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The SM5.42 solvation model is extended to include compounds containing Si. The new parameters are based
on a data set of 13 octanol/water partition coefficients (which we convert into 13 differential free energies of
solvation), three absolute solvation energies, and &eThe data set includes compounds containing C, H,

O, and Si. We carried out parametrizations using compounds in the data set that do not contain bonds between
Si and O (i.e., eight differential free energies of solvation and three absolute free energies of solvation for
nine compounds) at the HF/MIDI!, HF/MIDI'6D, HF/6-31G*, HF/6-3G*, HF/cc-pvDZ, BPW91/MIDI!,
BPW91/MIDI!6D, BPW91/DVZP, B3LYP/MIDI!, AM1, and PM3 levels of theory. The mean unsigned errors
over the eight differential free energies of solvation and three absolute solvation energies for these levels of
theory are in the range of 0.48.53 kcal/mol. We used five additional differential free energies of solvation

for five compounds that do contain-€5i bonds to parametrize the BPW91/6-31G* level of theory. The
resulting mean unsigned error over all 13 differential free energies of solvation and absolute free energies of
solvation is 0.44 kcal/mol for this level of theory.

1. Introduction where AGgpnp is the change in electronic and solute nuclear
energy and solvent electric polarization energy when a solute
- ) : ._is immersed in a continuous medium of dielectric constant
fundamental quantity that describes the energy of interaction .« is a cavitatior-dispersion solvent-structure term that
between a molecule and the solvéritin our previous work,™ accounts for first-solvation-shell effects. Th&Gegnp term

we have shown that this interaction energy can be modeled Saccounts for bulk electrostatic effects, and Beos term for
asum of two components, a bulk electrostatic ter_m and an SM5.42 is written as a sum over contributions from individual
additional term that depends on the solvent-accessible Surfaceatomsk of the solute as follows:

areas of the various kinds of atoms in the solute, with

coefficients called atomic surface tensions. The most complete

model of this type that we have advanced to date is called Geps = Z z ZAk(R)Oijéfzkj({zk"Rk'k”})sé 2
solvation model 5.429-13 In this model, the atomic surface !

tensions are represented by functional forms denoted as version . . . .
51420 and the electrostatic terms are based on atomic class v 1 thiS expressiond(R) is the solvent-accessible surface area

point charge® obtained by charge model?2 The model was of atomk, which depends on the complete three-dimensional
parametrizet~12 for 275 solutes containing H, C, O, N, F, s, 980melyR of the solute;oz, is an atomic surface tension
P, Cl, Br, and | against 2135 data points in 91 solvents. The CO€fficient that depends on the atomic numigrof atom k

present work extends the parametrization to Si on the basis of_(Zk =1,6,7 ..forH,C, N, ..), the geometrical factor index

16 data points in three solvents (water, hexadecane, and’ and the solvent descriptor indeX fzj(Z¢.{Rec}) is a
1-octanol) geometrical factor that depends on the atdghgnd on the

. . . . . . collection of all the atomic numbe& and interatomic distances
Section 2 is a review of the theory involved in the calculation - ; X X
of solvation free energies using SM5.42. Section 3 is a R In the molecule; and, is a solvent descriptor. Because

description of the experimental data. The parametrization A(R) is the solvent-accessible aférather than, for example,

methods and results are presented in section 4 and discussed i%he van der Waals Fad'“S)' It Is necessary to speufx the solute
van der Waals radius and the solvent-shell half-thickness to

The standard-state free energy of solvatidGs®, is a

section 5. calculate it. For SM5.42, all solute van der Waals radii are given
2 Th by the values of Bonéf (for Si, this radius is 2.1 A), and the
- heory solvent-shell half-thickness (also called solvent radius) is set

Here, we summarize the essential features of the SM5.42equal to zero.
model. The standard-state free energy of solvation in this model The calculation of the electrostatic term\Gene, is fully
is given by described elsewhef& 13 It contains the electric polarization
free energy,Gp, of the solvent and also the change in the
AGg°(SM5.42)= AGgyp + Geps (1) electronic and nuclear energy of the solute. This term is
computed by a quantum mechanical self-consistent reaction-
* Corresponding authors. E-mail: cramer@chem.umn.edu, truhlar@ field methodi™**and it depends on the intrinsic Coulomb radii

umn.edu. Tel: 612-624-0859 (C.J.C.), 612-624-7555 (D.G.T.). Fax: 612- pz Of the various elements (with atomic numbé&gand the
626-2006 (C.J.C.), 612-626-9390 (D.G.T.) solvent dielectric constard. The critical portion of the GB
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formulation is the reaction-field contributiodf, to the uv
matrix element of the Fock operator; this contribution is written

G
/RF __ P
Vi = _BPW (3a)
whereP,, is an element of the density matrix and
1
GP = _g 1-— QK(P‘Lw)qk'(P/,w)ka' (3b)
; €

wherek andk' label atomsy andv label basis functionsye is

the CM2 partial atomic charge on atokh and y is the
generalized Born (GB) Coulomb integral between atérasd

k. The GB Coulomb integral depends on the interatomic
distance betweek andk’ and the effective Coulomb radius of
atomsk andk'. The effective Coulomb radius is computed from
the intrinsic Coulomb radius and the solute geomé#this

is called the dielectric-descreening algorithm.

