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Solvent effects

We have computed the proton affinities in water of arche-
typal anionic and neutral bases across the periodic table
using the generalized gradient approximation (GGA) of den-
sity functional theory (DFT) at BP86/QZ4P//BP86/TZ2P. The
main purpose of this work is to provide an intrinsically con-
sistent set of values of the 298-K proton affinities in aqueous
solution of all anionic (XH,_;7) and neutral bases (XH,,) con-
stituted by maingroup-element hydrides of groups 14-17 and
the noble gases (i.e., group 18) along the periods 1-6. Hy-

dration has little effect on the trends in PA values, especially
in the case of the neutral bases. However, in the case of the
anionic bases, hydration drastically reduces the magnitude
of the PA values. Finally, we have studied how proton affin-
ities in water are affected by methyl substitution at the proto-
philic center.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

Designing new (and optimizing existing) approaches and
routes in chemical synthesis requires knowledge of the ther-
mochemistry involved in the targeted reactions. In this con-
text, the proton affinity (PA) of a reactant or intermediate
species B often plays an important role. This thermochemi-
cal quantity is defined as the enthalpy change associated
with dissociation of the conjugate acid [Equation (1)].t!#]

BH* — B + H*; AH = PA 1)

Overall reaction enthalpies and reaction barriers (and
thus reaction rates) are related to the PA, as soon as proton
transfer occurs somewhere along the cascade of elementary
steps of a reaction mechanism. This is often the case, as
proton transfer is ubiquitous in chemical reaction mecha-
nisms, either as simple proton transfer (PT) or as part of a
more complex chemical transformation, for example, base-
induced elimination reactions that may compete with nucle-
ophilic substitution.®131 And, as chemical reactions are
usually carried out in the condensed phase, knowledge of
the condensed-phase PA values is vital for the understanding
and prediction of (competing) reaction mechanisms.
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Previously, we have studied the gas-phase proton affin-
ities and trends therein of anionic and neutral maingroup-
element hydrides and noble gases.'*!3] Gas-phase proton
affinities are obviously directly applicable to gas-phase
chemistry®*-®! but they are also relevant for chemistry occur-
ring in the condensed phase.''®! On one hand, they reveal
the intrinsic basicity of the protophilic species involved and,
thus, they shed light on how this property is affected by the
solvent. On the other hand, they can serve as a universal,
solvent-independent framework of reference, from which
the actual basicity of a species in solution might be ob-
tained through correcting for the particular solvent under
consideration.[!7-19]

Here, we focus on the proton affinities in water and how
the presence of the solvent changes the basicity of the pro-
tophilic species. The solvent environment may be taken into
account using different approximations, e.g., through em-
pirical corrections (Born, Onsager), or by including explicit
solvent molecules, or through placing the solute in a dielec-
tric continuum (COSMOIP%21) The empirical corrections
give only a rough estimate for the solvation process, while
the inclusion of explicit solvent molecules necessitates sam-
pling of the solvents’ degrees of freedom in molecular simu-
lations(?>231 (Monte Carlo, molecular dynamics). We choose
the dielectric continuum (COSMOP%-211) model as a reason-
able compromise between accuracy and feasibility.

The present study has three objectives. First, we aim at
setting up a complete description at BP86/QZ4P//BP86/
TZ2P of the proton affinities (PA = A,.qH9g of reaction
1) in aqueous solution for the anionic (B = XH,,_;") and
neutral (B = XH,,) maingroup-element hydrides of groups
14-17 and the noble gases, i.e. group 18, and periods 1-6.
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In addition to the PA values of all bases (A,.qH295), We
also report the corresponding 298 K reaction entropies
(AuciaSHos, provided as —TA, 4S5 values), and 298 K reac-
tion free energies (A,ciaGaog). We have previously shown
that this level of density functional theory (DFT)P432l per-
forms well for computing gas-phase PA values.'*!3] Sec-
ond, we wish to evaluate directly the effect of hydration on
the PA values by comparing the condensed-phase values to
the previously obtained*!3! gas-phase values. Third, we ex-
amine the influence of stepwise methylation of the proto-
philic center X in species Me,,XH,,,,;~ and Me,, XH,,,,
(for periods 2 and 3), for example, PH;, MePH,, Me,PH,
MC3P.

