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Abstract

Molecularhomogeneityfrequentlyplaysa decisiverolein the effectiveapplicationof

organicallymodified silicate copolymers. However,methods of directly characterizing

copolymerizationextentin siloxanesgeneratedfrom mixedalkoxysilanesarenot always

availableor convenient.We presentan alternativetool for determiningkineticparame-

ters for models of alkoxysilanehydrolyticcopolycondensation. 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 fitting method and show that all

necessarykinetic parameterscan be determinedfrom a seriesof ordinary 2gSiNMR

data in a straightforwardcase study: copolymerizationof dimethyldiethoxysilaneand

trimethylethoxysilane. Under conditions providing no direct 2gSiNMR signatureof

copolymerization,we find kinetictrendsconsistentwith those previouslyreported. As

furthervalidation,the resultsof a newseriesof experiments(varyingthe ratioof mono-

functional to difunctionalmonomer) are predicted by the semibatchcopolymerization

model and measuredparameters.Based on these resuIts,we are abIe to calculatethe

molecularhomogeneityin the copolymer products investigated.Evenfor this relatively
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simplesystem, the optimal injection time is a complex function of residencetime, but

early injection of the faster-condensingmonomer gives the best homogeneity at long

residencetimes.

Keywords: Materialssynthesis,copolymerization,kinetics,polycondensation,modeling, sol-gel
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Introduction

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,1 many low-organic content siloxanes which resemble ceramics but display novel

properties have recently been synthesized

from limited to: novel optical materials,

from alkoxysilanes. Examples include but are far

hard coatings,2 modified disordered and hexag-

onally ordered4 porous materials, ambient-pressure aerogels,5 pervaporation membranes,6

chromatographlc packings,7 elastomers,8 biological encapsulants,g and modified bioactive

ceramics.10

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 homogeneityy in organic copolymers, lH nuclear magnetic resonance

(NMR), does not work well for siloxanes; the protons in the organic groups attached to the

silicon sites (such as I-&C-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 - 29Siand 170.

Sugahara and coworkers first identified separate gas chromatography and 29SiNMR peaks
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from homo- and hetero- condensate dimers in a reacting methyltriethoxysilane (MTEOS)

/ tetraethoxysilane (TEOS) solution. 11 By working carefully at low hydrolysis extents,

Prabakar et aL12also assigned 29si 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.13’14 Recently, Brus and Dyba115

reported clear 29Si 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

is questionable (e.g., the hydrolysis extent

exceeds the maximum possible value).

quantum mechanical basis for their assignments

calculated with the chemical shift assignments

The other promising nucleus for characterizing co-condensation in bicomponent alkoxysi-

lane systems by ordinary ID NMR is 170. Babonneau and coworkers have reported clear

chemical shift signatures of co-condensation between pairs of methyletho~silanes by 170

NMR,16 This technique can even be used (with cautious interpretation) to quantify the
P

evolution of co-condensing alkoxysilanes in situ. 17 The technique has some disadvantages,

however, associated with broad peaks (overlap of oxygen nuclei in different environments)18

and the expense of 170 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 broadening .12

More complex NMR techniques could be helpful in characterizing homogeneity. For

instante, INEPT DQF COSY 2D NMR experiments (a combination of pulse sequences

comprised of Insensitive Nucleus Enhancement by Polarization Transfer and Double Quan-

tum Filter Correlation Spectroscopy which gives a pictures of zgSi_zgSicorrelations within
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molecules) have been used to assign peaks of dHferent dimethyldiethoxysilane hydrolytic

polycondensation products. 19 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 29Si, 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.20 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. J

