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Time-resolved near-infrared and
two-dimensional near-infrared correlation
spectroscopic studies on polymerization
of the silane coupling agent
perfluorooctyltrimethoxysilane

Abstract The polymerization
behavior of perfluorooctyltrimeth-
oxysilane (PFOS) in ethanol, which
is acid-catalyzed by 0.25 M HCI, has
been examined using time-resolved
near-IR and 2D near-IR correlation
spectra. In the time-resolved near-IR
spectra, the bands at 5164 and

4825 cm™! have been assigned to the
combination bands of water and
ethanol OH groups, respectively. It
has been found that the absorbance
variation of the two near-IR bands
occurs in a two-step process. The
absorbance of the 5164 cm™' band
rapidly decreases in the initial step
but increases exponentially in the
second step, while that of the

4825 cm™! band rapidly increases
both in the initial step and,
exponentially, in the second step.

These results indicate that the
time-dependent absorbance varia-
tion of the two near-IR bands
reflects the polymerization process
of PFOS, in which consumption and
release of water molecules and
release of methanol in the two-step
process occur as a consequence of
the acid-catalyzed hydrolysis of
methoxy groups and the formation
of silanols (SiOH) to form a siloxane
bond. It has also been found that
this polymerization process is
distinctly reflected in the 2D near-IR
correlation spectra.
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Introduction

Alkyl alkoxides [(RSi(OR’);, R=alkyl, R"=methyl or
ethyl groups)] have been used extensively to reinforce
interface between a fiber and a resin or between two
different substrates through chemical interaction with
silane molecules [1-4]. The mechanism responsible for
the improved adhesion of this particular reinforcement
has not yet been completely clarified, although many
attempts [5-10] have been made to elucidate it.

It is well known that, of the many alkyl alkoxides,
perfluorooctyltrimethoxysilane (PFOS) is a representa-
tive of the silane coupling agents which can be used to
control the wettability of the surface of materials. The
microstructure of the PFOS layer, coated onto the

surface of substrates, should play an important role in
the characteristic appearance of the surface. We may
assume that the perfluorooctyl chains, as well as the
siloxane-polymer portions, self-assemble during poly-
merization of the PFOS-substrate system, since the
perfluorooctyl portion has both hydrophobic and lipo-
phobic characteristics [11]. Thus, the self-assembling
behavior of the PFOS chains must affect the micro-
structure of the PFOS layer.

In a previous study [12], we used 2D near IR (NIR)
correlation spectroscopy to examine the behavior of each
of the NH,, silanol OH, water OH and ethanol OH groups
during polymerization of 3-aminopropyltriethoxy-
silane (APTS), initiated by water molecules in ethanol.
The results showed that the NIR band at 5184 cm™!,
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coming from the so-called v, + v3 combination mode of
water, decreases in absorbance as a consequence of
hydrolysis and simultaneously shifts downwards in a
two-step process as the reaction proceeds. In particular, it
has been assumed from this downward shift that variation
in the hydrogen-bonding environment of water mole-
cules, which can be reduced to the NH, group of APTS,
occurs during the polymerization. Furthermore, it has
also been found that this process is strongly reflected in the
2D NIR correlation spectra.

In this present study, we use time-resolved NIR and
2D NIR correlation spectroscopy [13-22] in order to
examine the dynamic behavior of the PFOS—ethanol-
HCI'H,O system. Since the perfluorooctyl segment of a
PFOS molecule has no interaction with water molecules,
owing to its characteristics of both hydrophobicity and
lipophobicity, we may therefore expect that the behavior
of water and ethanol in this system should be different
from that in the APTS—ethanol-water system.

Experimental

Materials

PFOS was purchased from Shinetsu Chemical Industry and
was used without further purification. A PFOS-ethanol-0.25 M
HCI'H,O (1:1:0.4 weight ratio) solution was used to follow the
condensation reaction between PFOS molecules. For the PFOS-
ethanol-0.25 M HCI-H,O system, a transparent one-phase solution
was obtained 35 s after mixing the sample. Two hours later, this
transparent solution changed into a two-phase solution. The 'H
NMR spectra (not shown) provided evidence that the upper
transparent layer and the bottom viscous, turbid layer are solvent-
rich and polymer-rich, respectively.