The CDS term involves six descriptors for organic soV&nt3
(although there are seven terms in the sum @veecause one
of the descriptors3, appears ag for S and ass? for ). The
six descriptors are

n refractive index at the wavelength of the Na D line

o Abraham’$>-28 hydrogen bond acidity parametéXe.,

B Abraham’$>28 hydrogen bond basicity paramel®s,

y  macroscopic molecular surface tension in units of calhAr2

¢? square of the fractiop of nonhydrogenic solvent atoms that
are aromatic carbon atoms (aromaticity)

w? square of the fractiop of nonhydrogenic solvent atoms that

are F, Cl, or Br (electronegative halogenicity)

The second term of eq 1 can be further broken down into two
separate components

_~l 2
= Gebs + Gibs @)

GCDS

where

Gl
Geps =

;\%ZZ Lot ({Ze RaeDAGR)  (5)

and

(6)

[2] ;S()O‘[z] Z A(R)
In the sumsyp runs ovem, a, andg for GiLs and overy, 82,
¢ 2 andy? for GE,, k runs over atoms in the solute, apd
runs over the indices of the geometrical functions. All of the

terms in Gl are independent of the atomic number. The
major difference between the terr@§ . and GZ is that the
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TABLE 1: Values of Solvent Descriptors for Water,
Hexadecane, and 1-Octanol

solvent n o s y € o P

n-hexadecane 1.43350.00 0.0 38.93 2.04G 0.00 0.00
1-octanol 1.4295 0.37 0.4 39.0B 9.862 0.00 0.00
water 1.3328 0.82 0.3% 71.9% 78.353 0.00 0.00

aRef 35.° Ref 23.¢ Ref 24.

In all of our previous parametrizations of SM5.42R and
SM5.42 models, there were enough data for water as solvent
so that it was treated separately from the organic solvents, and
the solvent descriptor for water was arbitrarily set equal to unity.
However, for silicon, there are data in only three solvents: water,
hexadecane, and 1-octanol. With such a limited number of data,
we need to treat all the solvents together. Therefore, in the
present parametrization, the water surface tension for silicon is
treated in the same manner as are those for 1l-octanol and
hexadecane, that is,

1 . 1 1 2
A= o+ o+ ol + S oS, @

wheren, o, 3, v, ¢, andy are the values for water. The values
for all of the solvent descriptors used in this article are given in
Table 1.

It was also necessary to add another geometrical function
for oxygen (withzZ, = 8 andd = 2 in eq 5) to account for the
different chemical environment of oxygen when it is bonded to
silicon. This function was set equal to a geometry-dependent
switching function called a cutoff tanh, or COT, functi¥This
COT is written as

T(Rkk|§kk’ARkk) =
- ARy
ARy — Ry + l_?kk

0 otherwise

eX

Ry = Ry + ARy (8)

whereR is the distance between two atosndk’, R is
the midpoint of the switch, and the range over which the
function switches is 2Ry. The oxygen surface tension term
is therefore modified by adding a term for oxygen atoms
connected to silicon:

[1]

ol
Ok a|k=0

OSl,a

ZT(RWIROS.,AROS) (9)

Because there are different systematic errors in the electrostatics
of each combination of electronic structure theory and basis
set, different sets of surface tension coefficients are used for
each of them to compensate empirically.

When the SM5.42 model is used to calculate a solvation
guantity at a gas-phase geometry, the results are denoted 5.42R.

atomic surface tensions in the first term are functions of the For any other application (for example, a potential of mean force
atomic numbers of the atoms and are multiplied by the calculation as a function of solute geometry or a calculation at
geometrical factors and the solvent-accessible surface areas oft geometry optimized in the liquid), the results are labeled
the individual atoms, whereas in the second term, surface SM5.42, which is the generic name for both SM5.42R and
tensions are multiplied by the entire solvent-accessible surfaceSM5.42.

area of the molecule. When a new solute element with atomic _ o

numberZ is to be added to the parametrization, the existing 3- Experimental Partitioning Data

parameters are held fixed, and the only new parameters that \we searched the MedChé#database for compounds that
need to be determined are the intrinsic Coulomb radifor contained silicon and had solvent/solvent or solvent/air partition
Gene and the ob; coefficients and any new geometrical coefficients. From these compounds, we eliminated compounds

OZ](S
functionsfz({ Ze,Rer}) andfzi({Zk,Ra}) in G[cll]as. with more than one significantly different conformation. (A
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TABLE 2: Experimental Free Energies of Solvation typical silicon—oxygen bond, and becauskR is 0.3 A, it
(kcal/mol) for Tetramethylsilane vanishes completely by the time the two atoms are 2.4 A apart.
solvent AGs Geometries.The 14 compounds were optimized using>fF
MIDI!. 3132 Sjlanes were optimized to minimize gauche interac-
n-hexadecane —2.92
1-octanol —1.79 tions with the alkyl chain, which is in its most fully extended
water 3.04 conformation. The siloxanes were also taken to be in their most

TABLE 3: Experimental Octanol/Water Partition extended form, with the possible orientations of the hydrogens
Coefficients (logPow) and Transfer Free Energies AAGoy, on thetert-butyl groups qot co.nS|dered. . .
kcal/mol) for the Compounds in This Article Because tetramethyls_llane is the only solute with _multlple
data, its solvent-accessible surface areas are very important.
: : At the HF/MIDI! geometry, we obtain A= 96.6 A, Ac =
dimethylpropylsilane 3.22 —4.39 34.3 R, and Asi = 14.8 A for this compound. As in all SM5.42

molecule logPomw AAGop

propyitrimethylsilane 3.84 —o.24 calculations, these values are calculated with a zero solvent

butyldimethylsilane 3.57 —4.87 ffecti di

butyltrimethylsilane 4.2 -5.73 effective radius. S

dimethylphenylsilane 3.99 —5.44 All SM5.42R calculations in this article employ HF/MIDI!

phenyltrimethylsilane 4.72 —6.44 gas-phase geometries, except in parts of Table 16 and all of

benzyltrimethylsilane 4.13 —5.64 Table 19 where we employ BPW91/6-31G* gas-phase geom-

hexamethyldisiloxane 4.2 —-5.73 etries

octamethyltrisiloxane 4.8 —6.55 . . . -

decamethyltetrasiloxane 54 —737 Semiempirical Surface Tension CoefficientsFor param-

4-trimethylsilylphenol 3.84 —5.24 etrization purposes, the geometry in liquid solution is assumed

triethoxyphenylsilane 2.99 —4.08 to be the same as that in the gas phase. In the previous SM5.42

diphenyldiethoxysilane 4.92 —6.71 parametrizations, the free energy of solvation was directly used
TABLE 4: Values Used in the New Cutoff tanh (COT) in the paramgtnzanon. However, for silicon there is only one
Function compound with a known absolute free energy of solvation. If

the absolute free energy of solvatioddG, into solvent A and
parameter value (A)