Several qualitative and quantitative investigations of copolymerization of alkoxysilanes

have focused mainly on differences in hydrolysis behavior. 21’22However, hydrolysis reactions

frequently reach pseudoequilibrium23 in acid-catalyzed systems. Because hydrolysis equilib-

rium coefficients vary in only a small range,21condensation 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

coefficients 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 29SiNMR early in reaction,

where low molecular weight species are present and chemical shift signatures of copolymer-

ization are clear. Sugahara

climers the effects of water

et al., for instance, observed by the formation of co-condensate

on phenyl- and methyl- triethoxysilane copolymerization with
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TEOS.24 Prabakar and Assink,18’25for

tern, compared dimerization kinetics of

the methyltriethoxysilane (“’Z’) / TEOS (~) sys-

(~eT + “T), (Q + Q), and (“’T + Q) reactions

using 29Si NMR. We26 have also compared homocondensation and heterocondensation by

2gSi 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 2gSiNMR (a well-established

technique for siloxanes). We will describe the use of a senubatch 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 hetero- 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

Samples were prepared

Methods

with trimet~ylethoxysilane (TMEOS) (>98?Z0,Aldrich), dimethyldi-

ethoxysilane (DMDEOS) (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-

Iacetonate was added to the ethariol as a paramagnetic relaxation agent. Cr(acac)s 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).27Also, Cr(acac)s does

not affect ethoxysilane hydrolytic polycondensation at the concentration of hydrochloric acid

we are using.28

6



SEMIBATCH BATCH

v-

h F&d=-l
I I I

I

&
&

\ /
1- ----- ----- ----- ----- ---

IA = 8M water&0.01M HC1inEthanol‘
I I
IB = 3.55M DMDEOSinEthanol I
I I
~C = 6.4M TMEOS(purecomponent) ~----- ----- ----- ----- ---

P

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

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

functional monomer (TMEOS). At the right, both monomers are present from the start.
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Figure lillustrates theprocedure usedtoprepare thesamples. The’’semibatch’’ samples

were prepared by first placing a solution of the difunctional monomer in ethanol (solution B)

in a septum-capped 5 mm (o.d.) glass NMR cell. Into this was injected a solution contain-

ing water and HC1 in ethanol (solution A). Before injecting the monofunctional monomer

(solution C), the concentrations were [Si] = 1.62 M, [HZO]O(before reaction)= 4.33 M, and

[HC1]= 0.00542 M. After waiting a variable amount of time (tjnj), solution C was added.

After this addition, samples were mixed rapidly by hand and the evolution of the system

was followed by 2gSi nuclear magnetic resonance (NMR). The concentrations after solution

C was added were [Si] = 2.0 M (with [M] = [D]/3), [HzO]O(a fictitious value assuming no

reaction) = 4.0 M, and [HC!l]= 0.005 M. We followed the evolution of samples with tinje= 1,

5, 10,20,40, or 80 minutes. All reactions were carried out at room temperature (22+0 .2”C).

For the “batch sample”, the procedure was the same but t~nj= O (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 2gSiNMR which was of exactly the same composition as the others, but without

the monofunctional monomer being added (this is labeled “no M“).

29SiNMR 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 ps (90°) 2gSi 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.29The number of transients per

spectrum was a compromise between the need for a large signal-to-noise ratio and rapid
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Figure2: Representative sections of29Si NMRspectrafor thecopolymerizing 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

exponential line broadening factor if 1–3 Hz was applied to the raw NMR

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

Results

slowed. An

data before

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,26 but with a lower M:D ratio, more
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water, and more HC1. From the first spectrum, there are several Ml and D1 peaks. The

notation is as used elsewhere:30 M’ denotes a monofunctional site, D a dlfunctional site,

the subscript the number of siloxane bonds attached, and the superscript (if present) the

number of hydroxyl groups attached. D2,3Cand D2,4Care 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 example, comparing (not shown) the intensities

from different peaks it seems that Ml – All and ~1 – D; chemical shifts overlap. Unlike

the previous simplified system,26 this precludes assignment and quantification of specific

molecular species or even of co-condensation extent for this system by ordinary ID 29Si

NMR.

