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Abstract Hartree-Fock (HF) and second-order Mgller—
Plesset (MP2) calculations were used to investigate the
structures and thermochemistry of methylammonium—water
clusters (Me4—_,,NH,, ¥ (H,0),,, m=1-4, n=1-4). Water mol-
ecules were treated ab initio and with effective fragment
potentials (EFP). In addition to a thorough phase-space
search, the importance of basis set, electron correlation, and
thermodynamic effects was systematically examined. Cluster
structures resulted from hydrogen bond formation between
the ammonium group and water molecules; upon satura-
tion of the hydrogen bonding sites of the ammonium group,
water molecules entered the second hydration shell. With
only four water molecules, the experimental relative enthal-
pies of hydration were well reproduced at the HF level, while
the MP2 relative free energies were in best agreement with
experiment. Absolute energies of hydration were calculated
using an empirical correction. These results strongly suggest
that a HF-based microsolvation approach employing a small
number of water molecules can be used to compute relative
enthalpies of hydration.
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1 Introduction

Ab initio chemistry has achieved a remarkable degree of
success in reproducing experimental, gas-phase thermoche-
mistry [1]. It is now routinely possible to calculate ioniza-
tion potentials, electron and proton affinities, and heats of
formation for small molecules within 2-3kcal/mol (0.1-
0.2eV/mol) of experiment. Such accuracy is often within
experimental error. While these gas-phase results are impres-
sive, most chemistry occurs in condensed phases, where sol-
vation, aggregation, and counterion effects can be significant.
The accurate prediction of solution thermochemistry has yet
to be achieved, and the development of quantitative solvation
models continues to be a paramount goal of computational
chemistry.

In modeling solvation phenomena, computational chem-
ists possess two major paradigms: continuum and microsol-
vation. Continuum methods treat the solvent in bulk as an
amorphous, polarizable medium [2]. Continuum approaches
are usually the methods of first choice for computational
chemists because of their simplicity and low cost. Contin-
uum methods, however, demand a number of tradeoffs. For
example, they offer at best an ad hoc description of spe-
cific solute—solvent and solvent—solvent interactions (e.g.,
hydrogen bonding). They also have difficulty in describing
an asymmetric solvent environment (e.g., the hydration of
halides) [3,4].

It is this lack of molecularity that has engendered micro-
solvation methods. The spirit of these approaches is clearly
embodied by the following quote of Christian Reichardt,

@ Springer


http://dx.doi.org/10.1007/s00214-007-0307-5

Theor Chem Account (2008) 120:5-22

A solvent should not be considered a macroscopic
continuum characterized only by physical constants
such as density, dielectric constant, index of refraction,
etc., but as a discontinuum which consists of individual,
mutually interacting solvent molecules [5].

In the microsolvation approach, solvent molecules are
included explicitly in the calculation [6]." These methods
permit individual solute—solvent and solvent—solvent inter-
actions to be considered, and the solvent may array itself
in an asymmetric fashion. A significant increase in com-
putational expense is, however, incurred when the solvent
is considered explicitly. In addition, a number of questions
(e.g., long-range interactions, minimum number of solvent
molecules, adequate sampling of the phase space) plague this
method.

At first thought, it would appear unlikely that the inclu-
sion of a small number of solvent molecules could afford an
accurate treatment of bulk solvation. This is almost certainly
true for the description of absolute enthalpies (AgH) and
free energies (AsG) of solvation (Eq. 1),

Mi(g) — Mi(c) ey

where M; (g) corresponds to the species in the gas phase and
M;(c) to that in the condensed phase. If one eschews absolute
values and is content with the prediction of relative enthalpies
(AAgH) and free energies (A AsG) of solvation (Eq. 2),

Mi(g) + Mj(c) — Mj(g) + Mij(c) @)

one might be able to achieve this more limited goal through
a cancellation of errors. This is the very idea behind the use
of isodesmic reactions to predict gas-phase thermochemistry
[7]. The use of isodesmic-type reactions to describe solution
thermochemistry is predicated upon the hypothesis that, for a
given class of compounds, bulk solvation behavior is quanti-
tatively similar. If accurate relative values can be computed,
absolute values may be obtained via an empirical correction.

The work outlined in this article was undertaken to inves-
tigate the following hypothesis: can relative enthalpies and
free energies of solvation be predicted via a microsolvation
approach? Toward this end, the aqueous thermochemistry of
methylammonium ions (NH4*, MeNH3™, Me,NH,, and
Mes;NH™) was investigated. This system was selected for a
number of reasons: the availability of high-quality experi-
mental data [8—12]; as charged species, electrostatic effects
should dominate, which should prove theoretically more trac-
table [13]; and these acids and their conjugate bases are of
considerable interest in and of themselves; for example, the
reordering of the gas-phase basicities (NH; < MeNH; <

1 We know of no general review of the microsolvation approach. The
results of this method are scattered over dozens of articles.
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Me;NH < Me3N) upon aqueous solvation (NHz < MesN <
MeNH; < Me;NH) [14-22].

To test the above hypothesis, four water molecules were
sequentially added to each methylammonium ion. With the
addition of each water molecule, the conformational and
configurational spaces for each cluster were systematically
searched. (It should be noted that the first hydration shell, aka
coordination sphere, would correspond to four, three, two,
and one water molecule(s) for the NH4", MeNH;™,
Me,NH,*, and MesNH™ ions, respectively.) Water mole-
cules beyond that needed to complete the first hydration shell
were added to the second hydration shell.

Given the inherent expense of microsolvation methods
and our desire to develop models that are applicable to real
chemical systems, only modest levels of ab initio theory were
employed. Optimizations and Hessian were, therefore, car-
ried out only at the Hartree-Fock (HF) and second-order
Mgller—Plesset (MP2) levels of theory. Furthermore, a sec-
ond set of calculations was performed in which the water
molecules were modeled with effective fragment potentials
(EFP) [23-25]. In the EFP approach, interactions between
water molecules and the methylammonium ions and between
water molecules themselves are described by three, one-
electron terms added to the Hamiltonian. These three terms
account for electrostatic, polarization, and charge transfer/
exchange repulsion interactions. Because most of the expense
of an ab initio computation involves four-center, two-electron
integrals, the inclusion of one-electron terms results in little
additional cost. EFPs were only employed at the HF level of
theory, and this aspect of the present work follows up in a
systematic fashion on that of Caskey et al. [22].

2 Materials and methods

All structures were fully optimized at the Hartree—Fock (HF)
level of theory [26,27]. Structures were deemed converged
when the root-mean-square and maximum component of the
gradients fell below 0.004 and 0.012 kcal/molA, respectively.
To verify that all optimized structures corresponded to min-
ima, Hessians were computed at the same level of theory. The
force constant matrices permitted zero-point energy (ZPE),
finite-temperature (FT), and entropic (S) corrections to be
computed. All HF ZPEs and vibrational frequencies were
scaled by empirical factors of 0.9135 and 0.8953, respec-
tively, regardless of basis set, to compensate for the known
overestimation of harmonic frequencies at the HF level of
theory [28,29].

To assess the importance of dynamic electron correla-
tion, two additional sets of calculations were carried out with
second-order Mgller—Plesset (MP2) perturbation theory
[30-32]. First, MP2 single-point energy calculations were
performed upon the HF optimized structures. These single-
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point energy calculations employed the same basis set used
in the HF optimizations. Second, all structures were fully
reoptimized and their associated Hessians computed at the
MP2 level. Here, MP2 ZPEs and vibrational frequencies were
scaled by empirical factors of 0.9661 and 0.9427, respec-
tively, regardless of basis set [28,29]. In both sets of
calculations, only the valence electrons were subjected to
the perturbation; i.e., the frozen-core (fc) approximation was
used.

Basis set effects were investigated by carrying out cal-
culations with the 6-31G double split-valence basis set of
Pople and co-workers to which sets of polarization and dif-
fuse functions were added [33-35]. Five basis sets were
employed in the present calculations: 6-31G; 6-31G(d) =
6-31G*; 6-31G(d,p) = 6-31G**; 6-31+G(d) = 6-31+G*;
and 6-31++G(d,p) = 6-31++G**.

Water molecules were treated all ab initio at the HF and
MP2 levels of theory. Additionally at the HF level, water
molecules were modeled with effective fragment potentials
(EFP), implemented for use with a HF Hamiltonian [23-25].

