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Abstract: Computational studies have been used to examine the structural and energetic effects of adding

small numbers of water molecules to methatedt-butyl

alcohol, methoxide, anrt-butoxide. The effective

fragment potential as well as HartreEock methods reveals distinct structural effects with as few as two to
four water molecules. Structural and energetic effects are used to probe the acidity reversal of simple aliphatic
alcohols on going from the gas phase to protic solvents. Although the effective fragment potential and-Hartree

Fock methods without sufficient electron correlation

underestimate the number of water molecules that give

rise to acidity reversal, the trend toward reversal is evident with small numbers of waters in all methods.

Introduction

Groundbreaking studies of the gas-phase acidities of aliphatic
alcohols by Brauman and Blair in the late 1960s and early 1970s
established that the order of gas-phase acidity of simple aliphatic

alcohols is reversed from that in protic solvehfdJntil then,

it was widely held that the acidity order in protic solvents [(€H
OH > (CH3),CHOH > (CH3)3COH] resulted either from
inductive effects, with increasing numbers of electron-donating
methyl substituents destabilizing the corresponding alkoxide
ions, or from solvation effects in which the larger alkoxide ions
were not solvated as effectively as smaller ones by protic

ion/water clusterd?=36 and proton transfet.~3° In addition, the
molecular details of solvation have begun to be elucidated in
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groups such as methyl are not intrinsically electron donating,
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chemical studies.

Fundamental to an understanding of the reversal of aliphatic
alcohol acidity in the gas phase and in protic solvents is detailed
examination of the structure of protic solvents and their
interactions with small molecules. This is a very active area of
current research, both experimentally and computationally.
Among many such studies are those examining small water
clusters [(HO),],*"*2 water interacting with small molecule$32
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studies of the dissolution of strong electrolytes such as HCI and (EFP) method developed by Gordon and co-workers, where each

NaCl in water, which reveal the importance of contact and
solvent-separated ion pairs as dissociation oc&ufi%A study
of the weak acid HF by Ando and Hynes also stresses the

solvent molecule is treated explicitly as a perturbation of the
“core” Hamiltonian?548-51 In the EFP model, the interaction
between the quantum mechanical “core” (the active region in

importance of contact and solvent-separated ion pairs, but, in EFP parlance) and an individual solvent fragment is treated by

addition, indicates that a barrier to contact ion pair formation
is present® Molecular details about weak electrolytes such as

adding one-electron potential terms to the active region Hamil-
tonian.

alcohols are more sparse, although specific computational studies Since the most salient feature of computational methods such

by Silla and Geerlings and their respective co-workers dealing
with the aliphatic alcohol acidity reversal have been carried out
as have dynamic simulations of dilute alcohol solutions in
water4=43 In one of these, MP4/6-31G(d) energy calculations
(with sp diffuse functions on alcohol and alkoxide oxygen) give
good agreement with experimental gas-phase acidities fgr CH
OH, CH;CH,0OH, (CHz),CHOH, and (CH)3;COH. Bulk solva-
tion effects are obtained by estimating the electrostatic and
nonelectrostatic contributions to the solds®dlvent interaction
using the polarizable continuum model (PCM). By applying
high-level molecular wave functions and suitable cavity sizes,
this method reproduces the experimental trends nféetywork
emphasizing the importance of group electronegativities and

hardness, charge distributions are used as part of ab initio (6-

31+G(d)) computations combined with the self-consistent
isodensity polarizable continuum method (S®CM) to dem-

as the EFP model is their ability to provide information about
individual solute-solvent and solventsolvent interactions,
examination of such interactions is expected to reveal important
molecular details about solvation as well as additional informa-
tion about properties and processes that differ in gas and
condensed phase. Since the acidity reversal of aliphatic alcohols
from gas phase to protic solvents is among the latter, particularly
relevant questions surface for such a computational study of
acidity reversal, namely: (1) what structural characteristics do
the solvated alcohols and alkoxides display, (2) are there
structural differences among these that could help explain the
acidity reversal, (3) to what extent in structural terms can small
numbers of protic solvent molecules be said to contribute to
“bulk” solvent properties, and (4) how many protic solvent
molecules are required for reversal? To address these questions,
an EFP model study of methanol atedt-butyl alcohol acidity