130wever,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 19~30*2TabIe 1 summarizes the chemical shift assignments we use. While it may have7

been possible to develop specialized techniques, such as 170 NMR or polarization transfer
P

NMR, to quantify copolymerization directIy, we instead focus on how experimental design

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

Hydrolysis
=SiOEt”+ H20 + =SiOH + EtOH (1)

=SiOH + HOSi G ~ =SiOSi= +H20 (2)

As in previous work, we begin by examining hydrolysis (Equation 1) behavior. When

fractional hydrolysis extents (x: = ~~[-@]/ x[x~]) 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)A)

M: 17.3

MA 14.3

Ml 7.0 to 7.74

D; -3.7

D; -4.3

D: -4.8

DZ,3C -8.5 ,

D? -12.2 to -12.7

D~ -12.8 to -13.8

D2,4c ‘ -18.9

Dz -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 29SiNMR data and the lines

are the average values (all 1<~= 18). All eight time-series data sets are plotted.

by the first measured point in all sites and all experiments (not shown). This tells US23that

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:

I{;;app =
(zjj[x/1) [EtOH]

P
(Zj(.f – i – 3[X1) [H@

where

(3)

[EtOH] = [EtOH]C); + ~ ; ~,(i
X=M,D i=O j=O

+ j)[xj]

and ~ is the functionality of monomer X.

(4)

(5)

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 ~~japp

valuqs are constant tells us that the actual hydrolysis equilibrium state has been reached

and is maintained throughout. Because the equilibrium coefficient is the same for all sites,

hydrolysis is random with an actual equilibrium coefficient of Kk = 18” 10+0-25.(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 monofunctiona133

and difunctiona121 systems. Note that the scatter in the data is lowest for the D1 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 copolymerization34’35

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 irrelevant23.– 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-condensati& Modeling

In previous reports on alkoxysilane copolymerization kinetics,25’26investigators could mea-

sure co-condensation extent, for instance, the concentration of ill sites attached to an M site

(Jll+o) vs. a D site (Mo+l). (Xa+b. represents a site with a 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 MOsites (Equation 6) and a reaction between
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an iMoand a Do site (Equation 7) from a single kinetic experiment.

k~(o,o)

~o+o + ~o+o } ~1+0 + ~1+0 + H20 (6)

k:f&o)
IWo+o + Do+o > MO+l + Do+l + H20 (7)

Here, we do not have the luxury of having both types of Ml sites and must proceed

with only information about the total number of siloxanes at each site (i.e., with [iMl] =

[Ml+o] + [MO+l]). TO do SO,we provide the MOsite with an environment containing variable

amounts of other iklosites, Do sites, and D1 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,36we 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, 37this is not the best approach to determine all co-condensation

rate coefficients. The reason is that the monomers are always present together from the start
P

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 k~~,l) well using this approach.

A better approach is to keep the ratio between monomers the same but to perform

semibatch experiments (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 time is different, this allows us to monitor reactions

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

Before,26 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.30 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:

~ = (Reaction terms)+ ‘xi~~~ I’(t) – ‘x~(~ l?(t) (8)
\ J \ J“ “

Addition Dilution

where [X~]~~jis the concentration of component Xi in the solution which is injected at time

tnj, Unj is the volume of solution injected, the volume (V) varies with time according tot“

Equation 9, and 17defines the rate of addition of material. For the “pulsed semibatch”

reactor experiments conducted here, we use a Gaussian function for 17centered at tinj (the

injection time) of width a = 15 s6conds (Equation 10). The integrated results are not

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

dV

!

cm

di
— = Ifnj r(t) where r(t’)dt’ = 1

0
(9)

(lo)

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

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

reaction terms should be affected the same way by this, though. Assuming straightforward
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acid catalysis, we assume the order with respect to [HC1]to be one for all condensation re-

actions (this assumption has been verified for the monofunctional system38). Then Equation

8 becomes:

(11)

