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Kinetics and Computational Studies of an Aminosilane Reaction with a Silsesquioxane

Department of Chemistry, Eastern Illinois University, Charleston, Illinois 61920, and Institute of Surface

The reaction between (3-aminopropyl)dimethylmethoxysilane (APDMS) with silica and silsesquioxane 3,5,7,9,11,13,15-
heptacyclopentylpentacyclo[9.5.1.13.1>15,17¥]octasiloxan-1-ol was studied in hexane and tetrahydrofuran (THF)
using experimental (reaction kinetics, FTIR) and quantum chemistry methods. In hexane at temperatures above
245 K, the reaction rate decreases with increasing temperature due to a reduction of prereaction complex formation
at higher temperature. Below 245 K the reaction itself is rate limiting, resulting in a reaction rate decrease with
decreasing temperature. The reaction occurs much faster in hexane than in THF in part because of stronger
competitive effects of the O-containing polar solvent with the formation of APDMS/silsesquioxane prereaction
complexes due to hydrogen bonding. Analysis of the experimental data and computational results suggest that the
catalytic reaction is second-order with respect to APDMS, the second APDMS molecule plays the role of catalyst.
Estimation of the activation energy using dynamic calculations give results much more in agreement with experiment
than nondynamic calculations, since the limiting H" transfer stage occurs so quickly (~15 fs) that displacements
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of other atoms are insignificant to the activation energy.
Introduction

(Aminopropyl)silanes are among the most widely used reagents
for the surface modification of silica for a wide variety of
applications such as composite materials,! chemical sensors,>*
metal ion adsorption,>® new synthons for bionanotechnology as
gene or drug transfer vehicles,” and bioseparations.® The technology
for reacting the silica surface with (aminoproply)silanes has existed
for some time, with a review by Vansant et al. detailing the
important contributions of solid-state NMR and other methods.’ It
is known that aminosilanes exhibit uniquely enhanced reactivity
compared to organosilanes with other functional groups.'® This is
assumed to be due to the fact that amines are known to be catalysts
for the surface reaction of organosilanes with silica,''™** and
therefore, the aminosilane contains its own catalyst.

Details of the kinetics and mechanism of the aminosilane surface
modification reaction have not been investigated in much depth;'>~"
it is a complex problem. Industrially, these reactions are often done
in aqueous solution, which provides the opportunity for hydrolysis
and silane—silane condensation side reactions. To avoid such
complications, many studies have utilized dry organic solvents as
the reaction medium. With silica, which contains at least three
different types of reactive surface hydroxyl groups (non-hydrogen-
bonded, hydrogen-bonded, and diol), characterized by different
accessibility in narrow and broad pores in silica gels, or in voids
between nanoparticles of fumed silicas,” differentiating the reaction
rate with each surface site is at best difficult.? It has also been
suggested that the reaction of aminosilanes with silica is adsorption
rate limited,”' which makes interpretation of the kinetics problematic.

Soluble silsesquioxanes, which are partially condensed or with
pendant silanols, have been used as model silica surfaces.”>~ The
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use of silsesquioxanes to study the kinetics of these reactions
possesses considerable advantages: (1) it is a soluble reaction
system, thus eliminating the complications of the heterogeneous
liquid/solid (or gas/solid) silica system; (2) a silsesquioxane of
known structure can be chosen to contain one well-defined reactive
group. Combining these advantages with the use of a monofunc-
tional (aminoproply)silane in dry organic solvent (where a 1:1
(aminoproply)silane:silsesquioxane reaction is the only possibility),
we obtain a reasonably well-defined system for the kinetic and
mechanistic studies described in this report.

Experimental Section

Materials. The silsesquioxane 3,5,7,9,11,13,15-
heptacyclopentylpentacyclo[9.5.1.13°.1%13,17-33]octasiloxan-1-
ol (>95%, Aldrich), hexane (>99.9%, Fisher), Cab-O-Sil HS5
(Cabot Corp.), o-dichlorobenzene (Mallinckrodt), and n-buty-
lamine (Aldrich, >99.5%) were used as received. Tetrahydro-
furan (THF, Mallinckrodt, >99.8%) and (3-aminoproply)dim-
ethylmethoxysilane (APDMS) (Silar Laboratories) were distilled
in N, prior to use.