Methods

Time-resolved NIR spectra of the sample one-phase solution
sandwiched between two CaF, windows using Pb spacers (0.5 mm)
were recorded, until phase separation occurred, at a resolution
of 8 cm™ on a Nicolet Magna System 860 Fourier transform
IR spectrometer (4000—-10000 cm™") equipped with a DTGS KBr
detector. Forty scans were accumulated to ensure an acceptable
signal-to-noise ratio.

Synchronous and asynchronous 2D NIR correlation spectral
maps were calculated from the time-resolved NIR spectral data,
using the program (2D-Pocha) for generalized 2D correlation
spectroscopy.

Background of 2D NIR correlation spectroscopy

Noda [13-16] proposed a method for analysis of a generalized 2D
correlation spectrum and described its theoretical background and
application. We summarize this here.

The time-dependent intensity (absorption) of an IR spectrum
measured at a wavenumber, v, under a small perturbation can be
expressed as a combination of two components [15]

A, t) = A() + A(v,1) (1)

where the first term, 4(v), is the absorbance of a system observed
without the perturbation and the second term, 4(v,¢), is that of a
system induced by perturbation.

For the time-dependent intensities, 4(vi,7) and A4(v,1), of the
IR signals, which are measured at two different wavenumbers, the
intensity cross-correlation function, X (z), is defined as follows.

/2

X (1) = lim 1 A(vy, ) A(vy, t 4 7)dt | (2)

ool 1
When we assume that the molecular level variations in the system,
which alter the IR spectrum, respond linearly to the perturbation, it
is expected that the time-dependence of the IR signal is expressed
by the following equation,

A(v,t) = A'(v) sin wt + 4" (v) cos wt . (3)
By substituting Eq. (3) into Eq. (1), the function X (t) reduces to
X (1) = ®(v,v2) cos wt + (v, v2)sin ot . 4)

We may regard the functions @(v;, v,) and ¥ (v;, v2), as the real and
imaginary components of the cross-correlation function, which are
referred to as the synchronous and asynchronous 2D IR correla-
tion intensities, respectively.

The synchronous correlation intensity, ®(vi,v,), characterizes
the degree of coherence between time-dependent variations of IR
signals measured at two different wavenumbers. The magnitude of
®(vy,v;) becomes nonvanishing only if the time-dependent inten-
sity variations of the two IR signals are similar to each other.
Conversely, the asynchronous correlation intensity, W¥(vi,v2),
characterizes the independent and uncoordinated intensity varia-
tions of the IR signals. The magnitude of W(v;,v,) becomes
nonvanishing only if the time-dependent variations are not
synchronized.

We can obtain the 2D IR spectra by plotting these correlation
intensities over a spectral plane, which is defined by the two
orthogonal wavenumber axes, v; and v,.

In a synchronous 2D NIR correlation spectrum [17-22], the
autocorrelation peaks (or autopeaks) on the diagonal line represent
the extent of the dynamic intensity variation of spectral bands with
different wavenumbers. For the cross-peak, whose spectral coor-
dinates are observed at two different wavenumbers, with similar
tendencies for dynamic variation in intensity, synchronous cross-
peaks appear at off-diagonal positions. When the intensities of the
two bands with different wavenumbers are simultaneously either
increasing or decreasing, the cross-peaks are positive, while, when
the intensity of one band is increasing while that of the other band
is decreasing, the cross-peaks are negative (usually shaded).

In an asynchronous 2D NIR correlation spectrum, which
consists only of off-diagonal cross-peaks, the cross-peaks and their
signs directly reflect the difference between the time-dependent
sequential variations of NIR band intensities [13, 14]. When the
tendency for dynamic intensity variation of cross-peaks with two
different coordinates is dissimilar, then the cross-peaks appear in
the asynchronous spectrum. This characteristic makes it possible to
enhance the spectral resolution of highly superimposed NIR bands.
In particular, we emphasize that we can assign the specific sequence
for an increase or a decrease in intensity occurring at different
times. For example, in the asynchronous spectrum, a shaded cross-
peak indicates that the intensity variation (increase or decrease) for
the band at wavenumber v; occurs later compared with that of the
band at wavenumber v,. An unshaded cross-peak indicates the
opposite effect, i.e., the intensity variation occurs sooner.

Results and discussion

It is well known that the acid- or base-catalyzed
hydrolysis of alkoxide or alkyl alkoxide in alcohol
solution results in the formation of silanols which
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subsequently condense to form polymers and that the
nature of the produced polymer species is different in
acid- and base-catalyzed products [23]. This difference
can be explained mainly by differences in the relative
rates of hydrolysis of the alkoxide or alkyl alkoxide
groups to form silanols (Eq. 1), condensation of silanols
to form polymers (Eq. 2) and linking of the polymeric
species [23]. The relative rates of these three reactions
depend on the concentrations of water and the alkoxide
or alkyl alkoxide and the pH of the solution.

