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Abstract

Molecular homogeneity frequently plays a decisive role in the effective application of
organically modified silicate copolymers. However, methods of directly characterizing
copolymerization extent in siloxanes generated from mixed alkoxysilanes are not always
available or convenient. We present an alternative tool for determining kinetic parame-
ters for models of alkoxysilane hydrolytic copolycondensation. Rather than restricting
our attention to single step batch reactors, we use a semibatch reactor with varying
time of injection of one component. We describe the ﬁttingqmethod and show that all
necessary kinetic parameters can be determined from a series of ordinary 2°Si NMR
data in a straightforward case study: copolymerization of dimethyldiethoxysilane and
trimethylethoxysilane. Under conditions providing no direct 29Si NMR signature of
copolymerization, we find kinetic trends consistent with those previously reported. As
further validation, the results of a new series of experiments (varying the ratio of mono-
functional to difunctional monomer) are predicted by the semibatch copolymerization
model and measured parameters. Based on these results, we are able to calculate the

molecular homogeneity in the copolymer products investigated. Even for this relatively

TCurrent address: Sandia National Laboratories, Advanced Materials Laboratory, 1001 University Blvd.

SE Suite 100, Albuquerque, NM 87106, USA
*Corresponding author. .  Phone:  +1-612-625-1822, Fax:  +1-612-626-7246, e-mail: mec-

cormic@cems.umn.edu

TN, LTI TR




DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

PR oG TR I Tl AN I e W A SR S0 £ SN S S it i e R A



simple system, the optimal injection time is a complex function of residence time, but
early injection of the faster-condensing monomer gives the best homogeneity at long

residence times.

Keywords: Materials synthesis, copolymerization, kinetics, polycondensation, modeling, sol-gel
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Introduction

k3

Much investigation has recently been directed at characterizing and controlling hydrolytic
copolycondensation of mixed alkoxysilane systems. While the unique and useful properties
of high-organic content siloxanes have been known and put into commercial products since
the 1940s,! many low-organic content siloxanes which resemble ceramics but display novel
properties have recently been synthesized from alkoxysilanes. Examples include but are far
from limited to: novel optical materials, hard coatings,? modified disordered® and hexag-

onally ordered* porous materials, ambient-pressure aerogels,® pervaporation membranes,®
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chromatographic packings,” elastomers,® biological encapsulants,® and modified bioactive

ceramics.!°

To understand better how to make these materials, we and others are investigating mod-
els of copolymerization of mixtures of alkoxysilanes. In these investigations, it is useful (some
would claim necessary) to have a method of characterizing the homogeneity of the distribu-
tion of components. In other words, we would like to know the extent of co-condensation
between sites of differing extent or type of organic substitution. This distribution strongly
influences the copolymer’s properties, including thermal and chemical stability, surface prop-
erties, chemical properties and, presumably, the self-assembly of the copolymers.

Molecular homogeneity is not trivial to characterize, however. The best direct method
of characterizing site homogeneity in organic copolymers, 'H nuclear magnetic resonance
(NMR), does not work well for siloxanes; the protons in the organic groups attached to the
silicon sites (such as H3C-Si) are too far removed from the polymer backbone to provide a
strong chemical shift signature of molecular homogeneity. Instead, many investigators have
found chemical shift signatures of co-condensation in NMR spectra of nuclei which makes

up the siloxane backbone — 2°Si and 70.

Sugahara and coworkers first identified separate gas chromatography and 2°Si NMR peaks
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from homo- and hetero- condensate dimers in a reacting methyltriethoxysilane (MTEOS)
| tetraethoxysilane (TEOS) solution.!'! By working carefully at low hydrolysis extents,
Prabakar et al.!? also assigned ?°Si NMR peaks for homo- and hetero- condensate dimers
prepared from mixtures of TEOS with methyl-, ethyl-, and phenyl- triethoxysilanes. The
chemical shift difference between these dimers is small, however, and in larger oligomers
produced by alkoxysilane polymerization the peaks from heterocondensates and homocon-
densates are actually broad collections of peaks from a distribution of structures. These peaks
may overlap significantly, making quantification difficult.’®!* Recently, Brus and Dybal'®
reported clear 2°Si chemical shift signatures of homogeneity for a dimethyldiethoxysilane
(DMDEOS) / TEOS mixture. The systems characterized still were limited to low water
content (i.e., few interfering peaks), and the quantum mechanical basis for their assignments
is questionable (e.g., the hydrolysis extent calculdted with the chemical shift assignments
exceeds the maximum possible value).

