to
monomer, dimer and trimer, respectively. With time, the
intensity of band A decreases, while that of bands B and
C increases, reflecting the fact that consumption of the
TESi-PS monomers occurs to produce the dimers and
trimers.

Figure 2 shows the time courses of the yield Y (%),
and of the percentage (Z (%)=100)Y (%)) of the
monomers remaining unreacted. It is found that the
yield increases logarithmically until it finally approaches
43% at 144 h and then remains almost constant. We
note that band A, for the TESi-PS monomers remaining
unreacted, is predominant even in the GPC profile ob-
tained at 768 h.

In comparison, the corresponding Y values of con-
densed products, obtained at 24-h reaction time in the
CH3SO3H- and HCl-catalyzed TESi-PS-THF systems
[23, 24], are 95 and 93%, respectively. Therefore, it is
evident that the yield (43%) in the HNO3-catalyzed
system is very low.

We calculated the rate constant of this condensation
reaction from the Z values, assuming that the time
course of Z can be expressed by Z = A exp()kt) + B,
where k (s)1) is the rate constant of the reaction. The
rate constant, obtained from the best fit between the
observed and calculated Z values, is k=6.64·10)5 s)1,
an order of magnitude smaller than those
(k=7.25·10)4 s)1 and k=4.66·10)4 s)1) obtained for
the CH3SO3H) [28] or HCl-catalyzed TESi-PS-THF
systems, respectively.

In our previous study [29] we have already reported
that the condensation reaction did not occur in the
TESi-PS-THF solution in the absence of catalysts, even
after heating at 333 K for 72 h. Therefore, although
HNO3 catalyzes the condensation of TESi-PS molecules,
its ability to do so is much less than that of the acid
catalysts, such as HCl and CH3SO3H.

In this study, we used 2-D GPC correlation analysis
to examine the detailed mechanism for this slow poly-
merization.

Two-dimensional correlation GPC spectra

In the synchronous spectrum for step I (0–24 h) for the
HNO3-catalyzed TESi-PS-THF system (Fig. 3a), very
strong fused autopeaks consisting of two autopeaks are

Fig. 1 Time-resolved GPC profiles of the 0.1 mol/kg HNO3-
catalyzed TESi-PS-THF systems (reaction time (t), a: t=0 h, b:
t=4 h, c: t=16 h, d: t=24 h, e: t=144 h, f: t=768 h)

Table 1 Tentative assignment
of elution peaks

The errors of elution peaks are
±0.1 min
Subscript H high elution com-
ponent, subscript L low elution
component

Conventional GPC 2-D GPC Assignment

Counts (min) Band no. Counts (min) Band no.

34.4 AH¢ THSi-PS (trihydrolyzed monomer)
34.0–34.2 AH THSi-PS (dihydrolyzed monomer)

33.8 A 33.6–33.9 A TESi-PS (monomer and
monohydrolyzed monomer)

33.3–33.5 AL Solvated monomer
32.5 B 32.5–32.6 B Dimer

32.4–32.2 BL

31.6 C 31.6–31.8 C Trimer
31.2–31.4 CL

31.0 D 31.0–31.1 D Tetramer
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observed at 33.9 and 34.2 min, which arise from com-
ponents A and AH, respectively. Since the contour levels
of these autopeaks are extended in the region
E1=E2=33.2–34.8 min, we may expect that the au-
topeaks arising from lower and higher elution bands (AL

and AH¢) are further superimposed with the autopeaks of
A or AH. The other strong autopeak at 32.4 min is as-

cribed to component BL. The positive cross peaks at
(34.2, 33.9) and (33.9, 34.2) min arise from the A M AH

correlation. The negative cross peaks consisting of the
two fused negative peaks at (34.2, 32.4) and (33.9, 32.4)
min, or at (32.4, 34.2) and (32.4, 33.9) min, arise from
the AH M BL and A M BL correlations, respectively.
These autopeaks and cross peaks together define the
correlation squares CSq1, CSq2 and CSq3 (Table 2) [27].
Since the intensities of these correlation peaks are very
strong, the A M AH, AH M BL and A M BL correlations
are the dominant contributors to step I.