Electrostatic/exchange (ESEX), polarization (POL),
charge transfer (CT), and basis set superposition error (BSSE)
energies for the HF/6-31++G** optimized methylammoni-
um monohydrates were determined using the reduced varia-
tional space (RVS) energy decomposition scheme [40—42].

The calculations were carried out on a small cluster of
personal computers with the GAMESS program [43], which
is freely available from the Gordon group website at lowa
State University (http://www.msg.ameslab.gov).

3 Results
3.1 Cluster structures

Figure 1 shows the structures of the lowest energy methylam-
monium—water clusters. All structures possess C; symmetry
unless otherwise noted. Given the absence of experimental
data regarding the structures of methylammonium-water
clusters, only a cursory comparison of the structures obtained
from the three levels of theory is warranted. Complete hydro-
gen bond data as a function of level of theory and basis set can
be found in Tables S1-S4 of the Supplementary Information.

All three levels of theory (HF, MP2, HF-EFP) produced
qualitatively similar structures. As the cations can act only
as hydrogen-bond donors, interactions between the cations
and water molecules in the first hydration shell are governed
primarily by the formation of hydrogen bonds between the
ammonium hydrogen atoms and the oxygen atoms of the
water molecules. The hydrogen bond sites of the cations are
sequentially filled with the addition of water molecules, and
only upon saturation of the first hydration shell are water mol-
ecules added to the second shell of hydration. This process

is always enthalpically and (generally) entropically favored.
These structures result, therefore, from the attempt of the
water molecules to quench the positive charge on the ammo-
nium group through hydrogen bond formation.

Hydrogen bonding between water molecules only
becomes important upon completion of the first hydration
shell. The filling of the second shell of hydration is a function
of a subtle balance between enthalpic and entropic factors;
i.e., a reduction in enthalpy through hydrogen bond forma-
tion versus an increase in entropy by maximizing the cluster’s
degrees of freedom. In this regard, two clusters are partic-
ularly noteworthy: MeNH3+ (H,0)4 and MesNHT (H,0)4.
Given only enthalpic considerations, the Cs structure of
MeNH;3+ (H,0)4 is preferred over the C; structure; if entropy
is also considered, then the C; structure is favored over the
C, one. A similar situation exists for the MesNH' (H,0)4
clusters, where the ringed structure (C} in Fig. 1) is enthalp-
ically favored, while the nonringed structure (C{ in Fig. 1)
is entropically preferred. (In the thermochemical discussion
that follows, only those structures with the lowest free ener-
gies will be considered; e.g., the C; and C/{ structures for
the MeNH;3 " (H,0)4 and Me;NH ™ (H,0)4 clusters, respec-
tively. Under constant temperature and pressure conditions,
experimental measurements are only made on the lowest free
energy species).

The HF structures show a general lack of sensitivity with
respect to basis set effects. If the smallest basis (6-31G)
is excluded, the remaining four bases differ by no more
than 0.07A in their hydrogen bonds distances. The
Mey_,NH,* - - - OH; bonds range from 1.70 to 1.93 ;\, while
the HOH - - - OH, bonds cover a range from 1.86 to 2.15A .
The bond lengths obtained with the 6-31G basis are appre-
ciably shorter by 0.08 to 0.18 A for the Mey_,NH,t - --OH,
bonds and by 0.03 to 0.25A for the HOH - - - OH, bonds.
Regardless of which basis set is used, four general trends
are seen: (1) the Me4_,NH,, ™ - - - OH, distances increase as
the number of hydrogen bond sites on the cations are filled;
(2) the Me4_,NH,, T - - - OH, distances decrease as the sec-
ond hydration shell is filled; (3) hydrogen bonding between
water molecules in the second hydration shell is shorter than
in the first hydration shell; and (4) multiply hydrogen-bound
water molecules in the second hydration shell evince longer
hydrogen bonds than those that are singly hydrogen-bound.

Upon inclusion of electron correlation at the MP2 level,
the length of all hydrogen bonds decrease regardless of basis
set. Again excluding the 6-31G basis, an average decrease of
about 0.09 A is seen for all hydrogen bonds. This decrease
is more modest for structures obtained with the 6-31G basis
(0.03 A on average). The same qualitative trends in hydro-
gen bonding seen at the HF level are found at the MP2 level.
It is also important to note that the MP2 structures show a
general insensitivity to basis set after the first set of (d-type)
polarization functions is added.
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Fig. 1 Methylammonium-
water cluster structures. All
structures have C| symmetry
unless noted otherwise. See
Tables S1-S4 in Supplementary
Information for hydrogen bond
distances (11,72, ..., a, by ...)

The HF-EFP structures are in fair agreement with their
HF counterparts. For all the structures, save those deter-
mined with the largest basis (6-31++G**), the hydrogen
bonds are on average longer. A monotonic decrease in this
average overestimation is seen as the basis set size increases:
6-31G = 0.17; 6-31G* = 0.05; 6-31G** = 0.03; 6-31+G*
= 0.02; and 6-31++G** = —0.01A . As was the case for
the HF and MP2 structures, an insensitivity toward basis set
is seen in the HF—EFP structures, the largest difference in
hydrogen bond distances is only 0.07 A for all bases.

3.2 Cluster thermochemistry

Two sets of benchmark calculations, which compared com-
putational results with experimental data, were carried out
in an attempt to determine the appropriate level of theory to
predict the relative enthalpies and free energies for the hydra-
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tion of the methylammonium ions. In the first set, the total
energies for the sequential addition of water molecules to the
cations were computed,

BH' 4+ nH,O — BH"(H,0),, n = 1-4 3)

where BHT = NH4 T, MeNH3 T, Me,NH, T, and MesNH™.
In the second set, the differential energies for the addition of
water molecules to the cation—water clusters were calculated.

“

The importance of basis set effects was assessed by carry-
ing out the benchmark calculations at the Hartree—Fock (HF)
level of theory with five basis sets of increasing complete-
ness: 6-31G; 6-31G*; 6-31G**; 6-31+G*; and 6-31++G**.
While the largest basis is clearly far from the Hartree—Fock
limit, it does offer a good tradeoff between completeness and
practicality. The necessity of electron correlation was eval-

BH"(H;0),_1 + H,O — BH"(H,0)n n = 1-4
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uated by also performing the benchmark calculations with
second-order Mgller—Plesset (MP2) perturbation theory.
While the MP2 level does not represent the state-of-the-art in
electron correlation treatments, it is in widespread use given
its cost effectiveness?.

As the experimental data correspond to enthalpies and free
energies at 298 K and 1 atm, calculations were undertaken to
determine the importance of enthalpic (zero-point energy,
ZPE, and finite-temperature, FT) and entropic (S) correc-
tions in reproducing the experimental values.? It should be
stated that, given the rather flat nature of the potential energy
surfaces for the methylammonium-water clusters, the use
of the harmonic and rigid rotor approximations to compute
the enthalpic and entropic corrections might be suspect. As
mentioned in the introduction, the present objective was the
calculation of relative energies of hydration. It was hoped,
therefore, that the errors associated with these thermody-
namic corrections would cancel one another. To the extent
that such cancellations were not achieved, more sophisti-
cated approaches would need to be employed; e.g., ones
that explicitly consider anharmonicities and mode coupling
[44-46]. It should also be noted that, for a given level of the-
ory, the computed frequencies were not particularly sensitive
to the choice of basis set.

Water molecules were also approximated by effective frag-
ment potentials (EFP) in an attempt to further reduce the cost
of the computations. These calculations were carried out at
the HF level (HF—EFP), and they were compared to the HF
results obtained with an all ab initio description of the water
molecules.

In what follows, results obtained with the largest basis
set, 6-31++G**, will be discussed at all four levels of the-
ory. This will permit a direct comparison of the results. The
best results obtained at a given level will also be given in
order to provide an idea as to the best accuracy that can be
achieved.

Experimental and selected theoretical total internal ener-
gies (AU), enthalpies (A H), and free energies (AG) for the
hydration of the methylammonium ions (Eq. 3) are given in
Table 1. A comparison of the experimental enthalpies with
those computed at the HF level of theory with the 6-31++G**
basis set reveals the internal energies to be in best agreement
with experiment (mean error, 4 = —1.3, standard deviation,

2 Density functional theory calculations have also been performed upon
the present system. These calculations have been carried out with the
B3LYP functional and the current five bases. These results will be
reported in a future paper in this journal.

