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Hydrolysis and condensation of simple trifluorosilanes, H&id MeSik, was studied by quantum mechanical
methods. Hydrolysis of fluorosilanes is highly endothermic. The Gibbs free energy of the first reaction step
in the gas phase is 31.4 kJ/mol, which corresponds to an equilibrium constant®fHy@rolysis of the
subsequent fluorine atoms in trifluorosilanes is thermodynamically more unfavorable than the first step of
substitution. No significant difference in thermodynamics of hydrolysis was found betweep &ififMeSik.

The activation energy for hydrolysis by a water dimer is significantly lower than that for hydrolysis by a
water monomer. The former reaction is also less unfavorable thermodynamically, due to a high binding energy
of the HF—H,0 complex formed as a product of hydrolysis. Self-consistent reaction field (SCRF) calculations
show that hydrolysis of trifluorosilanes in aqueous medium has lower activation energy than in the gas phase.
It is also thermodynamically less unfavorable, due to better solvation of the products. Homofunctional
condensation of HS#OH is thermodynamically favored. The equilibrium mixture for hydrolysis/condensation

of RSiF; in water is predicted to contain ca. 2.3% disiloxane {&i};0, if 100-fold excess of water relative

to silane is assumed. Further hydrolysis of ¢Bi},O is negligible. The thermodynamics of fluorosilane
hydrolysis contrasts with that of chlorosilanes, where both hydrolysis and condensation are strongly favorable.
Moreover, in the case of trichlorosilanes each subsequent hydrolysis step is more facile, leading to the product
of full hydrolysis, RSi(OH).

Introduction bond dissociation enthalpies (BDEs) for all bonds involved, is
—4.2 kJ/mol. (BDEs for silicon compounds were taken from

F il ful materials in pl hemical
uorostianes are Useil materiais in plasma chemical vapor ¢ 13; BDEs for HO and HCI were taken from ref 14.) In

deposition processes (CVD), in the semiconductor industry, and’ ™. = " LS .
in optical fiber productior:3 They find application for the acidic conditions it is difficult to stop the reaction at the stage

synthesis of highly coordinated silicon compouhasd highly of silanol, because hydrolysis is accompanied by rapid conden-

hindered organosilanéRecently, they have also been suggested Sation of silanol leading to siloxane. Therefore, it is more
to be useful as precursors to polysilsesquioxanes and fluorosils-2PPropriate to compare the total enthalpies of hydrolysis and

esquioxanes’ condensation (reaction 2). The enthalpy of this reaction, deduced
Therefore, the reactivity of the SF function is of increasing ~ @nalogously from BDEs, is ca-21 kJ/mol in the gas phase.
interest for both experimental and theoretical chendistsHere The studies on hydrolytic condensation in the gas phase have

we present the results of quantum chemical calculations on Shown incomplete conversion of alkylchlorosilanes in excess
thermodynamic and kinetic aspects of hydrolysis of trifluoro- Of water, due to the reversibility of the reactiéh:
silanes, mostly from the point of view of their potential

application in silsesquioxane synthesis. Me,SiCl + H,0 — Me;SiOH + HCI (1)
The Si—F bond is one of the strongest known in chemistry. ) )
Its energy is as high as 63897 kJ/mol compared to 532 2Me,SiCl + H,0 — (Me,Si),0 + 2HCI (2)

570 kJ/mol for the S+O bond!? Fluorosilanes are therefore
very stable, although strong polarization of the bond makes it
under certain conditions susceptible to heterolytic cleavage.
Thermodynamic data concerning fluorosilanes are very scarce
To our knowledge, there is no experimental data on thermo-

gyﬂgm!gs Of;:]l:.?.?:']!g?fhhgdrrglé/:';‘ mzasu_rim§;§§; tﬂ;g;mltt)s: of —74 kJ/mol for the aqueous hydrolysis of MECI at constant
y IC quantit IS P y give di YIS \olume conditions corresponds to an equilibrium constant of

depending on reaction conditions, as the energetics of hydronS|sg_5 « 101217 These data show that the thermodynamics is very

is strongly aff iation phenomena. . .
S strongly & ected by association phenome a . favorable for this process and should proceed to virtually full
It is reasonable to compare thermodynamics of hydrolysis . ; .
conversion of chlorosilane. However, it was shown that some

of fluorosilanes with that of chlorosilanes, which has been t of SiCl . hvdrolvzed wh turated
studied much more extensively. The enthalpy of hydrolysis of amount of Si%l may reman unhydrolyzed when saturate

trimethylchlorosilane (reaction 1) in the gas phase, deduced from aqueous HClis in equilibrium with the final heronsis prqducts,
due to the fact that the thermodynamic activity coefficient for

* Corresponding author: e-mail mcypryk@cbmm.lodz.pl; fax 48-42- HCl in concentrated HCI solution is very high, while that for
6847126. H,0 is low Thus, the overall energy and equilibrium position
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The enthalpy of reaction 2 for aqueous hydrolysis was
measured to be as large-ad46 to—52 kJ/mol*® A considerable
‘contribution to the heat produced in hydrolysis comes from the
heat of HCI hydration. Independently reported free energy value
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of this process strongly depends on the water/silane proportionResults
and on the polarity of the medium and its ability to hydrogen-
bond.

