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The solvation free energies of MéH,—,* (n =0, 1, 2, and 3) have been computed by means of a combined
discrete-continuum model, in which the ionic solute and the solvent molecules in the first layers around the
hydrogen atoms or protons bonded to the nitrogen atom are treated quantum mechanically and the remaining
solvent is simulated by a continuum model. The results show that the discrete-continuum model can predict
the solvation free energies of charged species within the chemical accuracy. On the basis of the computed
solvation free energies, we further explore the nature of the irregular order in basicity of a series of methylamines
in aqueous solution. Analyses reveal that the short-range sadateent interactions play a very important

role in the inversion of basicity.

1. Introduction ab initio level, while long-range interactions are introduced
o ] . through the continuum model. Such a combined discrete-
The determination of the free energy change associated with .qntinuum modet3 also known as cluster-continuuthsemi-
the process of ionic solvation has been the subject of NUMEroUS o ntinuum?s or supermolecule-continuum modélis more
theoretical and computational studied? Theories for both  oconomic and efficient, especially in the case where the solvent
implicit and explicit solvation models have been developed and 54 the solute are strongly bound, such as the ionic solvation.

applied widely. In the implicit continuum theoty the solute |, 4dition, the discrete-continuum model can provide insight

is treated by the quantum mechanics, but embedded in @y, many fundamental details where continuum models fail to
dielectric continuum of permittivity equal to that of the solvent. provide unique pictures.

Th ntinuum models hav n the m lar an . . . .
e continuu odels have been the most popular and One kind of interesting phenomenon related to the solvation

convenient approaches for the description of solvents in free energy is the acid/base equilibrium. The prediction of
computational chemistry due to its high efficiency and imple- basicity remains extraordinarily hard, due to the difficulties in

mentation in popular quantum mechanical calculation software. . . .
These models provide a very easy and accurate way to treqOMputing accurate gas-phase protonation free energies and
the extremely important and strong long-rang sohselvent solvation free energies of charged speéieBSor example, the

interactions that dominate many solvation phenomena. However,inverSion of the basicities of me_thylamines when passing fr°’T‘
it is also known that the strong and specific sotselvent the gas phase to agueous solution continues to be a challenging

1808 i BN .
interactions are not completely accounted for by the continuum research topiet The gas phase basmmgs Increase with
models. In particular, hydrogen bonding, which is a short-range successive methyl substitutions due to the inductive effect of
. y ’ 9 1
force, is not completely predictable from bulk electrostatics. An Tel\t/lhlegrful\ﬁﬁ’ yvhereas the sleq_uzgf?;:le IIShWh> hMZNﬁHZ
alternative discrete approach is to treat solvent molecules €3 IH3 In aqueous solutiort,"although the difer-
explicitly at the molecular mechanical (MM) level, with the ences of_the|r t_>aS|C|t|es are very small. Obviously, the basicity
solute at either the same MM level or more advanced quantumordenng inversion should be attributed to the solvent effeég
mechanical (QM) level. The solvation free energy is derived thus the accurate computation of the solvation free energies is
by subsequent Monte Carlo simulaticis® This kind of essential in the determination of the basicity in solution and
combined QM/MM method is very useful for inspecting specific ratlo_nallzatlon of the basicity irregularities. Many_ c_o_mputatlonal
solvent effects on the solute electronic structure, although it is Studies have been conducted to probe the basicities of methyl-
considerably computation-demanding compared with the con- amines in solution, but the reproduction of this subtle trend was
tinuum models, particularly when a few solvent molecules are shown to be d_|ff|cult. I_n the process of continuing investigations,
added to the QM part together with the solute molecule. A however, an interesting controversy has arisen about whether
compromise between the implicit and explicit models is to the interpretation of the abnormal basicity order should be
include the first-shell solvent molecules around the solute into Principally ?g‘:‘gg on hydrogen bonds or on electrostatic
the QM part, but the rest of the bulk solvent is treated with the Interactionsi2-2>0n the basis of the supermolecule approach
continuum theory. In this case specific sokislvent inter- calculations, Galera et.&! claimed that the number and strength
actions, mainly the hydrogen bonding ones, are retained at the®f hydrogen bonds play a critical role in the inversion of basicity.
However, this explanation is not persuasive, since the long-
* Corresponding author. E-mail: ymo@wmich.edu range interactions arising from bulk solvent molecules beyond
TXiamerrlJUnivegll'sity. ' Y T the first solvation shell are ignored, and this type of long-range
*Western Michigan University. interaction could have significant impact, particularly on ions.
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SCHEME 1: Thermodynamic Cycle Considered for SCHEME 2: Thermodynamic Cycle for the Calculation
Calculating Solvation Free Energies of the Solutes in of the Basicity in Solution (AGprot,aq)
Water AG®
probg "
AG,, B(g) + H(g) ————» BH'(g)
S(g) + nH,0(g) ———— S(H,0), N
&)+ nH20() E20) &) AGZ’W(B)l jAGfolv(H*) lAGfdv(BH )
AG., (S(H,0
n(AGvap)T l solv( ( 2 )n) B(aq) + H*(aq) BH*(aq)
S(g) + water ———— > S(H,0), @q) AG,, 4
AGL,,(S)