Reactions. Typically, 200 mg of silsesquioxane (0.22 mmol)
was dissolved in either hexane or THF with 15.0 xL (0.13 mmol)
of o-dichlorobenzene and 37.0 4L (0.22 mmol) of (3-aminopro-
pyldimethylmethoxysilane in a 25.0 mL volumetric flask. The
reactions were carried out in a constant temperature bath. Sample
aliquots were taken at various time intervals and immediately
analyzed for the extent of reaction by solution FTIR spectroscopy.
Blank solution reactions were carried out in both solvents with
0.22 mmol of n-butylamine substituted for the aminosilane. Below
room temperature reactions were carried out in dry ice slurry baths;
above room temperature reactions were carried out using an
immersion bath circulator.

Silica reactions were carried out with 0.500 g of Cab-O-Sil
HS-5 by slurry with 10.0 mL of either hexane or THF in a 50
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mL conical flask. In a separate beaker 42.0 uL of (3-
aminopropyl)dimethylmethoxysilane was dissolved in 10.0 mL
of corresponding solvent. Upon mixing and swirling the contents
for 15 s, the reaction was allowed to proceed for reaction times
of 2, 5, 30, and 60 min (each a separate experiment). After the
specified reaction time, the slurry was filtered, washed twice
with 10 mL of hexane, and dried in vacuum at 110 °C for 90
min prior to analysis by transmission FTIR spectroscopy of the
dried solid.

FTIR Analysis. All spectra were obtained with a Digilab
FTS3000 FTIR spectrometer with DTGS detector. Typically 16
scans were coadded at 4 cm™! nominal resolution. Solution spectra
were obtained using a 1.0 mm path length cell equipped with NaCl
windows after spectral subtraction of the solvent (hexane or THF)
using standard spectrometer software. In hexane, reaction progress
was monitored by the integrated intensity of the silanol O—H
stretching peak (3725—3700 cm ™). In THF, reaction progress was
monitored by the OH peak height at 3310 cm™!, to avoid
contributions from N—H stretching bands.

Solid silica samples were analyzed by placing a small amount
of Cab-O-Sil between NaCl plates and rotating to produce a
thin film. The relative non-hydrogen-bonded silanol concentra-
tion was obtained by integration of this peak (3752—3735 cm™")
ratioed to a Si—O—Si combination band (1910—1825 cm™")
used as an internal standard, in this case to correct for different
amounts of silica in the IR beam.

Computational Studies. Quantum chemical calculations of
interactions between silsesquioxane and APDMS were carried out
for both gaseous and liquid media using the Gaussian 98%° and
03,2 GAMESS (version 24 March 2007 (R1)** and PC version
7.15%%), and GAMESOL? program packages with ab initio (6-
31G(d,p) and 6-31G(d) basis sets) and DFT (B3LYP/6-31G(d,p))
techniques. The transition states (TS) for various mechanisms were
computed (using QST2, QST3, and EF options in Gaussian and
DRC in GAMESS) assuming noncatalytic and intra- and interau-
tocatalytic reactions. The APDMS amino group can play the role
of catalyst affecting H' transfer between silsesquioxane SiOH and
SiOCHj; of APDMS. For simplicity, we substituted H for cyclo-
pentyl groups on the silsesquioxane, and the second APDMS
molecule in the interautocatalytic reaction was replaced by NHj.
Solvation effects were analyzed using the SMS5.42R/6-31G(d)
method® (hexane and tetrahydrofuran as solvents) and IEFPCM/
B3LYP/6-31G(d,p)***" (tetrahydrofuran and heptane instead of
hexane) with the HF/6-31G(d,p) geometry.

Results and Discussion

The reaction of (3-aminopropyl)dimethylmethoxysilane with
the silsesquioxane is

CH,
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In Figure 1A representative FTIR spectra in the OH stretching
region of the silsesquioxane reaction with the aminosilane in hexane
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Figure 1. FTIR spectra showing the loss of silsesquioxane silanol in
hexane (A) and silica surface silanol from THF slurry (B) after reaction
with (3-aminopropyl)dimethylmethoxysilane as a function of time.

during the course of reaction are presented. Using the integrated
OH band area as a quantitative monitor of reaction extent, plots of
the concentration of unreacted silsesquioxane as a function of time
in hexane and THF can be obtained. In a similar fashion, the extent
of non-hydrogen-bonded silanol content can be measured on silica
during the course of reaction from THF or hexane slurry (Figure
1B).