The enthalpies of analogous reactions of;BI€ in the gas
phase, deduced from BDEs, are 29 and 46 kJ/mol for reactions
3 and 4, respectively. Thus, in contrast to chlorosilanes,
hydrqusis of fluorosilanes is thermodyngmically unfavorablle. RSiF, + H,0 = RSiF,0H + HF (6)
This is, of course, what was expected, since the strongef Si
bond is replaced in this process by the weakerGbond. These
estimations have been supported by DFT calculations. The
B3LYP/6-311G(2d,2p) calculated enthalpy for hydrolysis of ) )
SiF4 is 37.6 kJ/mol (reaction 5). Gibbs free energy for this RSIF(OH), + H,0 == RSi(OH); + HF (8)

reaction was 65.3 kJ/mol, which corresponds to an equilibrium ) . . . .
constantK in the range of 1012—10-1%10 There are several interesting points on which we tried to

focus: first, how the energy changes from one step to another,
Me,SiF + H,0 — Me,;SiOH + HF (3) that is, how the presence of OH group(s) at silicon affects the
thermodynamics and the rate of hydrolysis; second, how
2Me,SiF + H,0 — (Me,Si),0 + 2HF (4) thermodynamic parametgrs are affected by an incrgasing number
of water molecules participating in hydrolysis; third, what is
the influence of HF on energetics of hydrolysis (since hydrolysis
of silanes is catalyzed by acids, we might expect an autocatalytic
) ) ) ) effect by HF); and fourth, how a polar solvent (water) affects
According to this result, hydrolysis of Sifih the gas phase  the thermodynamics and kinetics of the reaction (within the
practlcally dpes not occur. However, to our knowledge, t.here SCRF approximation). On the other hand, it is particularly
is no experimental data on thermodynamics of fluorosilane jnteresting to compare these results with the hydrolysis of
hydrolysis in solution. In aqueous medium HF forms strong chiorosilanes.
associates (self-aggregates and hydrates) what may shift the Thys we compared the reaction energies, Gibbs free
equilibrium toward the products. Indeed, in the reaction of 2,6- energiesAG, and the reaction barrier8E* for each step of
Me,CeHsSiFs in water/THF, the amount of disiloxane  pyqgrolysis, and the results for each point of interest are presented
(MesCeH3SiF,),0 was reported to reach ca. 3%hus, to shed  pejow.

more light on thermodynamics of this reaction was the primary  geometries. Calculated geometries of model compounds

Simple trifluorosilanes, HS#and MeSik, were used as
model compounds. Energies of reaction and energy barriers were
calculated for three hydrolysis steps (reactior8§ where R
= H, Me:

RSiF,0H + H,0 = RSIF(OH), + HF @)

2SiF, + H,0 — (F,Si),0 + 2HF (5)

aim of this study. agree well with those reported from experiment. Thus, the
. bonding parameters for HSIF (SiF) = 1.574 A r(SiH) = 1.446
Theoretical Methods A, and OFSiF = 108.0, correspond to those obtained from