Similarly, the computation of basicity, defined as the Gibbs
free energy for the protonation of a base, can be carried out by
the thermodynamic cycle shown in Scheme 2. The free energy
of protonation AGgrm’ac), related to the concept of basicity in
solution, can subsequently be calculated as

By taking into account the electron correlations up to the MP4
level, Tunon and co-worket% successfully reproduced the
irregular order in basicities with the continuum PCM method.
Based on the computational results, Tunon et al. further
concluded that the electrostatic interactions between the solute

and the solvent are more important than the specific hydrOgenAGprot,aq:
bonds. But this statement was disproved by Kawata and co- AG
workers?+25 who argued that the continuum models have no protg
way to incorporate the hydrogen bond interactions. They
demonstrated that qualitatively similar results with those of
Tunon et al. can be derived based on the microscopic solvent
model without considering the electron correlations. Therefore
it remains an open question for further studies whether specifi
or long-range solutesolvent interactions exert a more signifi-
cant effect on the irregularity of the basicities of methylamines.

In this work, we apply the combined discrete-continuum ,51ye (-264.0 kcal/mol) has been recommended recefitly.
solvation model to the solvation free energies of methyl- 5 5 computational Details. The ab initio molecular orbital
substituted ammonium ions in an attempt to assess the accuracy.,culations were performed with the GAUSSIAN 98 softwire.
and usefulness of the model. Our focus is whether and how gqilibrium geometries in the gaseous phase were optimized
much the results can be |mpr0\{ed by explicitly considering one 4t the MP2/6-311G(d,p) level. Frequency calculations have
or more solvent molecules with the solute at the quantum peen carried out to characterize the stationary points and derive
mechanical level which are embedded in a continuum solvation e thermal, rotational, and vibrational contributions to the free
model, compared with the conventional practice of inserting energy by using standard procedures. Basis set superposition

the solute only in the continuum models. In addition, the on o5’ (BSSE) have been estimated in several cases by the
basicities of a series of methylamines in aqueous solution are computation of counterpoise correctiois.

computed with the combined discrete-continuum solvation  The solvation energies of neutral species and bare ions by

model and the nature of their irregular order is probed. The {he ik solvent were calculated respectively by the continuum
contributions to free energy changes are analyzed entirely from pcp\37 IEEPCM38 and IPCM® methods in conjunction with