onstrate the reversal of alcohol acidities in the gas and aqueoushas been undertaken. These results, as well as relevant ab initio

phase'? In addition, recent studies by Huisken and co-workers

have examined the vibrational spectroscopy of single methanol

molecules in water clusters of various sizes{2B)** Analysis

of the C-0O, C—H, and G-H stretching frequencies suggests
that the methyl group points away from the “liquid” surface.

All continuum methods model solutesolvent interactions by

treating the solvent as a bulk component whose dielectric
properties affect the interactions. Although continuum methods
vary in sophistication and have been quite successful in
modeling the bulk behavior of solvents, their inherent deficiency
is that they cannot probe solutsolvent or solventsolvent
molecular interaction® 47 Various computational methods can
reveal these interactions, from costly ab initio quantum me-

studies, are reported herein.

Computational Methods

A. Effective Fragment Potential Method. The EFP model devel-
oped by Gordon and co-workers has been described in detail and need
be summarized only very briefly hefe?®5! The system is described
by the Hamiltonian,

H=H, +V
in which Har is the ab initio Hamiltonian of the active region (the

solutes being methanol, methoxide, tert-butanol, and tert-butoxide in
this study) andV is the potential due to the solvent fragment (water in

chanical methods to less Costly molecular mechanics methodslthis study). In the current EFP formulatiovi,consists of one-electron
Each extreme has its advantages, depending on the size anéerms that describe the (1) electrostatic (Coulombic), (2) polarization,

nature of the system to be studied. Clearly, when large system
with many solvent interactions are to be studied, an ab initio
treatment, while desirable, is practically impossible. As a result,

S

and (3) exchange repulsion/charge-transfer interactions between solute
and solvent and between solvent and solvent. Although the internal
geometry of a water fragment is fixed in the EFP method, its relative
position with respect to the solute is not. Implementation of the EFP

a number of computational methods have been developed inpethod in the GAMESS suite of programs allows the use of analytical

which a quantum mechanical “core” interacts with a solvent
that is variously modeled. Among the interacting solvent models

gradients for systems consisting of solute and fragment(s) as well as
vibrational frequency analysis by means of numerical differences of

are ones that are strictly molecular mechanical and ones thatthe analytical gradients. Thus, geometric and energetic, as well as
are more sophisticated, being based fundamentally in quantumreaction path, information can be obtained for sehitagment systems.

mechanics. One such model is the effective fragment potential
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B. Computational Details. Calculations on methanol atelrt-butyl
alcohol and their corresponding alkoxides have been used to probe the
alcohol reversal since these solutes not only show this behavior
experimentally but are small enough to be amenable to high-level ab
initio computation. Since the proton is a common feature in the alcohol
dissociation (ROH* (n + m)H,O — H*(H2O)m + RO (H0)y), relative
acidities can be obtained by ignoring the energy of the proton, whether
bare or solvated. This assumes thd(HbO)n, is solvated to the same
extent for methanol antert-butyl alcohol. The fragment calculations
have been carried out in the active alcohol region at the restricted
Hartree-Fock (RHF) level of theory with the 6-31+G(d,p) basis set,
while the water fragments have been modeled using the EFP method