All calculations were performed with the Gaussian 03 microwave spectroscopy (1.565 A, 1.455 A and 108.2
programt® Equilibrium geometries were optimized with the HF/  respectively?® For MeSiks, the corresponding parameters are
6-31+G(d) method. All stationary points, ground and transition r(SiF)= 1.579 (1.570) Ar(SiC)= 1.843 (1.836) A, andIFSiF
states, were verified by frequency analysis. Thermal corrections= 106.9 (106.8), where experimental values determined by
to enthalpy and entropy at 298 K were scaled by 0.893. Final electron diffraction are given in parenthe$éSimilar agreement
electronic energies were calculated at the B3LYP/643%4 was found between experimental and DFT1 calculated geom-
(2d,p) level. This method will be denoted as DFT1 hereafter. etries of HSiC4. The bond distances and angles in HS|CI
In most cases, geometries of model species were further refined (SiCl) = 2.038 (2.020) Ar(SiH) = 1.464 (1.453) ACISICI
by use of Becke’s three-parameter hybrid density functional = 109.#4 (109.6), and[JHSICl = 109.5 (109.4), agree well
B3LYP2% and Pople’s 6-31G(d,p) basis sett Comparison of with the microwave spectroscopic values given in parenthéses.
the B3LYP/6-313-G(2d,p)//HF/6-33-G(d) (DFT1) and B3LYP/ Generally, bond angles are in excellent agreement with experi-
6-3114G(2d,p)//B3LYP/6-3%G(d,p) energies of complex for-  ment, while bond distances are in most cases slightly too long,
mation and of reaction barriers shows that there is virtually no as a result of using a basis set with diffuse functions.
difference between these two methods. That means that the Influence of OH Substituents on the Energy of Hydrolysis.
computational errors fortuitously cancel out for the most part. Calculated geometries of the reactive complexes and transition
Some reaction systems were also calculated by very accuratestates are shown in Figures 1 and 2. They are analogous to the
compound G3B% and CBS-QB2® methods. In most cases, no  corresponding structures found in hydrolysis of trichlorosilanes,
significant difference was observed for reaction energies proving that the mechanism of both processes is the S&rfe.
computed with these methods. Thus, we might assume that theElectronic energies, Gibbs free energies, and reaction barriers
DFT1 method we used is accurate enough for this particular of each step of hydrolysis in the gas phase are presented in
problem. Reliability of the calculation method was also con- Table 1. The reaction pathway consists of the following
firmed by comparison of the geometries of model compounds stationary points, geometries and energies of which were
with experimentally determined structures (see below). BSSE calculated:
corrections were calculated by the method of Boys and
Bernard?* and the counterpoise option in Gaussian. Self- RSiF,+ H,0= RSiF;-*H,0 = [RSiF,+-H,0]" =
consistent reaction field method (SCRF/DFT1), with the po- (free (reactive (transition
larizable continuum model (PCM) using the integral equation  substrates) complex, RC1) state, TS)
formalism model (IEF) developed by Tomasi and co-workers
(IEF—PCM) and atomic radii optimized for the HF/6-31G(d) RSIF,0H:+HF == RSiF,OH + HF (9)
level of theory (UAHF united atom topological model) was (late reactive (free
applied to estimate the solvent effect in wader. complex, RC2) products)
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TABLE 1: Relative Energies and Gibbs Free Energies for the Stepwise Hydrolysis of HSgFand MeSiF2

method RC1 (BSSB) TS RC2 (BSSE) producta\G2%9)d Ke
HSiF; + H,0 — HSIF0H + HF
DFT1 ~16.7 (-12.6) 107.1 8.0 (10.5) 33.5(29.3) 2710°°
DFT2 -16.7 (-12.6) 106.3 8.0 (10.5) 33.9(33.5)
CBS-QB3 —12.1 109.2 18.8 33.1(31.8)
G3B3 —12.1 110.5 15.1 32.6 (31.8)
HSIFR,OH + H,0 — HSIF(OH), + HF
DFT1 ~11.7 -8.4) 97.9 3.8 40.0 (39.8) 9. 10°8
DFT2 —11.3 (-8.0) 97.9 3.8 40.6 (41.0)
CBS-QB3 —22.6 105.9 38.9 (41.0)
G3B3 —22.2 103.8 38.5 (40.0)
HSIF(OH), + H;0 — HSiF(OHY, + HF
DFT1 —27.2 110.5 3.8 44.8 (44.4) 2:810°8
DFT2 —28.5 108.4 45.2 (45.6)
CBS-QB3 41.9 (44.4)
G3B3 41.4 (43.1)
MeSiR; + H,O — MeSiR,OH + HF
DFT1 —14.2 (-10.9) 114.3 6.3 36.8 (35.6) 361077
DFT2 —14.2 (-10.9) 114.3 5.9 36.8 (36.4)
G3B3 35.2 (36.8)
MeSiROH + H,0 — MeSiF(OH), + HF
DFT1 —-30.1 104.6 5.9 48.1 (47.3) 910°
DFT2 48.1 (47.7)
G3B3 43.9 (46.0)
MeSiF(OH), + H;0 — MeSiF(OH) + HF
DFT1 ~36.0 109.6 1.7 50.6 (49.8) 3:310°8
DFT2 45.6 (45.6)
G3B3 42.3 (42.7)

2 Relative energies (0 K) and Gibbs free energies (298 K) are given in kilojoules per mole. All substrate energies were set at ?@KE¥mol.
= B3LYP/6-31H-G(2d,p)//HF/6-3%#G(d); DFT2= B3LYP/6-311-G(2d,p)//B3LYP/6-3%+G(d,p).¢ BSSE-corrected values are given in parentheses;
no correction for CBS-QB3 and G3B3AG?% values are given in parenthesé&quilibrium constank = e 2¢RT for AG?% calculated at G3B3.
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Figure 2. HF/6-31+G* optimized structures of RC1 and RC2 reactive
complexes and transition states for hydrolysis of MgS®end lengths

are given in angstroms, angles are given in degrees, and B3LYP/6-
31+G** bonding parameters are shown in italic type.