The other promising nucleus for characterizing co-condensation in bicomponent alkoxysi-
lane systems by ordinary 1D NMR is 1O. Babonneau and coworkers have reported clear
chemical shift signatures of co-condensation between pairs of methylethoxysilanes by 7O
NMR.'® This technique can even Pe used (with cautious interpretation) to quantify the
evolution of co-condensing alkoxysilanes in situ.l” The technique has some disadvantages,
however, associated with broad peaks (overlap of oxygen nuclei in different environments)!®
and the expense of 7O enriched water (the natural abundance of this isotope is low). The
former problem can not be easily overcome because fast spin polarization relaxation of the
170 nucleus dominates the broa.der.ling.12

More complex NMR techniques could be helpful in characterizing homogeneity. For
instance, INEPT DQF COSY 2D NMR experiments (a combination of pulse sequences
comprised of Insensitive Nucleus Enhancement by Polarization Transfer and Double Qua.n—.

tum Filter COrrelation SpectroscopY which gives a pictures of 2°Si—?9Si correlations within
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molecules) have been used to assign peaks of different dimethyldiethoxysilane hydrolytic
polycondensation products.’® The technique should also be able to generate separate peaks
from co-condensation or homocondensation between sites. The time required for this tech-
nique with nuclei of low natural abundance, such as ?°Si, makes it unattractive for kinetic
studies, however.

Cross polarization in the solid state has also been used to obtain qualitative indications of
homogeneity in copolymers from trifunctional and tetrafunctional alkoxysilanes.?’ Because
the efficiency of transfer of polarization from protons to silicon by this technique is not
known and may vary from structure to structure, quantification by this technique is difficult
or impossible. This technique also can be used only for post-reaction observation of the solid.
The analogous technique (polarization transfer from the protons on one site to a connected
site with a differing degree of organic substitution) has not been explored in the liquid state,
where we are interested in characterizing kinetics. B

Several qualitative and quantitative investigations of copolymerization of alkoxysilé.nes
have focused mainly on differences in hydrolysis behavior.2:22 However, hydrolysis reactions

frequently reach pseudoequilibrium??

in acid-catalyzed systems. Because hydrolysis equilib-
rium coefficients vary in only a small’ range,?! condensation kinetics play the decisive role in
structure development. Even in a recent paper emphasizing hydrolysis difference between
tetraethoxysilane and octyltriethoxysilane hydrolysis kinetics, the data point to hydrolysis
pseudoequilibrium with a bulky organic group. In such situations, relative condensation rate
coeflicients are vitally important.

Quantitative kinetic analysis of' condensation and co-condensation kinetics of bicompo-
nent alkoxysilane systems has only been carried out so far using ?°Si NMR early in reaction,
where low molecular weight species are present and chemical shift signatures of copolymer-

ization are clear. Sugahara et al., for instance, observed by the formation of co-condensate

dimers the effects of water on phenyl- and methyl- triethoxysilane copolymerization with
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TEOS.?* Prabakar and Assink,'®? for the methyltriethoxysilane (MT") / TEOS (Q) sys-
tem, compared dimerization kinetics of (MeT + MeT'), (Q + Q), and (M*T 4 Q) reactions
using 2°Si NMR. We? have also c;)mpa,red homocondensation and heterocondensation by
2951 NMR in a simpler mono- plus di- functional system, but only by looking at a com-
position where the number of species formed is small so that co-condensation extent could
always be measured.

We will show here that it is possible to use experimental design, rather than finding new
characterization techniques, to measure copolymerization kinetics for bicomponent alkoxysi-
lane systems. This characterization will be done using ordinary ?°Si NMR (a well-established
technique for siloxanes). We will describe the use of a semibatch reactor to provide conditions
such that the evolution of the overall connectivities of the sites in a series of experiments is
sensitive to both homo- and het;ero- condensation. Although copolymerization will not be
directly measured, we will determine all copolymerization rate coefficients on the basis of this

series of experiments, and will predict the outcome of a new series of semibatch experiments.

Experimental Methods

Samples were prepared with trimetl;ylethoxysila.ne (TMEOS) (>98%, Aldrich), dimethyldi-
ethoxysilane (DMDEOQOS) (United Chemical Technologies), filtered deionized water (prepared
in house), a 1 N hydrochloric acid solution (from Aldrich), and anhydrous grade ethanol
(Aaper Alcohol & Chemical). Before preparing the samples, 1 wt% of chromium (III) acety-
lacetonate was added to the etha;riol as a paramagnetic relaxation agent. Cr(acac); finds
frequent use as a paramagnetic relaxation agent because it does not dissociate readily, and
does not bind strongly to solutes (minimizing chemical shift changes).?” Also, Cr(acac)s does
not affect ethoxysilane hydrolytic polycondensation at the concentration of hydrochloric acid

we are using.?®
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SEMIBATCH

BATCH

Place 0.422 mi B
in NMR cell

Mix 0.422 ml B and
0.078 mi C in NMR cell

Inject 0.5 ml A

Wait

| Inject 0.078 mi C|

Inject 0.5 ml A

Follow Evolution by
298i NMR

F—_—_———————

: A =8 M water & 0.01 M HCl in Ethanol :
: B =3.55 M DMDEOS in Ethanol :
C = 6.4 M TMEOS (pure component) !