3 Caution must be exercised in this regard. While many comparisons
between internal energies and enthalpies are valid, free energies should
be compared within the context of supermolecular calculations, which
encompasses microsolvation. To the extent that theory does a poor job
in calculating entropies, comparisons between free energies become
more dubious.

o =1.4, and absolute maximum error, |[max| = 3.4 kcal/mol).
With the inclusion of ZPE and FT corrections, which yield
the respective enthalpies at 0 and 298 K, all the above mea-
sures of error increase. The per water errors mirror these
results, where again the best agreement with the experimen-
tal enthalpies is found for the internal energies (© = —0.5, o
= 0.6, |max| = 1.2kcal/mol), and the inclusion of enthalpic
corrections led to an increase in the per water errors.

The best overall agreement between the experimental
enthalpies was found for the HF enthalpies at 0K with the
6-31G** basis (u=—0.4, 0 =1.3, |max| = 2.2 kcal/mol),
while the per water errors also dropped (u = —0.2, 0 =
0.6, |[max| = 1.2kcal/mol). This mean error and standard
deviation are within experimental error (£ 1.1 kcal/mol), and
the absolute maximum error is nearly so. This is a remark-
able accomplishment given the rather modest level of theory
employed. If the smaller 6-31G* basis is used to compute
the HF enthalpies at 0K, the errors are essentially the same
(u = —0.5, 0 = 1.3, |max| = 2.3kcal/mol) as are the per
water errors (u = —0.2, ¢ = 0.7, |max| = 1.3 kcal/mol).
These results suggest that small bases at the HF level can be
quite effective in reproducing experimental total enthalpies
of hydration for ammonium ions.

At the HF-EFP level with the 6-31++G** basis set, the
best agreement with the experimental enthalpies was
obtained for the enthalpies at 0K: u =2.2, o = 1.7, and |max|
= 4.8kcal/mol. The per-water (i.e., EFP) errors were also
quite low: u =0.9, 0 = 0.8, and |max| = 2.6 kcal/mol. When
these HF-EFP enthalpies at 0K were corrected to 298 K,
all measures of error increased dramatically. This is not too
surprising given the rigid-body approximation inherent in
the EFP model, and as such, all degrees of freedom inter-
nal to the water molecules are ignored. The best agreement
between the experimental enthalpies and the HF-EFP level
of theory is seen for the internal energies computed with the
smallest basis set (6-31G): u = —1.5, 0 = 1.9, and |max| =
4.2kcal/mol; the associated per water errors are also quite
good: u = —0.5, 0 =0.8, and |max| = 1.4 kcal/mol.

Using MP2 theory, the best agreement with the experimen-
tal enthalpies was found for the theoretical results determined
with the largest basis set (6-31++G**). This observation
is consistent with the demands of perturbation theory for
polarization and diffuse functions in the recovery of cor-
relation energy [7]. While the best agreement is obtained
when the internal energies are ZPE corrected (u = —2.7,
o = 2.2, |max| = 5.7kcal/mol), the MP2 results do not
compare as favorably with those found at the HF level, espe-
cially given their inherent expense and need for larger bases.
The cost of the fully correlated computations can be offset by
performing MP2 single-point energy calculations at the HF
optimized geometries (MP2//HF). Like the all-MP2 results,
the best agreement between the experimental enthalpies and
the MP2//HF level is found for the computations with the
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Table1 Total internal energies, AU, enthalpies A H, and free energies AG for the addition of water molecules to ammonium ions: BHT +nH,0 —
BHT (H,0),,, BHT = NH4t, MeNH3 ", Meo;NH, T, MesNHT and n = 14

n Experiment® HF MP2 MP2//HF HF-EFP
AU(NH4")
1 —20.6 —19.7 —21.7 —21.6 —19.9 (—19.3)¢
2 —38.0 —36.6 —40.2 —40.0 —37.1 (=36.1)¢
3 —51.7 —51.3 —56.4 —56.1 —52.2(—50.9)¢
4 —62.5 —64.0 -70.5 —70.2 —65.2 (—63.8)4
AU (MeNH3T)
1 —-16.8 —-17.6 —19.9 —19.8 —18.0 (—17.4)
2 —314 —33.0 -373 —37.0 —33.8 (—32.9)¢
3 —43.7 —46.5 —52.7 —52.3 —47.7 (—46.6)
4 —54.0 —57.3b —65.7° —65.0° —58.7°(=57.4)bd
AU (MeyNH, 1)
1 —15.0 —16.2 —18.8 —18.6 —16.7 (—16.1)9
2 —285 —-30.5 —355 -35.1 —31.5 (=30.6)¢
3 —39.8 —43.2 —51.4 —50.7 —45.2 (—44.0)¢
4 -50.3 —53.3 —64.4 —63.2 —55.8 (—54.5)4
AU (Me3NH™T)
1 —145 —15.2 —18.1 -17.8 —15.8 (=15.2)¢
2 —259 —26.9 —32.6 -31.9 —27.8 (=27.0)¢
3 —35.9 —37.0 —45.1 —44.2 —38.8 (—37.5)¢
4 —443 —45.3¢ —56.5° —55.2¢ —49.0° (—48.0)4
Statistics
HF MP2 MP2//HF HF-EFP
Overall w -13 -7.1 —6.6 —2.5(—1.5)
o 1.4 3.9 3.6 2.0 (1.9
|max]| 3.4 14.1 12.9 5.5(4.2)4
Per water w -0.5 -28 -26 —1.0 (=0.5)d
o 0.6 0.9 0.8 0.7 (0.8)¢
|max]| 1.2 3.9 3.6 1.8 (1.4)4
n Experiment® HF MP2 MP2//HF HF-EFP
AHg g (NH4T)
1 —20.6 —17.9 (—=19.7)¢ —19.9 —19.8 —18.0
2 —38.0 —33.0 (=36.3)° —36.5 —36.4 -335
3 —51.7 —46.1 (—50.4)° —51.2 —50.9 —46.9
4 —62.5 —57.5(—62.6)° —63.8 —63.6 —58.5
AHy g (MeNH3 1)
1 —16.8 —16.0 (=17.6)° —183 —18.1 —16.2
2 —314 —29.8 (—=32.8)° —34.1 —33.8 —30.5
3 —43.7 —41.9 (—45.9)¢ —48.0 —476 —429
4 —54.0 —50.8°(—55.7)b¢ —58.9b —58.5° —51.6°
AHy g (Me:NHy ™)
1 —15.0 —14.7 (=16.2)° -17.3 —17.0 —15.1
2 —285 —27.5(=30.3)° -325 —32.1 —28.4
3 —39.8 —372(—41.7)¢ —45.2 —44.8 —38.7
4 -50.3 —45.4 (=51.0)° —56.0 —55.3 —46.8
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Table 1 continued