RC1 TS RC2 the energies of the transition state and of the sum of free
) substrates.
O-H @-si O-F @-0 The relative energy values obtained by various methods are

Figure 1. HF/6-31+G* optimized structures of RC1 and RC2 reactive very close to each other. Thus, we may conclude that the
complexes and transition states for hydrolysis of HSBond lengths simplest DFT1 method (i.e., B3LYP/6-3+5G(2d,p)//HF/6-

are given in angstroms, angles are given in degrees, and B3LYP/6-31+G*) provides results of a sufficient accuracy. DFT1 energies
31+G** bonding parameters are shown in italic type. (33.5-42 kJ/mol) and energy barriers (16009 kJ/mol) are
Gibbs free energies of reaction were calculated as differencesin good agreement with those obtained for the hydrolysis of
between the sums of energies of the free products and freeSiF, to SiksOH at the B3LYP/6-311G(2d,2p) level of theory
substrates. Energy barriers were defined as differences betweeAE = 35, AE* = 96.4 kJ/mol)l° The barriers for hydrolysis
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Figure 3. HF/6-31+G* optimized structures of reactive complexes
and transition states for hydrolysis of Hgiby (H.O), and HF—H,0.
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Figure 4. HF/6-314+G* optimized structures of reactive complexes
and transition states for hydrolysis of Megly (H.0),. Bond lengths

Bond lengths are given in angstroms, angles are given in degrees, andare given in angstroms, angles are given in degrees, and B3LYP/6-

B3LYP/6-31+G** bonding parameters are shown in italic type.

31+G** bonding parameters are shown in italic type.

of fluorosilanes are considerably higher than those for chlo- facilitates proton transfer from water molecule acting as a
rosilanes. Hydrolysis of fluorosilanes is therefore predicted to nucleophile to the leaving group (chloride or silanolate anion),
be considerably slower. Moreover, the barriers for consecutive by a better stabilization of charge. The same trend is observed
hydrolysis steps are very similar, indicating that the effect of for fluorosilanes (reaction 10). Energy barriers for hydrolysis
OH group assistance on the rate of hydrolysis of fluorosilanes by water dimer are lower by 3758 kJ/mol than the corre-
is insignificant. This contrasts with the reactivity of chlorosi- sponding barriers for hydrolysis by a single water molecule
lanes, where the energy barriers strongly decrease with increas{Table 2). The difference in reaction barriers between HSiF
ing number of OH groups at silicdi-3! This difference can ~ and MeSik is 12—17 kJ/mol, which suggests that the steric
be explained by higher polarizability of SCI bonds compared  effect is here more important than in hydrolysis by a water
to Si—F, resulting in greater sensitivity of the chlorine leaving monomer. While the barrier heights for the latter reaction are
groups to electrophilic assistance. determined by a strain in the four-membered cyclic transition
In contrast to chlorosilanes, hydrolysis of the-&ibond is state, the geometries of transition states for hydrolysis by water
highly endothermic. Gibbs free energy for H&iE above 31 dimer are practically unstrained. Thus, the effect of steric
kJ/mol, which corresponds to an equilibrium constant of2.7  hindrance at silicon may become more significant.
10°%. AG increases slightly with increasing number of OH

groups at silicon, indicating that further hydrolysis is even more RSiF, + (H,0), = RSIF,OH + HF=H,0  (10)
unfavorable than the first step. _ _
There is no significant difference in energetics between RSiF; + HF—H,0 = RSiF,0H + (HF), (11)

