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Abstract

The polymerization of silicic acid molecules (H,SiO,) was simulated using classical molecular dynamics with
multibody potentials. The mechanisms involved in the condensation process were analyzed. Although a condensation
mechanism was observed in the simulations which corresponds to the mechanism commonly assumed, additional
mechanisms not previously presented were also observed. The advancement of polymerization was found to depend
on the non-bridging oxygens’ coordination with hydrogen, the number of bridging oxygens around five-coordinated
silicons and atomic momentum. The results show consistency with the chemistry described for the acid catalyzed
sol-gel process where hydrogen acts as the catalyst and chains form before rings.

1. Introduction

The sol-gel process begins with a solution of
metal alkoxide molecules, water, a mutual solvent
(alcohol) and a catalyst. The molecules are subse-
quently polymerized though catalysis to form a
porous amorphous gel. Tetraethyl orthosilicates
(TEOS) and tetramethyl silicates (TMOS) are
two of the alkoxide precursors used in the forma-
tion of silica gels [1] which is the material dis-
cussed in this paper. In gelation, properties of the
gel are dependent on the chemical conditions.
Understanding the reaction mechanisms and
transition states involved in polymerization is es-
sential to optimizing and controling the gelling
process.

* Corresponding author. Tel: +1-908 445 2216. Telefax; + 1-
908 445 3258.

Silicon alkoxides need to be catalyzed with an
acid or base to promote polymerization at low
temperatures. Hydrochloric acid and ammonium
hydroxide are often used as the catalyst [2].
Acid-catalyzed systems show a more open, less
cross-linked monolith structure while the basic
catalyzed systems create highly cross-linked col-
loidal particles [3].

Gelation involves a two-step process. First, the
TEOS molecules are hydrolyzed by the water and
then catalyzed condensation occurs. Condensa-
tion can create either alcohol (Eq. (2)) or water
(Eq. (3)), depending on the extent of hydrolysis
(4]:

hydrolysis =SiOR + H,0 = =SiOH + ROH
(1)
condensation =SiOR + =SiOH =
=SiOSi= + ROH
(2)
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=SiOH + =SiOH =
=Si0Si= + H,0.

condensation

(3)

In the work reported here, only the condensation
reaction in Eq. (3) was investigated by assuming
that full hydrolysis to silicic acid occurred prior to
condensation.

Several factors affect the kinetics of sol—gel
condensation. Increasing the pressure [4] or tem-
perature will increase the polymerization rate.
Water decreases the condensation rate, while
[H*] increases it [3]. There have been several
models proposed for polymerization rate calcula-
tions based on the above and other variables
[3,5-9].

There are a few mechanisms proposed for the
condensation process. The basic considerations
are applicable for all tetrahedrally coordinated
oxide systems. The widely accepted condensation
mechanism is believed to involve a five-coordi-
nated silicon transition configuration in an SN,-
type reaction [10-12]. This condensation is be-
lieved to proceed through nucleophilic attach-
ment of an H;0,Si-O~ group (Fig. 1(a)) to
another four-coordinated silicon creating a dimer
with one five-coordinated silicon (Fig. 1(b)) and
the subsequent release of an OH, (x=1-3)
group (Fig. 1(c)) [13-16] to form a stable dimer
with two four-coordinated silicons. At a lower pH
(acid catalysis), this process is slower because
NBOs are more likely to have one or more hydro-
gens attached, which helps to prevent the ap-
proach of an NBO to a silicon of another tetrahe-
dron. However, it is thought that these extra
hydrogens catalyze the reaction by creating better
leaving OH, (x =0-3) groups which allow an
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NBO to more easily break free from the five-co-
ordinated silicon which was able to form [17,12].
This process can be shown schematically by the
following equations [18]:

(HO),-Si-OH + H*= (HO),-Si—-OH} ;
(HO);-Si-O~+ H* + (HO);-Si-OH3
= (HO),-Si-0-Si—(OH); + H,0*.