- the partition coefficient (lod?as) for transfer from solvent B
Rosi 21 to solvent A is known, the free energy of solvatidnGg in

AR 0.3 solvent B can be calculated using
significantly different conformation is one that is expected to AG. — AG AAG
have a significantly different free energy of solvation.) This left l0g Pyg = — A B=— AB (20)
a total of 14 compounds with 16 pieces of data. Tetramethyl- 2.30RT 2.30RT

silane has water/air, hexadecane/water, and octanol/water parti- ) )
tion coefficients, but the other 13 compounds have only octanol/ Bécause of the lack of absolute solvation free energies, the
water partition coefficients. Only tetramethylsilane had more differencesn the free energy of solvation (i.e., the transfer free
than one experimental measurement of the partition coefficient EN€r9y AAGas) are directly used in the parametrization in
in the database; for this piece of data, we took the average ofaddition to the absolute free energy of solvation data. _
the two octanol/water partition coefficients, 3.85 and 3.24. The ~ From eq 3, we note that the accuracy of the SM5.42 solvation
experimental free energy of solvation values of tetramethylsilane M0del hinges on accurate partial atomic charges. We use CM2
in n-hexadecane, 1-octanol, and water are listed in Table 2. TablePartial atomic charges because they can reproduce experimen-
3 lists the experimental octanol/water partition coefficients for tally measurable quantities such as dipole montéitsd thus
the other 13 compounds. represent a realistic description of a molecule’s charge distribu-
tion. The CM2 charge model is a parametrized model that was
not, however, parametrized for compounds containing bonds
between O and Si. Therefore, we closely examined electrostatic
properties calculated from CM2 charges for a variety of
compounds containing SO bonds, and we compared these
results to more accurate calculations. As a result of this study,
we concluded that the BPW91/6-31G* partial charges were
Atomic Radii. There are two radii for each atom in the solute reasonable for molecules containing—$) bonds, and we
for the calculation of the solvation free energy using eg61  therefore selected the BPW91/6-31G* level of theory for
The first radius is the intrinsic Coulomb radius that is used in parametrization of the SM5.42 model for compounds containing
the generalized Born equation of thSeyp calculation. This Si—O bonds.
is the starting point for the calculation of the effective Coulomb ~ We therefore divided the data set into two subsets: (i) 11
radius using the dielectric-descreening approximation. The otherdata for 9 compounds that do not contain bonds between Si
atomic radius is the van der Waals radius that is needed toand O and (i) 5 data for 5 compounds that do contain bonds
calculate the solvent-accessible surface area for use in thebetween Si and O. Using subset i, we determined the surface
calculation ofG¢ps. In the present work, for Si, both the intrinsic  tension coefﬁcientso[ﬂﬁ (forj = 1 ando = 1, 2, 3; note
Coulomb radius and the van der Waals radius were taken to bealso thatfi4 1 = 1), by multilinear regression for all 12 levels
the value given by Bond# 2.1 A. of theory for which SM5.42 had previously been parametrized
COT Function. The values chosen fdRosi and ARos; are for compounds without Si (i.e., for HF/MIDI!, HF/MIDI'6D,
given in Table 4. Because all of the silicenxygen bonds in ~ HF/6-31G*, HF/6-33%G*, HF/cc-pVDZ, BPWI1/MIDI!, BPW91/
our training set were in the range of 1:68.65 A, the value MIDII6D, BPW91/6-31G*, BPW91/DVZP, B3LYP/MIDI!,
for Rosiwas set to a distance of 2.1 A so that the function begins AM1, and PM3). Holding these parameters fixed, we then

decreasing when the distance is significantly greater than aused subset ii to determi 1]sm by linear regression for the

All solvation energies in this article are standard-state values
for a concentrationfol M in the gasphase or in any solvent,
and for simplicity we consistently omit the standard-state
superscript in the rest of the article.

4. Parametrization
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TABLE 5: Parameters for the Seven Hartree-Fock (HF) Parametrizations?

HF
AM1 PM3 MIDI! MIDI!6D 6-31G* 6-31+G* cc-pvDZ
ggﬂn —118.5 —126.6 —156.8 —168.3 —160.1 —218.2 —148.1
Ugﬂa 173.7 152.1 102.5 94.2 107.0 91.8 123.7
o'g_llﬂ 161.1 149.0 142.2 129.3 117.3 117.3 145.6
0[11‘2 b 68.6 35.2 —50.8 —78.4 —60.0 —148.4 —20.5
,water
2 Units of cal/&. P Calculated as described in the text.
TABLE 6: Parameters for the Five Density Functional (DF) SCHEME 1
and Hybrid Hartree —Fock Density Functional (HF—DF) Hx
Parmetrizations? AG™rxn (9) .
BPWOL B3LYP XH(g) — X (9)+ H(9)
MIDI! MIDI'6D  6-31G* DzVP MIDI! B .
AG (XH) AG(X7) | AG(XT)
N -1612 —1631 —1604 ~—158.8 ~—163.4
g[llia 103.3 102.2 103.7 108.9 101.9
ol 126.6 116.1 122.9 96.0  125.9 AGR. (aq). .
o‘[é]sm —188.3 XH(sol)——— » X (agk H'(aq)
o b ~ —608 687 602 —621 —654
0[1]'_ b —154.4 In the 14 neutral compounds in the parametrization set, the
OSiwater BPW91/6-31G* Lavdin charge on Si is in the range of 0.38 to
2 Units of cal/&. ® Calculated as described in the text. 0.70, with an average of 0.50. The BPW91/6-31G* CM2 charges

were slightly larger than this, in the range of 0-42%74. Using
BPW91/6-31G* level of theory. The results of the regressions the linear function of Aguilar et a3 the range of radii would
are given in Tables 5 and 6. The mean signed error (MSE) be in the range of 2.632.81 A. HF/MIDI! has CM2 charges
and mean unsigned error (MUE) XAGps are shown in Tables  that average 0.63 and range from 0.40 to 0.67. If these charges