!
i g N

Figure 1: Flowsheet of sample preparation procedure. At the left, semibatch samples are pre-

pared by first hydrolyzing the difunctional monomer (DMDEOQOS), then injecting the mono-

functional monomer (TMEOS). At the right, both monomers are present from the start.




Figure 1 illustrates the procedure used to prepare the samples. The “semibatch” samples
were prepared by first placing a solution of the difunctional monomer in ethanol (solution B)
in a septum-capped 5 mm (o0.d.) glass NMR cell. Into this was injected a solution contain-
ing water and HCl in ethanol (solution A). Before injecting the monofunctional monomer
(solution C), the concentrations were [Si] = 1.62 M, [H;O]o (before reaction) = 4.33 M, and
[HCI] = 0.00542 M. After waiting a variable amount of time (in;), solution C was added.
After this addition, samples were mixed rapidly by hand and the evolution of the system
was followed by ?°Si nuclear magnetic resonance (NMR). The concentrations after solution
C was added were [Si] = 2.0 M (with [M] = [D]/3), [H2Ol]o (a fictitious value assuming no
reaction) = 4.0 M, and [HCI] = 0.005 M. We followed the evolution of samples with t;nj'= 1,
5, 10, 20, 40, or 80 minutes. All reactions were carried out at room temperature (224:0.2°C).

For the “batch sample”, the procedure was the same but ¢;,; = 0 (and the initial condi-
tions were the same as the fictitious initial conditions just specified after injecting solution
C). To simplify the sample preparation, we added the monofunctional monomer to the di-
functional monomer before adding the water solution (Figure 1). One other sample was
studied by 2°Si NMR which was of exactly the same composition as the others, but without
the monofunctional monomer being ;added (this is labeled “no M”).

293 NMR spectra were collected using a Varian VXR-500 instrument with a broadband
probe tuned to 99.3097 MHz. Quadrature detection was used. Ten seconds were allowed
for relaxation between 12 us (90°) ?°Si pulses and inverse gated decoupling of protons at
500 MHz was used to minimize the possibility of a negative NOE. The interpulse delay was
verified to be long enough to provide quantitative data by comparing spectra of a similar
(but unreactive) sample collected with a 10 second or 20 second interpulse delay. The only
requirement for quantitative interpretation of NMR data is this check that the delay between
pulses is long enough to allow all sites to relax sufficiently.?? The number of transients per

spectrum was a compromise between the need for a large signal-to-noise ratio and rapid
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Figure 2: Representative sections of 2°Si NMR spectra for the copolymerizing system studied
here. The types of sites are indicated below each section. The sample is the “batch” sample
(tinj = 0). Spectra were collected at 1.25, 2.58, 4.58, 7.25, 11.25, 16.68 min. from mixing
(bottom to top). ‘

acquisition of spectra. This number was increased with time as the reaction slowed. An
”

exponential line broadening factor of 1-3 Hz was applied to the raw NMR data before

Fourier transformation to increase the signal-to-noise ratio.

Results

NMR Spectra ‘

Figure 2 shows a representative set of NMR spectra for this system. The displayed spectra
are for the “batch” MD copolymerizing system-both monomers are present from the start.

This experiment resembles that described previously,?® but with a lower M:D ratio, more

9
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water, and more HCl. From the first spectrum, there are several M; and D; peaks. The
notation is as used elsewhere:*® M denotes a monofunctional site, D a difunctional site,
the subscript the number of siloxane bonds attached, and the superscript (if present) the
number of hydroxyl groups attached. Dj 3, and D, 4 are elements of rings containing three or
four silicon sites, respectively (hexamethylcyclotrisiloxane and octamethylcyclotetrasiloxane,
respectively).

As the system evolves, no obvious algebraic relationships between the peak intensities
appear. In fact, it seems that some of the peaks may be overlapping peaks from sites with
differing second-shell environments. As one ex'ample, comparing (not shown) the intensities
from different peaks it seems that M; —M; and M, — D} chemical shifts overlap. Unlike
the previous simplified syster‘n,26 this precludes assignment and quantification of specific
molecular species or even of co-condensation extent for this system by ordinary 1D 2°Si
NMR.