If groups cannot depart easily from a five-coordi-
nated silicon, the dimer will ‘depolymerize’, mov-
ing back to the left in the reaction shown in Fig.
1, leaving no net condensation. The ease of pro-
tonization of the OH group decreases with the
connectivity of the adjacent silicon atom, thus
slowing the rate of polymerization with respect to
time. Acid catalysis is preferential towards the
end of a polymer chain for this same reason [12].
A five-coordinated silicon at the end of a siloxane
chain is more likely to have a good leaving group
because the silicon has only one bridging oxygen
as opposed to two or more if it were within the
chain.

Iler’s [3] schematic of the condensation reac-
tion showed that the energetically unfavorable
five-coordinated silicon relaxes by the release of
an oxygen of OH™ group which then forms water
by acquiring a nearby hydrogen. The oxygens
around this pentacoordinated silicon form a dis-
torted trigonal bipyramid with the peak of one
pyramid being the incoming bridging oxygen from
the other molecule (Fig. 1(b)). The positions
around a five-coordinated silicon are described in
this paper as either opposite or adjacent to the
incoming bridge as shown in Fig. 1(b). Iler’s pro-
posed mechanism shows the binding of the fifth
oxygen to the silicon which causes the elongation

a) b) c)
(Incoming
o I OHbridge) (Adjacent) »
+ + OH OH OH
\s—: o \S"__ o \ —_—— _\ J  (opposite) \___o 5\ IOH o
OH ’/ / OH ’/51 sll o OH ’/s. sn\
OH OH OH

OH

OH
(Adjacent)

Fig. 1. Schematic of (a) two tetrahedra approaching, (b) the formation of a trigonal bipyramid five-coordinated silicon structure
with incoming bridge and opposite and adjacent OH groups, and (c) the departure of an opposite OH group.
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and breakage of the opposite bond. Feuston and
Garofalini observed this mechanism in computer
simulation [19].

There have been a large number of experimen-
tal studies of sol-gel polymerization. 'H and ’Si
NMR [1,4,18,5-9,20-22], IR and Raman spec-
troscopy [23,24], X-ray scattering [25], X-ray ab-
sorption [11] and light scattering [1,7,22—-24] have
been used to evaluate the condensation process.
Such techniques do not have sufficient time and
space resolution to provide details of polymeriza-
tion mechanisms. '

Computational techniques, however, offer an
approach by which such molecular mechanics can
be studied. For simplification, silicic acid (H ,-
SiO,) can be used as the starting molecules in the
polymerization, assuming complete hydrolysis be-
fore the condensation process begins. This as-
sumption allows the condensation process alone
to be studied. The interaction between a silicic
acid molecule and a water molecule has been
used in ab initio molecular orbital (MO) calcula-
tions as a model for water interacting with hy-
drated silica surfaces [26-30]. However, ab initio
computations are currently limited to small num-
bers of atoms, thus making the study of polymer-

ization with large numbers of atoms difficult. MD
simulations can be used to study large systems of
102-10° atoms and have already been used in
studies of polymerization of silicic acid molecules
[19,31].

In this study, we examine the condensation
reaction in greater detail. We propose polymer-
ization mechanisms which explain why a particu-
lar oxygen breaks free from a penta-coordinated
silicon while the others do not. Also, the time
dependence, ‘mechanics’ and ‘chemistry’ of this
process are discussed in relation to the stability of
the polymer formed.

2. Computational procedure

The multibody interatomic potential designed
for simulations of silica has been previously pre-
sented and discussed. Bond angles, lengths and
distributions, and static structure factors for silica
glasses simulated with these potentials are in
good agreement with experiment and theory [32].
The potentials used for interactions with hydro-
gen in the MD simulations were designed from
quantum mechanical calculations and, therefore,