Figure 2 contains plots of the concentration of unreacted
silsesquioxane (A) and silica non-hydrogen-bonded silanols (B)
as a function of time at 25 °C. The data clearly show a
pronounced solvent effect; the rate of reaction for both the
silsesquioxane and silica silanols is greatly reduced in THF
compared to hexane. Since the reaction of (3-aminopropyl)dim-
ethylmethoxysilane with silica is so fast (particularly in hexane)
as to be adsorption rate limited, and detailed kinetic investiga-
tions with silica are extremely complex as previously discussed,
further experimental studies focused on the kinetics of the
silsesquioxane reaction in hexane solution.

A series of 1:1 aminosilane reactions with silsesquioxane in
hexane solution were completed at various temperatures. The time
required for the reaction to reach 50% completion was estimated
using plots similar to that shown in Figure 2. Table 1 provides #,,,
values as a function of temperature. While it is expected that as
the temperature is increased #, would decrease as a result of a
reaction rate increase, this general trend is reversed at temperatures
of —30 °C and above. There is an inflection point in the data, both
above and below which the reaction rate decreases (#,/, increases),
indicating that there are two regimes where the reaction rate is
dictated by different processes.
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Figure 2. Concentration of unreacted silsesquioxane (A) and unreacted
non-hydrogen-bonded silica silanol (B) after reaction with (3-amino-
propyl)dimethylmethoxysilane as a function of time.

TABLE 1: Estimates of Reaction ¢, Data as a Function of
Temperature for the Reaction of (3-Aminopropyl)dimethyl-
methoxysilane in Hexane with the Silsesquioxane

temp (°C) t1/, (min)

20 165

15 115

0 60

—15 45
-30 35
—45 70
—53 90
—60 180
=78 1520

The reaction mechanism can be envisioned as a two-step process;
the first being a fast equilibrium formation of a prereaction complex
(pre-equilibrium), the second step chemical reaction. Without
implying any molecularity to the reaction mechanism, the reaction
can be simply and qualitatively depicted as follows:

k
A+B=A-B (1
ki
k2
A-—-B—C (2a)

Assuming at higher temperatures the concentration of the prere-
action complex as depicted in eq 1 is rate limiting, the reaction
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Figure 3. Relative reaction rates of silsesquioxane silanol with (3-
aminopropyl)dimethylmethoxysilane at various temperatures using the
second-order integrated rate expression.

measured by silsesquioxane loss, as accomplished experimentally,
would exhibit overall second-order kinetics. If the rate of k, is much
less than the rates responsible for the pre-equilibrium, then the
second reaction does not affect the prereaction complex concentra-
tion (A-++B), and this complex is in a steady state. Defining [A]
as the aminosilane concentration, [B] as the silsesquioxane
concentration, [C] as the product concentration, and K as the
equilibrium constant of the pre-equilibrium step, the following
argument can be developed:*

d[A-++B]/dt = k,[A][B] — k_,[A---B]
k,[Al[B] — k [A+++B] =0
[A-+B] = k/k,[A][B] = K[A][B]
d[Cl/dr = —d[A+++B]/dr = k,K[A][B] 3)

With this scheme, a decrease in reaction rate at higher temperatures
(—30 °C and above) is the result of a decrease in the concentration
of the prereaction complex (i.e., a decreased K). Although the rate
constant k, probably increases with temperature, the decreasing
equilibrium constant value can cause the product kK to decrease,
thus causing the measured reaction rate to decrease. A decrease in
the equilibrium constant with increased temperature for process 1
is expected. The adsorption of amines onto silica surface silanols
is an exothermic process,’! and this first step almost certainly
involves complex formation of an aminosilane with the silsesquix-
ane silanol. A decrease in reaction rate with increasing temperature
has been observed for amine catalyzed silica silylation reactions,
the data being qualitatively rationalized in a similar fashion.*?

Figure 3 contains plots using the overall second-order
integrated rate expression for reactions at temperatures ranging
from —30 to +20 °C. The R? correlation coefficients to the linear
least-squares fits are all greater than 0.98. These good fits to
second-order kinetics are not surprising; however this provides
no information on the kinetics and mechanism of the reaction
depicted in step 2 separate from the pre-equilibrium step.