7 and 8. are used with the parameters that Aguilar et al. gave for STO-
_ ) 3G, the radius would be in the range of 22734 A.
5. Discussion For other atoms, although it was fodfithat the overall error

in the free energy of solvation is relatively insensitive to the
choice of intrinsic Coulomb radii (provided the atomic surface
tensions are optimized for that choice of radius), the effect on

ionic compounds is much greater. To see the effect of the Si

intrinsic Coulomb radius on an ionic solvation property, we
focused on orthosilicic acid, Si(Owhose gas-phase structure

Choice of Intrinsic Coulomb Radius. The choice of intrinsic
Coulomb radii alters the relative contributions of the electrostatic
terms and the first-solvation shell terms in the overall solvation
free energy. However, we have previously found that reasonable
changes in these radii have little effect on the overall accuracy
of the predicted free energy of solvation. To test whether this . . L :
holds tFr)ue for silicon as W%)I/I, we scanned a range of possible has been stugﬂed prewous%osrthosnlmc acid has a known
intrinsic Coulomb radii for one representative method, BPW91/ PKa for_the first proton (9_97, and aIthougr_l an abs_olute
6-31G*. We found that the choice of radius that was used had calculation of the Ka may b,e inaccurate, the difference iKp .
only a very small effect on the neutral compounds, with an MUE frpm another common ac!d CO.U|d 'be used. To 3galculate this
of 0.43-0.44 kcallmol regardless of the choice of intrinsic difference, we chose acetic acid with Eqnf 4.767 and we
Coulomb radius. The parameters and the MSE and MUE valuesUse Scheme 1. ThepK, s then 5.14, which can be converted

for each choice of intrinsic Coulomb radius are given in Table into a difference in the free energy of reaction of 7.0 kcal/mol.

9 Only the lowest energy conformations at the HF/MIDI! level

' were used for both the neutral and anion. In the gas phase, the
energy of reactionAGHY, is the difference in Gibb's free
energy of the anion and the neutral compound:

One way to guide the choice for the intrinsic Coulomb radius
is through analogy to other atoms comparable to silicon. The
radii for several atoms in the SM5.42 model are shown in Table
10. Carbon, for instance, has an intrinsic Coulomb radius of Hx _
1.78 A10-12which is approximately 1.05 times larger than the AGq = GyedX ) — Gpog(XH) (11)
van der Waals radid$of 1.7 A. The intrinsic Coulomb radii
for N and P are both significantly larger than their van der Waals The difference in solvation free energies between the neutral
radii, 1.92 and 2.27 A, respectively. The values of intrinsic (AGs’(XH)) and the anion AGs°(X™)) of acid HX can be
Coulomb radii for O and S, relative to van der Waals radii, are written as
comparable to that of C; in particular, they are 0.08 and 0.18 A
greater than their van der Waals radii for intrinsic Coulomb AAGE" = AG4(X™) — AG4(XH) (12)
radii of 1.60 and 1.98 A, respectively. This result would suggest
that a reasonable value for the intrinsic Coulomb radius is larger Using eqs 11 and 12, the differen@®AGxn(aq), in AGxn(aq)
than the van der Waals radius. can be written

Another guide to the choice of radius for silicon is the work
of Aguilar et al®® For each basis set, they used a linear function AAG (ag)= (AGSOM(g) + AAGS©Hk) —
of the atomic charge to assign the intrinsic Coulomb radius. In oo o on OS O
our work, the charge on silicon never varied to a large degree. (AGL74(9) + AAGS™™) (13)
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TABLE 7: MSE and MUE for the Seven Hartree—Fock (HF) Parametrizations

HF
data AM1 PM3 MIDI! MIDI'6D 6-31G* 6-3L+G* cc-pvDzZ

Silanes

MSE* 10 0.14 0.13 0.13 0.14 0.14 0.12 0.13

MUEP 10 0.45 0.44 0.41 0.42 0.41 0.44 0.43

Multifunctional Si Compounds

MSE? 1 —1.36 —-1.32 —1.24 —1.30 —1.28 —1.09 —1.29

MUEP 1 1.36 1.32 1.24 1.30 1.28 1.09 1.29
Overall

MSE? 11 —0.02 —0.02 —0.02 —0.04 —0.06 —0.12 —0.04

MUEP 11 0.53 0.51 0.48 0.49 0.48 0.52 0.50

aMean signed error oAAGas in kcal/mol.® Mean unsigned error ohAGp in kcal/mol. € Errors for 4-trimethylsilylphenol.

TABLE 8: MSE and MUE for the Five DF and HF-DF TABLE 10: Intrinsic Coulomb and van der Waals Radii (A)
Parametrizations for Some Representative Elements
BPW91 B3LYP element Coulomb van der Waals
data MIDI! MIDI'6D 6-31G* DZVP  MIDI! C 1.78 1.70
] 12
MSE 10 0.14 0.13 0.13 0.14 0.14 Si 2'10 2'10
b . .
MUE 10 0.43 0.42 0.41 0.43 0.42 p 597 1.80
Siloxanes S 1.98 1.80
MSE? 3 —-0.16
MUEP 3 0.44 TABLE 11: Solvation Energies (kcal/mol) for Acetic Acid
Multifunctional Si Compounds and Its Anion Needed to Calculate the K, Difference
MSE? 3 —-1.34 —1.24 -0.47 —-131 -131 BPW91/6-31G* expt
b C
MUE 3 1.34 o1.24 ” 0.52 1.31 1.31 AGE(CHA0r ) 715 770
veral o
A H —6. —6.7
MSE* 16 -002 —002 —0.03 -0.08 —0.01 Gs ((:32402402) B 632 _72 3
MUE® 16  0.50 0.48 044 050 048 AAGg : :