Table 1
Parameters for the two- and three-body potentials
Two-body A p B a b c
(X102 erg) A A) (10712 erg) (A™Y A
Si-Si 1.8770 0.29 2.29
$i-O 2.9620 0.29 2.34
0-0 0.7250 0.29 2.34
Si-H 0.0690 0.29 231 —4.6542 6.0 2.20
H-H 0.0340 0.35 2.10 —-5.2793 6.0 1.51
+0.3473 2.0 242
O-H 0.3984 0.29 2.26 —2.0840 15.0 1.05
+7.6412 32 1.50
—0.8336 5.0 2.00
Three-body A u v Q) % (A) 0
10~ d
(107 ere) Si-0 O-Si O-H Si-0 o-si O-H (dep)
0-Si-0 19.0 2.8 - 3.0 - - 109.5
Si-O-Si 0.3 - 2.0 - 2.6 - 109.5
Si-O-H 5.0 - 20 - 26 15 109.5
H-O-H 350 - - - - 1.6 104.5
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yield proper molecular configurations and bind-
ing energies [19]. Further, simulations of both dry
and hydrated glass surfaces with these potentials
give results which are both qualitatively and
quantitatively consistent with experimental data
[33,34].

The potential energy calculations for v-SiO,
contain both two- and three-body terms:

VIARY) = X Va(ris 1) + LVs(ris 1j57)s

where {R;} = (r,, r,,...,r,) for an n-atom system
and r;, r; and r, are atomic positions. The two-

body term is of the Born-Mayer—Huggins (BMH)
type:

Va(r;, ’j) = VBMH(’U) =A; exP(_rij/pij)
+Z,Z; erfc(r;;/Bi;) /Tij»

with r;; = |r,—r;|, Z, is the formal ionic charge,
and where A4, p, and B are adjustable parame-
ters. The three-body term contains the functional
form

Vi(r;, r, ) =U3(rij’ Tiks ojik) +U3(rjk’ Tii» okji)

+03(Teis Tj» Oijc)»

where
U3(rij’ Tiks ojik)
=Ajig exP[Yij/(rij - ’S‘) + Yik/(’kk - ri(}c)]

X [cos(()ﬁk) - Cos(ozgk)]z

0 0
for r;;<r;; and r;, <ry,

=0 otherwise,

with 6, being the angle subtended by r;; and r;,
with a vertex at i. The three-body term may be
viewed as a penalty function which raises the
energy of the system when the angle, 8, differs
from the preferred angle, 8°. The parameters for
the equations are given in Table 1.

With hydrogen in the system, additional terms
for hydrogen interactions were included via

Vi(r;) = aij/{l + exP[bij(rij - Cif)]}’

where a;;, b;; and c;; are parameters. For more
details on the potential calculations and parame-
ters, see Refs. [19,32].

The starting configuration for the simulation
included 64 silicic acid (H,SiO,) molecules in a
2.0%2.0x2.0 nm?® box. The configuration was
allowed to relax at a low effective temperature
(14 K) for 1 ps and then raised to an elevated
effective temperature (700 K) for 6 ps. The effec-
tive temperature is obtained by dividing the simu-
lation temperature by the simulation melting
temperature of silica and then multiplying this by
the experimental melting temperature of silica.
The time step used was 0.1 fs giving 60 000 moves
total at the elevated temperature. This 576 atom
system had periodic boundaries in the x, y and z
directions.

The simulation was carried out at high effec-
tive temperature (700 K) and density of 1.3 g/cm?
to promote oligomerization in the time of the
simulation. Hua et al. [4] examined the relation-
ship between pressure and polymerization with
results similar to those seen in these simulations.
The pressure and temperature conditions make
the model analogous to an autoclave process to
produce aerogels using sol-gel methods.

The system was analyzed for the coordination
of non-bridging oxygens by hydrogen at different
cut-off distances and at different positions on the
five-coordinated silicon. The term non-bridging
oxygen (NBO) used in this paper refers to oxy-
gens that are bonded to only one silicon although
they may be bonded to hydrogens as well. Data
on the relationship of a Si-NBO and Si-bridging
oxygen bond rupture from a transition state (Fig.
1(b)) with respect to the position of the newly
formed bridging oxygen on the five-coordinated
silicon were gathered. Further, the number of
oxygen bridges involved in each five-coordinated
silicon was determined. The non-bridging oxygens
which broke free in a condensation reaction and
then immediately reattached, and the number of
hydrogens near a bridging oxygen bond rupture
was measured.