At temperatures of —45 °C and below, the reaction is not
limited by the concentration of prereaction complex, but by step
2 in Scheme 1: that of reaction to form the aminosilane-modified
silsesquioxane product. At least two general scenarios can be
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postulated for the reaction in step 2. In either case an amine is
thought to be involved to catalyze the reaction, which explains
the unusually high reactivity of aminosilanes. One is the
prereaction complex reacts directly to form products. This
involves catalysis with the amine in the aminosilane that is in
the prereaction complex, an intramolecular amine catalysis
reaction as qualitatively illustrated in Figure 4A and more
symbolically in Scheme 1, eq 2a. The second possibility is that
the prereaction complex formed in step 1 is catalyzed to form
products by a second aminosilane, depicted in Figure 4B and
eq 2b below.

A+A-B—CH+A (2b)

It should be theoretically possible to differentiate the reaction
paths depicted by eqs 2a and 2b. If the rate of reaction is dictated
by the process shown in eq 2a, then it can be shown that the
rate of reaction is identical to that shown in eq 3; i.e., first-
order with respect to APDMS (overall second-order). If the
reaction rate is dictated by the process depicted in eq 2b, then
the reaction rate is second-order with respect to APDMS, as
depicted in eq 4 (overall third-order):

d[C]/dt = —d[A--+B)/dr = k,K[A]*[B] “4)

All reactions discussed thus far were performed with a silses-
quioxane to aminosilane stoichiometric ratio of 1:1. A com-
parison of overall second- and third-order fits to these low
temperature data is inconclusive, providing no insight into the
molecularity of the reaction step.

Assuming that the APDMS/silsesquioxane reaction obeys the
Arrhenius law, the distribution function (f(E)) of the activation
energy of the reaction in hexane can be calculated using the
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Figure 4. Intramolecular amine catalysis of reaction (A) and amine
catalyzed silylation with two amines in the transition state (B).

temperature dependence of the relative amount of reacted
silsesquioxane (a; = (Cssp — Css)/Css, 0, Where Css o and Csg(,7)
are the initial and residual amounts of silsesquioxane, respec-
tively) at 7' < 245 K and t = 1 h (Figure 5a). These calculations
were solved with the corresponding integral equation with a
regularization procedure based on the CONTIN algorithm??

A= [ kOB exp(~ o) dE ©)

where ky(?) is the pre-exponential factor depending on reaction
time and the Cssy value, R is the gas constant, and E,,;, and
E.x are the minimal and maximal E values on integration. The
first moment of f{E) calculated as (E) =(/F=Ef(E) dE)/(/E=f(E)
dE) is equal to 50.5 kJ/mol, which is close to the average value
of the effective activation energy (45 kJ/mol) from the kinetic
data (Figure 5c¢).

A set of experiments was performed in the low temperature
regime (—60 °C), where the reaction is considered to be reaction
rate limited, by varying the silsesquioxane to aminosilane
stoichiometric ratio. These data were fit to second- and third-
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Figure 5. (A) Relative amount of reacted silsesquioxane as a function of reaction temperature at reaction time # = 1 and 2 h. (B) Distribution
function of activation energy of reaction between silsesquioxane silanol and APDMS in hexane at t = 1 h and 7 < 250 K. (C) Arrhenius plot of

data at 7' < 250 K.

TABLE 2: Data from Reactions at —60 °C

aminosilane/
silsesquioxane
mole ratio 2nd-order R>  3rd-order R*>  t, (min)
0.5/1 0.964 0.983 450
171 0.985 0.991 220
2/1 0.991 0.943 60
0.5/1 + 0.5 butylamine 0.969 0.978 160

order integrated rate expressions, the R? linear least-squares
correlation coefficients given in Table 2. One can see a general
trend that as the aminosilane/silsesquioxane ratio increases, the
fit to a second-order expression increases relative to the third-
order fit. With increasing mole ratios of aminosilane to
silsesquioxane, as the reaction proceeds, the relative concentra-
tion of aminosilane is less affected. This more closely resembles
that of a reaction which is pseudo-first-order in aminosilane,
thus the reaction better fits an overall second-order reaction
under these conditions. On the other hand, when there is less
than a stoichiometric amount of aminosilane, the data best fit
overall third-order kinetics, indicating that the reaction exhibits
at least some third-order character, with a contribution from a
mechanism like that depicted by eq 2b and Figure 4b.
Additional evidence of two amine bearing molecules partici-
pating in the reaction can be seen in the f;, data of Table 2.
Two reactions were performed with an aminosilane/silsesqui-
oxane ratio of 0.5/1; one contained no additional reagent, and
the other contained a second 0.5 equiv of butylamine in addition
to the 0.5 equiv of aminosilane. While the butylamine can
participate in the reaction as a catalyst, it does not undergo