2 Mean signed error oAAGas in kcal/mol.® Mean unsigned error TABLE 12: mPW1PW91/MG3S Energies (kcal/mol) for the
of AAGpss in kcal/mol. ¢ For BPW91/6-31G*, all three multifunctional ~ Calculation of pK,
Si compounds are considered. For all other levels of theory shown,

only 4-trimethylsilylphenol is considered. AGnr(9)
acetic acid 346.6
TABLE 9: Parameters, MSE, and MUE for a Range of orthosiliclic acid 358.7
Coulomb Radii (A2) for BPW91/6-31G*
- TABLE 13: Solvation Free Energies (kcal/mol) of
Coulomb radii 18 21 24 28 Orthosilicic Acid, Its Anion, and Differences in Their
Solvation Free Energies over a Range of Intrinsic Coulomb
BPW91/6-31G* < -
R A) Using SM5.42R/BPW91/6-31G*
ol @ ~1591 1604 —1634  —167.2 adii () Using SMS.42R/BPWI1/6-31G
0[11‘1 a 106.0 103.7 09.4 94.2 intrinsic Coulomb radius 1.8 2.1 2.4 2.8
o o f _ _ _ _
ol o 1237 1229 1198 1152 igigggﬂ)):)cr) ol T e e
[1] _ _ _ _ S ) | - . — . — . — .
ol a 185.9 188.3 194.0 200.5 AAGSOM 637 626 610 576
ol ab -562  —602  —686  —79.7
,water
OB ware™® —152.4  —1544  —159.0  —164.4 by 4.1 kcal/mol. This variation leads to a change\inGg "
MSE°® —0.03 —0.03 —0.03 —0.03 of 6.1 kcal/mol, with the largest difference in the solvation free
MUE¢ 0.43 0.44 0.44 0.44 energies between the neutral and anionic forms beif§.7
aUnits of cal/&. b Calculated as described in the teXiean signed kcal/mol and an intrinsic Coulomb radius of 1.8 A-.Because
error of AAGass in kcal/mol. ¢ Mean unsigned error afAGpg in kcall usually it is best to make the intrinsic Coulomb radius larger
mol. than the van der Waals radius but the one datum we have that

is most sensitive to the intrinsic Coulomb radius suggests a
smaller value, we compromised by setting the intrinsic Coulomb
radius equal to the van der Waals radius (i.e., a compromise of
2.1 A was chosen for the Si intrinsic Coulomb radius).

Choice of Surface Tension ParametersAfter the choice

As shown in Table 11, SM5.42R/BPW91/6-31G* gives a value
of —64.6 kcal/mol forAAGZ*%2, which is slightly lower than
the experimental value 6f70.3 kcal/moB® Using mPW1PW9¥/
MG3S energies, which are shown in Table 12, for the gas-phaseof intrinsic Coulomb radius is made, the surface tension

component of the reaction yields a target value-68.7 kcall ¢ qefficient parameters can be determined. Equation 4 allows
mol for AAGZ®™. (The MG3S basis is the “modified G3  for three new parameters for each new element as well as an
semidiffuse” basis set, which is obtained from the M&Gr additional three parameters for each geometrical factor intro-
G3LargeMP2° basis set by deleting diffuse functions on H.) duced. Because there are a large number of possible parameter
Table 13 shows that varying the intrinsic Coulomb radius from combinations to choose from, which surface tensions to fit is
1.8 to 2.8 A causes the free energy of the anion to vary by 10.2 not obvious. To try to determine the best set of parameters, we
kcal/mol for BPW91/6-31G*, while that of the neutral varies carried out parametrizations with all the possible combinations



Solvation Model for Molecules Containing Silicon J. Phys. Chem. A, Vol. 106, No. 20, 2002165

TABLE 14: Solvent-Accessible Surface Areas (A for the C
Compounds in the Training Set a\ H
lut Si at total Si Si at /O\ i I
o) u‘ e iatoms total Siarea area per Siatom __—Sia Sig~—_ s .
tetramethylsilane 1 14.8 14.8 C/ \C/ N
dimethylpropylsilane 1 19.2 19.2 Co a I 6
propyltrimethylsilane 1 139 139
butyldimethylsilane 1 19.2 19.2 hexamethyldisiloxane dimethylpropylsilane
butyltrimethylsilane 1 13.9 13.9 . N -
dimethylphenylsilane 1 18.8 18.8 Figure 1. Two test molecules for optimization in the liquid phase.
phenytimethytstane ! 135 135 TABLE 15: SM5.42/BPW91/6-31G* Geometrical Data for
yltrimethylsilane 1 13.8 13.8 -
hexamethyldisiloxane 5 31.9 15.9 Two Test Molecules in the Gas Phase, 1-Octanol, and Water
octamethyltrisiloxane 3 51.8 17.3 parametey gas 1-octanol water
decamethyltetrasiloxane 4 63.5 15.9 Dimethylpropylsilane
frigt'r%ithyf"yl?hfn(" ! 136 136 bond length (&)  SiH 1508 1514 1514
yphenylsilane 1 12.9 12.9 .
diphenyldiethoxysilane 1 11.8 11.8 bond length (A)  G-Si 1.902 1.898 1.897
bond length (&)  S+G 1.908 1.909 1.907
A " . bond length (&)  G—C. 1.544 1.543 1.543
of 634y, 0144, @ndajs, for HF/MIDIL. The MUE in AAGus bond angle (deg) OC.—Si-H  108.3 108.1  108.1
dropped from 1.0 kcal/mol when no surface tension coefficients H L
1 _examethyldlsnoxane
were used to 0.7 kcal/mol when onky{l4n was used. The bond length (A) S0 1.670 1.684 1.692
reduction in the MUE by adding only;}, or 6%}, was not as bond length () Si-Ca 1.893  1.892  1.891

significant. AddingoY, to ofl]  further reduced this error by ~ Pondlength A sCG 1897 1894  1.893
bond angle (deg) 0OSi,—O—Si, 158.3 150.3 142.5