+ AG{(BH") — AGg(B) — AGL(H") (2)
where the first term is the free energy of protonation in the gas
phase and the other three terms are the solvation free energies
of the neutral and protonated amines and the proton. Since the
' solvation of the proton term\GY, (H™) exists in all amine
Cbasicity calculations and will not affect the ordering of the
basicity, we simply used the value 6f260.5 kcal/mol given

for AGY,(H") by Aue et al3! although a slightly improved

a microscopic point of view. the MP2/6-31%G(d,p) wave function and a dielectric constant
of 78.39, corresponding to water at 298.15 K. In the IPCM
2. Method and Computational Details calculations, a 0.004 au isodensity surface was used to define

the cavity. In the continuum model calculations of neutral

2.1. Thermodynamlic Calculations.Thg discrete-contingum systems, the gaseous phase optimal geometries were used, as it
model has been applied to the calculations of the solvation free 3¢ peen shown in previous w&HO that changes in the

energies of ionic solutes from the thermodynamic cycle
presented in Scheme 1. Thus solvation free energies are
calculated as (S denotes the solute)

geometrical parameters due to the inclusion of the solvent effect
are relatively minor. For ionic clusters, i.e. methylammoniums
with the first hydration shell, gas-phase stationary structures
. . . were reoptimized in aqueous solution by using the continuum
AGg(S) = NAG, 5, + AG 5 + AGg (S(H,0),) (1) PCM method at the HF/6-31G(d) level. Furthermore, single-
point calculations were done including electron correlation with

wherenAG,4is the Gibbs free energy required to maverater ~ the IEFPCM method at the MP2/6-3tG(d,p) level. These
molecules from the pure liquid phase to the gas phase to formcalculations were applied in the computation of solvation free
the cluster with the soluteAGl is the free energy of  €nergies and_baS|C|t|es in aqueous solution, as illustrated in the
formation of the cluster S(D), in the standard state (1 mol/ ~ Prévious section.

L), and AG{,(S(H:0),) is the solvation free energy of the
cluster corresponding to the long-range interactions of the
hydrated cluster embedded in a cavity, which refers to the 3.1. Structural and Electronic Properties.For the number
process of gas (1 mol/L)> solution (1 mol/L)3? For the free of discrete solvent molecules to be used in the discrete-
energy of vaporization of water, we have used the experimental continuum model, the general approach is to consider the first
data of 2.05 kcal/mol foAG,ap* It should be noted that the  solvation shell with discrete molecules while the rest of the
vaporization occurs under the pressure of 1 atm and thus ansolvent is described by the continuum models. A recent study
expansion work ternPAV has been added to the Gibbs free by Caskey et &7 reveals that the ionic character of the nitrogen
energy. center significantly influences the hydration structures, and the

3. Results and Discussion
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Figure 1. Optimized geometries for NiH20),", MeNH;(H20)s", Me:NH,(H20),*, and MeNH(H,0)" clusters in aqueous solution.

water fragments bond directly with the hydrogen atoms or TABLE 1: Selected Bond Distances (A) and Mulliken _
protons attaching to the nitrogen center in methylammoniums Charges (electrons) on Atoms for the Targeted Structures in
ions. Therefore the minimum number of water molecules in the e Gas Phase and in Solution at the HF/6-3tG* Level

first solvation shells around the positively charged centers of solute R(N—H) R(N-::O) P(N) P(C) P(O)
methylammoniums depends on the number efHfNbonds (i.e., optimized in the gas phase
four for NH,*, three for MeNH™, two for MesNH»,*, and one NH,* 1.013 —1.06
for MesNH™). Although there is a controversy regarding the MeNHs* 1.011 —1.00 —0.38
number of water molecules in the first solvation shell of X4 MeNH,™ 1.009 —0.86 —0.39
we note that each (N)H forms only one hydrogen bond with MﬁBNH N 1.009 :0'73 —0.39 B