However, we can still assign peaks by their nearest neighbor environment (functionality
and number of siloxyl and hydroxyl groups) easily. Following assignments in the chemical lit-
erature,'??%®? Table 1 summarizes the chemical shift assignments we use. While it may have
been possible to develop specialized’techniques, such as 170 NMR. or polarization transfer
NMR, to quantify copolymerization directly, we instead focus on how experimental design

can be used to provide equivalent information to these spectroscopic tools.

Hydrolysis
=Si0Ft+ H,0 = =SiOH+ EtOH 1)

=5i0H + HOSi= — =5105i1=+H,0 (2)

As in previous work, we begin by examining hydrolysis (Equation 1) behavior. When
fractional hydrolysis extents (xX = Y 7[X7]/ S3[X7]) are plotted as a function of the con-

densation (Equation 2) extent of the next-most condensed site, constant values are reached
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Site Chemical shift (ppm from Si(Me)s)
M3 17.3
M} 14.3
M, 7.0 to 7.74
D3 3.7
D} 4.3
D2 48
D2ac -8.5
D¢ -12.2 to -12.7
D} -12.8 to -13.8
Do,4c g -18.9
D, -20.8 to -22.0

Table 1: Chemical shift assignments used here.
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Figure 3: Apparent hydrolysis equilibrium coefficients of all sites as a function of the con-
centration of that site’s condensation product. Points are from 2°Si NMR data and the lines

are the average values (all K = 18). All eight time-series data sets are plotted.

by the first measured point in all sites and all experiments (not shown). This tells us*® that
hydrolysis is reversible and fast enough to reach pseudoequilibrium. We can also see this
pseudoequilibrium by following the apparent hydrolysis equilibrium coefficients using the

definition:

o (2533040 (20T
t (i i )X 1#:0)

(3)

where

fof-i

(BtOH) = [BOH] e + > > G +4)X] @

X=M,D i=0 j=0

f =i

(0] = [B0lre — S S Gi+i)IX] (5)

X=M,D =0 j=0
and f is the functionality of monomer X.
Figure 3 shows that when the apparent degree of hydrolysis is plotted as a function of

time, all data are randomly scattered about an average value of 18 (the scatter comes from
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the low concentrations of some sites used to determine the coefficients). That the K,ff”’
values are constant tells us that the actual hydrolysis equilibrium state has been reached
and is maintained throughout. Because the equilibrium coeflicient is the same for all sites,
hydrolysis is random with an actual equilibrium coefficient of Kj = 18-10%%2%, (By random,
we mean that uncondensed groups on all sites are equally likely to be hydrolyzed.) This
value is consistent with hydrolysis equilibrium coefficients measured for monofunctional®®
and difunctional®! systems. Note that the scatter in the data is lowest for the D, sites,
which are present at highest concentration over the measured times.

That hydrolysis is fast and equivalent for all sites is a major advantage for studying
this co-condensation system. Previous investigations of alkoxysilane copolymerization343%
focused primarily on differences in hydrolysis rate (perhaps because these rates are easiest to
measure by following monomer decay). For the samples studied here and other acid-catalyzed
alkoxysilanes, differences in hydrolysis rate become irrelevant?® — both from the standpoint
of experimental characterization of polymerization kinetics and from the standpoint of the
influence of hydrolysis kinetics on structure development. For the rest of this paper, we will

focus on relative condensation and co-condensation kinetics for this system.

Semibatch Co-condensation Modeling

25.26 investigators could mea-

In previous reports on alkoxysilane copolymerization kinetics,
sure co-condensation extent, for instance, the concentration of M sites attached to an M site
(Mi40) vs. a D site (Mo41). (Xatb represents a site with ¢ siloxane bonds to the same type
of site and with b siloxane bonds to the other component.) Therefore we could distinguish

between, for instance, a reaction between two My sites (Equation 6) and a reaction between
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an My and a Dy site (Equation 7) from a single kinetic experiment.

kM

Moto + Moo 09, Mo+ Myyo + HO (6)
LMD ’ -

Moo + Doso 0, Mos1 + Doy + Hy0 (7)

Here, we do not have the luxury of having both types of M; sites and must proceed
with only information about the total number of siloxanes at each site (i.e., with [M;] =
[M140) + [Mo41])- To do so, we provide the My site with an environment containing variable
amounts of other My sites, Dy sites, and D; sites and watch how the monomer consumption
changes. If our condensation model properly accounts for the rate dependence of each of the
condensation reactions of the monomer, then we should be able to determine all three rate
coefficients responsible for monomer consumption by fitting the model to the entire set of
data.