As a consequence of resolution enhancement [24], we
now see in the asynchronous spectrum (step I) for the
same system (Fig. 3b and Table 3) that the positive cross
peaks in the region E1=33.5–34.8, E2=33.0–34.0 min
consist of the three fused cross peaks at (34.0, 33.5),
(34.2, 33.5) and (34.4, 33.5) min. These cross peaks arise
from asynchronous correlations A M AL, AH M AL and
AH¢ M AL, reflecting that different dynamic variations of
the monomeric components (AL, A, AH and AH¢) occur
in step I. We find that extension of the positive cross
peak in the region E1=33.0–33.8, E2=31.5–33.0 min, in
which the AL component asynchronously correlates with
components BH, B, BL and C, indicating that con-
sumption of AL to produce the B and C components,
may not occur in a single isolated step. Furthermore, the
negative fused cross peaks extend in the region
E1=33.8–34.7, E2=31.5–33.0 min. Therefore, compo-
nents A, AH and AH¢ correlate with the dimeric and
trimeric components BL, B and C. From the relative
intensities of two of the positive and one of the negative
fused cross peaks, it is evident that three monomeric
hydrolyzed components are produced predominantly in
step I, and a significant amount of the unreacted
monomer still remains.

In our previous studies [23, 24], we confirmed, after
carrying out resolution enhancement, that splitting of
band A occurs to provide components A and AH. The
two components were tentatively assigned to TESi-PS
and its mono-hydrolyzed species and to the di- and tri-
hydrolyzed monomers, respectively. However, the exis-
tence of component AH¢ was not confirmed. In this
study, we have confirmed, for the first time, the existence
of component AH¢, thereby making it possible to assign
the trihydroxy species.

The synchronous map for step II (24–768 h), of the
same sample system, is shown in Fig. 4a. The strong
autopeak at 34.0 min, the two very weak autopeaks at
33.4 and 32.6 min and the weak autopeak at 31.6 min
are assigned to components A, AL, B and C, respec-
tively. The very weak positive cross peaks at (34.0, 32.6),
(32.6, 34.0), (33.3, 31.6) and (31.6, 33.3) min are assigned
to the A M B and AL M C correlations. The relatively
strong negative cross peaks at (34.0, 31.6) and (31.6,
34.0) min, the very weak cross peaks at (34.0, 33.3),
(33.3, 34.0), (33.4, 32.6), (32.6, 33.4), (32.6, 31.5) and

Fig. 2 Time courses of Y (filled circle) and Z (open circle) (broken
line: the calculated best fit curve)

Fig. 3 Synchronous (a) and asynchronous (b) spectra of step I (0,
4, 16 and 24 h) for the HNO3-catalyzed TESi-PS-THF systems
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(31.5, 32.6) min arise, respectively, from correlations
A M C, A M AL, AL M B and B M C.

The four autopeaks and twelve cross peaks provide
six correlation squares CSqi (i=1–6) (Table 2) [26].
CSq1 implies that component A is consumed to form
component AL and that a coordinated decrease in
intensity of component A and simultaneous increase in
intensity of component AL occur. CSqi (i=1–3) include
the strong autopeaks at 33.9–34.0 min in common,
reflecting that dynamic variation in the population of
component A is a major contribution to step II. For the
other correlation squares CSqi (i=4–6), each square
reflects a similar coherent variation in component
intensity. However, their contributions to step II must
be small, since their relative intensities are very weak.

In the asynchronous map (step II) of the same system
(Fig. 4b and Table 3), we see a very strong negative
fused cross peak at (33.9, 33.4), which indicates the
existence of separate components AL and A. The sign of

this coordinate at (33.9, 33.4) is negative in both the
synchronous and asynchronous maps. Therefore, the
decrease in intensity of component A occurs before that
of component AL. Furthermore, the relatively strong
negative cross peak at (34.2, 33.9) provides evidence for
the existence of components A and AH in step II.