n Experiment?® HF MP2 MP2//HF HF-EFP
A Hox (MesNH™)
1 —14.5 —13.7 (—15.2)¢ —16.7 —16.4 —14.3
2 —-259 —23.4 (—26.0)° —29.0 —28.5 —23.9
3 —-359 —31.8 (=35.3)¢ —39.8 —39.1 —32.5
4 —44.3 —38.1¢ (—43.0)“¢ —48.8¢ —48.0¢ —40.5¢
Statistics
HF MP2 MP2//HF HF-EFP
Overall % 3.0 (—0.4)° 2.7 —-2.3 2.2
- 1.9 (1.3)° 22 2.1 1.7
|max| 6.2 (2.2)° 5.7 5.0 4.8
Per water % 1.2 (=0.2)¢ —1.1 —-1.0 0.9
o 0.7 (0.6)° 0.9 0.9 0.8
|max| 2.7 (1.2)¢ 2.3 2.0 2.6
AHyosx (NH4 )
n Experiment?® HF MP2 MP2//HF HF-EFP
1 —20.6 —18.3 (—20.2)¢ —20.5 —20.2 —15.9
2 —38.0 —33.8 (—37.0)° —-37.5 —37.1 —29.2
3 —51.7 —46.9 (=51.2)° —-52.1 -51.7 —40.3
4 —62.5 —58.1 (—63.2)° —64.6 —64.2 —49.3
A Hogk (MeNH3T)
1 —16.8 —16.2 (—17.9)¢ —18.6 —18.3 —14.0
2 —-31.4 —30.0 (—33.0)° —34.4 —34.0 —25.8
3 —43.7 —42.0 (—46.0)¢ —48.3 —47.8 —35.8
4 —54.0 —51.2P(=56.0)b° —59.6° —58.9b —42.5b
A Hyogk (MeaNHo )
1 —15.0 —14.7 (—16.3)¢ —17.4 —17.1 —12.7
2 —28.5 —27.5(-30.3)¢ —32.6 —32.1 —23.6
3 —39.8 —38.2 (—42.6)° —46.5 —45.8 —32.6
4 —50.3 —46.7 (=52.3)¢ —57.8 —56.6 —38.8
A Haosk (MesNHT)
1 —14.5 —13.7 (—15.1)¢ —16.7 —16.3 —11.8
2 —-25.9 —23.8 (—26.3)° —29.6 —28.8 —19.5
3 -35.9 —32.3(—35.6)° —41.2 -39.5 —26.1
4 —44.3 —38.9¢ (—43.7)%¢ —50.1¢ —48.8¢ —-32.1¢
Statistics
HF MP2 MP2//HF HF-EFP
Overall u 2.5 (=0.9)° —34 -2.8 7.7
o 1.6 (1.2)° 24 2.1 3.7
|max| 5.4 (2.8)° 7.5 6.3 132
Per water m 1.0 (—0.4)° —14 —1.1 3.1
o 0.6 (0.5)° 0.9 0.8 0.7
|max| 2.3 (1.3)° 24 2.1 4.7
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Table 1 continued

n Experiment? HF MP2 MP2//HF HF-EFP
AG(NH4T)
1 —13.3 —143 (=147 —15.4 —16.2 —24.9
2 —222 —21.4 (=22.0)f —25.0 —24.7 —452
3 —28.5 —27.2(=28.1)f —32.0 -31.9 —62.7
4 —32.4 —32.5(=33.7)f —38.1 —38.6 —78.9
AG(MeNH3 1)
1 —10.3 —10.3 (-10.8) —13.9 —12.5 —21.5
2 —17.7 —17.7 (—18.4) -215 —21.7 —40.8
3 -22.8 —22.0 (=22.9) -279 —27.7 -575
4 —26.5 —24.8 (—26.2)f -32.1 -325 —70.4
AG(MeoNH, )
1 —82 —8.7 (=9.1)f —112 —11.1 -20.3
2 —14.3 —14.5 (—=15.2)f —19.5 —-19.1 —383
3 —183 —14.2 (=154 -215 —21.7 —495
4 —21.3 —15.5(=17.1)f —245 —25.4 —60.5
AG(Me3NH™)
1 -73 —8.0 (—8.5)f —10.9 -10.7 -21.9
2 —11.3 —10.7 (-11.6)f —-15.9 —15.7 —-33.1
3 —13.9 —123 (—=13.5)f —17.4 —195 —45.8
4 —15.9 —9.9 (—11.5)f —18.9 —19.8 —55.6
Statistics
HF MP2 MP2//HF HF-EFP
Overall w 1.3 (0.2)f -3.8 —4.0 -27.7
o 22 (1.7)f 1.1 1.2 11.7
|max| 6.0 (4.2)f 5.7 6.2 46.5
Per water " 0.3 (=0.Df —-1.9 —-1.9 —11.4
o 0.7 (0.7)F 0.9 0.7 1.1
|max| 1.5 (1.4 3.6 3.4 14.6

Basis set is 6-31++G** unless parenthetically noted. All values in kcal/mol

4 Experimental error = 1.1 kcal/mol [10,11]
> MeNH3t (H,0)4 = C; structure

¢ Me3NH™ (H,0)4 = Cj structure

46-31G

€ 6-31G**

f6-31+G*

6-31++G ** basis set, specifically the ZPE-corrected internal
energies (u = —2.3, 0 = 2.1, |max| = 5.0kcal/mol). These
results are, nevertheless, still in poorer agreement with the
experimental enthalpies than those obtained at the HF level
with the smaller 6-31G* and 6-31G** bases. It is important
to note that the largest discrepancy between the MP2 and
MP2//HF calculations is quite small (AU = 1.3, AHyk =
0.8, AHjggk = 1.7kcal/mol), and the differences between
the mean errors, standard deviations, and absolute maximum
errors are actually smaller still. This suggests that MP2 opti-
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mized structures and Hessians offer little benefit in reproduc-
ing the experimental total enthalpies.

The agreement between the experimental and theoreti-
cal total free energies is worse than that found for the total
enthalpies. At the HF level of theory with the 6-31++G**
basis set, the mean error (© = 1.3kcal/mol) and standard
deviation (o = 2.2 kcal/mol) are nearly as good as the values
for the analogous enthalpies, but the absolute maximum devi-
ation (Jmax| = 6.0kcal/mol) is appreciably larger. The best
agreement between experiment and the HF level of theory
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was found for the 6-31+G* basis: © = 0.2, 0 = 1.7, and
|max| = 4.2kcal/mol. For both bases, the per-water errors
are quite low (6-31++G**: u = 0.3, 0 = 0.7, |max| = L.5;
6-31+G*: un = —0.1, 0 = 0.7, |max| = 1.4 kcal/mol).

The agreement between the experimental total free ener-
gies and those determined at the HF-EFP level with the

6-31++G** basis is far worse (u = —27.7, 0 = 11.7,
|max| = 46.5 kcal/mol) than the comparable total enthalpies.
Even the per-water errors (u = —11.4, 0 = 1.1, |max| =

14.6 kcal/mol) are unacceptably large. The HF-EFP level of
theory is clearly inadequate in reproducing experimental total
free energies; this is once again the result of the rigid-body
approximation (vide supra).

The inclusion of electron correlation does not improve
the theoretical agreement with the experimental free ener-
gies. As was seen for the total enthalpies, the best results
are obtained with the 6-31++G** basis (MP2: u = —3.8,
o = 1.1, |max| = 5.7; MP2//HF: u = —4.0, 0 = 1.2,
|max| = 6.2kcal/mol). The agreement between the MP2 and
MP2//HF calculations is again very good, where with one
exception, all of the differences are within one kilocalorie
per mole of one another. As was also observed for the total
enthalpies, MP2 optimized geometries and Hessians do not
improve the theoretical agreement with the experimental total
free energies.

The rather poor agreement between theory and experiment
for the total free energies appears to derive largely from the
entropic corrections. As was previously pointed out, this is
likely due to the inadequate nature of the thermodynamic
approximations used.

Table 2 contains experimental and selected theoretical
differential energies of hydration for the methylammonium
ions (Eq. 4). The HF internal energies computed with the
6-31++G** basis set are in excellent agreement with the
experimental enthalpies (u = —0.6, 0 = 0.8, |max| =
1.9kcal/mol). The inclusion of ZPE and FT corrections does
not lead to improved results. If the smaller 6-31G** basis
is used, the best agreement between experiment and HF
theory is achieved if the internal energies are enthalpical-
ly corrected at the HF level (AAHpk : © = —0.1,0 = 0.8,
Imax| = 1.4kcal/mol; AAHgk : © = —0.3,0 = 0.7,
|max| = 1.3 kcal/mol). Virtually identical results are obtained
for the enthalpies computed with the 6-31G* basis.

When EFPs are substituted for all ab initio water mol-
ecules at the HF level, the internal energies (u = —1.1,
o = 0.8, |max| = 2.4kcal/mol) and enthalpies at 0K (n
= 0.9, 0 = 1.0, |max| = 2.6kcal/mol) computed with the
6-314++G** basis reproduce their HF counterparts. As is to
be expected, the HF-EFP enthalpies corrected to 298 K are
in poorer agreement. Much the same results were found for
the other four bases. The HF-EFP level once again demon-
strates an insensitivity to basis set effects. It is, therefore,
possible to substitute EFPs for all ab initio water molecules

in the description of experimental differential enthalpies of
hydration for methylammonium ions.