o Y 4(H20)4 1.017 2.931 1.30 1.07
water in ideal situations (e.g., gaseous phases or crystals) anQyeNH,(H,0);* 1.016 2.924 —1.20 —0.36 —1.08
increasing the number of water molecules in the first solvation Me,NH,(H.0),* 1.016 2.915 —0.98 —0.39 —1.08
shell will significantly complicate the search of the representa- MesNH(H.O)" 1.016 2.905 -0.79 —0.39 —1.07
tive ground-state structure and, as an alternative, molecular optimized in agueous solution
dynamics simulations must be performed to get the solvation NH,* 1.018 -1.11
free energy. For the sake of simplicity, here we put four water MeNHz* 1.017 —1.02 —-0.39
molecules around the Nf, which can form four strong meZNEf i-g%g :8-23 :8-2%
hydrogen bonds anq consequently recover thg majprity of §hort- Nl?li(HZO)f 1017 29052914 —-130  —113
range solventsolute interactions with the remaining interactions  peNHy(H,0)s* 1.015-1.017 2.879-2.887 —1.15 —0.39 —1.13
accounted for by the continuum model. Optimized geometries Me,NH,(H.0)," 1.014 2.863-2.877 —0.88 —0.43 —1.13
for NH4(H20)4+, MeNH3(H20)3+, MegNHz(HZO)ZJr, and Me- M63NH(H20)+ 1.017 2.845 —0.72 —0.43 —1.13

NH(H20)*" clusters in a continuum are shown in Figure 1.
Selected geometric parameters and charge distribution from thethan those in a pure discrete model. These results can be
computations in vacuo to in solution are listed in Table 1 for interpreted on the basis of the charge distributions (or polariza-
comparison. tion). Mulliken population analyses on the pure discrete model
From Table 1, it can be found that the change of structures and the combined discrete-continuum model indicate that the
owing to the solvent effect is modest in magnitude. This is in water molecules experience electron density polariztion toward
agreement with previous work&4°However, the small struc-  the oxygen side due to the solvent effect. The partial charges
tural changes still reflect interesting features for the specific on the oxygen atoms are increased from-€2.07 to ca—1.13,
and long-range solutesolvent interactions and demonstrate the which subsequently strengthens theN---O hydrogen bonds
discrepancy between the combined discrete-continuum solvationand leads to the shortening of N distances and NO
model and conventional continuum model. When either specific distances. Compared with the structural parameters in Table 1,
(solute plus a few water molecules) or long-range interaction we find that the N-O distance is the most sensitive or variable
(solute in continuum media) is taken into account, theHN one. The relatively big changes of the-l distances from the
bonds in the ammonium ions always lengthen due to their pure discrete model to the combined discrete-continuum model
respective polarization effects. In the cases where both typeshighlight the importance of short-range interactions between the
of interactions (supermolecule in a continuum media) are solute and solvent and the necessity of reoptimization of the
simultaneously considered,NH bonds are still longer than  structures in solution.
those in vacuo, but slightly shorter than those in a pure discrete  For the ammonium ions, population analyses reveal that the
model or in a pure continuum model. In addition, the-® partial charges on the nitrogen atoms are enhanced compared
distances in a combined discrete-continuum model are shorterto the gas phase due to the electrostatic field generated by the
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TABLE 2: Solvation Free Energy and Its Components calculated by means of the IEFPCM method are in very good
within the Discrete-Continuum Model® (kcal/mol) agreement with experimental results with errors less than 1 kcal/
solute  AGup  AGpy  AG(S(H0))  AG,(S) mol. The PCM resullts are slightly poorer, particularly forMe
NH. " 502 3276 5378 8062 NH and MgN. For the methylammonium ions, the experimental

4 . . . . . .
MeNHs* 444  —2224 —53.10 ~70.90 results are still controversial, as they are dependent on the
Me,NH,* 2.96 -13.71 —52.46 —63.21 absolute value of the solvation free energy of proton
MesNH* 1.48 —7.35 —52.13 —58.00 (AGL,(H)), which itself remains a controversial issue. Pear-
2 The IEFPCM model with a MP2/6-3#1G(d,p) wave functionwas ~ SOrf? and Florian and WarsHel compiled the solvation free
used for the continuum calculations. energies of ions usindGY,,(H") = —259.5 kcal/mol, while