Theories of mechanisms developed from. the
analysis of the simulations were tested by remov-
ing hydrogen atoms or changing the mass of the
silicon in mid-reaction. By doing so, the result of



72 G.E. Martin, S.H. Garofalini / Journal of Non-Crystalline Solids 171 (1994) 68-79

Incoming
bridge

NBO
ereloaso
b

Fig. 2. Condensation reaction in which the bond opposite the
incoming bridge is broken (large = oxygen, medium = silicon,
small = hydrogen).

the reaction could be changed and, therefore,
mechanisms tested.

3. Results

After a condensation reaction reaches the
transition state shown in Fig. 1(b) any of three
paths may be followed:

(i) the reaction continues to the right via re-
moval of an opposite oxygen (Fig. 1(c));

(i) the reaction continues to the right via the
removal of an adjacent oxygen;

(iii) the reaction moves back to the left via the
breaking of the incoming bridging bond (Fig.
1(a)). :

Three distinct types of condensation reaction
were observed in the simulation and are shown in
Figs. 2—-4. The first two condensation reactions
shown involve the typical trigonal bipyramid con-
figuration described in the introduction. Fig. 2
shows a condensation reaction which was previ-
ously shown and discussed [19]. The opposite oxy-
gen breaks free (Fig. 2(b)) from the five-coordi-
nated silicon transition state similar to the
schematic originally shown by Iler [3]. Figs. 3(a)
and (b), however, show a case where the adjacent
oxygen breaks free (fig. 3(b)) after additional pro-
tonization. of that oxygen (Fig. 3(a)). Yet another
configuration, shown in Fig. 4, involves a trigonal
bipyramid forming orthogonal to that which is the
expected configuration. In this case there is not a
truly opposite oxygen and one of the adjacent

doubly
protonated

oxygen

y

NBO
b release

Fig. 3. Condensation reaction in which the bond adjacent to
the. incoming bridge is broken (large = oxygen, medium =
silicon, small = hydrogen).

NBOs at the tips of the bipyramid always breaks
free (Fig. 4(b)).

Data taken on the coordination with hydrogen
of all NBOs around a five-coordinated silicon
showed that, in most of the cases, the oxygen with
tie most hydrogens nearby came off. Over the
entire 60 000-move run, the average coordination

Y

release

Fig. 4. Condensation mechanism forming a trigonal bipyrimid
orthogonal to the expected orientation shown in Fig. 1 and 2
encouraging an adjacent oxygen break (large = oxygen,
medium = silicon, small = hydrogen).
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of an NBO with hydrogen right before the oxygen
broke free from a five-coordinated silicon was
1.02 at a 1.5'A cut-off for all NBO breaks. By
contrast, the average coordination of all NBOs in
the system with hydrogen was only 0.613 at the
same cut-off, thus showing the importance of
hydrogen in the bond rupture reaction. There
was an increase in the number of NBOs that
returned promptly to the silicon from which they
broke as the polymerization (or simulation time)
increased. More exactly, over the first 3 ps of a
run, an average over four different starting con-
figurations showed that 50 + 3% of the oxygens
that broke off, stayed off. In the second 3 ps, an
average of only 34 +4% did the same. These
results may be related to the increase in bridging
oxygen concentration as polymerization increases,
as is discussed below.

From simulation analysis it was found that
90% of the bridges that broke over the 60000-
move run did so without a hydrogen within a 1.8
A radius of the oxygen. A possible connection is
that the condensation reactions did not go to
completion, but rather there was a breaking of
the incoming bridge (process (iii) above). This can
be seen in Fig. 5. An incomplete reaction may
involve the break of the incoming bridge without
the release of an NBO, or an NBO bond may
rupture momentarily only to return (within a vi-
brational period) to once again create a five-coor-
dination of silicon (Fig. 1(b)), after which process
(iii) is followed. This happened in simulation when
either an adjacent or opposite oxygen returned.