0.05 kcal/mol. Addinga[lljﬂ to this combinat!on reduced the  ond angle (deg) 0C.—Si—O  107.4 1071 106 6
error to 0.58 kcal/mol. Although the reduction in the overall  pong angle (deg) 0O-Six—C,  110.2 110.6 111.1
error when adding the second and third parameters is not as
large as when adding the first parameter, these parameters are
still necessary. Despite indices of refraction that are similar, silicon atom. Using the BPW91/6-31G* parameteGgps
n-hexadecane and 1-octanol are expected to have rather differentanged over 7.5 kcal/mol in octanol, but the contribution per
first-solvation-shell effects. However, limiting the parametriza- silicon atom was less than 0.9 kcal/mol.

tion to just ollljn would force the description to be nearly Geometry Optimization in Solution. Although the param-
identical. Because the SM5.42 models are universal (i.e., theyetrization of the model was carried out using rigid gas-phase
can be applied usinanyorganic solvent), it is desirable to have ~(HF/MIDI!) geometries, it is also possible to optimize the
these additional terms to better differentiate solvents despite thegeometry in solutiof? To test the effect of geometry optimiza-
small effect on the overall MUE. tion on these compounds, we considered two test molecules,

For our parametrization at the BPW91/6-31G* level of theory, dimethylpropylsilane and hexamethyldisiloxane, which are
we found that compounds that contained bonds between O angShown in Figure 1. Dimethylpropylsilane contains only nonpolar
Si still had large errors without introducing a parameter specific Ponds: Si-H, C—H, and C-Si. Hexamethyldisiloxane contains
to Si—O bonds. In the BPW91/6-31G* parametrization, the a much more polar SiO bond in addition to the types of bonds
MUE over the siloxanes was 0.96 kcal/mol, which was in dimethylpropylsilane. Optimizations in both 1-octanol and
significantly higher than that for the silanes, which had a MUE Water were carried out using SM5.42/BPW91/6-31G*. The gas-

of 0.41 kcal/mol. We therefore tried fitting thehL; surface phase geometries were optimized using.BPW%-SlG*.“Z““‘ .
tension (i.e., changing the O surface tension when it is near sj The geometrical data from these optimizations are summarized

rather than changing the Si surface tension when it is near 0).in Table 15. _ .

This approach is consistent with the rest of the elements in the 0" dimethylpropylsilane, there is only a small effect of
model, where the surface tension of the more electronegativeC2T¥iNg out the geometry optimization in solvent on the
element is modified. Because acidic solvents can hydrogen bond

geometry. The silicorcarbon bonds are nearly constant,
with the oxygen atoms, the dependence of this surface tensionchanging less than 0.005 A from the gas phase to water. The
coefficient ona. was chosen. Another parametrization was also

carbon-carbon bonds change by 0.001 A upon solvation in
carried out using7H]S - however, this process did not increase water. The largest change in bond length is between the siticon
the accuracy of the calculated partition coefficients. The error

hydrogen bonds, whose length increases from 1.508 to 1.514
after fitting these four surface tension parameters are in the sam

eA in 1-octanol and water. There is little effect on the bond
range as that for other chemical classes for the SM5.42 solvationangles’ which contract slightly.
model.

For hexamethyldisiloxane, there is a much larger effect of
h ud fth etn#” W liquid-phase opt?mization. The SO bond is I_engthened when
Jne magm[tll]J es of the parametens,, 0izq Ciap Oosia solvated, changing from 1.670 to 1.684 A in 1-octanol and to
054 water ANAODY, e are all around 200 calPAwhich is in the 1.692 A in water. The silicorcarbon bonds contract as they
same range as that of many of the parameters for other atomsdo in dimethylpropylsilane, changing from 1.897 to 1.893 A in
There is some variation in the parameters among the variouswater. The S O—Si bond angle contracts drastically in solution,
combinations of the electronic structure level and basis set, where the bond angle of 158.3 reduced in 1-octanol to 150.3
which is of about the same magnitude as the variation in and is even further reduced in water to 142Bhe closing of
parameters for other elements. this bond angle and the lengthening of the-Sibond are also
Table 14 shows that the solvent-accessible area per siliconreflected in the G-Si—C bond angle that is slightly increased
atom is relatively constant among all of the compounds. Becausefrom 110.2 to 111.F when this solute is solvated in water.
the solvent-accessible surface area per silicon atom is nearly These geometrical changes are also reflected in the calculated
the same, the resulting contribution dueGeps is similar per partition coefficients shown in Table 16. There is only a small

a As defined in Figure 1.
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TABLE 16: Free Energies of Solvation (kcal/mol) and Logarithms of Partition Coefficients Calculated Using SM5.42R/BPW91/
6-31G*//HF/MIDI!, SM5.42R/BPW91/6-31G*, and SM5.42/BPW91/6-31G*

SM5.42R/BPW91/6-31G*//HF/MIDI! SM5.42R/BPW91/6-31G* SM5.42/BPW91/6-31G* expt
Dimethylpropylsilane
AGoctanol -3.11 -3.14 —3.16
Guwater 1.79 1.82 1.79
109 Poctanolmwater 3.59 3.63 3.63 3.22
Hexamethyldisiloxane
AGoctanol —4.50 —4.74 —4.85
AGuater 0.60 0.42 —0.05
|Og F)octanollwater 3.74 3.78 3.52 4.2
TABLE 17: Comparison of Results Using 6-31G* and Gordon’s 6-31G* Basis for Silicon
6-31G* Si basis of ref 45 expt
molecule solvent 1 solvent2 AGs(1)> AGs(2)° logPi  AGs1)  AGs(2)° logPy®  logPy
tetramethylsilane water air 2.51 0.00 -1.84 2.52 0.00 —-1.85 —-2.23
tetramethylsilane hexadecane air —2.92 0.00 2.14 —-2.91 0.00 2.13 2.14
tetramethylsilane 1-octanol air —-1.26 0.00 0.92 —-1.24 0.00 0.91 1.31
dimethylpropylsilane 1-octanol water —-3.11 1.79 3.59 -3.11 1.78 3.58 3.22
propyltrimethylsilane 1-octanol water —2.38 2.81 3.80 —2.30 2.90 3.81 3.84
butyldimethylsilane 1-octanol water —3.63 1.98 411 —3.63 1.98 411 3.57
butyltrimethylsilane 1-octanol water —2.88 3.02 4.33 —2.79 3.12 4.33 4.2
dimethylphenylsilane 1-octanol water —5.64 -0.23 3.97 —5.63 -0.23 3.96 3.99
phenyltrimethylsilane 1-octanol water —5.16 0.52 4.16 —5.08 0.60 4.16 4.72
benzyltrimethylsilane 1-octanol water —5.72 0.71 4.71 —5.59 0.84 4.71 4.13
hexamethyldisiloxane 1-octanol water —4.50 0.60 3.74 —4.65 0.44 3.73 4.2
octamethyltrisiloxane 1-octanol water —7.59 -1.32 4.60 —7.84 —1.60 4.57 4.8
decamethyltetrasiloxane 1-octanol water —10.63 —2.85 5.70 —10.96 —3.23 5.67 5.4
4-trimethylsilylphenol 1-octanol water —8.53 —4.58 2.89 —8.47 —4.52 2.90 3.84
triethoxyphenylsilane 1-octanol water  —12.60 —8.45 3.04 —-12.71 —8.57 3.03 2.99
diphenyldiethoxysilane 1-octanol water —12.55 —6.03 4.78 —12.53 —6.01 4.78 4.92