hydrolysis of HSii and of MeSik. The corresponding free
energies and energy barriers for Meg#dre higher by ca. 4
kJ/mol, which probably reflects the steric hindrance of the
methyl group. reactions 6-8, indicating that hydrolysis is more advanced in
Influence of Larger Water Complexes, (HO), and HF— this case. This energy gain is due to higher binding energy in
H»0. Hydrolysis by a single water molecule can occur only in  the HF—H,O complex compared to water dimer.
the gas phase. In condensed phases, larger hydrogen-bonded We examined also the HSjF(H,0), complex of tetragonal
clusters are typically involved. Therefore, the energetics of bipyramidal geometry with central hexacoordinate silicon atom
hydrolysis by water dimer and by higher associates is of interest. and water molecules located in axial positions. Such a structure
It is known that the energy barrier for hydrolysis of chlorosilanes was considered by Corriu and Giré? as an intermediate in
decreases with increasing number of water molecules patrticipat-nucleophile-catalyzed hydrolysis of halosilanes and was recently
ing in the reaction down to negligible valu&s®® Similar a subject of a theoretical study.However, this complex is
behavior was also observed in the case of hydrolysis of higher in energy by 96.5 kJ/mol than the RC1 complex shown
siloxanes’? This is due to the released strain in the transition in Figure 3, and therefore its participation in hydrolysis is highly
state, compared to simple bimolecular hydrolysis (compare improbable.
Figure 1 with Figure 3 and Figure 2 with Figure 4). Moreover, Hydrolysis by the HFwater complex (reaction 11) is faster
the cooperativity of hydrogen bonds in the cyclic transition state than hydrolysis by water monomer but not as fast as the reaction

The equilibrium constants deduced from Gibbs free energies
of the reaction with water dimer are higher than in the case of
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TABLE 2: Relative Energies and Gibbs Free Energies for the Stepwise Hydrolysis of HSiFand MeSiF; by (H,0), and
HF—H,0?

method RC1 (BSSB) TS RC2 (BSSE) productG2%9)d Ke
HSiF; + (H,0), — HSIFOH + HF—H,0
DFT1 —27.6 (-22.6) 46.5 4.2 15.2 (14.6) 2.% 1073
G3B3 12.6 (13.4) 4.5¢ 103
HSiIF,OH + (H;0), — HSIF(OH), + HF—H.0
DFT1 —23.9 (-19.7) 51.1 -19.3 23.0 (25.1) 4 10°5
G3B3 18.0 (22.2) 1.3 104
HSIF(OH), + (H20), — HSi(OH); + HF—H.0

DFT1 —18.4 (-14.6) 61.9 —-22.2 27.6 (30.1) 5.% 10°¢
G3B3 20.9 (25.1) 4x 1075

MeSiF; + (H20), — MeSiROH + HF—H,0
DFT1 —23.0 (-19.3) 64.9 -6.3 19.3 (20.9) 2.2 10
DFT2 —23.9(20.1) 56.9

MeSiROH 4 (H20), — MeSiF(OH) + HF—H,0
DFT1 —20.5 67.0 —15.5 31.0 (32.6) X 10°
MeSiF(OH) + (H0), — MeSi(OH); + HF—H,0
DFT1 —25.1 72.0 —22.6 36.0 (37.7) 2.6 1077
HSiFs + HF—H;0 — HSIR.OH + (HF),

DFT1 —6.3 66.1 52.7 (46.0) 8.5 107°
DFT2 —6.3 66.1 54.0 (47.7)

MeSiF; + HF—H,0 — MeSiROH + (HF),
DFT1 -5.0 76.2 56.1 (49.4) 2.210°°
DFT2 56.9

aRelative energies (0 K) and Gibbs free energies (298 K) are given in kilojoules per mole. All substrate energies were set at XDk nol.
= B3LYP/6-311-G(2d,p)//HF/6-31+G(d); DFT2= B3LYP/6-31H-G(2d,p)//B3LYP/6-3%+G(d,p). ¢ BSSE-corrected values are given in parentheses.
4 AG?®8 values are given in parenthese& = g 2CGRT,

TABLE 3: Relative Energies and Gibbs Free Energies for the Stepwise Hydrolysis of HSgHn Water?

reaction RC1 TS productaG>°§)P Ke
HSIiF; + H,0O — HSIF,OH + HF —11.3 100.4 13.0(7.1) 0.057
HSIF0H + H,0 — HSIF(OH), + HF -155 103.0 23.0 (20.1) 3010
HSIF(OH), + H0 — HSi(OH); + HF -13.4 87.9 31.4(29.7) 6.2 1076

a Relative energies (0 K) and Gibbs free energies (298 K) are given in kilojoules per mole and were determined by the IEFPCM/B3LYP/6-
3114+G(2d,p)//HF/6-33%-G* method. All substrate energies were set at 0.0 kJ/falG2% values are given in parenthesé& = e AGRT,