Fig. 6 shows a comparison of the frequency of
leaving groups from different positions on the
five-coordinated bipyramid structure with respect
to time, giving insight into the time dependence
of the different condensation reactions. In the
first 30000 -moves, 88 of the 123 (71%) oxygen
breaks in single-bridge reactions in five runs with

Table 2

incoming
deprotonated
bridge

b

Fig. 5. Breaking of the incoming bridge in an incomplete
condensation reaction (large = oxygen, medium = silicon,
small = hydrogen).

20

B opposite
B adjacent

number

0 20 40 60 80 100

tonﬁouocond-

Fig. 6. Number of NBOs that detached from an opposite or
adjacent position relative to the incoming bridge at a given
elapsed time between the most recent bridge attachment to
the silicon and the release of an NBO from that five-coordi-
nated silicon.

Coordination of oxygen with hydrogen with respect to the oxygen’s position relative to the bridge on the five—cbordinated silicon

Cut-off Configuration 1 Configuration 2 Configuration 3 Configuration 4 Configuration 5
distance (A) opposite adjacent opposite adjacent opposite adjacent opposite adjacent opposite = adjacent
1.2 0.411 0.414 0.338 0.36 04 0.33 0.328 0.325 0383 0.343
2.1 1.601 1.612 1.46 1.615 1.5 1.33 1.53 1.45 1.39 135
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different starting configurations were opposite to
the incoming bridge. If those NBOs that reat-
tached are eliminated from these data, the rela-
tionship is approximately 50%. This is supported
by Table 2 which shows similar coordination of
opposite versus adjacent oxygen with hydrogen on
the five-coordinated silicons for five different
starting configurations.

The effect of removing hydrogen from an NBO
during condensation is shown in Fig. 7. The fig-

Fig. 7. Effect of removing hydrogens from an NBO in mid-re-
action (large = oxygen, medium = silicon, small = hydrogen).

d REACTION STEP AT
WHICH THE MASS
7 WAS CHANGED
.

REDUCED MASS INCREASED MASS
.

NORMAL MASS

d g
* L[] f j
P p
o 3 h \6\
‘ E E
c\o\ \.& \k
Fig. 8. Effect of changing silicon mass on outcome of a

condensation reaction with a good leaving group (large =
oxygen, medium = silicon, small = hydrogen).

}

ure shows a time succession of a condensation
reaction in the system. Time elapses from the top
to the bottom of the figure. Originally an adja-
cent oxygen broke free from the five-coordinated
silicon transition configuration (Fig. 7(c)). This
oxygen had two hydrogens within 1.2 A of it prior
to the break (Fig. 7(a)). When these two hydro-
gens were removed from the system 10 fs before
the break had originally occurred (Fig. 7(f)) the
adjacent oxygen did not break free. Rather, the
reaction proceeded by breaking free the opposite
oxygen (Fig. 7()). This oxygen then reattached
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REACTION STEP
AT WHICH MASS
WAS CHANGED

REDUCED MASS

INCREASED MASE

Fig. 9. Effect of changing silicon mass on a condensation
reaction that does acquire a good leaving group (large =
oxygen, medium = silicon, small = hydrogen).

because there were no hydrogens near it, and
soon after the oxygen bridge broke (not shown).
This indicates the important effect of hydrogen
on the reaction and shows that the course of the
reaction can be changed by removing hydrogens
in mid-reaction.

Figs. 8 and 9 show that, by changing the mass
of silicon in mid-reaction and keeping the same
interaction potentials, the outcome of the reac-
tion can be changed due purely to a momentum

change. The first example is a reaction that origi-
nally had an oxygen that broke opposite a single
incoming bridge and did not reattach due to
multiple hydrogen coordination (Figs. 8(a)-(c)).
A reduction of the silicon atomic mass to 5 amu
10 fs before the original break took place (Figs.
8(d)-(f)) showed no change in the reaction from
what was_seen originally. Increasing the atomic
mass of the silicon to 50 amu (Figs. 8(g)—(i)
resulted in the oxygen breaking loose sooner (Fig.
8(g)). The second example is one where an oxy-
gen broke off opposite a single oxygen bridge and
then reattached (Figs. 9(a)-(i)). In this case, re-
ducing the atomic mass of the silicon caused the
bridge to break (Fig. 9(f)) instead of the original
oxygen. With the heavier silicon, the oxygen is
expected to break free earlier, as in the first
example (Fig. 8), but the time between each stored
graphics configuration did not allow this to be
seen.