As was the case for the total enthalpies of hydration, the
best results at the MP2 and MP2//HF levels were obtained
with the 6-31++G** basis for the differential values. All of
the differential values are, moreover, in better agreement with
experiment than their total counterparts. While the average
errors for the internal energies are outside the range of exper-
imental error (£ 1.4 kcal/mol), those found for the enthalpies
at 0K (MP2: u = —1.0; MP2//HF: © = —0.9 kcal/mol) and
298 K (MP2: u = —1.3; MP2//HF: © = —1.1kcal/mol) are
within this range. The standard deviations are also within
experimental error for the MP2 and MP2//HF internal ener-
gies and enthalpies. The agreement between the MP2 and
MP2//HF differential energies is even better than that found
for the total energies; maximum differences of 0.5, 0.3, and
0.9 kcal/mol are seen for the respective AAU, AA Hok, and
A A Hyogk values. There would appear to be no reason for
MP2 optimizations and Hessians in the prediction of differ-
ential enthalpies.

The experimental differential free energies of hydration
are fairly well reproduced at the HF level with the 6-314++G **
basis, although the absolute maximum error is too large
(u=0.8,0 = 1.7, |max| = 4.4 kcal/mol). These statistics are
improved somewhat if the 6-31G** basis isused: © = —0.5,
o = 1.7, and |max| = 3.0kcal/mol. Nearly identical results,
save a larger absolute maximum error, are found at the HF/6-
31G* level. The HF-EFP free energies are, once again, in
very poor agreement with experiment (u = —10.6,0 = 2.1,
|max| = 14.6kcal/mol). The use of a basis other than 6-
314++G** fails to improve the agreement with experiment.
The MP2 free energies offer a level of agreement with exper-
iment similar to that found at the HF level of theory. With the
6-31++G** basis, errors at the MP2 (u = —1.1, 0 = 1.6,
|max| = 3.6kcal/mol) and MP2//HF (u = —1.3, 0 = 1.5,
|max| = 3.4 kcal/mol) levels are found to rival those calcu-
lated at the HF level. The agreement between the MP2 and
MP2//HF levels of theory is slightly worse for the differ-
ential free energies (|max| = 2.3 kcal/mol). Given the addi-
tional expense incurred for the MP2 calculations, however,
this level of theory does not seem to be warranted.

On the basis of the foregoing benchmark calculations, a
number of conclusions can be drawn with regard to the selec-
tion of an appropriate level of theory required to reproduce
experimental enthalpies and free energies of hydration for
the methylammonium ions. (1) The inclusion of electron
correlation is not required, especially in light of the added
expense. If such a treatment is desired, MP2 single point
energies based upon HF optimized geometries is more than
adequate. (2) At the HF level, one can obtain good results
with small bases (e.g., 6-31G**). This stands in stark contrast
to calculations at the MP2 level, where large bases (e.g., 6-
314++G**) are required. (3) While ZPE corrections improve
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Table2 Differential internal energies, AAU, enthalpies AA H, and free energies A AG for the addition of water molecules to ammonium ion—water

clusters: (BH"),_i + H,0 — BH*(H,0),,, BH* = NH4*+, MeNH3+, Me;NHy+, MesNH™ and 7 = 1-4

n Experiment® HF MP2 MP2//HF HF-EFP
AAU(NH4™)
1 —20.6 —19.7 —21.7 -21.6 —19.9
2 —17.4 —-16.9 —185 —18.4 —17.2
3 —13.7 —14.7 —-16.1 —16.1 —-15.0
4 —-10.8 —12.7 —14.1 —14.1 —13.0
AAUMeNH3 )
1 —16.8 —17.6 —19.9 —19.8 —18.0
2 —14.6 —154 —17.4 -17.3 —15.8
3 —12.3 —135 —154 —153 —13.9
4 —10.3 —10.8° —13.0 —12.7° —11.0°
AAU(MesNH, 1)
1 —15.0 —16.2 —18.8 —18.6 —16.7
2 —13.5 —14.3 —16.7 —16.5 —14.8
3 —11.3 —12.7 —-15.9 —15.6 —13.7
4 —10.5 —-10.1 —13.0 —12.5 —10.6
AAU (Me3NHT)
1 —14.5 —15.2 —18.1 —17.8 —15.8
2 —114 —11.8 —14.5 —14.1 —12.0
3 —10.0 —10.0 —125 —12.3 —10.9
4 -84 —8.4¢ —11.5¢ —11.0° —10.2¢
Statistics
HF MP2 MP2//HF HF-EFP
Overall I —0.6 -29 2.7 —1.1
o 0.8 0.9 0.9 0.8
|max| 1.9 4.6 43 2.4
n Experiment® HF MP2 MP2//HF HF-EFP
AAHog (NH4™)
1 —20.6 —17.9 (=19.7)¢ —19.9 —19.8 —18.0
2 —174 —15.1 (—16.5)¢ —16.7 —16.7 —15.6
3 —13.7 —13.1 (—14.2)4 —14.6 —14.5 —134
4 -10.8 —11.4 (=122 —12.6 —12.7 —11.6
AA Hox (MeNH3 )
1 -16.8 —16.0 (—17.6)¢ —18.3 —18.1 —16.2
2 —14.6 —13.8 (—15.1)¢ —15.8 —15.7 —14.3
3 -12.3 —12.1 (—13.1)¢ —13.9 —13.8 —12.5
4 —10.3 —8.9° (—9.8)>d —10.9° —10.8° —8.7°
AAHyk (Me;NH, ™)
1 —-15.0 —14.7 (—16.2)¢ —17.3 —17.0 —15.1
2 —13.5 —12.9 (—14.1)¢ —152 —15.1 -133
3 —11.3 —9.7(—11.3)4 —12.7 —12.7 —10.2
4 —10.5 —8.2 (—9.4)¢ -10.8 —10.6 —-8.1
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Table 2 continued
n Experiment® HF MP2 MP2//HF HF-EFP
AA Hox (MesNHT)
1 —14.5 —13.7 (—15.2)4 —16.7 —16.4 —143
2 —114 —9.7(=10.8)¢ —12.3 —12.1 -9.6
3 -10.0 —8.4(—9.2)4 -10.8 -10.6 —8.6
4 -84 —6.3¢ (=7.7)4 —9.0¢ —9.0¢ —8.0¢
Statistics
HF MP2 MP2//HF HF-EFP
Overall w 1.2 (—=0.1)4 -1.0 —0.9 0.9
o 0.9 (0.8)4 0.9 0.9 1.0
|max| 2.7 (1.4)4 23 2.0 2.6
n Experiment® HF MP2 MP2//HF HF-EFP
AA Hyogg (NH4 ™)
1 —20.6 —18.3 (—20.2)4 —20.5 —20.2 -15.9
2 —174 —15.4 (—16.8)¢ -17.0 -16.9 —133
3 —13.7 —13.2 (—14.2)d —14.6 —14.5 —11.1
4 -10.8 —11.2 (—12.0)¢ —125 —125 -9.1
AAHoogk (MeNH3)
1 -16.8 —16.2 (—17.9)4 —18.6 —18.3 —14.0
2 —14.6 —13.9 (—15.1)¢ -15.9 -15.7 -11.8
3 —12.3 —12.0 (—13.0)4 —13.8 —13.8 -10.0
4 —103 —9.1°(—10.0)bd —11.3b —11.1° —6.7°
AAHaosk (MeaNH, )
1 —15.0 —14.7 (=16.3)4 —17.4 —17.1 -12.7
2 —13.5 —12.8 (—14.0)4 —15.2 -15.0 -10.9
3 —113 —10.7 (=12.3)4 —14.0 —13.7 -9.0
4 -10.5 —8.5(=9.7)4 —11.3 -10.8 —6.2
A A Hyogk (Me3sNHT)
1 —14.5 —13.7 (—15.1)¢ -16.7 -16.3 ~11.8
2 —114 —10.1(—=11.2)¢ —12.9 —125 -7.7
3 -10.0 —8.5(—9.3)d —11.6 -10.7 —6.6
4 —8.4 —6.6° (—8.1)°d —9.0° —9.3¢ —6.0¢
Statistics
HF MP2 MP2//HF HF-EFP
Overall w 1.0 (=0.3)4 -13 -1.1 3.0
o 0.7 (0.7)4 0.8 0.8 0.8
|max| 2.3 (1.3)¢ 2.7 2.4 4.7
n Experiment® HF MP2 MP2//HF HF-EFP
AAG(NH4H)
1 —13.3 —14.3 (—16.3)4 —154 —16.2 —24.9
2 -89 —7.1 (—8.4) —9.6 —8.6 —20.3
3 —6.3 —5.8(—6.8)4 -71 -7.2 -17.5
4 -39 —53(—6.1)4 —6.0 —6.6 —16.2
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Table 2 continued

n Experiment® HF MP2 MP2//HF HF-EFP
AAG(MeNH3™)