involving water dimer. It is also more unfavorable than the latter the reaction (reaction 6). The equilibrium constant of 0.057
reaction, since HFH,O complex produced in reaction 10 is corresponds roughly to 80% conversion of the substrate, if a
stronger than the HF dimer produced in reaction 11 [G3B3 water/silane proportion of 100:1 (mol/mol) is assumed, which
calculatedAG values for complex formation are0.6 and 20.9 is definitely too high.
kJ/mol for HFH-0 and (HF), respectively]. No evidence for Comparison with Chlorosilanes.Hydrolysis of chlorosilanes
acid catalysis is observed in this system. It should be mentioned, a5 thoroughly studied by theoretical meth8¥s1 There was
however, that this model reaction is still far from the conditions no need to repeat these calculations. For the purpose of direct
occurring in the condensed phase. comparison only, we have recalculated the reaction system
Influence of Solvent.To estimate the effect of solvent on  ysjcy, + H,0, since the previous calculations were performed
the hydrolysis of fluorosilanes, SCRF PCM calculations were ,, methods different from that applied here. We found that the
performed for the same model systems. The results are presentegnergieS obtained with the B3LYP/6-3tG(2d,p)//HF/6-3% G-
in Table 3. Geometries of intermediate structures are similar to (d) (DFT1) method are in good agreement with those obtained
those calculated in the gas phase. A significant difference is earlier with the MP4//MP2/6-31G* methods (Table?3)They
that the transitio.n state in water is more advanced than in the agree also with B3LYP/6-311G(2d,2p) calculations for the SiCl
gas phase; that is, the forming-8D bond is shorter by 0.63 + H,0 system®! For example, total free energy change at

0.04 A while the distance between Si and leaving fluorine is ' . S
. ) B3LYP/6-311G(2d,2p) for the first step of Sidhydrolysis is
longer by 0.15-0.17 A. Details of the discussed structures can AG = —22.2 kd/mol, compared t623.0 kd/mol for HSIG) +

be founq in the Supporting Informgtlon. Energy barriers for H,0 reaction at the DFT1 level.
hydrolysis in water are lower than in the gas phase, although . . .
not as low as for the reaction with water dimer. It would be = Since the SrCl bond is weaker than the SO bond,
interesting to see how the increasing number of water moleculeshydrolysis of chlorosilanes is exothermic. As was discussed
participating in the reaction affects the energy barrier within @Pove, in contrast to fluorosilanes, the energy barrier decreases
the SCRF approximation. This should model conditions of the (and the reaction rate is expected to increase) with the degree
reaction in solution more closely. Unfortunately, the optimiza- Of substitution by OH, leading finally to the product of full
tion procedure for hydrolysis of fluorosilanes by a water dimer hydrolysis, RSi(OH.
failed due to convergence problems. Condensation.There are two possible reactions leading to
Hydrolysis of trifluorosilane in aqueous medium is less siloxane: homofunctional condensation of silanol groups and
unfavorable than in the gas phase, particularly the first stage of heterofunctional condensation of silanol with fluorosilane
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TABLE 4: Relative Energies and Gibbs Free Energies for
the Stepwise Hydrolysis of HSiC§2
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TABLE 5: Relative Energies and Gibbs Free Energies for
the Condensations HSiFOH + HSiF; and HSIClL,OH +
HSICl3z2

method  RC1 TS RC2  products\G*9)° K¢ -
298\c
HSICl; + H,0 — HSICLOH + HCI method TS products4G**) K
DFTL -84 954 -297  —4.6(-230) 1700 2HSIROH = (HSIF),0 + H0 (homofunctional)
G3B3 ~19.3 (-18.4) DFT1 118.0 —29(25) 2.8
MP4 —24.3 1226 —42.3 —23.9 G3B3 140.6 —23.0(24.7) 2.1x 10¢
HSICLOH + H,0 — HSIiCI(OH), + HCI SCRF 136
DFT1 -7.1 67.7 —28.5 —11.3(16.7) 520 HSiF; + HSiIF,OH = (HSIF,).0 + HF (heterofunctional)
G3B3 —16.3 —15.5) DFT1 121.8 31.0 (32.6) 1.9 10°¢
MP4 —22.2 845 —41.4 —13.8 G3B3 141.0 9.2 (6.7) 0.067
HSICI(OH), + H,0 — HSi SCRF 26.7
» i(OH) + HCI
DFTL -322 665 -276  —6.3(-10.9) 95 2HSIF; + H20 = (HSiF,).0 + 2HF
G3B3 ~12.6 (-11.3) DFT1 64.4 (59.4) 3.8 101
MP4 —28.9 79.1 —-41.4 —-13.4 G3B3 41.4 (38.5) 1.& 1077
HSICl + (H,0), — HSICLOH + HCI-H;0 SCRF 39.8(36.0) 48107
DFT1  —11.7 431 —16.7(285) 5500 2HSICLOH = (HSIC).0 + H.0 (homofunctional)
G3B3 —25.9 (—21.3) DFT1 134.8 3.8(5.8) 0.09
MP4 335 CBS-0QB3 —23.4(10.9) 80
a Relative energies (0 K) and Gibbs free energies (298 K) are given 6383_ ] _17'2 (-20.5) 3900 )
in kilojoules per mole. All substrate energies were set at 0.0 kd/mol. HSIiCl + HSiCL,OH == (HSICl,),0 + HCI (heterofunctional)
b DFT1= B3LYP/6-311-G(2d,p)//HF/6-3%+G(d); MP4= MP4//MP2/ DFT1 118.4 —11.7 (-16.7) 860
6-31G*29 © AG?% values are given in parenthesé& = e AGRT for CBS-QB3 —39.8 (-26.4) 4.2x 10*
AG28 calculated at G3B3. G3B3 —36.8 (—38.9) 6.6x 1C°
2HSICk + H,O == (HSICl,),0 + 2HCI
DFT1 —26.8 (-40.2) 1.1x 1¢°
CBS-QB3 —56.5 (-41.2) 2.1x 10°
G3B3 —56.9 (-57.3) 1.1x 10w