The acid-catalyzed polymerization of PFOS may be
expressed by the following reaction schemes [24-26].

F(CF2)6CH2CHQSiL2 (OCH3) + H,O
HCl

== F(CF,),CH,CH,SiL,(OH) + CH;0H (5)
2F(CF,),CH,CH,SiL,(OH)
— F(CF,),CH,CH,Si(L,)—0—
(6)

Si(Lz)CHzCHz(CF2)6F + H,0
= —0CHj3;,—OH or—0O—Si

In this present study, time-resolved NIR spectra of the
PFOS-ethanol-0.25 M HCI'‘H,O solution were mea-
sured until phase separation occurred in the sample
solution, and the behavior of the water, silanol and
methanol released during the polymerization process
were examined separately.

Time-resolved NIR spectra of the polymerization
process

NIR spectra of the PFOS-ethanol-0.25 M HCI-H,O
system in the 4000~7500 cm™' region are shown in Fig. 1
together with the NIR spectrum of liquid PFOS. The
band at 5164 cm™! arises from water molecules and is
assigned to the combination modes (v, + v3) between the
H,0O deformation mode (v;) and the H,O asymmetric
stretch mode (v3) [27]. The band at 6837 cm™' may be
assigned to the combination mode (v; + v3) between a
H,0 symmetric stretch mode (v;) and a v3 mode and
that at 4829 cm™' to the combination mode between the
alcohol OH stretch and bend modes of the added
ethanol and of methanol released as a consequence of
hydrolysis. The shoulder band at 5300 cm™! is assigned
to the combination modes between the silanol OH
stretch mode and the overtone of the SIOH bend mode
[28]. The broad bands at 6200-6400 and 6837 cm™" also
come from the overtone modes of alcohol and water OH
groups.

It has been found that the absorbances of the NIR
bands at 5164 and 4829 cm™!, as well as those at 6837
and 6200-6400 cm™', strongly depend upon reaction

(b)

L It | R R | |

7000 6000 5000 4000

Wavenumber [cm'l]

Fig. 1 Near-IR (NIR) spectra of the perfluorooctyltrimethoxysilane
(PFOS)—ethanol-0.25 M HCI- H,O system (a) and liquid PFOS (b)

time, although the extent of absorbance variation is very
small (0.055 for the 5164 cm™" band and 0.026 for the
4829 cm™' band), implying that the time dependence of
absorbance for these bands reflects the rates of these
reaction (i.e., those of hydrolysis and condensation).

The time dependence of absorbance for the 5164
and 4829 cm™! bands are shown in Fig. 2A and B,
respectively. For the time-resolved 5164 cm™' band
(Fig. 2A), it is found that variation in absorbance
occurs in a two-step process (I and II), (although the
extent of variation is small). That is, the absorbance
rapidly decreases in the initial step (I) (12 min) and, in
the second step (II), the intensity increases exponen-
tially until it becomes almost constant some 200 min
later. Similar time-dependence was found for the
absorbance of the 6837 cm™' band. The absorbance
variation of the bands at 5164 and 6837 cm™' indicates
that in the initial step water molecules are utilized for
hydrolysis of methoxy groups, while in the second step,
water molecules are released in the condensation
reaction to form a siloxane bond.

Since the NIR bands at 5300 and 5164 cm™' are
superimposed upon each other (Fig. 1) and the time-
dependent absorbance data for the 5300 cm™' band are
extremely small and are not easily distinguished from
those for the 5164 cm™' band, the kinetics of their
variation cannot be analyzed.
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Fig. 2 Time-dependence of absorbance for A the 5164 and B the
4829 cm™! bands (solid line) and the best-fit curves for A the 5164 and
B the 4829 cm™' bands (broken lines) for the PFOS—ethanol-0.25 M
HCI- H,O system

From the time-dependence of absorbance for the
band at 4829 cm™! (Fig. 2B), it is evident that the release
of methanol also occurs in a two-step (I” and I1”) process.
An initial step, I’, and a second step, 11", correspond well
to steps I and II, respectively, for the time-dependent
absorbance data of the 5164 cm™! band (Fig. 2A). We
may therefore assume that the release of methanol
occurs rapidly in the initial step and that these time-
dependent data for absorbance reflect the kinetics of
hydrolysis and condensation in the PFOS-ethanol-
0.25 M HCI-H»O system.