4. Discussion
4.1. ‘Chemistry’ and ‘mechanics’

Obviously, bonding and chemistry govern reac-
tions, either by interatomic potentials, as used
here or, more accurately, electronic .structure.
However, in this paper, we distinguish the chemi-
cal aspects of the reactions from the mechanical
aspects for the purposes of the discussion. Here,
we use the term ‘chemistry’ as related to the local
atomic structure and bond coordination of the
oxygen to the hydrogen atoms in the reaction,
which we arbitrarily distinguish from ‘mechanics’
of the reaction. For this paper, ‘mechanics’ is
defined as the physical movement and momen-
tum of the ions created by the reaction which
may cause bond elongation or rupture due to a
physical or mechanical process rather than by
specific bonding considerations. Each aspect is
considered in the descriptions below.

4.2, Importance of hydrogen

The presence of hydrogen can affect the reac-
tion by enabling it to move to the right via pro-
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cess (i) or (ii) above with the release of a stable
hydroxide leaving group. As stated above, those
NBOs which break from the five-coordinated sili-
con have a much higher average coordination to
hydrogen than those that do not break off. In
most of the cases, the oxygen with the most
hydrogens nearby comes off. Fig. 3 shows a
breaking away of a non-bridging oxygen that is
over-coordinated with hydrogen. This type of re-
action is predicted under acidic conditions [12,18].

Further proof of hydrogen’s importance in the
reaction is provided by examining how the reac-
tions proceed as polymerization increases. An
increase in the number of NBOs that returned
promptly to the silicon from which they broke as
the polymerization (or simulation time) increased
suggests that it is more difficult to form a stable
leaving group as time elapses. This can be at-
tributed to the fact that often there are fewer
hydrogens in the reaction area resulting from the
five-coordinated silicons having more than one
bridging oxygen as time elapses (i.e., polymeriza-
tion increases). This may result in the inability to
form a stable leaving group. Hence, these silicons
had a tendency to break a bridging oxygen bond
rather than release an NBO permanently to be-
come a water molecule. Livage and Sanchez [12]
stated that the ease of protonization of an OH
group decreases with the connectivity of the adja-
cent silicon atoms and, hence, acid catalysis is
preferential toward the end of chains. This can
also be used to explain why the number of oxy-
gens that broke free and reattached increased
with time. Lack of protonization as connectivity
(time) increases results in fewer leaving groups
for multi-bridged five coordinated silicons.
Therefore, acid catalyzed polymerization shows a
preference for chain growth.

4.3. Incomplete reactions

Reactions that do not go to completion (do not
follow path (iii)) were responsible for most of the
bridge breaks in the simulated sol-gel system.
This statement can be supported by analyzing the
conditions under which bridges break. 90% of
bridge breaks in the system take place with no
hydrogens within 1.8 A of the bridging oxygen.

The fact that hydrogen was not present near a
majority of the bridge breaks indicates that a
nearby hydrogen was not the cause for the rup-
ture of the bridging bond. For a condensation
reaction to initiate, the oxygen that forms the
bridge is deprotonated [12,18,19]. Therefore, if
this reaction does not go to completion (process
(iii)), the bridging oxygen that breaks from the
five-coordinated silicon usually should not have a
hydrogen nearby (Fig. 5(b)). Therefore, since
there were no hydrogens near 90% of the bridg-
ing oxygen when they broke off, it is deduced that
the majority of bridge breaks in the system were
caused by the incomplete condensation reaction.