By analogy with free-radical copolymerization kinetics,?® we could simply vary the ratio of
monofunctional to difunctional monomer in a series of batch experiments. While we showed
in a preliminary communication that the phase portrait of this system changes qualitatively
in this series of experiments,®” this is not the best approach to determine all co-condensation
rate coefficients. The reason is that iihe monomers are always present together from the start
of the reaction. Because of this, primarily the competition between co-condensation and
homocondensation of the monomers determines the evolution of the system. The evolution
is insensitive to the rate of reaction of the M monomer with D chain ends, so we cannot
determine kfﬁ%’l) well using this approach.

A better approach is to keep the ratio between monomers the same but to perform
semibatch experimerlts (see Figure 1). The slower-reacting (D) monomer is allowed to react
for certain lengths of time before the faster-reacting (M) monomer is injected. Because the
set of D sites present at each injection tifme is different, this allows us to' monitor reactions

of the M monomer with both D monomers and D chain ends (D; sites). Therefore, we took
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this approach (as described in the experimental section).

Before,?® we modeled alkoxysilane copolymerization in a batch reactor with three main
kinetic features: hydrolysis pseudoequilibrium, first-shell substitution effects for condensa-
tion, and cyclization to make three- and four-silicon rings.>® We keep those kinetic features
but modify the model to account for initially isolating one reactant from the mixture and
adding it at an arbitrary point.

There are two primary effects of semibatch reactor operation compared to batch reactor
operation. One, obviously, is that of adding the material itself. The other is the increase in
the total volume of the system (a dilution effect). These effects result in equations for each

component of the form:

dXi] ) [Xilini Vinj [Xi)Vinj
ke (Reaction terms) +\ 70 I‘(t)}—\ Ve I‘(t)J (8)
Addition Dilution

where [X;]in; is the concentration of component X; in the solution which is injected at time
tinj, Vinj 15 the volume of solution injected, the volume (V) varies with time according to
Equation 9, and I defines the rate of addition of material. For the “pulsed semibatch”
reactor experiments conducted here, we use a Gaussian function for ' centered at tin; (the
injection time) of width o = 15 séconds (Equation 10). The integrated results are not

strongly dependent on ¢ as long as it is reasonably small.

av
dt

o(t) = éﬁemp {—% (t—ff)} (10)

Naturally, dilution affects reaction rates through their explicit dependence on reactant

= Via;T(t) where / T(#)dt = 1 ()
0

concentrations. A secondary effect is that of diluting the catalyst, hydrochloric acid. All

reaction terms should be affected the same \;va,y by this, though. Assuming straightforward
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acid catalysis, we assume the order with respect to [HCI| to be one for all condensation re-
actions (this assumption has been verified for the monofunctional system®). Then Equation

8 becomes:

d[X:]
Tt

[X]M

[HCY | [XiliniVinj
[HCl, TV

= (Reaction terms) I'(t) — M D) (11)

Since HCl is neither produced nor consumed by reaction, [HCI] = [H ClloVo/V where W
is the initial volume of the reactive solution, so Equation 11 can be rewritten in terms only
of volumes:

a1
Tdt

= (Reaction terms)

XD T (12)

705+ (O -
The resulting set of coupled differential equations for a semibatch reactor where M
monomer is the only component added after the initial mixing is presented below (Equation
set 13) where we do not differentiate between the number of homo-linkages and hetero-
linkages between sites. In this set of equations, all condensation reactions are assumed to

be irreversible (consistent with previous kinetic modeling of homocondensation of alkoxysi-

lanes®).
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@ = O [Mo]V(t)H[Mo]m, [Mo]} '("’)I‘(t)
% = G Mol () [Ml]v'(ntf)p(t)
d[gol = —CPIDo V(t) — (Do) V‘(";)[‘(t)
d[ftﬂ _ {CD[Do]—CD[D1]—2keff(3c)[L3] 2kef,(4c)[L4]} 70
—[D1] ‘(’")P(t)
d[d?] = {¢rn] —keff(sc){L3]_2m[L4]}%
[Dz]V’(";)I‘(t) 13
% = 8kessagLal Ty V(t) — [Dad] 1‘;;(";)1“()
il'[zz_’%] = 4kessag[Lal s () — [Daal] ;f(”tj)r(t)
d[dI:} = {285 00 Dol - 20D[L2]} vy~ Vtg)p(t)
Lol (R e LaliDe) — 260100) - Fegpealial} 75 — ST
d[c.lfj;] = {4kD o Ll De] + 2T Lol — 2CP[La] — FugsealLal } v‘?t)
—[L4] V'(";) T'(t)
= Vel
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where