For the very strong positive cross peak arising from
the A M B correlation, signs and order of events (Ta-
ble 3) indicate that component A decreases in intensity
before component B. (In other words, the consumption
of A does not result directly in the production of B, as
these events do not happen simultaneously, but involve
some intermediates and side products.) The synchronous
cross peak, on the other hand, is a good indicator that
overall reduction of A leads to the production of B.

The negative A M CL and positive B M C correlation
peaks reflect the consumption of the monomeric and
dimeric species to produce the trimeric species (C and
CL). The presence of these asynchronous peaks indicates

Table 2 Possible correlation
squares (CSqi) and correlations
between the elution peaks in
steps I and II

CSqi Coordinates (E1, E2) Correlation

Autopeak Cross-peak

Step I (0–24 h)
CSq1 +(34.2, 34.2) +(33.9, 33.9) +(34.2, 33.9) +(33.9, 34.2) AMAH

CSq2 +(34.2, 34.2) +(32.4, 32.4) )(34.2, 32.4) )(32.4, 34.2) AHMB
CSq3 +(33.9, 33.9) +(32.4, 32.4) )(33.9, 32.4) )(32.4, 33.9) AMB
Step II (24–768 h)
CSq1 +(33.9, 33.9) +(33.4, 33.4) )(33.9, 33.4) )(33.9, 33.9) AMAL

CSq2 +(33.9, 33.9) +(32.6, 32.6) +(33.9, 32.6) +(32.6, 33.9) AMB
CSq3 +(33.9, 33.9) +(31.6, 31.6) )(33.9, 31.6) )(31.6, 33.9) AMC
CSq4 +(33.4, 33.4) +(32.6, 32.6) )(33.4, 32.6) )(32.6, 33.4) ALMB
CSq5 +(33.4, 33.4) +(31.6, 31.6) +(33.4, 31.6) +(31.6, 33.4) ALMC
CSq6 +(32.6, 32.6) +(31.6, 31.6) )(32.6, 31.6) )(31.6, 32.6) BMC

Table 3 Synchronous and
asynchronous peak
correlations, signs and order of
events for the HNO3-catalyzed
systems

vs very strong, s strong, m me-
dium, w weak, Subscripts H and
L high and low elution compo-
nents
a Ex fi Ey; the event Ex occurs
before Ey

Step Correlation Sign Order of eventsa

Synchronous (F) Asynchronous (Y)

I AHMA (s) + ) A fi AH

AH¢,AHMAL (s) + + AH¢,AH fi AL

AMAL (vs) + + A fi AL

AH¢MB (m) ) ) AH¢ fi B
AH,AMB (m) ) ) AH,A fi B
AH¢MBL (w) ) ) AH¢ fi BL

A,AHMBL (m) ) ) A,AH fi BL

AH¢,AH,AMC (vw) ) ) AH¢,AH,A fi C
ALMBL (s) ) + BL fi AL

II AH¢MA (vw) + ) A fi AH¢
AHMA (w) + ) A fi AH

AMAL (s) ) ) A fi AL

AMB (vs) + + A fi B
AMCL (m) ) ) A fi CL

ALMC (m) + ) C fi AL

ALMBL (vw) ) + BL fi AL

AMD (vw) ) ) A fi D
BMC (m) ) + C fi B
BHMBL (w) + + BH fi BL
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that the consumption of monomer is not directly cou-
pled with the production of trimer (or dimer) in a single
isolated step. It involves the formation of dimer and
later trimer, with some other side steps like the forma-
tion of solvated species. Thus, there is no one-to-one
relationship between the decrease in monomer and in-
crease in trimer. Asynchronous peaks confirm the
breakdown of a simplistic picture of reaction mecha-
nism. However, the intensity of the A M B correlation is
more intense, compared with those of the other corre-
lations (A, AL M CL, C and B M C). Thus, even in step
II, dynamic variation in population of the A and B
components is predominant.