The fact that an NBO which breaks from a
five-coordinated silicon returns is due either to a
lack of hydrogens present upon oxygen separa-
tion or to the deprotonization of the oxygen after
the silicon—-NBO bond broke. If an NBO does
not break free, there must not be a good hydrox-
ide leaving group available.

4.4. ‘Mechanics’ of reaction

The reason why some oxygens break off only
to return may be explained by the ‘mechanics’ of
the reaction. As a silicon forms a fifth bond to
the incoming oxygen, the adjacent oxygens usu-
ally form a plane in the distorted trigonal bipyra-
mid structure of the five-coordinated silicon (Fig.
1(b)). This silicon can move through this plane of
oxygens towards the incoming bridging oxygen,
thus stretching, and possibly breaking the bond to
the opposite oxygen. This oxygen will return to
the silicon if there are no hydrogens available to
form an hydroxide leaving group. In other reac-
tions which were observed, the incoming bridging
oxygen became one of the three oxygens that
formed the base of the bipyramid configuration
and two adjacent oxygens were the peaks of the
bipyramid (Fig. 4(a)). In this case, the momentum
created by the attaching molecule may cause the
temporary adjacent bond rupture, but this is not
clear. What is clear is that the NBOs that broke
free in this configuration returned, indicating that
the break was probably mechanical, not chemi-
cally activated. Oxygens that separate purely due
to the ‘mechanics’ of the process are more apt to
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reattach because of a lack of hydrogens to pro-
vide a good leaving group.

By looking-at the time between the initiation
of the five-coordination and detachment of an
NBO, an idea of how the ‘mechanics’ of the
reaction affect the outcome can be established,
therefore pointing out the oxygens that may not
break off permanently. Based on the above de-
scriptions (‘mechanics’ versus ‘chemistry’), it
would be expected that an NBO bond rupture
due to the physical ‘mechanics’ of the reaction
would occur soon after the bridging bond forma-
tion since it is momentum-induced, while bond
rupture due to ‘chemistry’ would be more evenly
distributed over time since that would require
that the proper atomic bonding configuration be
attained. Fig. 6 shows this relationship.for oxy-
gens that broke opposite and adjacent to a bridg-
ing oxygen for a compilation of three simulations
with different starting configurations (each indi-
vidual result was similar to the average shown
here). The majority of opposite breaks occurred
less than 40 fs after nucleophilic attack. The
adjacent breaks were more evenly distributed over
the 100 fs time span. This suggests that there is
more of a mechanical aspect to the breaking of
opposite oxygens.

Overall there were more breaks opposite to
the incoming bridge, but if those NBOs that
reattached are eliminated from these data, the
relationship between opposite and adjacent
breaks is approximately one-to-one. This shows
that, according to the earlier arguments, the op-
posite bond breaks are more mechanical in na-
ture because more of these NBOs return. Unlike
the schematic of the condensation reaction origi-
nally proposed by Iler [3] and commonly used in
the literature, our results show that, in the initial
stages of polymerization, there appears to be no
preference for an opposite or adjacent perma-
nent break (~ 50% for each). This is supported
by the data in Table 2 which show the coordina-
tion of opposite versus adjacent oxygen with hy-
drogen on the five-coordinated silicons for simu-
lations begun from five different starting configu-
rations. Both oxygen positions showed similar co-
ordination to hydrogen. No trend of one having a
higher coordination than the other is present.

4.5. Test of ‘mechanics’ and ‘chemistry’

Fig. 7 shows the effect of removing the hydro-
gens attached to an NBO on a five coordinated
silicon. Originally, an adjacent NBO with at-
tached hydrogen breaks from the five-coordi-
nated Si. Removal of these hydrogens prior to the
bond rupture reduces the chemical drive to re-
move this adjacent NBO. As a result, as seen in
Fig. 7(), an opposite NBO mechanically breaks
free from the transition state (see arrows in the
figure). This opposite NBO reattaches to the Si
and the incoming bridge breaks off (not shown).
This indicates that hydrogen plays an important
part in the permanent rupture of an NBO bond
and. may dominate over ‘mechanics’ in that re-
moving hydrogens from the reaction can change
its course.