. . , Pliego and Riverd$ adopted a value ahG2,, (H") = —264.0
gﬁﬁ;ﬁoﬁ' F?:emgﬁgfggsogfcﬁgﬂ;fgiﬁgg iEngﬂgnoinstal kcal/mol. In our calculations, PCM and IEFPCM results are
Solution and Errors in Parentheses (kcal/mol) extremely close, although there are large discrepancies for the

neutral molecules. These results support the experimental values

solute PcV IEFPCM PCM ext of Pearsorf? but the IPCM results seem more consistent with
MZIS\JH :g%gg:g?gg :g'%gg'gg; ig'%ﬁ_o%%o) :2'2% the values of Florian et &P Besides, the combined discrete-
Melej ~7.95(-3.67) —4.92(-0.64) —311(1.17) —4.28 continuum model, with the first solvation shell explicitly
MesN  —5.26(-2.03) —3.36(-0.13) —2.64(0.59) —3.23 considered, is also consistent with results of continuum PCM

and IEFPCM methods and is shown to be good enough to
predict solvation free energies of charged species, as the errors

solvent in all three models. Furthermore, in the pure continuum &€ lower than 4%. However, for the methylammonium ions
model the nitrogen partial charges are close to the values in theSince the PCM and IEFPCM calculations lead to close results
gas phase, since there is no charge transfer between the solut@hich are in accord with the experimental values, the use of
and the bulk solvent. However, both discrete and discrete- discrete models with a few explicit water molecules plus the
continuum models predict similar partial charges on the N atoms continuum IEFPCM method does not result in a better evaluation

due to the charge transfers between the solute and explicit wate©f the solvation free energies. In fact, comparing the results of
molecules. which are-0.04e.—0.02e.—0.01e. and 0.01e for the discrete-continuum model and pure continuum methods, we

NHa(H20)s*, MeNHs(H20)s*, MesNHo(H20),*, and MeNH- find that for NH;*, the error in the discrete-continuum model
(H20)*, respectively, in the discrete-continuum model. A large 1S MOre pronounced than that in the continuum PCM and
discrepancy for the partial charges on the N atoms is observed EFPCM methods, while the error trend reverses fogNte™.
between the pure continuum model and the combined discrete- 1 herefore it seems that the combined discrete-continuum model

continuum mode. Therefore, we conclude that the major introduces errors due to discrete contributions, while it an-
drawback of the continuum model is the neglect of electron Nihilates the errors in continuum methods. On the basis of the

exchanges between solute and its surrounding solvent molecules2Pove analyses of error sources, it can be inferred that the
3.2. Solvation Free Energy.Solvation free energies of discrete-continuum model may not be su_|table for the_treatr_ngnt
methylammoniums have been obtained from the thermodynamic©f neutral molecules unless at very high levels, since it is
cycle presented in Scheme 1. The relevant data and the_con&de_rably difficult to calculate the weak solutolvent
calculated solvation free energies are summarized in Table 2.interactions accurately.
It can be seen that along with the successive methyl substitution, To further evaluate the discrete-continuum model, we cal-
continuum contributions AG,(S(H:0),)) remain nearly ~ culated the solvation free energy of hHby changing the
constant throughout the series, while discrete contributions number of water molecules explicitly considered, and the results
(AGvap + AGzluSl‘) decrease Significant|y due to the reduction are presenteq n Table 5. Clear.ly, when the first solvation She"
of the number of hydrogen bonds. A|th0ugh the continuum of NH4+ are Slmpllfled by four discrete water molecules which
contributions are larger than the discrete contributions, the directSatisfy each N-H bond by forming a hydrogen bond, the
solute-solvent interactions are still considerably strong and Solvation energy is in good agreement with the experimental
important, with about 7 kcal/mol per water fragment. Thus, the value. When the first solvation shell of NHis not completely
specific solute-solvent interactions are important and should filled with the water molecules, the errors slightly go up.
be considered explicitly. Previous studies concluded that the use of a discrete model with
Tables 3 and 4 compared the calculated solvation free energiegnore solvent molecules beyond the first solvation shell plus a
of methylamines and methylammoniums in aqueous solution continuum does not lead to a better evaluation of the solvation
with experiments. As Pliego and Riveros have shéfvthis energy>34°> Our results suggest that the inclusion of solvent
solvation free energy can be computed with good accuracy for molecules in the first solvation shell, which strongly interact
neutral molecules but not for ions due to the existence of strong With ionic solutes, is necessary.
solute-solvent interactions which complicate the calculation 3.3. Basicity.As pointed out in the pretext, the determination
accuracies. For the neutral molecules, the solvation free energie®f the basicity scale in solution involves the calculation of

a Reference 44.