Kinetics and mechanism of the polymerization process

A kinetics analysis of the absorbance data for the I (or
I'’) and II (or II') processes of the 5164 cm™' and
4829 cm™! bands was carried out, after assuming that
the rate of variation of the band intensity for each step
follows a first-order reaction (Fig. 2, broken lines). The
rate constants thus obtained are k' = 6.23 x 1073s7!
(process I) and k" = 2.35 x 107*s~! (process II) for the
5164 cm™' band and k' = 6.64 x 10~ 3s~! (process I’)
and ' = 2.42 x 10*s~! (process II’) for the 4829 cm™!
band. The rate constants k' and k! thus correspond well
to the &' and &' values, respectively.

In a previous paper [29], we demonstrated the results
of small-angle X-ray scattering (SAXS) time-resolved on
a short time scale for the acid-catalyzed condensation
reaction of PFOS in ethanol. The time-dependence
of the apparent radius of gyration, obtained from the
Guinier plots, showed that the growth of the PFOS
polymer precursors occurs in a two-step process, within
2h for PFOS, in which small clusters involving
monomers, dimers and trimers are formed in the initial
step and the formation of larger clusters occurs in
the second step. In the SAXS study, 10-min SAXS
measurements were repeated after appropriate time
intervals.

However, in this present study, the time scale of the
NIR measurements was very short, since it takes about
50 s to obtain one NIR spectrum; therefore, we may
assume that formation of dimers predominates in the
initial step (I and I’) and that larger clusters, such as
trimers and tetramers, are preferentially produced in the
second step (II and II).

2D NIR correlation spectra
of the PFOS—ethanol-acidic water system

The 2D NIR correlation spectra of the PFOS—ethanol-
0.25 M HCI'H,O system are shown in Figs. 3 and 4. In
the synchronous correlation spectrum (Fig. 3A), which
was calculated from the NIR spectral data time-resolved
for the first 12 min of reaction, we find a positive
autocorrelation peak at the diagonal position of coor-
dinate A(5165, 5165) and two negative cross-peaks at the
off-diagonal positions of coordinates B(5165, 4800) and
D(4800, 5165). The synchronous spectrum (Fig. 3B),
which was calculated from the NIR data time-resolved
for the time period 12-212 min, provides two positive
autocorrelation peaks at coordinates (5165, 5165) and
(4825, 4825) and two positive cross-peaks at coordinates
(5165, 4825) and (4825, 5165). We can construct a
synchronous correlation square by connecting the two
autopeaks and the two cross-peaks, which implies that
there is a correlation between the two NIR bands
at 5165 and 4825 cm™!, which come from the v, + v;
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Fig. 3 Synchronous correlation spectra of the PFOS—ethanol-0.25 M
HCI-H,O system (A calculated from the NIR spectral data time-
resolved during the first step and B calculated from the NIR spectral
data time-resolved during the second step). + and — identify the
positive and negative peaks, respectively

combination modes of a H,O molecule and from the
combination mode of alcohol.

It should be noted that there is a marked difference in
the sign of the cross-peaks between the synchronous
correlation maps (Fig. 3A, B): in Fig. 3A the sign of the
cross-peak B is negative, while in Fig. 3B that of the
peaks B and C is positive. We may interpret this
difference on the basis of the time-resolved NIR results,
i.e. the absorbance of the 5164 cm™' band rapidly
decreases in the first 12 min of the reaction, while that
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Fig. 4 Asynchronous correlation spectra of the PFOS-ethanol-
0.25M HCI'H,O system (A calculated from NIR spectral data
time-resolved during the first step and B calculated from the NIR
spectral data time-resolved during the second step). + and — identify
the positive and negative peaks, respectively. A'(v; = 5340,
V) = 5169), B/(V] = 52537 V) = 5169), C/(Vl = 5169,\12 = 4987),
D' (v = 5253, v, = 4820), E'(v; = 4987, v, = 4820)

of the 4825 cm™ band rapidly increases during this
period. Accordingly, the positive sign of autopeak A
reflects a decrease in the absorbance of the 5165 cm™!
band, while the negative cross-peak B reflect the rapid
increase in the amount of methanol released as a conse-
quence of the initial acid-catalyzed hydrolysis reaction.
In the synchronous correlation map (Fig. 3B), which
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was calculated from the time-resolved NIR spectral data
during the second stage of the reaction (12-212 min),
only two positive cross-peaks (B’ and D’) are found in
addition to two positive autopeaks (A’ and C’) (i.e., no
negative peaks), reflecting the releases of both water and
methanol as a consequence of hydrolysis and conden-
sation in the second step.