aUsing the 6-31G* basis set from ref 45 for silicon and the 6-31G* basis set from ref¢4for all the other element8 The free energy of
solvation, AGs (kcal/mol), in solvent 1¢ The free energy of solvatiom\Gs (kcal/mol), in solvent 29 The partition constant 10&soient 1/solvent 2

i ; | _ * _ TABLE 18: Mean Unsigned Error (MUE) in AAGas
change in going from the HF/MIDI! to the BPW91/6-31G* gas (kcal/mol) Using Two Variations of the 6-31G* Basis Set for

phase geometries because they are very similar. When optimiz-gjjicon, Broken Down by Functional Group
ing in solution, the free energies of solvation increase more in

water than they do in 1-octanol, which is reflected in a smaller : class 6-31G* Si basis of ref 45
partition coefficient. This effect is more pronounced in hexa- S!:anes g-ﬁ 8-‘21

il i H slloXanes . .
methyktjlsnoxane, where optimization had a large effect on the multifunctional Si 0.52 051
geometry. all 0.44 0.44

Variations on the 6-31G* Basis Set.A variation on the
6-31G* basis sét~* for silicon has been developed by
Gordon?® To test the applicability of our parametrization when
this change is made to the basis set, the partition coefficientsTaBLE 19: SM5.42R/BPW91/6-31G* and SM5.42/BPW91/
for the training set were calculated using both variations of the 6-31G* Free Energies of Solvation for Selected Solutes and
6-31G* basis with BPW91/SM5.42R. There is some variation Solvents

aUsing the 6-31G* basis set from ref 45 for silicon and the 6-31G*
basis set from refs 4244 for all the other elements.

in the overall free energy of solvation when changing the basis n-hexane benzene THF GEICH,Cl DMA? water
for Si, _partic_ulgrly _in the siloxanes, which is shown in Table SM5.42R/BPWIL/6-31G*

17. This variation is generally small, less than 0.38 kcal/mol. cH.siH,CH, —4.87 —4.89 —-331 -4.42 -2.18 0.96
For example, in hexamethyldisiloxane, the free energy of CH,SiH; —545 -542 —356 —4.88 —2.29 0.62
solvation in octanol changes fror4.50 using 6-31G* to-4.65 SiH;CH,OH —-6.76 —-7.31 —7.25 —-8.18 —6.96 —5.99
using Gordon’s modification. This same favorable solvation SM5.42/BPW91/6-31G*

effect is reflected in the free energy of solvation in water, where CHsSiH,CH; —4.88 —4.90 —3.33 —-4.44 -221 0.93
AGs s reduced from 0.60 to 0.44 kcal/mol. Because nearly the CHsSiHs —-545 542 -357 -489 -231 0.60

same change occurs in both solvents, the partition coefficients SiH,CHOH -6.78 -7.34 —7.31 -826 —7.04-6.10

are relatively constant, 3.74 and 3.73. The larger siloxanes 2N,N-Dimethylacetamide.

show this same trend. The overall mean unsigned error for the

two variations of 6-31G* remains nearly constant, as shown in acetamide (DMA), and water. These solvents exhibit a broad

Table 18. range of characteristics, indicated in Table 20. For each solvent,
Dependence of Solvation Free Energies on Solute and Table 20 lists the dielectric constasf,the index of refraction,

Solvent Structure. To illustrate the dependence on solute and n, Abraham’35-28 hydrogen bond acidity parameteun,

solvent structure, the free energies of solvation calculated atAbraham’85-28 hydrogen bond basicity parametes, the

the SM5.42R/BPW91/6-31G* and SM5.42/BPW91/6-31G* macroscopic surface tensiop, the aromaticity factorg (i.e.,

levels of theory for a small group of solutes and solvents the fraction of non-hydrogenic atoms that are aromatic carbon

are given in Table 19. The solvents selected maiteexane, atoms), and the electronegative halogenicity faafofi.e., the

benzene, tetrahydrofuran (THF), 1,2-dichloroeth&his;dimethyl- fraction of non-hydrogenic atoms that are F, Cl, or Br).
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TABLE 20: Solvent Descriptors for Solvents in Table 19 of solvation inn-hexane or in benzene. The molecule $&tH,OH
nhexane benzene THF GEICH,CI DMA  water affords more favorable electrostatic interactions in THF than
in n-hexane and benzene; however, its free energy of solvation

€ 1.8819 2.2706 7.4257 10.1250 37.7810 78.355 . . . .

n 13749 15011 14050 1.4448 14380 1.332g Issimilarto thatin benzene because THF has a larger hydrogen
o 000 0.00 0.00 0.10 0.00 0.82 bond basicity parameter than does benzene. In 1,2-dichloro-
B 0.00 0.14 0.48 0.11 0.78 0.35 ethane, similar trends are observed for §SH,CH; and

v 2575  40.62 39.44 45.86 47.62 7199 CHj3SiHg, but the free energy of solvation of SjEH,OH is