reaction with the silsesquioxane. Addition of butylamine causes
the ¢, value to decrease, indicating it is a participant in the
rate limiting step of this reaction (i.e., eq 2b). Furthermore, the
11, value obtained in the presence of 0.5 equiv of aminosilane
=+ 0.5 equiv of butylamine, is very similar to the #;,, value found
in the reaction with 1 equivalent of aminosilane. Thus the added
butylamine is an effective substitute in the transition state for a
second (aminoproply)silane. Taken together these experimental
data strongly suggest that a third-order reaction mechanism is
a likely contributor, and that at least one transition state consists
of two aminosilanes and a silsesquioxane (silanol). Further
modeling of the transition state and the overall reaction was
done using computational methods.

To elucidate some aspects of the interactions between
APDMS and silsesquioxane, the transition states (TS) were
calculated for noncatalytic, intercatalytic (eq 2a, Figure 4B),
intracatalytic (eq 2b, Figure 4A), and a THF catalyzed reaction
(Figure 6). Transition-state calculations using the B3LYP/6-
31G(d,p)//6-31G(d,p) basis set give smaller E~ values, and a
smaller difference between the noncatalytic and catalyzed
reactions compared to equivalent HF calculations (Table 3). It
can be seen that the reaction in vacuum is characterized by large
E~™ values, even with consideration of the autocatalytic effect,
compared to the experimental data in solution. This may be
due in part to H' transfer under the additional action of a catalyst
(modeled by NH; and THF here) without consideration of
solvation effects. These effects were analyzed using calculations
with the SM5.42R/6-31G(d)//6-31G(d,p)* and IEFPCM/
B3LYP/6-31G(d,p)//6-31G(d,p)**?*” methods (Table 3).
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Figure 6. (A) TS of noncatalytic and catalytic reactions with (B) NH; used instead of the second APDMS molecule, (C) of the intracatalytic
reaction, and (D) with THF as a catalyst of reaction between silsesquioxane silanol and APDMS.

TABLE 3: Calculated Activation Energy (E™ or G™) of Non-, Intra-, and Intercatalytic Reactions between APDMS and
Silsesquioxane in Different Media Using the SM5.42R (GAMESOL 3.1) and IEFPCM (Gaussian 03) Methods with Geometry

Determined with the HF/6-31G(d,p) Basis Set

reaction type solvent method total energy (E or G) (Hartree) E”™ or G™ (kJ/mol)
noncatalytic HF/6-31G(d,p) —3945.99399662 146
noncatalytic B3LYP/6-31G(d,p) —3958.32331637 117
intracatalytic HF/6-31G(d,p) —3945.97613166 193
intracatalytic B3LYP/6-31G(d,p) —3958.32008557 125
intercatalytic (NH3) HF/6-31G(d,p) —4002.18734568 152
intercatalytic (NH3) B3LYP/6-31G(d,p) —4014.88656981 102
intercatalytic (THF) HF/6-31G(d,p) —4176.99354366 117
intercatalytic (THF) B3LYP/6-31G(d,p) —4190.80514508 60
noncatalytic THF SM5.42R/6-31G(d) —3945.91229270 116
noncatalytic THF IEFPCM/B3LYP/6-31G(d) —3958.33420486 88
noncatalytic hexane SM5.42R/6-31G(d) —3945.90604424 142
noncatalytic heptane IEFPCM/B3LYP/6-31G(d) —3958.32790848 102
noncatalytic water SM5.42R/6-31G(d) —3945.914622763 146
intercatalytic (NH3) THF SM5.42R/6-31G(d) —4002.094475578 128
intercatalytic (THF) THF SM5.42R/6-31G(d) —4176.892885257 117
intercatalytic (THF) THF IEFPCM/B3LYP/6-31G(d) —4190.80327655 96
intercatalytic (NH3) hexane SM5.42R/6-31G(d) —4002.088416607 153
intercatalytic (NH3) heptane IEFPCM/B3LYP/6-31G(d) —4014.89165119 91
intercatalytic (NH3) THF IEFPCM/B3LYP/6-31G(d) —4014.89889880 108
intercatalytic (NH3) water SM5.42R/6-31G(d) —4002.099041861 166
intracatalytic THF SM5.42R/6-31G(d) —3945.874866118 215
intracatalytic THF IEFPCM/B3LYP/6-31G(d) —3958.33324560 117
intracatalytic hexane SM5.42R/6-31G(d) —3945.878914400 214
intracatalytic heptane IEFPCM/B3LYP/6-31G(d) —3958.32533286 109