G = kfff(o,o)[MOHZkffﬂov)@ 7)[Ds]

/=0
1
CP = KMP, 2 =)Mol + ) KD (2 — )2 —i)[Ds]
#1=0
kﬁ}[f(o,o) = kM(o o)t Xo (1 — Xo )kca(o 0)

kfff(i,i’) = Xz Xz’ cw(z i’) + X; (1 Xz’)l"ca.(z i’) + (1 — i )X (1 )kca(z 1,8)
kg}rfD(O,i’) = XO Xit kcw(O i) + Xo (1 - Xit )I"ca(O i’) + X7 (1 )kca(t’ 0)

d;» = Kronecker delta

3839 55 that the effective con-

While fitting, we neglect alcohol-producing condensation,
densation rate coefficients can be written as the product of two hydrolysis extents and the
appropriate water-producing condensation rate coefficient. To determine the hydrolysis ex-

tent, we use the evidence (see above) that all hydrolysis equilibrium coefficients are equal

(K = 18) and simply solve Equation 3 to get:

X =B =xP = 22 ;:_4“ (14)
where -

a = (Kp—1(1-0)

b = —(E+a+ Ki(W+1-150a))

c = Kh(W - a/2)
W = [H0]/([M]+2[D])

E = [BtOH]/([M)]+2(D])

o = [Mi] + [D1] + 2([ D] + [Da,3¢) + [D2,4])

[M] +2[D]

Equations 4 and 5 are used to calculate [EtOH] and [H,0}, respectively.

18
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Co-condensation kinetics

Figure 4 shows the integrated 2°Si NMR results for all eight experiments performed. The data
are shown as points and the best-fit numerical solution of Equation set 13 as solid curves.
The equations were solved with an Adams-Moulton method (a predictor-corrector method
with fixed step size?’) and minimization of the residual function (the sum of squares of dif-
ferences between the calculations and data) was a‘ccomplished with a Levenberg-Marquardt
algorithm*! (a hybrid steepest-descent / Newton-Raphson method suitable for multidimen-
sional nonlinear least-squares problems). One set of coefficients was used to match all eight
experiments. The reported values were found using several different initial guesses of the
parameter values.

Figure 4 demonstrates that our model contains sufficient detail to match the experimental
trends. The rate coefficients found by this fitting, along with the condensation scheme used
here, are presented in Figure 5. The uncertainty estimates on the coefficients (found by
an:alysis of the linearized residual surface near the optimal set of coefficients*!) indicate that.
we can be reasonably confident in the values of almost all of the rate coefficients we have
determined, which is also an indication that the fit presented in Figure 4 is more than just

a superficial match. .

Discussion

First, we compare the trends in condensation rate coefficients to those we and others have
observed. The stroﬁg decrease in reactivity with increasing connectivity of the D sites is
consistent with observations of homopolymerizing systems.*® The order of magnitude of the
rate coefficients also agrees very well with that previously reported when allowance for the
activity of HCI is made (see below).

The co-condensation rate coefficients for Dy and D; are intermediate between those of
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Figure 4: Fitting to experiments with variable injection time of the monofunctional compo-

nent (£n;). Points are data and curves are the best fit of the modeling equations (see text)

to those data. One set of rate coefficients was used for all eight experiments shown here.

Symbols denote D; (o), Dy (O), D23 (©), D2gc (D), and M; ().
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Bimolecular reactions (units of 1 - mol™* - hr™)

Do+ Do 21E4% D 4+ Dy + Hy,O
Do+D; 2™ D, 4D, + H0
D4+ Dy 2% D, + Dy + Hy,0

Mo + Mo Eﬂ—m) M, + M, + H,0

Mo+ Do 222%% M, 4 Dy + H,0
Mo+ Dy ——>8'1i7% M; + D, + H,0O

Unimolecular reactions (units of hr™?)

Ls DLa00%, 3D3 3. + H0O

L4 3.94+11% 4D2,4c + H‘zO

Figure 5: Co-condensation reaction scheme for the MD system, along with the water-
producing condensation rate coefficients determined by least squares fitting to the exper-

imental data.
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Figure 6: Calculated fractions of difunctional sites which are singly-connected as a function

of time. The thick line is calculated without monofunctional monomer present and the thin

lines are calculated with the injection times indicated by open diamonds.

the corresponding homocondensation and lie closer to the faster-reacting components. These
observations are consistent with the trends observed~in batch reactors for MD copolymer-
ization?® and for MTEOS/TEOS dimerization.?® It is interesting, though, that the rate
coefficient for condensation of My with either My or Dy is about the same. Also, the rate
coefficient for condensation between Mp and a chain end (D) is still larger than'that between
two Dy sites-emphasizing just how favorable “capping” reactions between M, sites and all
D sites are.