TABLE 4: Comparison of Calculated and Experimental Solvation Free Energies of Methylammoniums in Aqueous Solution
(kcal/mol)

discrete- discrete- experimental
solute continuum PCM IEFPCM IPCM continuund Pliego et aP Pearsoh Florian et ad
NH* —80.62 —80.44 —80.41 —84.15 —79.38 —84.9+ 0.7 —-79 —81+5
MeNHz" —70.90 —70.28 —70.94 —73.63 —72.69 —75.2+0.7 =70 —73+5
Me;NH, " —63.21 —64.03 —65.83 —65.21 —67.9+ 0.7 —63 —66+5
MesNH™* —58.00 —58.38 —59.55 —59.27 —-61.7+ 0.7 —56 —59+5

aReference 142 Reference 44S Reference 424 Reference 43.
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TABLE 5: Solvation Free Energy for the Different 25-
NH4((H,0),* Clusters and Its Components within the 20 v
Discrete-Continuum Model (kcal/mol)

151 /
solute nHO AGup AGh, AGLSS(H:O)) AGL(S) 10]
NH4* 4 592 —32.76 —53.78 —80.62 = 5]
NH,* 3 4.44  —30.08 —57.83 —83.47 g A
NH4* 2 296 —21.89 —63.77 —82.70 S E———— T —
NH,* 1 1.48 —13.09 —70.95 —82.56 _3 5]

. . . . O

solvation free energhG_,,, and its algebraic addition to the 2 -10
gas-phase protonation energy. Table 6 lists the gas-phase -15
protonation free energieAGSer) of methylamines calculated -20- '\
at the MP2 and G3 levels. Experimental values given by Eades 25 ] . i . .
et al*® are also presented for comparison. Among the two sets NH, MeNH, Me,NH Me N
of data obtained at the MP2 and G3 levels, the relative values Methylamine
at the MP2 level are closer to the experimental values, although Figure 2. AGprot,g(.) AGL,(B) (@), AGL,(S(HO)) (a), andAGap

the discrepancies {23 kcal/mol) are still notable compared with
the small differences among the protonation free energies of
methylamines. The BSSE corrections at the MP2 level tend to
increase the discrepancy between the calculated protonation free
energy of NH and the experimental value due to the over-
estimation of the BSSE by the counterpoise method at correlated
levels?” As a consequence, although the calculated absolute
values of other methylamines at the MP2 level are in better
agreement with experimental results, e.g., the deviations of
absolute values are-2.09, —1.85, and—1.88 kcal/mol for
MeNH,, Me;NH, and MeN, respectively, their relative values
compared to ammonium deviate from the experimental values .
by around 2-4 kcal/mol. At the G3 level the calculated absolute
values are similar to those at the MP2 level apart fromgNH
and their relative values are even slightly larger than those at
the MP2 level. Therefore in the current work the MP2 results
are used for further calculations of the basicities in agueous
solution.

The protonation free energies of methylamines in aqueous
solution together with the energy contributions as shown in . . -
Scheme 29are present in Tableg)7/ Obviously, the ordering of °f methylamlnes. Our computations indicate that ST S _
the calculated basicity in solution is different from the ordering 29 AGg,, have monotonic behaviors with the methyl substi-
in the gas phase. Although the errors of the calculated gastutions. Whereag&Gpmtg decreases along the series from NH
basicities have little effect on the correct estimation of in- t0 N(CHs)s, AGY,, increases. Thus, it seems that the irregular
solution basicity ordering and the calculated solvation free basicity ordering of methylamines in solution can be explained
energies are in reasonable agreement with the experimentafrom a delicate equilibrium between the protonation energies
values, the irregular order of the basicities of methylamines in in vacuo and solvation energies. Regarding the solvation terms,
aqueous solution cannot be reproduced as the discrepancy ofigure 2 shows that along with the successive methyl substitu-
the basicities of methylamines in aqueous solution is very tion, continuum contributionsAG,,(S(H:0)n)) which depend
modest. The errors of calculated results, i.e., the gas-phaseon the size and shape of cavity remain nearly constant
basicities and solvation free energies, are more or less largerthroughout the series, and discrete contributionGey +
than the relative values of in-solution basicities of methylamines. AG}) decrease significantly due to the changes of the

+ AG(V) relative to the NH/NH,* system for each methylamine.