(48) Day, P. N.; Jensen, J. H.; Gordon, M. S.; Webb, S. P.; Stevens, W.
J.; Krauss, M.; Garmer, D.; Basch, H.; Cohen, D.Chem. Phys1996
105 1968-86.
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(50) Webb, S. P.; Gordon, M. 8. Phys. Chem. A999 103 1265-73.
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just described (hereafter abbreviated as the EFP method). This particulaiTable 1. ROH---H,O Distances as Function of Number of
basis set was chosen as the largest that practically could be used foiCoordinated Waters

systems of the size studied. For each RO} and RO (H.0), (R no. of EFP distancds  RHF distances difference
= CHz and (CH):C) (n =0, 1, 2, 3, 4, 5, 6, 8, 10, and 14), full waters A A) (RHF — EFP)
geometry optimizations (with the fixed fragment geometry restriction,

vide supra) were carried out from various initial geometries. 1 203 Methanolz 05 0.02
As the number of fragment waters increases, the number of possible 3 1:93 1:95 0:02
initial geometries also increases as does the number of optimized 3 3.17 3.14 ~0.03
structures (in fact, dramatically so). When large numbers of structures 3 3.59 3.58 —0.01
were examined, it became clear that the potential energy surface fora 5 1.87 1.90 0.03
given alcohol or alkoxide with a fixed number of fragments is quite 5 3.16 3.16 0.00
flat. Numerical Hessians (matrix of energy second derivatives) of the 5 3.51 3.52 0.01
lowest energy structures as well as others of similar energy were 5 4.98 4.95 —0.03
obtained from finite double differences of analytical derivatives and 5 5.46 5.46 0.00
used to determine the nature of such structures (mirimaositive 6 1.80 184 0.04
definite Hessiannth-order saddle point n negative eigenvalues). The 6 3.22 3.20 —0.02
structures discussed herein all are minima whose vibrational analysis g ggg gég _0(')033
has been used to correct energies for zero point vibrational contributions 6 3.82 3'84 0'02
(ZPC). These data are reported as enthalpies at 0 K. They have not ¢ 4'04 4'02 -0 62
been corrected for temperature effects, since the flat nature of the ' ' '
potential energy surfaces makes the normal rigid rek@rmonic tert-Butanol
oscillator approximations for the entropy contributions suspect. Because é igg igg 882
the acidity values reported herein axél,iq and because the computa- 3 3'14 3'13 0 (')1
tions have not been carried out with highly correlated wave functions, 3 3:56 3:59 (').03
they are not expected to be accurate, although their relative values 5 206 210 0.04
capture the acidity reversal trends. It is important to point out that many 5 3.08 3.11 0.03
minima have been found with some of the larger water molecule 5 3.62 3.72 0.10
species. Although their energies can vary by a few kilocalories (except 5 3.71 3.77 0.06
in cases where the structural characteristics suggest that a particular 5 5.32 5.40 0.08
species is not to be considered), using the lowest energy species gives 6 1.85 1.92 0.07
the same acidity reversal results as either averaging or Boltzmann 6 3.08 3.08 0.00
averaging. Clearly, there is no measure of whether the global minima 6 3.35 3.37 0.02
have been found, which is why so many structures have been examined ~ 6 3.40 3.44 0.04
and why the analysis, comparing both averaged and lowest energy 6 3.71 3.72 0.01
structures, has been carried out. 6 4.86 4.84 —0.02
In addition to the EFP computations, a number of Hartieeck aCarried out at EFP/6-33+G(d,p). Carried out at 6-3%+G(d,p)//

and second-order perturbation theory (MP2plculations have been  6-314++G(d,p).

carried out to evaluate the EFP model. Beginning with the lowest energy

structures obtained from the EFP model studies, RHF optimizations For larger values o, it is necessary to arrange all water
using the 6-3%+G(d,p) basis set have been carried out on ROk fragments after the first four at a greater distance from th¢iO

and RO(Hz0), (R = CHs and (CH)sC) (n=0, 1, 3,5, and 6). MP2/  pond, but otherwise their geometric relationship to theHD
6-311+G(d,p)//6-31+G(d,p) energies were obtained for ROH(®}, bond is similar. The corresponding optimized structures have
&t‘nd RO (H0) (R = CHs i”d (CH)C) (1=0,1,3,5 and B) using  geyeral common features: (1) the structures of methanol and
the optimized HartreeFock geometries as input. Far=8, 10, and tert-butyl alcohol in the active region are very similar, no matter