Asynchronous 2D NIR correlation maps of the same
sample system were calculated from the data in the
initial step and in the second step (Fig. 4A, B). In the
asynchronous correlation analysis, it should be empha-
sized that enhancement of the spectral resolution makes
it possible to separate the superimposed bands into
individual components [13, 14]. Indeed, in the time-
resolved NIR data of the present system, we were able to
separate superimposed bands.

In the asynchronous correlation map (Fig. 4A),
calculated from the time-resolved data for the first
12 min, cross-peaks A and B are found at coordinates
(5200, 5072) and (5200, 4800). The contour level of
cross-peak A is extended from v; = 5100cm™! to v; =
5350cm~! and from v, =4900cm~"' to v» = 5200cm™!,
implying that the 5300 cm™" band coming from silanol
groups, in addition to the combination band arising
from water molecules, also contributes to the extended
contour level of cross-peak A. Since the intensity of the
asynchronous correlation directly reflects the difference
in the extent of the time dependence of the intensity
between the two bands, the sign and the intensity of
these cross-peaks should reflect the difference in the
time-dependent behavior of water, silanol and alcohol
in the polymerization process. Therefore, the positive
cross-peak A and the negative cross-peak B (Fig. 4A)
obviously reflect that the absorbance of the band
extended over the large area of v; = 5100-5350 and
V2 = 4900-5200cm~! rapidly decreases in the first
12 min, while that of the band at about 4800 cm™!
rapidly increases as a consequence of alcohol release.

In the asynchronous correlation map (Fig. 4B),
which was calculated from the NIR spectral data time-
resolved in the range of the second step, enhancement of
the spectral resolution brings about marked separation
of superimposed bands. The appearance of the cross-
peaks A’, B, C’, D” and E’, separated by the resolution
enhancement, imply that at least four NIR bands appear
in the 4900-5500 cm™' region during the second step.

The two cross-peaks A’ and B’ at coordinates (5340,
5169) and (5253, 5169) may come from the NIR bands
at 5340 and 5253 cm™! of the silanol (SiOH) groups,
which may be assigned to the combination modes
(v + 20) between the silanol OH stretch mode (v) and
the overtone mode (20) of the SiOH bend mode (J). We
may ascribe the 5340 and 5253 cm™' bands to weakly
associated and associated silanol groups, respectively.

Shih and Koenig [30] found Raman bands at 3625
and 3702 cm™' for hydrolyzed trimethylchlorosilane,
which were assigned by Batuev et al. [31] to the
vibrations of unassociated and associated SiOH groups,
respectively. They also found Raman bands at 834 and
880 cm ™! and assigned the latter band to the SiOH bend
mode. The 834 cm™' band probably comes from the
bend mode of associated SiOH groups, although did not
describe the assignment of this band. If we take the IR
data of silica, which were examined by Benesi and Jones
[32] and by Richards and Thompson [33], into account,
we may assume that the bend modes of the associated
SiOH groups are in the 830-880 cm™' region and that
their wavenumber strongly depends upon the strength of
the hydrogen bonds.

In the IR spectrum of the PFOS—ethanol-0.25 M
HCI'H,O system, we have confirmed the presence of the
very weak and broad shoulder bands at 3600-3680 cm™'
(spectrum not shown), in which the OH stretch band
(3660 cm™') of the weakly associated silanol and that
(3620 cm™") of associated silanol are superimposed upon
each other. If we assume that superimposition of the two
VIOH(OH) bands at 3620 and 3660 cm™' provides the
shoulder band at 3600-3680 cm™' and that the bend
modes (6) of the SIOH groups, which furnish the 3620
and 3660 cm™' bands, appear at 834 and 880 cm™!,
respectively, then we expect the wavenumbers of the
combination (v + 20) bands as listed in Table 1. Thus,
we may assign the two cross-peaks A” and B’ to weakly
associated and associated silanol groups, respectively.