Further indications of the mechanical and
chemical aspects of the reaction can be demon-
strated by changing the mass of the five-coordi-
nated silicon in the middle of the SN, condensa-
tion reaction. By decreasing the mass at constant
temperature, the kinetic energy of the atom stays
the same in the simulation but the momentum is
reduced. This reduces the atom’s ability to move
against an opposing force such as an interatomic
attraction opposite to its motion. The first exam-
ple is a reaction that originally had an oxygen
that broke opposite a single incoming bridge and
did not reattach (Fig. 8). A reduction to an atomic
mass showed no change in the reaction from what
was seen originally and increasing the atomic
mass of the silicon resulted in the oxygen break-
ing loose sooner. This demonstrates that the
‘mechanics’ can accelerate the chemical process
because the additional momentum provided to
the silicon causes it to break itself free from the
oxygen more quickly. Yet, because the oxygen
still broke free with the lighter silicon, the ‘chem-
istry’ must have been present to create a good
leaving group as can be seen by the three-coordi-
nation with hydrogen of the NBO that broke (Fig.
8(f)). The second example is one where an oxygen
broke off opposite a single oxygen bridge and
then reattached perhaps because of improper
‘chemistry’ (Fig. 9). In this case, reducing the
atomic mass of the silicon caused the bridge to
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break instead of the original oxygen, suggesting
that the break was mechanical. With the heavier
silicon, it is expected to break free earlier, similar
to what was shown in Fig. 8.

While the trends observed in the simulation
clearly show that the presence of hydrogen af-
fects permanent Si-NBO bond rupture and
‘mechanics’ may cause temporary breaks, there
are other processes that can take place. An oxy-
gen without the proper ‘chemistry’ (bonding to
H) may break free mechanically (from momen-
tum effects) from a five-coordinated silicon and
then pick up hydrogens and stay detached, or one
may detach because of ‘chemistry’, lose its hydro-
gens and then return. At the elevated effective
temperature used here, things are very dynamic
so these possibilities are not eliminated.

In summary, three separate condensation
mechanisms were observed, one of which corre-
sponds to that which is most often referred to in
the literature. The condensation process is seen
to depend on non-bridging oxygens’ coordination
with hydrogen, the number of bridging oxygens in
the transition state and the atomic momentum
created as molecules approach each other. The
process described as acid catalysis is observed as
hydrogens join with NBOs to form OH, leaving
groups which separate from the transition state.
Chains form before rings in the simulation, as is
observed in experimental work.

5. Conclusions -~ -

The release of NBOs opposite and adjacent to
an incoming bridge were observed in the molecu-
lar simulations of the condensation reactions. The
mechanism commonly presented schematically in
the literature only involves the removal of the
opposite oxygen. Incomplete condensation reac-
tions were also observed. There are ‘chemical’
and ‘mechanical’ aspects to the condensation re-
action, as defined in the text. The ‘chemical’
aspect pertains to the role of hydrogen; the
‘mechanical’ aspect pertains to the physical
movement of the ions.

Hydrogen plays an important role in the re-
moval of a detaching NBO from the transition

state and completion of the condensation reac-
tion. The average coordination to hydrogen of
NBOs that break free in a condensation reaction
is higher than the average coordination to hydro-
gen of all NBOs in the system. Without hydrogen
present to form a good leaving OH , group, con-
densation reactions often do not go to comple-
tion, resulting in the break of a bridging oxygen
bond, especially the newly formed Si-O bond
with the incoming bridging oxygen.

The ‘mechanical’ aspect is-more prominent in
cases where an oxygen break occurs opposite the
incoming oxygen bridge. An NBO that mechani-
cally breaks away from the five-coordinated reac-
tion transition state is more apt to reattach to the
silicon from which it broke, thereby reversing the
reaction.

When there is more than one bridging oxygen
on a five-coordinated silicon, there is a tendency
to break a bridge rather than release an NBO in
the early stages of polymerization, thus resulting
in chain formation prior to ring formation.
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