14, the geometries from the EFP optimizations were used (hereafterh ter f ¢ (@ bond dist
abbreviated as the MP2 method). All computations were carried out . ow many water fragments are present-(@ bond distances

using the GAMESS suite of prograrfisMacMolPlot has been used to  In Methanol andert-butyl alcohol are 1.401.41 and 1.4+
visualize the molecular structurés. 1.42 A; C-H bond distances in methanol are 1-0809 A,

and C-C bond distances are 1.53 A ftert-butyl alcohol),

(2) one water fragment is H-bonded to the-B hydrogen
(ROH:--OH, distances are 1.82.06 Ain Table 1), but as the
number of water fragments increases, the number of H-bonds
to the O-H oxygen increases to either one or two (vide infra),

. ) and (3) other water fragments are arranged in extended
obtained at the RHF level of theory using the 6+38G(d,p) . I
basis set for the active region and the EFP method to describeH'b.or?ded networks (Figure 1). T_hese character|s_t|cs_ of the
the water fragments fon = 0, 1, 2, 3, 4, 5, 6, 8, 10, and 14 optimized fragment structures obtain even when quite different

o . L input structures are used. The optimized RHF structures of
fragments, show quite interesting similarities as water fragments .
L - methanol andert-butyl alcohol show the same characteristics
are added. A number of initial structures were optimized for

eachn value; a typical input structure for alcohol (ROH) as the corresponding EFP structures 8labove) as waters are

optimization withn = 1~4 water fragments has the fragments adgﬁgl (Zgb(l;? t:er)é EFP and RHF structures indicates that as the
arranged about the -€H bond, proximal to the H, with the Y

fragment oxygens within hydrogen-bonding (H-bonding) dis- number of water molecules in contact with methanotest-
9 Y9 yarog g nding butyl alcohol increases, the complexity of the H-bonded network
tance of the H and the fragment hydrogen atoms directed away

from the O-H bond and the hydrophobic (hydrocarbon) region. increases. This is not surprising, given the results of numerous
experimental and computational studies that have examined
(52) Mgller, C.; Plesset, M. Shys. Re. 1934 46, 618-22. water cluster [(HO),] structure?=1255|t is well established that
(53) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;  the lowest energy structures far= 3—5 are cyclic and that
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;;
et al.J. Comput. Cheml993 14, 1347-63. (55) Liu, K.; Brown, M. G.; Carter, C.; Saykally, R. J.; Gregory, J. K.;
(54) Bode, B. M.; Gordon, M. SJ. Mol. Graphics1998 16, 133-8. Clary, D. C.Nature 1996 381, 501-3.

Results and Discussion

A. Structural Considerations: Methanol and tert-Butanol.
The EFP optimized structures of methanol &rttbutyl alcohol,
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Figure 1. Typical methanol and methoxide fragment structuresr{fer5 and 14): (a) methanol with 5 fragments; (b) methanol with 14 fragments;

(c) methoxide with 5 fragments; (d) methoxide with 14 fragments. Both methanol structures are oriented to show as clearly as possible hydrogen
bonding to and among the water fragments. Hydrogen bonds are highlighted by crosshatched lines. The methoxide structures are oriented to emphasize
(1) the O +-+H interaction with four water fragments (for= 5) and (2) the general complexity of the larger water networkigfer 14). Hydrogen

bonds are highlighted by crosshatched lines.

largern values give rise to more structural possibilities. Thus, 120l€ 2. Number of H-Bonded Waters (H-Bonding Distance

the first “three-dimensional” structures obtain wher= 6, <214
where several low-energy structures have been rep#tted.  species no. of water fragment molecules
Although the cage structure is very likely the global minimum, ~ CHOH making zero making one making two
prism, cyclic, book, and boat structures are low-energy species__"H20 () H-bonds H-bond H-bonds
as well41255What distinguishes the more complex from the Methanol
cyclic structures is the number of H-bonds that the water 1 1(1) 0 0
molecules make. In cyclic structures, each water contributes only g i L 0