Since HC1 is neither produced nor consumed by reaction, [-HC1]= [HCl]OVO/Vwhere VO

is the initial volume of the reactive solution, so Equation 11 can be rewritten in terms only

of volumes:

d[Xi]
— = (Reaction terms)%+ ([Xi]i.j –

dt

The resulting set of coupled differential equations for

[xi]) ~r(t) (12)

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

be irreversible (consistent with previous kinetic modeling of homocondensation

lanes30).
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d[Mo]

dt

d[k?l]

dt

d[DO]

dt

d[D1]

dt

d[Dz]

dt

d[&,3c]
dt

d[Dz,qc]

dt

d[L2]

-T

d[L3]

dt

d[LA]

dt

dV

dt

d$f[lwo]~–
v(t) [~’l%r(t)

h [Do]~r@)
–am] v(t)

-[D,] ~r(t)

-[D2]&(t)

~r(t)--1- [D2@l ;(t)
3keff(3c)[L31V[tj

h [D2,4c]&(t)4keJJ(4c)[L41v~t~

{
‘Vo

2k5j(o,o) [Do]2- @7L2]} ~ - [4@t)

{4~~j(o,1)[Ll[Dol- 2G’[L31 - ~e_fJ(3c)[L3]j ~ - [L3+7W

{

Vo
4k:j(o,11 [L3][DO] + 2k:j[1,1) [L2]2 - 2@[L,] - kejj(,c)[L,]} ~

~r(t)
‘[L4] v(t)

~njI’(t)
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where

#=-J

1

Jiif= Kronecker delta

While fitting, we neglect alcohol-producing condensation,38~39so that the effective con-

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

(1{~ = 18) and simply solve Equation 3 to get:

–b – 4b2 – 4ac
XY = x:=x?= 2a

(14)

where

a =

b=

c =

w=

E=

*

(K, - 1)(1 - a)

-(E+ cY+K,(W

K~(W – cv/2)

+ 1 – L5a))

[H20]/([M] + 2[D])

[EtOH]/([M] + 2[D])

[M] + [DI] + z([~2] + [~2,3c] + [~2,4c])

[M] + 2[D]

Equations 4 and 5 are used to calculate [EtOH] and [H20], respectively.



Co-condensation kinetics

Figure 4showsthe integrated 29SiNMRresults foralleight experiments performed. Thedata

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 (apredlctor-corrector method

with fixed step size40) and minimization of the residual function (the sum of squares of dif-

ferences between the calculations and data) was accomplished with a Levenberg-Marquardt

algorithm41 (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 iqitial 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

analysis of the linearized residual surface near the optimal set of coefficients41).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. P

.

Discussion

First, we compare the trends in condensation rate coefficients to those we and others have

observed. The strong decrease in reactivity with increasing connectivity of the D sites is

consistent with observations of homopolymerizing systems.30 The order of magnitude of the

rate coefficients also agrees very well with that previously reported when allowance for the

activity of HC1 is made (see below).

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

nent (tinj). 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 ~1 (o), Dz (0), ~z,s. (0), ~Z!,A.(~), and ~~~(.).
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Bimolecular reactions (units of 1 “ mol-l “ hr-l)

DO+DO - Dl+D1+H20

Do+ D1 *> D1+D2+H20 .

D1+D1 - D2+D2+H20

iwfJ + A&
26M1%

Ml+ Ml+ HzO

MO+DO = M1+D1+H20

M.+ DI
8.1*7%

Ml+ D2 + HzO

Unimolecular reactions (units of hr-’)

L3
o.14k30%

SD2,3C+ HzO

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-

25 It is interesting, though, that the rateization26 and for MTEOS/TEOS dimerization.

coefficient for condensation of JIo with either MO or Do is about the same. Also, the rate

coefficient for condensation between JIo and a chain end (Dl ) is still larger than.that between

two Do sites-emphasizing just how favorable “capping” reactions between MO 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 (JIo + Dl)

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 (1%) sites as a function of time for varying hzj.