As we mentioned in the modeling section, we chose our experiments to provide sensitivity
not only to the monomer-monomer co-condensation rate coefficient but also to the (Mo+D;)
co-condensation rate coefficient. The small uncertainties in these coefficients in Figure 5
shows that this strategy worked, but as additional graphic evidence, Figure 6 presents the
fraction of singly-connected difunctional (D) sites as a function of time for varying tn;.
Shown are the calculated curves using the rate coefficients in Figure 5.

At low t;nj, Dy sites are formed more rapidly than they are in the absence of the mono-

functional monomer. This indicates that Mpy is reacting with the difunctional monomer to
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Place 0.500 ml B
in NMR cell

l Inject 0.5 ml A
Wait 30 min |
| Inject varmi C ]

Follow Evolution by
25 NMR

e e e e e —-—m————-

: A =9 M water & 0.0045 M HCl in EtOH :
1 B =4.48 M DMDEOS in Ethanol '
t

Figure 7: Preparation procedure for samples testing MD semibatch co-condensation model.

produce more D; than is produced by Dy homocondensation. This change should be sen-
sitive to kﬁ%p)- At later times (near the maximum in the unperturbed concentration of
D) however, the rate of D; consumption increases because of the M monomer being added.
For these t;,; values, the system’s evolution is sensitive to kgj(%g)' The sudden drop in
the fraction of D, sites after M addition indicates that co-condgnsa,tion between My and
D, sites is very favorable compared’to homocondensation of D; sites, as long as conditions
are chosen where the monofunctional monomer is present at the same time as the D, sites.

This observation may be useful for preparing siloxanes of well-defined molecular weight (by

“capping”).

Validation of Model Predictions

While the high quality of the fit in Figure 4 and the uncertainty analysis of the results demon-
strate well enough that we have been able to quantify co-condensation kinetics without a

direct measure of co-condensation, we challenge to our methodology even further by attempt-

23

7 LR oo
o RS R AR TR T




ing to predict the outcome of a new set of experiments under different conditions. The new
set of experiments is illustrated in Figure 7. Again, it consists of first mixing the difunctional
monomer with monomer and after some time adding the monofunctional monomer. This
time, however, the time of injection is kept constant at 30 min and the amount of TMEOS
injected is varied to give M:D ratios of 0, 1/4, 1/2, and 1. The experiments were conducted
and analyzed exactly as the experiments in the rest of the text were.

The conditions for this new series of experiments differ slightly from those of the ¢;5;
series because we chose a well-characterized difunctional system at its maximum concentra-
tion of D; sites at the time of M injection. The concentrations before adding M match
those of an earlier homopolymerization experiment.** We still assume that the rate of all
reactions is proportional to the activity of HCI, so all rate coeflicients were multiplied by
([HCL)o/[HCYo,t=series) = 0.413.

Because the amount of water consumed varies considerably with the M : D ratio, we
also consider the effect of water content on the HCI activity coefficient (ygci). In mostly-
ethanol solutions, ygcr o< [H20]*.#2 We have verified this relationship for HCI catalysis of
TMEOS dimerization up to [H20] ~ 2 M. To account for the effect of water on HCI activity
here, we multiplied each reaction raiie in Equation set 13 by [H2Oli—series/[H20]. The value
of the water concentration in the t-series did not wander too far from the average value of
[H0Jt—series ~ 2.3 M, so we use this in our prediction.

Figure 8 shows the evolution of concentrations of species in this variable M/D series
(points), along with the concentrations predicted (curves) using Equation 13 with the pa-
rameters in Figure 5 and correctioﬁs for the activity of HCl. Given that no further adjust-
ments to the parameters were made, the agreement is quite remarkable. Some adjustments
to the estimated parameters might be made, but overall the ability of the model to predict
the outcome of this new set of experiments provides excellent validation of our semibatch

co-condensation model and characterization approach.
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Figure 8: Comparison between predicted curves and experimental data (points) for the series
a constant injection time of 30 min. and variable M/D ratio. Only k{5 was adjusted (to 33

M~L.hr~1). Symbols denote D; (o), Dz (8), Daac (©), Daac (A), and M (o).
Molecular homogeneity

Now that we have verified our model and coefficients, we return to the set of t-series exper-
iments to examine what was the molecular homogeneity of the copolymers. First, we recall
that the set of rate coefficients we have determined allow us to write equations distinguishing
copolymerization from homopolymerization (for instance, the concentration of D sites at-
tached to one other D site - [D140] - vs. the concentration of D sites attached to one M sites
- [Do41]). The equations are analogous to Equation set 13, but with homopolymerization
and copolymerization terms of the condensation operators (CX) separated (this splitting is
illustrated elsewhere?®).