Figure 5. HF/6-314+-G* optimized structures of transition states for
heterofunctional condensation of Hgikvith HF.SIOH (A) and
homofunctional condensation of E&OH (B). Bond lengths are given
in angstroms, and angles are given in degrees.

(Figure 5). The results of calculations for both reactions are
presented in Table 5.

Compound methods (CBS, G3) give values of thermodynamic
parameters lower than DFT1 by-423 kJ/mol, suggesting more

advanced condensation. One of the reasons for this discrepancy
may be that correct treatment of siloxanes requires correlation

methods. Unlike the heterofunctional condensation HSiF
HSiIF,OH, homofunctional condensation of HSMH is ther-
modynamically favorable, with equilibrium constant in the range
of 2.8 (DFT1)»21000 (G3B3) (Figure 5). Rates of both

reactions, estimated from energy barrier heights, should be

comparable. Activation energy for condensation is higher than
for hydrolysis, both in the gas phase and in water (Tables 3

2 Relative energies (0 K) and Gibbs free energies (298 K) are given
in kilojoules per mole. All substrate energies were set at 0.0 kJ/mol.
bDFT1= B3LYP/6-311G(2d,p)//HF/6-3%G(d); SCRF= DFT1 in
water.c AG?8 values are given in parenthesé& = e AGRT,

with experimental observatiofsFurther hydrolysis of (HE
Si),0 was examined for the first step of substitution (reaction
12) to check whether the siloxane fragment influences the
reaction energetics. The DFT1 energy (at O K) and Gibbs energy
values are 39.3 and 37.2 kJ/mol, respectively, and the barrier
for the reactionAE* = 100 kJ/mol, showing that there is no
significant difference in thermodynamics and kinetics between
hydrolysis of SiHER and of (HRSI),O.

(HF,Si),0 + H,0 — HF,SiOSiHF(OH) (12)
When it is taken into account that the equilibrium concentration
of disiloxane (HESI),O is small, further hydrolysis is expected
to be negligible.

Conclusions
Hydrolysis of fluorosilanes is highly endothermic. The

and 5), suggesting that, if entropy factors are comparable, unfavorable equilibrium position is somewhat shifted toward
condensation should be slower than hydrolysis. In the case ofthe products, when the condensation of silanol is considered.
chlorosilanes, both condensations are thermodynamically fa- The barriers for consecutive hydrolysis steps are very similar,
vored, although heterofunctional condensation is more privi- indicating that the electrophilic assistance of the OH group to
leged, both thermodynamically and kinetically. It should be kept the leaving F is insignificant (in contrast to chlorosilanes). The
in mind, however, that this result refers to noncatalyzed reaction, Gibbs free energy increases for consecutive reaction steps, which
while in acidic conditions homocondensation of silanols is means that hydrolysis of subsequent fluorine atoms in trifluo-
strongly acceleratetf. Energy barriers for SiF and SiCl con-  rosilanes is thermodynamically more unfavorable than substitu-
densations are similar, which suggests that all reactions havetion of the first fluorine atom. Such thermodynamics contrasts
comparable rates in the gas phase. with hydrolysis of chlorosilanes, where each subsequent step
The equilibrium constant for the overall hydrolysis/condensa- is more facile, leading first to the product of full hydrolysis,
tion of HSiR; in water is higher compared to the reaction in the RSi(OH), which further undergoes slower condensa#on.
gas phase, 4.9 1077 (3.8 x 10"t in the gas phase, Table 5). No significant difference in thermodynamics of hydrolysis
Nevertheless, this value corresponds to only ca. 2.3% of is predicted between HSiFand MeSik. The corresponding
disiloxane (HESI),0, if 100-fold excess of water relative to  energy barriers for MeSgrare higher by ca. 4 kJ/mol, which
silane in the reaction mixture is assumed. This result agreesmay reflect the steric hindrance of the methyl group.
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Hydrolysis by a water dimer has lower activation energy than  (12) Becerra, R.; Walsh, R. IiThe Chemistry of Organic Silicon