We may now propose a model for the band correla-
tions, which is consistent with the results suggested from
the synchronous and asynchronous behaviors for steps I
and II, as follows (Scheme 1). Step I: The correlations A
M AH, A M AL, AL M AH and AL M AH¢ and the
correlations of these monomeric components with
components BL, B and BH are very strong. Therefore,
production of the three hydrolyzed monomeric compo-
nents and consumption of A components to form the
dimeric B components is predominant.Step II: The
correlations of component A with components AL and
AH are relatively strong. However, the A M AH¢ corre-
lation becomes very weak. A very strong A M B corre-

lation and the intermediate strength correlations A M

CL, AL M C and B M C (or CL) still appear in this step.
Therefore, the monomeric components A and AL cor-
relate with the dimeric and trimeric components over a
long reaction time. This fact may indicate that these
monomeric components effectively hinder progress of
the condensation reaction. Furthermore, the correla-
tions of CL and C with longer oligomers, which would
lead to further growth, do not appear, although we do
see correlations between BL and B with BH M CL and C.

Conversely, in the CH3SO3H-catalyzed TESi-PS-
THF-system [23], dynamic variation of the monomeric
components to produce short oligomers is predominant
in step I. However, it becomes very small in step II,
following further growth of short oligomers.

Thus, it is evident that the reaction mechanism in this
present HNO3-catalyzed system is different from that in
the CH3SO3H-catalyzed system [23].

However, additional independent supporting data
should further strengthen the validity of this proposed
model. In order to explain the behavior of the mono-
meric components in the HNO3-catalyzed reaction pro-
cess, we may use the experimental results for hydrolysis
of condensed TESi-PS products, previously described

Fig. 4 Synchronous (a) and asynchronous (b) spectra of step II (24,
144 and 768 h) for the HNO3-catalyzed TESi-PS-THF systems

Scheme 1 Schematic growth process for HNO3-catalyzed TESi-PS-
THF systems
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[28, 30], to postulate the existence of the cascade steps
during the condensation reaction in steps I and II.

In step I

A!
 

AL;AH;AH0 ð1Þ

A;AH;AH0�BL;B;BH ð2Þ

AL�BL;B;BH ð3Þ

AL;A;AH;AH0 ! C ð4Þ

3A(or 3ALor 3AH or 3AH0 Þ! C

A (or ALor AH or AH0 Þ þ B(or BL or BHÞ! C

( )

Cascade step (1) is predominant, reflecting the rapid
production of three components (AL, AH and AH¢). The
processes in steps (2) and (3) also occur to produce
components BL and B. The dimeric components thus
produced are reversibly hydrolyzed to reform mono-
meric species in the HCl-catalyzed TESi-PS-THF-sys-
tem. Therefore, the cascade steps (2) and (3) probably
hinder the consumption of monomers. The contribution
of cascade step (4) to step I may be small, since the
correlations of these monomeric components with
component C is weak (Fig. 4).

In step II, we may also propose the following cascade
steps.

A!
 

AL;AH;AH0 ð5Þ

A�B ð6aÞ

AL;A;AH;AH0�BL ð6bÞ

A;AL! C;CL ð7Þ

3A(or 3ALÞ! C;CL

A(or ALÞ þ B!
 

C;CL

( )

BL;B;BH! C;CL ð8Þ

B ðor BL or BHÞ þA(or AL)! C;CL

n o

A!
 

D ð9Þ

A + C!
 

D

4A!
 

D

( )

In the synchronous map (step II) (Fig. 4b), compo-
nent A correlates in common with components AL, B
and C to construct CSq1, CSq2 and CSq3. The intensity
of the autopeak at 34.0 min arising from component A
is the strongest, while those of the other three autopeaks

(corresponding to components AL, B and C) are weak or
very weak. This difference in intensity among autopeaks
indicates directly that dynamic variation in population
of component A is more rapid than those of the other
three components. Accordingly, cascade steps (6a) and
(6b) may provide the very strong correlations A M AL

and A M B. The cascade step (8) may provide the
correlations of the dimeric components (BL, B and BH)
with components CL and C, indicating that the trimeric
components are produced as a consequence of reaction
between B (or BL) and A (or AL).