1 -10.3 —10.3 (—11.7)4 -13.9 —12.5 —21.5

2 —74 —7.4 (—8.7)1 -7.7 -92 -19.3

3 -5.1 —4.3(=5.7) —6.4 —6.0 —16.7

4 -3.7 —2.9 (—4.0) —42 —4.38 —12.9

Statistics
HF MP2 MP2//HF HF-EFP

AAG(MesNH, 1)

1 —82 —8.7 (—10.1)4 -11.2 —11.1 —20.2

2 —6.1 —5.8 (—7.1)¢ -83 —-8.0 —18.0

3 —4.0 0.3 (—1.7)¢ -2.0 —27 —11.1

4 -3.0 —1.3 (=171 —-3.0 -3.7 ~11.0
AAG(MesNHT)

1 -73 —8.0 (—10.04 —10.9 —10.7 —21.9

2 —4.0 —2.7 (-3.3)¢ —49 -5.0 ~113

3 -2.6 —1.6 (—2.8)¢ —-15 -3.8 —12.6

4 -2.0 2.4(0.8)¢ 1.6 -0.2 -9.8

Statistics
HF MP2 MP2//HF HF-EFP
Overall w 0.8 (—0.5)4 1.1 -13 —10.6
o 1.7 (1.7)4 1.6 1.5 2.1
|max| 4.4 (3.0 3.6 34 14.6

Basis set is 6-31++G** unless parenthetically noted. All values in kcal/mol

4 Experimental error = +1.4kcal/mol [11,12]
b MeNH; T (H,0)4 = C; structure

¢ Me3NH™ (H,0)4 = Cj structure
46-31G**

agreement with the experimental enthalpies, FT corrections
do not improve said agreement. (4) Internal energies and en-
thalpies at 0 K computed at the HF level with EFPs substituted
for all ab initio water molecules are cost-effective alternatives
in the reproduction of experimental enthalpies, especially
differential ones. The HF-EFP level of theory is completely
inadequate in the reproduction of experimental free ener-
gies. (5) Differential experimental quantities are more easily
reproduced by theory than are their total counterparts. This
is likely due to a cancellation of errors. Similarly, experi-
mental enthalpies are better duplicated by theory than free
energies. The relatively poor performance at all levels of the-
ory in reproducing experimental free energies is probably the
result of the thermodynamic approximations used to compute
the entropic corrections.

It is important to acknowledge two recent studies related
to the hydration of methylammonium ions, the most note-
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worthy being that of Caskey et al. [22]. In addition to provid-
ing a thorough overview of the phenomenon known as the
anomalous ordering of amine basicities, the authors report
on calculations carried out at the HF/6-31+G** level on
NH4 T, MeNH3 T, MeoNH, +, and MesNH™T clustered with
0-6, 10, and 14 water molecules modeled by EFPs.
Specifically, total ZPE-corrected internal energies (A Hp k)
are given. Our analogous values (Table 1) generally corre-
spond to those of the authors with minor differences attrib-
utable to the their use of unscaled zero-point energies. Two
notable exceptions are the MeNH3; T (H,0)s and
Mes;NHT (H,0)4 clusters, where our values are more exo-
thermic by 3.6 and 1.6kcal/mol, respectively. This discrep-
ancy is due to our use of the lowest free energy species, while
they employed the structures with the lowest enthalpies (vide
supra). One potentially troubling result present by Caskey
and co-workers is the apparent lack of convergence of the
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relative enthalpies of hydration with increasing numbers of
water molecules. A number of possible reasons may exist for
this lack of convergence: the inadequacy of the HF-EFP/6-
314+G** level of theory; the failure to locate the global
minima for the larger clusters or perform Boltzmann aver-
aging; or the general failure of the microsolvation method in
the current context (vide infra). Finally, two articles by Wang
etal. [47,48] strongly suggest that the pattern of hydration of
the NH4 ™ ion involves the sequential addition of water mol-
ecules to the four hydrogen-bonding sites of the ion with
additional water molecules entering the second hydration
shell. Calculations they carried out at the MP2/6-31+G* and
B3LYP/6-31+G* levels of theory are generally consistent
with our results. Our work stands in distinction to that of
the above authors in that it offers a comprehensive microsol-
vation study of the methylammonium ion system, in which
the importance of basis set, electron correlation, and thermo-
dynamic corrections has been established. It can, therefore,
serve as the point of departure for more complex descriptions
of hydration of ammonium ions; e.g., embedding the above
clusters in a continuum.

3.3 Hydration energies

The absolute enthalpies (A,q H ) and free energies (A,qG) of
hydration for the methylammonium ions correspond to the
respective changes in enthalpy and free energy upon transfer
of the ion from the gas phase to an infinite volume of water,

BH"(g) — BH"(aq) (%)

where BHT = NH4 T, MeNH3 T, Me,NH, T, and MesNH™.
While the prescription for calculating the enthalpy and free
energy of the gas-phase ion is straightforward, it is not for the
aqueous ion within the context of the microsolvation model.
The most important question that needs to be answered is:
How many water molecules are required to approximate an
infinite volume?

Some idea of the difficulty in answering this seminal
question can be gained from an examination of the experi-
mental gas-phase data [10,11]. As water molecules are
sequentially added to the methylammonium ions, the total
enthalpies decrease monotonically without limit (Fig. 2). Itis,
therefore, impossible to obtain absolute energies of hydration
from total energies of hydration. Considering that the experi-
mental absolute enthalpy of hydration for the ammonium ion,
AHyq (NH4 ™), is equal to —76.5 kcal/mol, [49,50]* between
five and six water molecules are required to reproduce this

4 The absolute enthalpies and free energies of hydration for the NH,;*
ion are derived from the respective energies for the H™ ion. Differ-
ent absolute enthalpies and free energies of hydration for the H ion
will obviously lead to different respective energies for the NH4 ™ ion.
For example, AﬂqH(NH4+) = —83.8 kcal/mol and AaqG(NH4+) =
—77.1kcal/mol.
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Fig. 2 Experimental gas-phase total (a) and differential (b) enthalpies.
Derived from [10,11]

experimental value. Similarly, for the MeNH3™ and
Me,NH, T ions, one also sees that between five and six
water molecules are required to reproduce the experimental
enthalpies of hydration of —70.8 and —65.1 kcal/mol, respec-
tively. The number of water molecules necessary to dupli-
cate the experimental enthalpy of hydration for the Me;NH™
ion (—57.7kcal/mol) cannot be estimated given the limited
experimental gas-phase data.

An appeal to the experimental free energies of hydra-
tion is even less useful (Fig. 3a). In this case, the experi-
mental data would appear to indicate that many more water
molecules are required to reproduce the experimental free
energies of hydration for the ammonium ion (A;qG(N Hy™h)
=-69.8 kcal/mol) [49,50]. It would appear, therefore, that a
microsolvation approach to predicting absolute free energies
of hydration is a formidable task. It should also be noted
that the calculation of absolute enthalpies and free energies
of hydration would require consideration of water clusters,
(H>0),, via Eq. 6.

BH" + (H,0), — BH" (H,0), (©6)

Both of these issues, greater numbers of water molecules
and explicit consideration of water clusters, as they pertain to
methylammonium ions are currently under investigation in

@ Springer



18

Theor Chem Account (2008) 120:5-22

o o
o o

-10.0 ~
15.0 32

Total Free Energy (kcal/mol)

-20.0
e
-35.0 v\\
-40.0
-45.0
Number of Water Molecules
1 2 3 4 5 6 7
0.0 1 Il Il Il
b
-2.0

-4.0
-6.0 /

fferential Free
Energy (kcal/mol)

-8.0 ——NH,* .
£ /‘/ —=—MeNH;,*
100 7w MeNH,* |
Me,NH*
-12.0 / 3 7]
-14.0

Number of Water Molecules

Fig. 3 Experimental gas-phase total (a) and differential (b) free ener-
gies. Derived from [10,11]

our laboratories. Finally, it is worth reiterating that a neces-
sary first step along this path is the accurate reproduction of
experimental total enthalpies and free energies of hydration
for the ammonium ions.