: . (1) 2(2) 0(0)
one H-bond (i.e., only one hydrogen atom is an H-bond donor), 4 1 3 0
while in more complex structures, some water molecules make 5 1(1) 4(4) 0 (0)
two H-bonds (i.e., both hydrogen atoms are H-bond donors). 6 2(2) 2(4) 2 (0)
For then = 6 cage structure, two waters are doubly H-bonded,; 8 0 7 1
in the prism structure, three waters are doubly H-bonded; in ig % ; %

the cyclic structure, each water is singly H-bonded.
Examination of the EFP and RHF structures reveals similar species no. of water fragment molecules
trends (see Figure 1 for some representative EFP structures) (cH,),COH making zero making one making two

(Table 2) 2.1 A is considered to be the H-bond distance). nH20 () H-bonds H-bond H-bonds
tert-Butyl alcohol has a cyclic structure whar= 2, while that tert-Butanol
of methanol is close to cyclic. Structures of methanol &t 1 1(1) 0 0
butyl alcohol having three fragments are cyclic. These structures 2 1 1 0
are similar to methanelwater clusters with two and three waters 3 1(1) 2(2) 0(0)
studied with small basis s€t&Both methanol andert-butyl 4 1 2 1

S 5 0(0) 5 (5) 0(0)
alcohol with five waters have structures analogous to those of

| 6 1(1) 5 (5) 0(0)

the low-energy book structure of the water hexamer (Figure 1), 8 1 5 2
where the alcohol OH takes the place of a water. The structure 10 1 7 2
for tert-butyl alcohol having only four bound waters has a 14 0 8 6

doubly H-bonded water, although not until six waters are ~arHF results in parentheses.

coordinated to methanol are individual water molecules doubly

H-bonded. Some water molecules in the structures studied makej e, they are H-bond acceptors, but not donors). Only slight

no H-bonds through their hydrogen atoms, although they are giferences occur between the EFP and RHF structures in terms

H-bonded to other water molecules through their oxygen atom of H-bonding. The most telling feature of these structures is
(56) Williams, R. W.; Cheh, J. L.; Lowrey, A. H.; Weir, A. B. Phys. that the water molecules H-bond among themsglves “building”

Chem.1995 99, 5299-307. toward a bulk water structure. The “off to one side” feature of
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Table 3. Representative Methoxide amert-Butoxide Bond
Distances

J. Am. Chem. Soc., Vol. 122, No. 28, 8080

Table 4. Closest Water RO--H,0O Distances (A) as Function of
Number of Coordinated Waters

bond length (&)

no. of
waters EFPC—O RHPC-O avEFPGH avRHFC-H
Methoxide
0 1.33 1.33 1.12 1.12
1 1.34 1.34 1.12 1.11
3 1.35 1.36 1.11 1.10
5 1.36 1.37 1.10 1.10
6 1.37 1.37 1.10 1.10
8 1.37 1.10
10 1.37 1.10
14 1.37 1.10
no. of bond length (A)
waters EFPC—O RHPC-O avEFPGC avRHFC-C
tert-Butoxide
0 1.34 1.34 1.56 1.56
1 1.34 1.35 1.55 1.55
3 1.36 1.36 1.54 1.54
5 1.37 1.38 1.54 1.54
6 1.37 1.38 1.54 1.54
8 1.38 1.54
10 1.38 1.54
14 1.38 1.54

a Carried out at EFP/6-31+G(d,p).? Carried out at 6-3++G(d,p)//
6-314++G(d,p).

H-bonded networks that is evident in Figure 1 is best explained
in steric terms, where the extending bulk water structures avoid
interactions with the methyl dert-butyl groups of the alcohols.

Recent molecular dynamic (MD) studies of a series of
aqueous alcohols are consistent with the structural effects
presented her& These MD simulations suggest that dilute
alcohol concentrations have little effect on the overall water
structural network but that alcohewater H-bonding occurs in
the O—H region with some disruption of the water structure in
that region. No evidence was found for special water interactions
(structural disruption) in the hydrophobic region of the alcohols.
Although the dynamic behavior of water varied as a function
of alcohol structure, this was not attributed to variations in
H-bonding strength.