Cascade steps (4) and (9) probably describe the con-
tribution to the overall reaction of the self-assembled
TESi-PS system [28] since an equilibrium ðnA�AnÞ is
possible between n moles of A and an aggregate of
aggregation number equal to n, according to the mass-
action law.

Furthermore, correlations of component CL with
longer oligomers do not appear in steps I or II, thereby
implying that the CL component is less-reactive and does
not contribute to further growth [24].

Recently, we reported for the TESi-PS-THF system
that the nature of the catalyst affects the growth process
of polymerization [24, 25]. Reactive oligomers lead to
further growth of polymeric precursors in the
CH3SO3H-catalyzed system [25], while less-reactive
oligomers hinder further growth of the oligomers in the
HCl-catalyzed TESi-PS-THF-system [24].

In particular, the 2-D GPC results provided evidence
that the reactive trimeric component C contributes to its
further growth, while the less-reactive CL component
does not grow. For the mechanism of formation of the
less-reactive species, we proposed the structural transfer
model of the trimer. In this model, intramolecular con-
densation between the silanol groups in the monocyclic
trimer occurs to form the bicyclic trimer with fewer sil-
anol groups. This decrease in the number of SiOH
groups results in reduction in reactivity of the trimer.
However, this model is not applicable to the present
HNO3-catalyzed system.

In order to explain the slow progress of a condensa-
tion reaction in the HNO3-catalyzed TESi-PS-THF
system (molar ratio [HNO3]:[SiOH] � 1:1), we invoke
the following hypothesis.

We assume a reversed micellar type TESi-PS aggre-
gate with a polar core in THF [28]. Unhydrolyzed eth-
oxy groups, water and catalysts are concentrated in the
core, and the interface is formed between the oil (THF-
TESi-PS) and water phases (Fig. 5a).

A TESi-PS molecule has three Si–O–C segments
partially charged (Si8+–O8––C8+) and a HNO3 catalyst
also provides a partially charged counter anion
(O=N8+ (–O8–)3). Therefore, the coordination of this
counter anion to the Si–O–C segment makes it possible
to form the Si–O–CÆÆÆNO3 complex (Fig. 5b), providing
a relatively stable TESi-PS molecule. Formation of this
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complex inhibits hydrolysis, and plays a critical role in
production of dimers over a long time.

For the hydrolyzed and partially hydrolyzed mono-
meric species with SiOH groups, it is possible to form
such complexes with the counter anion (Fig. 5c). The
reactivity of an NO3

)-coordinated silanol is probably
smaller than of an uncoordinated silanol, leading to slow
progress of the polymerization.

The counter anions probably coordinate to the sila-
nol or unreacted ethoxy groups of the trimeric and tet-
rameric molecules to form a oligomer-anions complex.
Therefore, this coordination reduces the reactivity of
these functional groups, hindering further growth of
these oligomers.

Conclusion

The 2-D GPC correlation results of the HNO3-catalyzed
TESi-PS-THF-system may be summarized as follows.

1. Four monomeric species A, AL, AH and AH¢ appear
predominantly in step I. These may be assigned to the
solvated, unhydrolyzed monomer and to the mono-,
di- and tri-hydrolyzed monomeric species, respec-
tively. Furthermore, dynamic variation in population
of the four monomeric components occurs to pro-
duce mainly the dimeric species (BL and B) in step I.

2. Dynamic variation in population of component A
occurs to predominantly form the B component,
providing a very strong A M B correlation in step II.

3. Although all four monomeric components exist in
steps I and II, and react to produce dimeric and tri-
meric species, dynamic variation of component A is
predominant in both steps.

From these results, we may assume that the four
monomeric components (and in particular, component
A) are relatively stable, resulting in reduction of the rate
of polymerization. A hypothesis has been presented to
explain this result.

Fig. 5 Schematic structural models of the interface of a TESi-PS
aggregate (a), and of the Si–OÆÆÆNO3 complexes ((b) and (c))
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