While the calculation of absolute values of any type is
generally a challenge to computational chemistry, relative
values are often far easier to compute. In the case of micro-
solvation calculations, the ability to compute relative sol-
vation energies is predicated upon a cancellation of bulk
solvation effects (i.e., perhaps outside the first few solvation
shells). Justification for this hypothesis can again be found in
the experimental gas-phase data, specifically the differential
enthalpies and free energies of hydration for the methylam-
monium ions. With the possible exception of the MezNH™
ion, the other three ions appear to yield the same differen-
tial enthalpies upon addition of four or more water molecules
(Fig. 2b). A similar result is seen for the differential free ener-
gies (Fig. 3b). It is possible to conjecture, therefore, that the
uniqueness of the ions with respect to hydration disappears
with completion of the first hydration shell.

The relative enthalpies (AA,qH) and free energies
(AAaqG) of hydration were computed by taking the differ-
ences in absolute enthalpies and free energies of hydration

@ Springer

for the methylammonium ions,
BH"(H,0),, + NHs T — NH4 " (H,0),, + BH" (7)

where BHT = MeNH3 T, MeoNH, +, and MesNH™T. Given
the apparent convergence of the gas-phase differential en-
thalpies and free energies with four (or perhaps five) water
molecules, n was set to four in Eq. 7. The experimental and
selected theoretical relative values are listed in Table 3.

The experimental enthalpies are very well reproduced at
the HF level with the 6-31++G** basis; specifically, the com-
puted internal energies and enthalpies are within experimen-
tal error (£ 1.0kcal/mol)! With the exception of the 6-31G
basis, these results are nearly duplicated by the smaller bases,
the largest discrepancy being 1.3kcal/mol for the
AAyqU (MeNH, 1) values calculated with the 6-31G* and
6-31G** bases.

The HF calculations that make use of EFPs in lieu of
explicit water molecules also do a very good job in reproduc-
ing the experimental enthalpies. While the internal energies
and enthalpies at 298K are not quite within experimental
error, the enthalpies at 0K are. When the smaller bases are
used, the agreement with experiment is essentially
unchanged. In fact, the HF-EFP relative internal energies
and enthalpies of hydration are all within 0.8 kcal/mol of one
another regardless of basis set.

For the correlated relative energies, the best agreement
with the experimental relative enthalpies was found for the
enthalpies at 0 K computed with the 6-31++G ** basis (MP2:
u = —27,0 = 1.7, |max| = 3.8kcal/mol; MP2//HF: n =
—2.3, 0 = 1.5, |max| = 3.2kcal/mol). As was seen for the
benchmark calculations (vide supra), the two sets of MP2
data are in fairly good agreement with one another.

The HF and HF-EFP relative free energies are unfortu-
nately not in as good agreement with experiment as their
enthalpic counterparts. With the 6-31++G** basis, the HF
values for the MeNH3" and Me3NH™ ions are in good and
fair agreement with experiment, respectively, while the error
associated with the Me,NH, ™+ ion (3.1 kcal/mol) is too large.
It is interesting that the smallest basis set (6-31G) leads
to an improvement of the results, with errors of —0.1, 0.4,
and 1.6 kcal/mol for the MeNH3 T, MeoNH, +, and MesNH*
ions, respectively. The HF—EFP results are in equally poor
agreement with experiment. While the errors associated with
the MeNH3+ and MesNH™ ions are only slightly out of
the range of experimental error, that for the Me;NH, ' ion
(4.5kcal/mol) is unacceptably large. It should also be noted
that use of the other bases does not substantially improve
agreement with experiment at the HF or HF-EFP levels of
theory.

The MP2 relative free energies computed with the
6-31++G ** basis are, however, in very good agreement with
experiment, clearly outperforming the values obtained at the
comparable HF levels. The nominally best results were found
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Table 3 Relative internal energies, AA,qU, enthalpies, AA,q H, and free energies, AA,qG for the hydration of ammonium ions: BH*(H,0)4 +

NH4+ — NH4*+(H,0), + BHY

BH* Experiment® HF MP2 MP2//HF HF-EFP
AA U
MeNH;* 5.7 6.7 4.8 5.2 6.5 (6.6)°
Me>NH, t 11.4 10.7 6.1 7.0 9.4 (9.6)°
MesNH* 18.8 18.7 14.0 15.0 16.2 (16.5)°
AAqyqHox
MeNH;t 5.7 6.7 4.9 (3.4)° 5.1(5.7)° 6.9 (6.8)°
Me,NH, * 11.4 12.1 7.8 (7.7) 8.3 (8.0) 11.7 (11.5)¢
MesNH ™t 18.8 19.4 15.0 (13.1)° 15.6 (16.6)° 18.0 (17.5)°
A Ayq Hyogk
MeNH;t 5.7 (8.5)f 6.9 5.0 5.3 (5.9)° 6.8 (7.0)
Me,NH, 1 11.4 (12.2)f 11.4 6.8 7.6 (7.2)° 10.5 (10.8)°
MesNH* 18.8 (18.2)f 19.2 14.5 15.4 (16.3) 17.2 (17.6)°
Ay G
MeNH3+ 7.0 (5.9 7.7 (6.9) 6.0 (8.2)° 6.1 (6.4)° 8.5 (8.0)°
Me,NH, + 13.9 (11.1) 17.0 (14.3)4 13.6 (15.0)° 13.2 (13.4)¢ 18.4 (18.1)°
MesNH* 20.9 (16.5)F 22.6 (22.5)¢ 19.2 (21.3)° 18.8 (19.5)¢ 23.3 (22.6)°

Basis set is 6-31++G** unless parenthetically noted. All values in kcal/mol

4 Experimental error = +1.0kcal/mol [9]
b 6-31G**

€ 6-31+G*

46-31G

¢ 6-31G*

f Gas-phase data [10,11]

Table 4 Reduced variational space (RVS) energy decomposition performed at the HF/6-31++G** level of theory for the methyl ammonium

monohydrate clusters

Compound ESEX POL CT BSSE Total

NH4™ —13.2 -3.7 -22 -0.5 -19.7
CH3NH; ™ —12.4 -3.1 —-1.5 —0.6 —17.6
(CH3),NH,* —11.6 2.7 —-1.1 —0.6 —16.0
(CH3)3;NH* —11.0 -2.5 -0.9 —0.7 —15.1

Total = electrostatic/exchange (ESEX) + polarization (POL) + charge transfer (CT) + basis set superposition error (BSSE). All values in kcal/mol

at the MP2 level with the 6-31G** basis (u =0.9, 0 =04,
|max| = 1.2kcal/mol) and at the MP2//HF level with the
6-31G* basis (u = —0.9, 0 = 0.4, |max| = 1.4kcal/mol).
Regardless of the basis set employed, the MP2 and MP2//HF
standard deviations are all less than a kilocalorie per mole.
Given the quality of the theoretical relative enthalpies of
hydration, it is possible to combine them with the exper-
imental, absolute enthalpy of hydration for the NH4™ ion
(AgqH = —76.5kcal/mol) to obtain semiempirical abso-
lute values that are in better agreement with experiment. For
example, using the relative HF enthalpies at 0K computed
with the 6-314++G ** basis, the following enthalpies of hydra-
tion were found: MeNH3+ = —70.0, MeoNH, ™ = —67.1,
and Me;NH™ = —60.3 kcal/mol. These semiempirical val-

ues are now in much better agreement with experiment. Car-
rying out the analogous calculations at the HF-EFP level with
the 6-314++G** basis also produces values in better agree-
ment with experiment: MeNH3 T = —69.6; Me;NH, ™ =
—64.8; and MesNHt = —58.5 kcal/mol. Corrections to the
MP2 and MP2//HF enthalpies at 0K calculated with the 6-
314++G** basis lead to results comparable to those found
at the HF level (MP2: MeNH3™ = —71.6, Me;NH, ™ =
—68.7, MesNH'T = —61.5; MP2//HF: MeNH3+ = —71.4,
Me,NH,t = —68.2MesNH' = —60.9 kcal/mol).

If one uses the experimental free energy of hydration for
the NH4 T ion (AyqG = —69.8 kcal/mol), it is also possi-
ble to correct the theoretical relative free energies to yield
absolute values. Using the 6-31++G ** basis at the HF level,

@ Springer



20

Theor Chem Account (2008) 120:5-22

one obtains the following absolute free energies: MeNH3+ =

—62.1, MesNH, T = —52.8, and MesNH' =—47.2 kcal/mol.