Formation of weakly associated and associated SiOH
groups in the second step may be caused by giant
aggregates which are formed in the second step because
of the hydrophobic and lipophobic nature of the bulky
alkyl groups [29]. The steric hindrance of such bulky
alkyl groups promotes isolation of any silanol groups
which may be incorporated into the grooves of the
aggregates of the perfluorooctyl chains and their envi-

Table 1 Combination (v + 29)

bands expected for the funda- Observed (cm™") Corr_lFination (v+20) A(cm™1y?
mental vSiOH (OH) and 6 modes (em™)
for SiOH VWOH(OH)  6(SiOH)  Expected  Observed
Perfluorooctyltrimethoxysilane— 3660 880 5420 5340 80
ethanol-0.25 M HCI'-H,O
3620 834 5288 5253 35
* A(Cm_l) = (V + 25)expecled - (V + 25)0hserved
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ronment may be close to the hydrophobic and lipopho-
bic regions, bringing about formation of the weakly
associated silanols; however, most of the silanol groups,
which belong to the associated SiOH groups, probably
form a hydrogen-bond network with SiOH itself, or
water or ethanol molecules.

The positive signs of the cross-peaks A” and B” imply
that an increase in absorbance of the water band
at 5169 cm™' occurs more slowly than the increase in
absorbance of the bands at 5340 and 5253 cm™.
The intensity of the B’ cross-peaks is greater than that
of the A’ peaks, revealing that the time dependence of the
absorbance of the 5169 cm ™! band occurs predominantly
in the second step.

The negative cross-peak, C’, at coordinates (5169,
4987) obviously comes from water molecules which
participate in the strong hydrogen-bonding system.
From the negative sign of this cross-peak, we may
assume that the increase in absorbance of the 4987 cm™!
band occurs prior to that of the 5169 cm™' band.

The appearance of the positive cross-peak, D’,
implies that a correlation exists between the 5253 and
4820 cm™! bands and that the absorbance variation of
the 4820 cm™' band occurs more slowly than that of the
methanol band at 5253 cm™'. For the cross-peak, E’, it is
evident that there is a correlation between the 4987 and
4820 cm™! bands and that the increase in intensity of the
latter band occurs more slowly than that of the former
band.

Thus, in the asynchronous correlation map (Fig. 4B),
which reflects the second step, II or II’, in the polymer-
ization process, the time-dependence of the absorbance
of the 5169 cm™" band predominantly occurs in the NIR
data time-resolved during the second step and the
absorbance variation of the 5169 cm™' band occurs more
slowly than that of the 5253 cm™' band.

Conclusion

Time-resolved NIR spectra of the PFOS—ethanol-
0.25 M HCI'H,O system were examined. The absor-
bance variation in the two regions 4500-5500 and
6000—7000 cm™!, in which the combination modes of
the silanol group, water molecules and alcohol appear,

reflects the polymerization process of PFOS, although
the extent of the absorbance variation is very small
(0.026-0.055). The absorbance variation of the NIR
bands at about 5300, 5164 and 4829 cm™! has been
examined in detail and the results may be summarized as
follows.

The absorbance variation of the 5164 cm™! band,
which is assigned to the combination (so-called v, + v3)
mode of a water molecule, occurs in a two-step process.
In the first 12 min, the absorbance of this band rapidly
decreases, while after this initial step it increases
exponentially until finally becoming constant. Variation
of the absorption for the 4829 cm™' band coming from
the combination mode (v + 20) of the alcohol OH group
also occurs in a two-step process. In the first 12 min, the
absorbance of the 4829 cm™' band rapidly increases and
in the second step it also increases exponentially until it
finally becomes constant. These observations obviously
reflect the polymerization process of PFOS in alcohol.
That is, for absorbance variation of the 5164 cm™! band,
the rapid decrease in absorbance in the initial step
implies that water molecules are consumed in the
hydrolysis reaction, while the exponential increase
in absorbance in the second step implies that water
molecules are released as a consequence of the conden-
sation reaction between the silanol groups. For
the absorbance variation of the band at 4829 cm™, the
rapid increase in intensity in the initial step implies the
release of methanol as a consequence of hydrolysis,
followed by a slow exponential increase in the second
step, also as the consequence of hydrolysis. For these
time-dependent absorbance data, a kinetics analysis was
carried out and the reaction rate constant for each step
was calculated.

2D NIR correlation spectral maps were calculated
from the absorbance data, time-resolved over the two step
process. These correlation maps also reflect the polymer-
ization process. In particular, in the asynchronous
correlation maps, the presence of two species of silanol
groups (i.e. weakly associated and associated SiOH
groups) was assumed and their behavior was discussed.
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