An important issue, apart from the correct estimation of
absolute energies, is the rational understanding of the origin of
basicity inversion in solution. Essentially, the inductive effect
and the electrostatic interaction with the solvent can explain
most of the differences between the basicity orderings of
methylamines in vacuo and in solution. The substitution of
hydrogen atoms in ammonia by methyl groups has these two
effects on the free energy of protonation in solution. On one
hand, there is only one effect namely the inductive effect present
in vacuo. The inductive effect of the methyl group causes the
stabilization of conjugate acids of methylamines. The basicities
of methylamines thus increase with the successive methyl
substitutions. On the other hand, in solution the substitution of
methyl groups decreases the stabilization of conjugate acids
caused by the solvent effect, due to the continuing loss of strong
hydrogen bonds. As a consequence, the subtle balance between
the two contributions determines the irregular order of basicity

TABLE 6: Comparison of Calculated and Experimental Free Energy Changes upon Protonation in the Gas Phase (kcal/mol)

MP2 MP2 (BSSE) G3 experimental
solute AG AGel AG AGel AG AGrel AG AGiel
NH3 —196.51 0.0 —193.98 0.0 —195.73 0.0 —197 0.0
MeNH, —208.29 -11.78 —207.15 -13.17 —208.13 -12.4 —206.2 -9.1
Me,NH —214.85 —18.34 —214.79 —20.81 —214.97 —19.24 —213 —16.0
MesN —219.58 —23.07 —220.21 —26.23 —219.89 —24.16 —217.7 —20.7

a Reference 46.

TABLE 7: Protonation Free Energies in Aqueous Solution (kcal/mol)

solute AG20|V(H+) AG:ON(B) AGZOI\XBH+) AGgrot,g AGgrot aq AGgrol at{exptl)a
NH3 —260.5 —4.51 —80.62 —196.51 —12.12 —12.61
MeNH: —260.5 —5.19 —70.90 —208.29 —13.50 —14.53
Me,NH —260.5 —4.92 —63.21 —214.85 —12.64 —14.70
MesN —260.5 —3.36 —58.00 —219.58 —13.72 —13.37

a Reference 31.
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number of hydrogen bonds. Thus, our results suggest that the (17) Pliego, J. R.; Riveros, J. M. Phys. Chem. 2002 106, 7434.
specific solute-solvent interactions, mainly the hydrogen bonds,  (18) Marcos, E. S.; Terryn, B.; Rivall, J. . Phys. Cheml985 89,
play a very important role in the irregular ordering of the basicity " (19) prago, R. S.; Cundari, T. R.: Ferris, D. £.Org. Chem1989 54,
of methylamines in aqueous solution. The correct prediction of 1042,

the basicity order of methylamines in water requires an accurate (20) Pascualahuir, J. L.; Andres, J.; Silla, E&hem. Phys. Lett199Q
treatment of the short-range hydrogen bonds between methyl-ng’ 297.

A (21) Galera, S.; Oliva, A.; Lluch, J. M.; Bertran, J. Mol. Struct
amines and water molecules. THEOCHEM1984 19, 15.
(22) King, P. M.; Reynolds, C. A.; Richards, W. G. Mol. Struct

(23) Tunon, 1.; Silla, E.; Tomasi, J. Ph_ys. Cheml1992 96, 9043.

In this paper the solvation free energies of methylammoniums 11§24i)63l)<8awata| M.; Tenno, S.; Kato, S.; Hirata,JFAm. Chem. So¢995
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