These values compare favorably to the experimental ones:
MeNH;"T = —62.8, Me;NH, T = —55.9, and Me3NHT =
—48.9kcal/mol. Correcting the HF-EFP/6-31++G ** calcula-
tions produces the following absolute free energies:
MeNH;t = —61.3, Me;NHyt = —51.4, and MesNH™
= —46.5kcal/mol. While the average agreement is not as
good as one would hope, this is due solely to the values
for the Me,NH,™ ion, the other two ions being in very
good agreement with experiment.’> The correlated relative
free energies can also be adjusted to good effect. Using the
6-31++G** basis at the MP2 (MeNH3™ = —63.8,
Me,;NH,t = —56.2, and MesNHT = —50.6 kcal/mol) and
the MP2//HF (MeNH3t = —63.7, Me;NH, T = —56.6, and
MesNHT = —51.0kcal/mol) levels, absolute free energies
are produced that are in good agreement with experiment.

These results are particularly encouraging. If a level of the-
ory yields relative energies in good agreement with exper-
iment, either a statistical correlation can be derived or an
empirical offset can be used to reproduce experimental abso-
lute energies. This is all the more impressive given the very
modest levels of theory employed.

3.4 Reduced variational space analysis

A reduced variational space (RVS) analysis [40—42] was
performed upon the monohydrate methylammonium clus-
ters at the HF/6-31++G** level of theory. These calcula-
tions allowed the intermolecular interaction energy to be
decomposed into electrostatic/exchange repulsion (ESEX),
polarization (POL), and charge transfer (CT) components. In
addition, the basis set superposition error (BSSE) was com-
puted [51,52]. The results of these calculations are given in
Table 4. The bulk of the interaction is electrostatic in nature.
The polarization energies are approximately a quarter of the
electrostatic energies, and the charge transfer energies are
smaller still, contributing no more than 2.2kcal/mol. It is
worth noting that the basis set superposition error averages
only 0.6kcal/mol per water molecule regardless of which
ammonium ion is considered. Basis set superposition errors
should not, therefore, contribute in a significant way to any of
the relative energy calculations, and they should, moreover,
mostly cancel in the relative energy calculations.

4 Conclusions

The structures and thermochemistry of methylammonium—
water clusters were investigated at the HF and MP2 levels of

> These results possibly suggest that the absolute values for the enthalpy
and free energy of hydration for the Me;NH, ™ should be re-examined.
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theory. Water molecules were treated all ab initio at the HF
and MP2 levels, while an addition series of calculations was
performed at the HF level with water molecules replaced by
EFPs. The importance of basis set effects and thermodynamic
corrections was examined.

Qualitatively similar cluster structures were found at all
levels of theory. Hydrogen bonds were formed between the
hydrogen atoms of the ammonium groups and the oxygen
atoms of the water molecules. Only upon saturation of the
hydrogen bonding sites of the ammonium group did water
molecules begin to fill the second hydration shell. The
structures reflect a balance between enthalpic and entropic
considerations. The structures exhibited a general lack of
sensitivity with respect to basis set at all levels. MP2 optimi-
zations resulted in shorter hydrogen bonds on average than
those found at the HF level, while the HF-EFP structures
evinced longer hydrogen bonds on average.

Total energies for the addition of one to four water mol-
ecules to the methylammonium ions were calculated and
compared to experiment. At the HF/6-31G** level, ZPE-
corrected internal energies were found to have a mean error
within the experimental uncertainty for the total enthalpies
of hydration. The HF/6-31+G* total free energies also led to
a mean error within experimental uncertainty.

HF/6-31G* ZPE-corrected internal energies resulted in
differential enthalpies with a mean error, standard devia-
tion, and maximum absolute error within experimental uncer-
tainty. The agreement between the experimental differential
free energies and the HF/6-31G** values also produced a
mean error within experimental error.

Results obtained at the other levels of theory were eval-
uated in light of the values obtained at the HF level. The
best agreement between the experimental total enthalpies and
those determined at the MP2 level were also for the ZPE cor-
rected internal energies calculated with the 6-31++G** basis.
The statistical agreement with experiment was poorer than
that found at the HF level and was obtained at significantly
higher cost. Similar results were found for the MP2 total
free energies, the best agreement with experiment found with
the 6-31++G** basis. The ZPE-corrected differential inter-
nal energies computed at the MP2/6-31++G** level were
found to be in much better agreement with experiment, yield-
ing a mean error and standard deviation within experimental
error. The MP2/6-31++G** differential free energies were
also found to be in better agreement with experiment, again
offering a mean error and standard deviation within the range
of experimental uncertainty. Given the overall poor perfor-
mance of the MP2 level relative to that HF, the inclusion of
electron correlation does not appear to be warranted, espe-
cially given the added computational expense. This increased
expense can be somewhat mitigated by calculating MP2 sin-
gle-point energies at HF optimized geometries, as this level
leads to virtually identical results.
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The use of EFPs in lieu of ab initio water molecules drops
the cost of the HF calculations precipitously. The experi-
mental total enthalpies are best reproduced at the HF—EFP
level with the smallest basis (6-31G) without ZPE or FT cor-
rections. The experimental differential enthalpies are also
reproduced by the HF-EFP internal energies, but with the
largest basis (6-31++G**). The HF-EFP level is incapable
of duplicating either the total or differential free energies.
The potential value of the HF-EFP method appears to lie
in its ability to accurately calculate differential enthalpies of
large hydrated systems, without the need of costly bases or
thermodynamic corrections.

A simple chemical model was employed to reproduce
experimental absolute and relative enthalpies and free ener-
gies of hydration for the methylammonium ions: water mole-
cules were added to each cation until the first hydration shell
was saturated, with a total of four water molecules added to
each cluster to ensure that each cluster was treated equally.
While all levels of theory underestimated the absolute enthal-
pies and free energies of hydration, strong linear correlations
were found to exist between the theoretical and experimen-
tal values. It was, therefore, possible to employ an empirical
correction to the theoretical values to obtain a better fit with
experiment.

By taking the difference between the theoretical total ener-
gies for the BH' (H,0)4 clusters, the relative experimental
energies of hydration were estimated. Internal energies and
enthalpies at 0 K computed at the HF/6-314++G** level led to
relative enthalpies all within experimental error. It is rather
remarkable that such a modest level of theory can dupli-
cate such a complex thermodynamic quantity. The HF/6-31G
relative free energies are within experimental error for the
MeNH3t and Me;NH, T ions, while that for MesNHT lies
just above this range of error. This impressive result appears
to arise from a fortuitous cancellation of errors associated
with basis set and entropic corrections.

The MP2 and MP2//HF relative internal energies and
enthalpies are in poorer agreement with the experimental
relative enthalpies of hydration. The relative free energies
are in much better agreement with experiment, with both the
MeNH;3+ and MeoNH, ™ ions falling within experimental
uncertainty and the Me;NH™ ion just outside this range. At
the HF—EFP level, the ZPE-corrected internal energies gen-
erally produced values that were within experimental error
for the relative enthalpies regardless of which basis set was
employed. If these results prove to be general, the HF—EFP
method would be applicable to chemical systems, which
are outside the purview of most ab initio methods owing
to their size. Once again, the HF-EFP method is not up to
the task of reproducing experimental relative free energies of
hydration.

The present results are on balance very encouraging. HF
calculations that employ rather modest basis sets can be used

to reproduce experimental relative enthalpies and free ener-
gies of hydration. The chemical model developed here is
straightforward in its application: water molecules are added
until the first hydration shell is filled, and additional water
molecules are added to permit comparisons between clus-
ters with unequal numbers of water molecules in their first
hydration shells. This promise is currently being explored
in our laboratories, and the following questions are being
addressed. (1) Are the results for the relative hydration ener-
gies truly converged at four water molecules? (2) Is it possi-
ble to calculate absolute hydration energies through explicit
consideration of water clusters? (3) Can absolute hydration
energies be computed by embedding the methylammonium—
water clusters in a continuum? (4) Can the above models be
used with amines? And if so, can the two sets of results be
combined to predict pKy, values? And (5), do the models have
applicability to systems other than methylammonium ions?
The results from these investigations will be reported in due
course.
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