Methoxide andtert-Butoxide. The EFP and RHF optimized
structures of methoxide angrt-butoxide are quite similar,
although in contrast to the alcohols, the-O bonds of the
alkoxides lengthen~0.04 A in going from 0 to 14 water
fragments. Most of the €0 bond lengthening occurs as the
first six waters are added for methoxide, but thg-butoxide
C—0 bond lengthens another 0.01 A going from 6 to 14 water
fragments (Table 3). The RHF results are similar, with@
bond lengthening 0f-0.04 A with six water additions for both
alkoxides. The &H bonds in methoxide and the<C bonds
in tert-butoxide shorten~0.02 A as waters are added in both
the EFP and RHF studies. The lengthening of the alkoxid©C

no. of difference
waters EFP distances RHF distanceés  (RHF — EFP)
Methoxide
1 1.79 1.61 —0.18
3 1.87 1.75 —-0.12
3 1.87 1.75 —-0.12
3 1.87 1.75 —-0.12
5 1.85 1.76 —-0.09
5 1.86 1.79 —-0.07
5 1.90 1.80 -0.10
5 1.90 1.82 —0.08
5 3.94 3.81 -0.13
6 1.78 1.69 —0.09
6 1.86 1.76 —0.10
6 1.92 1.88 —0.04
6 1.94 1.89 —0.05
6 3.49 3.36 -0.13
6 3.99 3.94 —0.05
tert-Butoxide
1 1.80 1.66 —-0.14
3 1.88 1.79 —0.09
3 1.88 1.79 —-0.09
3 1.88 1.79 —0.09
5 1.85 1.76 —0.09
5 1.90 1.87 —0.03
5 1.92 1.89 —-0.03
5 1.95 1.90 —0.05
5 3.92 3.93 0.01
6 1.82 1.73 —0.09
6 1.90 1.85 —0.05
6 1.96 1.93 —-0.03
6 1.98 1.93 —0.05
6 3.57 3.46 -0.11
6 3.88 3.84 —0.04

acarried out at EFP/6-34+G(d,p)." carried out at 6-3++G(d,p)//
6-31++G(d,p).

waters is within 2 A (Figure 1 and Table 4). The other hydrogen
points outward and is H-bonded to other water molecules that
are arranged in shell-like H-bonded networks. The networks
extend outward, avoiding the hydrophobic portion of the
alkoxides (Figure 1). There are greater differences between the
EFP and RHF alkoxide structures than the alcohols, no matter
how many waters are considered (up to six). In virtually every
comparison, the closest distance from the negatively charged
alkoxide oxygen to the coordinated hydrogen of water
(RO +++HOH) is shorter for the RHF structures (0.10 A for
methoxide and 0.06 A fotert-butoxide) (Table 4). This is not
surprising, given that the EFP method also overestimates the
Na"—O bond length in sodium chloridevater clusters, since
the EFP model potential is designed for weak, H-bond-like
interactions, not for stronger ietdipole interactiong?

B. Acidity Reversal: Variation of Number of Waters.
Table 5 presents the relative ZPC energies oQHI(H20),,

bonds as more waters are added reflects the fundamentalCHzO(H,0),, (CH3)sCOH(H0),, and (CH):CO (H20), for
difference between gas- and the aqueous-phase behavior. ;A =0, 1, 2, 3, 4, 5, 6, 8, 10, and 14 fragments obtained by the
shorter C-O bond in the gas phase results because there is noEFP method. These data are the lowest relative energy values

medium effect to stabilize the charge (a smaller bond dipole
results), while the longer €0 bond as more waters coordinate
results because of the stabilizing interactions with the polar
medium?57.58

The alkoxide-water structures show that up to four water
molecules can surround the alkoxide oxygen fidipole
interaction); typically one hydrogen atom of each of the four