Shown are the calculated cur;es using the rate coefficients in Figure 5.

At low ti~j, Q sites are formed more rapidly than they are in the absence of the mono-

functional monomer. This indicates that MO is reacting with the difunctional monomer to

22



.

Place0.500 MI B
inNMRcell

I

TInject0.5ml A

Y

Wait30min

v

TEE!!3
1------------ ------------

!A=9Mwater&0.0045MHC1inE@HII
;B=4.48M DMDEOSinEthanol I
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Figure 7: Preparation procedure for samples testing MD semibatch co-condensation model.

produce more Dl than is produced by Do homocondensation. This change should be sen-

sitive to k~$,ol. At later times (near the maximum in the unperturbed concentration of

111) however, the rate of Ill consumption increases because of the M monomer being added.

For these tinj values, the system’s evolution is sensitive to kfifl,l). The sudden drop in

the fraction of D1 sites after k? addition indicates that co-condensation between MO and
.

D1 sites is very favorable compared” to homocondensation of D1 sites, as long as conditions

are chosen where the monofunctional monomer is present at the same time as the D1 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-
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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 O, 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 tinj

series because we chose a well-characterized difunctional system at its maximum concentra-

tion of D1 sites at the time of M injection. The concentrations before adding M match

those of an earlier homopolymerization experiment.so we still assume that the rate of all

reactions is proportional to the activity of HC1, so all rate coefficients were multiplied by

([HCl]o/[HCl]o,,-...i.,) = 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 HC1 activity coefficient (-yHcz). In mostly-

‘1 42 We have verified this relationship for HC1 catalysis ofethanol solutions, ~HC[m [~20] .

TMEOS dimerization up to [H20] N 2 M. To account for the effect of water on HC1 activity

here, we multiplied each reaction rate in Equation set 13
●

of the water concentration in the t-series did not wander

(H@],-...i.. M 2.3 M, so we use this in our prediction.

by [H20]t–~~ri~~/[H20]. The value

too far from the average value of

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 corrections for the activity of HC1. 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

co-condensation model and characterization approach.

24
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M-l.hr-l). Symbols denote DI (0), DZ (u), Dz,a. (0), DZ,AC(A), and hfl (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 - [D1~o] ‘ vs. the concentration of D sites attached to one Ill sites

- [Do+l]). The equations are analogous to Equation set 13, but with homopolymerization

and copolymerization terms of the condensation operators (~,x) separated (this splitting is

illustrated elsewhere26).

Since k? sites are the limiting reagent, the natural measure of molecular homogeneity is

the fraction of L!!l sites attached to D sites. Figure 9 shows this quantity calculated under

the conditions of the t-series experiments. Out of all of the t.anj 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 Ml sites attached to D sites in a puIsed 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. 13arlyinjection is so successful

is always much smaller than the concentration

because the concentration of M’ monomers

of D sites. Because the rake coefficients

for AZ homopolymerization and copolymerization with DO 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 11 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 Nl sites terminating long

chains is the concentration of D sites attached to one M site and to one D site ([D1+l]).

Figure 10 shows this improved indicator of the M site homogeneity. Now the optimal

inject ion 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 kf site homogeneity. At those intermediate reaction
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Figure 10: Calculated concentration of Dz sites attached to one ill 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 D1+l sites develops quickly. Still, the rate of reaction of .M site with D1 sites

is considerably lower than the rate of ill homodimerization. Because M-M dimer formation

competes with copolymerization, the advantage of using an intermediate injection time to

improve overall homogeneity is shor~lived. Eventually, the concentration of Dl+l sites that

forms when M is present from the start meets or exceeds that observed with intermediate

injection times.

Our 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 Al :

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 coefficients 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 siIanols 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/ dlmethyldiethoxysilane

system. Under the chosen conditions, these coefficients are not measudde 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 “thetime 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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