¢°  0.00 1.00 ~ 0.00 0.00 0.00  0.00 the most favorable in this solvent. This result is most likely a
»? 0.00 0.00 0.00 0.25 0.00 0.00

combination of favorable solutesolvent dispersion interactions

The electrostatic contribution to the free energy of solvation and relatively small hydrogen bond acidity and basicity param-
depends, in part, on the dielectric constant of the solvent. Thus,€ters. For the solvent DMA, the free energies of solvation of
as the dielectric constant increases froshexane to water, so ~ CHsSiH.CHs and CHSiH; become even more unfavorable
does the electrostatic contribution to the free energy of solvation, because of the larggt parameter for DMA. Table 19 shows

particularly for the slightly polar molecule Si8H,OH. that the free energy of solvation of SEH,OH is not as
The other solvent descriptors shown in Table 20, in conjunc- favorable in DMA as it is in benzene, THF, or 1,2-dichloro-
tion with the corresponding surface tension parametef’, ethane, for the same reason.

For water, the free energies of solvation of £#H,CHsz and
CHz3SiHs are significantly different than those in all of the other
solvents because of the hydrophobic effect. ForsSiHOH,
the hydroxyl group allows for favorable solutsolvent hydrogen-
bonding interactions, but Table 20 shows that the free energy
of solvation in water is the least favorable out of those of all
the solvents listed, so these favorable interactions are outweighed

eoy the hydrophobic contribution.

or oZl, are used to model nonbulk electrostatic contributions to
the free energy of solvation (i.e., first-solvation-shell effects).
The index of refraction is related to the solvent’s polarizability,
which in turn is related to dispersion interactions of the solvent.
Table 6 shows that}}, is —160.4 cal/& n. The acidity and
basicity parameters, andf, are related to the solvent’s ability
to donate and accept hydrogen bonds. Table 6 shows that th
parameterspf;, and o, are 103.7 and 112.9 cafAre-
spectively, indiqating that the nonbulk electrostatic part of the g conclusions

hydrogen bonding is unfavorable. The macroscopic surface

tension,y, of a particular solvent represents the energy required We have presented an extension to the SM5.42 solvation
to make a surface in the solvent, a contribution to the free energymodel for silicon. These parametrizations have attempted to
of solvation that is a|WayS unfavorable. The aroma’[icity and balance the electrostatic and first-solvation-shell effects in a
electronegative halogenicity factors are used to correct small Systematic manner. Because of the paucity of data that was
systematic errors in treating aromatic solvents and solventsavailable to us, this parametrization may be less robust than
containing electronegative halogen atohisote that the last ~ those for other elements, but the importance of adding the
three descriptors are multiplied by surface tension coefficients capability to handle silicon to the SM5.42 model motivates

that are independent of atomic number (see the second term irRcceptance of this risk. . .
eqgs 4 and 6). Previoush,we have determined[yz], 05;’ and We found in this work that the mean errors in the free energies

o to be equal to 0.33-3.93, and—8.41 cal/%, respectively of solvation do not vary strongly as the level of electronic
ail'the BPW91/6-31G* ’Ievel ’of theory. ' ' structure theory and the basis set are changed, which is very

Table 19 shows how the different characteristics of each similar to the situation in previous parametrizations that we have

solvent affect the free energy of solvation of the three selected c_arried out with class IV charges. Because the charge _mapping
molecules, CHSiH,CH;, CHzSiH;, and SiHCH,OH. For yields similarly accurate charges for the various combinations

example, im-hexane, a solvent with a similar index of refraction of 'e"?'s and basi.s sets, the electrostgti_c contributions to free
compared to that of the other solvents of interest and a small energies of solvat|.on are 'reag,onably §|m|lar. Even to the extent
dielectric constant, the free energies of solvation for all three that the eleCt_r ostatic contrlputlons do differ, the e'.“p_'“ca' atomic

compounds are similar, with S¥SH,OH affording more surface tensions systemat_lcally account for deV|_at|ons k_)etv_veen
favorable electrostatic interactions with the solvent. Benzene actual solvation free energies and the electrostatic contributions.

has a larger index of refraction, dielectric constant, and hydrogen 'huS: the atomic surface tensions are the most important
bond basicity than doeshexane. The free energies of solvation parameters (_)_f the theory, at least for neutral SOIu.teS' The
of CH3SiH,CH3z and CHSiH3 are similar to their corresponding Coulomb_ rad_n are the most Important parameters for 1ons. Our
free energies of solvation in-hexane, and this result can be parametrization strategy recognizes j[hls duality and utilizes data
attributed to a balance between the more favorable selute o neutral and ionic solutes accordingly.
solvent dispersion interactions in benzene (a consequence o
benzene’s larger index of refraction) and unfavorable interac-
tions that correlate (at least according to our model) with  The new parameters for Si are available in several electronic
benzene’s hydrogen bond accepting ability. The molecule structure programs, namely, AMSGE,HONDO/S4748 and
SiHsCH,OH has a more favorable free energy of solvation in MN-GSM.*° The new Si parameters for the AM1 and PM3
benzene than im-hexane, however, because of increased Hamiltonians are available only in AMSOL, while the new
favorable electrostatic interactions. parameters for all of the ab initio and DFT methods are available
For the solvent THF, the index of refraction is smaller than only in HONDO/S and MN-GSM. For technical reasons related
benzene’s index of refraction and similar to the index of to SCF convergence with nearly linear dependent basis func-
refraction ofn-hexane. In addition, the hydrogen bond basicity tions, we recommend that the Si parameters for HF/6G1
parameter for THF is larger than that for either benzene or be used only in the HONDO/S prograh.
n-hexane. These two factors result in free energies of solvation
of CH3SiH,CH3z and CHSIiHj; that are approximately 1-01.5 Acknowledgment. This work was supported in part by the
kcal/mol less favorable than the corresponding free energiesNational Science Foundation.

f7. Availability of New Parameters
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