Prior to discussing the role of solvation effects on the

energetics of reaction, merits of the intra- versus interautocata-
lytic reaction mechanisms are explored. Calculations of the
transition state for the intracatalytic reaction show that the G*
value calculated with consideration for solvation effects, as well
as the E~ value in vacuum, are consistently higher than the
intercatalytic reaction (Table 3). In addition, H* transfer is
facilitated when both the methoxy oxygen in the leaving group,

and N from the catalyst, are on the same side of the silanol.
However, this geometry could not be achieved (compare
structures in Figure 6B,C); thus, the intracatalytic mechanism
is considered not viable.

The APDMS/silsesquioxane reaction Kinetics is significantly
different in hexane and THF solvents. In general, the presence
of oxygen in THF leads to a higher polarity of THF (dielectric
constant ¢ = 7.52 compared to hexane ¢ = 1.89, at 20 °C).
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This affords the possibility for THF to form hydrogen bonds
with both silsesquioxane silanols and amino groups of APDMS.
Therefore, THF can compete with APDMS molecules to form
hydrogen bonds with silanols decreasing the lifetime of prere-
action complexes. For instance, changes in Gibbs free energy
from hydrogen bond formation of RN(H)::*H—OSi=,
SiO(CHj)++*H—O0Si=, and (CH;);0++*H—OSi= in THF are
AG = —43.9, —28.7, and —26.2 kJ/mol (SM5.42R/6-31G(d)//
6-31G(d,p)), respectively. This shows that the energy of the bond
between the methoxy oxygen of APDMS or the THF oxygen,
with the silsesquioxane silanol, O+++H—OSi=, is very similar.
On the other hand, since the transition state of the APDMS/
silsesquioxane reaction involves a H' transfer as the limiting
stage, the TS is more polar than prereaction complexes. Polar
solvents like THF more strongly stabilize the TS and reduce
the free activation energy. For example the free energy of
solvation is AG; = —76.7 kJ/mol (IEFPCM/B3LYP/6-31G(d,p)//
6-31G(d,p)), compared with the sum of AG; for reactants (ZAG;
= —22.2 kJ/mol) for the NHj intercatalytic reaction. Thus, there
are several opposing solvation factors that affect the APDMS/
silsesquioxane reaction rate. Therefore, the prereaction com-
plexes and TS of noncatalytic and intercatalytic (NH; and THF)
reactions were calculated taking into account solvation effects
of hexane (or heptane) and THF.

Results of prereaction complex studies with SM5.42R/6-
31G(d)//6-31G(d,p) calculations show that changes in the Gibbs
free energy are more negative (by 5 and 10 kJ/mol) in hexane
than in THF (AGhexane(THF) = Gcomplex — Garpms — Gss and
AAGyr = AGhexame — AGryr < 0), despite a larger negative
Gibbs free energy of solvation (AG;) in THF (as a more polar
solvent) than hexane (AGstur — AGgpexane = —10 kJ/mol). As
a whole, an increase in the solvent polarity (hexane < THF <
water) leads to a larger negative Gibbs free energy of solvation
(not shown here); however, changes in the total G values show
the opposite trend due to desolvation effects occurring from
the formation of complexes with overlapping solvate shells of
interacting molecules. Thus the lifetime of prereaction com-
plexes is one to 2 orders of magnitude longer in hexane than in
THF solution.