(57) Wong, M. W.; Frisch, M. J.; Wiberg, K. Bl. Am. Chem. Sod991
113 4776-82.
(58) Wiberg, K. B.J. Am. Chem. Sod.99Q 112, 3379-85.

found for eachn (see Computational Methods for further
details). Also given in Table 5 are theH,ciq values obtained
from the lowest energy species. Examination of these data lead
to several conclusions: (1) the relative energies of all species
decrease as the number of water fragments increases (that is,
methanoll water relative to methanol or methoxidewater
relative to methoxide, etc.), (2) the decrease in the relative
energies of the alcohols is smaller per added water fragment
than that of the alkoxides, (3) the relative energies of methanol
andtert-butyl alcohol decrease linearly as water fragments are
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Table 5. Relative Energy Data from EFP Computations and
Acidities from EFP, RHF, and MP2 Studies

species relative ZPC energy (kcal/mol) acidity (kcal/mol)
CH;OH methanol methoxide
nH20 (n) EFP0 EFPP EFP RHF MP2
Methanol/Methoxide
0 0.0 0.0 389 389 392
1 -3.3 —16 376 372 373
2 —-9.2 -31 367
3 —16 —46 359 355 355
4 -21 —58 352
5 —28 —67 350 346 344
6 —36 —76 349 344 344
8 —48 —-93 344 347
10 —60 —107 342 342
14 —83 —135 337 338
species relative ZPC energy (kcal/mol) acidity (kcal/mol)
(CH);COH tert-butyl alcohol tert-butoxide
nH20 (n) EFPb EFPb EFP RHF MP2X
tert-Butanoltert-Butoxide
0 0.0 0.0 384 384 383
1 —3.6 -15 372 369 367
2 -9.9 —-30 364
3 —18 —44 358 354 353
4 —-22 —55 351
5 —28 —64 348 345 342
6 —-37 -73 348 345 340
8 —49 —86 347 342
10 —64 —105 342 340
14 —88 —133 339 334

aCarried out at EFP/6-31+G(d,p).? Relative to —114.997 53
Hartree for methanol;-114.377 95 for methoxide;-232.035 84 for
tert-butyl alcohol, and—231.424 02 fortert-butoxide (zero point
corrected)¢ Carried out at 6-3t+G(d,p)//6-31+G(d,p). ¢ Carried out
at MP2/6-31#+G(d,p)//6-3H-+G(d,p).

added with the relative energy tdrt-butyl alcohol decreasing
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Figure 2. Acidity (determined at EFP//6-31+G(d,p)) versus number

of water fragments.

adopted their characteristic structural features when as few as
two to four water molecules have been added.

Surprisingly, the EFP results suggest that the acidity reversal
is more dependent on the relative energy change of methanol
versustert-butyl alcohol than on their corresponding alkoxides.
Examination of Table 5 suggests that as the number of water
fragments increases the energy difference between methanol and
tert-butyl alcohol increases. These data suggestttrabutyl
alcohol is better stabilized by adding water fragments than
methanol. The EFP energy difference variation between meth-
oxide andtert-butoxide is much smaller, although, as might be
expected, the relative energy lowering is slightly greater for
methoxide for all values oh. Thus, although each water
fragment addition has a larger absolute energy effect on the
alkoxides than the alcohols, the divergence in the relative

as a function of added water more than that of methanol (linear energies of the alcohols has a greater effect on the acidity

regressionR2 = 0.998 for both methanol artdrt-butyl alcohol),
and (4) the relative energies of methoxide aed-butoxide

reversal; this issue will be revisited below. Because the EFP
relative energy data alone show the acidity reversal, this suggests

decrease nonlinearly as water fragments are added with thethat entropy considerations are of minor importance (note:
relative energy of methoxide decreasing as a function of addedestimates of entropy effects in the vibrational analyses are not

water more that ofert-butoxide. In addition, thé\Haciq values
show the acidity reversal withert-butyl alcohol being the
stronger acid in the gas phase and methanol, in water.