Since M sites are the limiting reagent, the natural measure of molecular homogeneity is
the fraction of M, sites attached to D sites. Figure 9 shows this quantity calculated under

the conditions of the t-series experiments. Qut of all of the t;,; values explored, the earliest

injection clearly gives the highest level of molecular homogeneity at all times for this set of
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Figure 9: Calculated fraction of M; sites attached to D sites in a pulsed semibatch reactor
as a function of time. Initial conditions are the same as the t-series experiments. Injection

times are indicated by the point that the fraction starts to increase.

initial conditions. Early injection is so successful because the concentration of M monomers
is always much smaller than the concentration of D sites. Because the rate coefficients
for M homopolymerization and copolymerization with Dy are very close, the best overall
homogeneity is found when both monomers are present from the start.

What Figure 9 does not show is how many of the M sites end up on M-D-M trimers.
While these trimers contain high number of M-D bonds, they leave the remaining D sites
free to form high molecular weight oligomers containing no M sites. The M sites are more
evenly distributed over the entire polymer population when they are located at the ends of
longer polymer chains. A better indicator of the concentration of M sites terminating long
chains is the concentration of D sites attached to one M site and to one D site ([D141])-

Pigure 10 shows this improved indicator of the M site homogeneity. Now the optimal
injection time changes as the total residence time in the reactor changes. At very long
residence times, early injection is still favorable. However, at short residence times, an

intermediate injection time gives the best M site homogeneity. At those intermediate reaction
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Figure 10: Calculated concentration of D, sites attached to one M site and to one D site
in a pulsed semibatch reactor as a function of time. Initial conditions are the same as the
t-series experiments. Injection times are indicated by the point that the concentration starts

to increase.

times, M sites encounter more D sites which have already reacted with one D site, so a high
concentration of Dy sites develops quickly. Still, the rate of reaction of M site with D sites
is considerably lower than the rate of M homodimerization. Because M-M dimer formation
competes with copolymerization, the advantage of using an intermediate injection time to
improve overall homogeneity is short-lived. Eventually, the concentration of D,y sites that
forms when M is present from the start meets or exceeds that observed with intermediate
injection times.

Qur co-condensation model can be used to more generally explore compositions and
reactors giving siloxane copolymers with any desired structures. This exploration is beyond
the scope of the present paper, however, so we conclude by reiterating that the homogeneity
of these MD copolymers varies in a complex way during processing but that at long times,
early addition of M monomers turns out to promote the most homogeneous structure. The

conditions favoring this outcome are (1) the high rates of reaction of M monomers with
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anything else in the solution, relative to D homocondensation rates, and (2) the low M :
D ratio. The strategy may be more complicated when relative hydrolysis rates interfere,

especially when they contradict the condensation trend.

Conclusions

We have shown that co-condensation rate coeflicients for bicomponent alkoxysilane systems
can be determined from semibatch reactor studies. By performing a series of semibatch ex-
periments where the time of injecting the more reactive monofunctional monomer changes,
we have provided conditions to measure the rate at which trimethylsilanol reacts with itself,
with hydrolyzed dimethyldiethoxysilane monomers, and with silanols at the end of difunc-
tional dimers and chains.

Fitting the modeling equations with a single set of rate coefficients to this entire series of
data, we have determined with fair to good confidence the complete set of homocondensation
and’ co-condensation rate coefficients for the trimethylethoxysilane/dimethyldiethoxysilane
system. Under the chosen conditions, these coefficients are not measurable by a single batch
kinetic experiment without more elaborate spectroscopic techniques (giving co-condensation
extent). ’

The coefficients found were also used to predict the result of a similar series of experi-
ments, this time varying the M:D ratio rather than the time of injecting the monofunctional
reagent. The predictions of the model are quite good and match the NMR data nearly as
well as they would if they were fit to those data. This demonstrates that we have developed
a technique which not only characterizes but also predicts the evolution (and therefore the
homogeneity as well) of bicomponent alkoxysilane systems.

Finally, the rate coefficients from the model were used to calculate the homogeneity

of the copolymers present during the injection time series of experiments. The calculated
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homogeneity is a complex function of injection time and overall residence time in the reactor,
but of all the pulsed semibatch reactor conditions explored here, the ones with the earliest
injection times give the most homogeneous copolymers. Early injection should give the most
molecularly homogeneous copolymer when (1) one component reacts much more quickly with
itself and with the other component than the other component reacts with itself and (2) the

ratio of the more reactive component to the less reactive component is low.
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