; ; ; CompoundsRappoport, Z., Apeloig, Y., Eds.; Wiley-Interscience: New
that involving a single KO molecule (as was observed for vork. 1998. p 153,

i 31 i i i . -
chlorosilane®~3! and siloxane¥). This can be explained by (13) Walsh, R. InSilanes and Silicones (Gelest Catalpgykles, B.,
the strain release in the transition state compared to simpleLarson G., Ed.; Gelest, Inc.: Morrisville, NJ, 2004; p 187 (on-line version

bimolecular hydrolysis and by the cooperativity of hydrogen httpi/‘/lWVéVRVgﬂeStdzomli'-i?g‘;y)- <irv and PhvSE&C Press: Boca Rat
bonds, which facilitates proton transfer from water molecule FL( 1396_ andbook ot -hemistry and Fhys ress. Boca raton,

acting as a nucleophile to the leaving fluoride anion. The  (15) Sagitova V. G.; Chernyak, V. Zh. Obshch. Khiml983 53, 397.

reaction is also less unfavorable thermodynamically, due to ao (16) (a) %QX'CJ' D; l;iIAcheJ, GTf;ermOCTemci‘Stry 1%f7c()3f(gb€)irll_\i’9 ém’\tjI

i indi rganometallic Compoundgcademic Press: London, . Ing, M.
high binding ene_rgy of the HFH0 complex_. . . A.; O'Neal, H. E.; Kadhim, A. H.; Jappe, B. Organomet. Cheni966 5,
SCREF calculations suggest that hydrolysis of trifluorosilane 124

in aqueous medium is faster and thermodynamically more (17) Hyde, J. F.; Brown P. L.; Smith, A. L1. Am. Chem. Sod.96Q

favorable than in the gas phase. Unlike the heterofunctional 82,(?3)5%h0jnowski 1. Cypryk, M. Synthesis of linear polysiloxanes. In
condensation HS§+ HSiF,0OH, homofunctional condensation Silicon-Containing F;0|y‘mer§0né3’ R. G., Ando, W., Chojnowski, J., Eds.:

of HSiIR,OH is thermodynamically favorable. Activation ener-  Kiuwer Academic Publishers: Dordrecht, The Netherlands, 2000; p 1.

gies for both reactions are very similar but are higher than those,vI (ig) CFhflSCh M. J-:JTrl;;:kS'\,/I G-tW-: SchIeE]:]e'IB,\H.J B.; scuserla,TG.KE.(;j _Rol;b,
H H H H AL eeseman, J. R.; Montgomery, J. A., Jr.; vreven, [.; Kudin, K.

for hydrolysis. Neutr_al condensation is thus prephcted t_o be N.: Burant, J. C.. Millam. J. M.. lyengar. S. S.; Tomasi, J.: Barone, V.

slower than hydrolysis. However, homocondensation of silanol nmennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;

is known to be strongly catalyzed by acids. Nakatsuiji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
ilikri i _ Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

. The eqqlllb_rlum Con.Sta.nt for the overall hydrolyss/c_ond_ensa X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

tion of HSiF; in water is higher compared to the reactioninthe  jaramillo, J.; Gomperts, R.; Stratmann, R. E.: Yazyev, O.; Austin, A. J.;
gas phase. Nevertheless, only ca. 2.3% of disiloxane$hi© Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K;

is predicted to exist in the equilibrium mixture, if 100-fold \S/Otg G-_/?-:ial\lljad%rt, P, Dl\ingengera,l Jc.); Z&"?ef%"’ﬁl' %-;t?arla(prlAch,
. . : - O., banlels, A. D.; rain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

excess of Wat_er relative to silane is assumed. Furthe_r hydronS|sD.; Raghavachari, K.. Foresman, J. B.. Ortiz, J. V.. Cui, Q.. Baboul, A.
of disiloxane is strongly unfavorable. Thus, the main product G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
of trifluorosilane hydrolysis (and condensation) is expected to Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

i ; ; ; M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
be disiloxane (HESi),O. This result supports the experimental Johnson. B.: Chen. W.: Wong, M. W.. Gonzalez, C.: Pople, Ldussian

observations$. 03, Reision C.02 Gaussian, Inc.: Wallingford CT, 2004.
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