valid because of the flat nature of the potential energy surface
see Computational Methods). Silla and co-workers have ad-
dressed this in their study of the differences in gas-phase

When the relative energies of the alcohols and alkoxides asacidities of these aliphatic alcohols and concluded “that the
a function of added waters are compared with the structural differences in the gas-phase deprotonation free energies of the
characteristics of these species, there is an interesting break iralcohols ... are mainly due to differences in internal enefgy”.

the relative solvation energies for both the alcohols and

Acidities obtained from the zero point corrected RHF energies

alkoxides near where the structural data indicate that the waterof CH3;OH(H20),, CH3O~(H20),, (CHs)sCOH(H:0O),, and

network begins to grow. Thus, addition of the first water
fragment lowers the energy of both alcohols by43kcal/mol;
all other water fragment additions lower the energy by86

(CH3)3CO (H0), for n=0, 1, 3, 5, and 6 also are presented
in Table 5. The RHF and EFP results show the same acidity
reversal trends, thus providing another example of how closely

kcal/mol. The corresponding structural effect on the alcohols the EFP model follows energy trends of the RHF calculations

shows that the first water makes its H-bond with ROH, but
further water fragment additions contribute predominantly to

(Figure 3). Nevertheless, the RHF and EFP results differ in terms
of the relative energies of methanol atedit-butyl alcohol with

the water structural network. For the alkoxides, there is a distinct added water molecules. The RHF data show that the relative
change in the energetic effect of adding a water fragment after energies of the alcohols are within 2 kcal/mol and vary in no

three have been added (the first three lower the energyiL®4
kcal/mol; the fourth~11 kcal/mol; all others, 69 kcal/mol).
This corresponds with the structural effect of the alkoxides
having a maximum of four water molecules interacting with
the negative charge of ROAIlthough these data also show an

regular way, while the relative energies of the alkoxides diverge
linearly as waters are added, with methoxide being more
stabilized thartert-butoxide (linear regression of the alkoxides

adding watersR? = 0.980). These results suggest in a more
intuitive way that the acidity reversal is largely a matter of the

acidity crossover occurring near where six water fragments haveincreasing stabilization of methoxide as waters are added, a
been added (Figure 2), examining the structural relationshipsresult that others have observéd?

of incrementally adding water molecules using the EFP or RHF

Finally, acidities obtained from single point MP2/6-31-1 G-

methods reveals no unusual features arising when six waters(d,p) computations (Table 5), which have been carried out on
have been added. Indeed, both alcohols and alkoxides havestructures obtained from RHF optimizations € 0, 1, 3, 5,
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390.0 to protic solvents. The structures of methanol ded-butyl
alcohol as water molecules are added are dominated by a water
H-bonding to the G-H hydrogen and a structural network of
additional waters that can H-bond to the-8 oxygen as well

as develop a “bulk” water structure, which is characterized by
an increasing importance of doubly H-bonded waters. As water
¢ Msthanol molecules surround methoxide, atedt-butoxide, the structural
motif becomes dominated by four waters coordinated to the
negative oxygen.

All three computational methods suggest that the acidity
reversal of these alcohols is a subtle feature that depends on
small differences between alcohol and alkoxide energies. Both
the EFP and RHF methods indicate that as few as six waters
are enough to model the acidity reversal. The MP2 calculations
give some acidity narrowing with a few added waters. While
clearly it is artificial to examine the energy effects of a few
hydrated waters, it is important to emphasize that the energy

385.0
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340.0 : trends, expressed more in the alkoxides than the alcohols, are
0 1 2 8 4 5 6 already evident with a few waters of hydration using both the
Number of Waters EFP and ab initio methods. Moreover, important structural

Figure 3. Acidity (determined at 6-3%+G(d,p))//6-31+G(d,p)) features are revealed in these studies, where clear indications
versus number of water molecules. of the nature of the important interactions among hydrating

. . waters and the alcohols and alkoxides are seen.
and 6) and structures obtained from EFP optimizatiors 8,
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