Transition-state calculations with SM5.42R/6-31G(d)//6-
31G(d,p) show that the activation Gibbs free energy (G = Grs
— ZGieacants) for the noncatalytic reaction in hexane (142 kJ/
mol) is larger than in THF (116 kJ/mol) but lower than in water
(146.0 kJ/mol). These relatively large G™ values illustrate the
importance of catalytic effects in these reactions. According to
IEFPCM/B3LYP/6-31G(d,p) calculations, G* = 102 kJ/mol for
the noncatalytic reaction in heptane, for the NH; intercatalytic
reaction G~ is found to be 91 kJ/mol. Although the intercatalytic
G~ is lower, all of these values are significantly larger than the
first moment of the f{E) distribution, as well as the apparent
activation energy (Figure 5). This discrepancy will be addressed
shortly.

For the noncatalytic reaction, the G* value IEFPCM/B3LYP/
6-31G(d,p)) is lower for the process in THF than in heptane
(hexane) but the opposite result is found for the intercatalytic
reaction (Table 3). These results are in agreement with the
experimental data showing a higher reactivity in hexane than
THF, because of the difference in the effects of hexane and
THF solvents on H' transfer in the intercatalytic reaction. The
intercatalytic reactions in THF catalyzed by NHj are character-
ized by a larger G* value than that catalyzed by THF. This
result is due to the dragging of a catalyst molecule following
H™ transfer’* because the search of the TS was performed using
a nondynamic approach.
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Figure 7. Changes in the total energy obtained from calculations using

the dynamic reaction coordinate (DRC, basis set 6-31G(d,p)) method

from the TS for catalytic reaction as a starting point (the geometry

corresponding to t = 14.6 fs is close to the geometry of the prereaction

complex).

The dynamic reaction coordinate (DRC) calculations for the
autocatalytic APDMS/silsesquioxane reaction (Figure 7) show
that a significant portion of required energy for the system in
the TS is spent on H* transfer. The initial point of the DRC
curve corresponds to the autocatalytic reaction transition state
(Figure 6b). The first minimum corresponds to attachment of
H™ to Oappms (motion toward products), but then the HT moves
toward O from the silsesquioxane silanol (motion toward
reactants), over a barrier (with maximum corresponding to the
third structure in Figure 7) toward a minimum (the fourth
structure). The amount of time required for all these motions
to occur is ~14 fs. This is sufficient time for the O—H stretching
vibration in a strongly disturbed silanol (~2400 cm™!). The
imaginary frequency calculated in the TS is 1493 c¢cm™',
corresponding to H™ transfer. Thus, the largest contribution to
total energy change in the TS, transforming the DRC calcula-
tions toward reactants, are relatively fast because they are related
to H* motion. This energy (~60 kJ/mol) is much smaller than
the activation energy calculated using a nondynamic search of
the TS without solvent (Table 3) because displacements of other
atoms such as O, C, N, and Si in APDMS and silsesquioxane
are much smaller than H* during this time. Thus H™ transfer is
the limiting stage of the APDMS/silsesquioxane reaction. The
main role of the catalyst (e.g., the second APDMS molecule or
the amino group of the APDMS reactant) is weakening of the
SiO—H bond in the silsesquioxane silanol (up to tunneling H*
transfer to the N atom). This promotes H' transfer to the O
atom of the APDMS reactant, leading to a weakening of the
Si—OCH; bond in APDMS, and elimination to form CH;OH.
The SiOSi bond formation between APDMS and silsesquioxane
occurs simultaneously with Si—OCH; bond breaking in AP-
DMS. Since the lifetime of the prereaction complexes is larger
in hexane than in THF (SM5.42R/6-31G(d)//6-31G(d,p)), the
reaction rate in the former is greater.

Conclusions

The APDMS/silsesquioxane reaction and APDMS silica
reaction occur much faster in hexane than in THF. In hexane the
apparent rate constant is maximum at 245 K, above which the
reaction slows due to a reduction in prereaction complex formation
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and below which the reaction slows due to the normal reason of
insufficient energy to overcome the activation barrier. The stronger
competitive effects of the polar THF solvent on the formation of
prereaction complexes, due to hydrogen bonding of THF to
silsesquioxane molecules in part explains the solvent effect on
reaction rate. The experimental data and computational results
suggest that the autocatalytic reaction is second-order with respect
to APDMS, a second APDMS molecule plays the role of catalyst.
The DRC calculations show that the major portion of the activation
energy is spent on H transfer, which occurs in approximately 15
fs. During this time the displacements of other atoms from APDMS
and silsesquioxane are insignificant. The estimation of the activation
energy using the DRC method gives better results than nondynamic
calculations.
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