To the best of our knowledge, our series of in total 65
bases has never before been studied consistently with one
and the same method over its full range, either experimen-
tally or theoretically. The very consistency in the values of
the present study makes our data particularly suitable for
inferring accurate trends in condensed-phase basicity across
the periodic table.

2. Results and Discussion
2.1. Effect of Hydration on Proton Affinities

The computed proton affinities in water (and the corre-
sponding —TA,.iqS>9s and A, qGrog values) of all model

Table 1. Thermodynamic acidity properties (kcal/mol) at 7= 298 K for anionic bases Me, H,, X" in water.[?l

Group 14 Group 15 Group 16 Group 17

Base AH ~-TAS AG Base AH ~-TAS AG Base AH -TAS AG Base AH -TAS AG
Period 2

CHj~ 220.5 -89 211.5 |NH, 2029 -7.5 1954 |OH- 182.9 6.6 176.4 | F- 158.1 -5.7 1524
MeCH,~ 226.6 -89 2177 | MeNH™ 206.6 -7.5 199.1 |MeO~ 183.6 -7.1 176.5

Me,CH™ 229.7 -8.0 221.7 |Me,N- 205.1 -7.0 198.1

Me;C 229.5 -7.2 222.3

Period 3

SiH;z~ 193.0 -8.2 184.8 | PH, 185.1  -7.5 177.6 |SH- 164.9 -6.4 158.5 | CI” 1432 -54 1378
MeSiH, 201.6 -7.6 1940 |MePH 192.0 -7.6 1844 |MeS 1712 -6.3 164.8

Me,SiH™  208.3 -7.9 200.4 |Me,P- 1982 7.3 190.9

MesSi- 213.4 -7.3 206.0

Period 4

GeH; 179.4 -8.3 171.2 | AsH, 179.8 -7.5 172.3 |SeH 160.4 -6.3 154.1 | Br- 140.0 -5.2 1348
Period 5

SnH;~ 169.7 -8.1 161.6 |SbH, 176.5 -7.5 169.0 |TeH  158.7 -6.2 152.5 |I” 140.8 -5.1 1357
Period 6

PbH; 150.4 -7.0 143.3 | BiH, 1747 7.4 167.3 | PoH 157.3 -6.2 151.1 | At 140.3 -5.0 1353

[a] Computed at BP86/QZ4P//BP86/TZ2P for the reaction Me, H,, ,, 1 XH—Me, H, ,, X + H* with n = 3, 2, 1 and 0 for groups 14,

15, 16 and 17, respectively.

Table 2. Thermodynamic acidity properties (kcal/mol) at 7 = 298 K for neutral bases Me,,H,,_,,,X in water.[*]

Group 15 Group 16 Group 17 Group 18
Base AH -TAS AG Base AH -TAS AG Base AH -TAS AG Base AH -TAS AG
Period 1

He 359 -59 30.0
Period 2
NH; 160.8 7.2 153.6 OH, 1272 -6.8 120.4 FH 88.7 6.6 82.1 Ne 39.9 -5.7 34.3
MeNH, 1642 -7.6 156.6 MeOH 1299 -7.5 122.4 MeF 96.5 -6.5 90.0
Me,NH 1652 -7.5 157.6 Me,O 1312 7.1 124.2
MesN 1647 7.3 157.5
Period 3
PH; 143.6 7.2 136.4 SH, 130.6  -7.5 123.1 CIH 101.5 -6.4 95.1 Ar 68.3 -54 62.9
MePH, 152.7 -74 1454 MeSH 1369 7.7 129.2 MeCl 108.3 -6.3 102.0
Me,PH 1593 -7.5 1518 Me,S 1419 7.8 134.1
Me;P 1642 7.0 157.2
Period 4
AsH; 131.8 7.2 124.6 SeH, 129.6  -7.5 122.1 BrH 103.9 -6.3 97.6 Kr 75.4 -5.3 70.1
Period 5
SbH; 1277 -6.7 121.0 TeH, 133.6 6.8 126.7 IH 111.7 -6.2 105.5 Xe 89.3 5.1 84.2
Period 6
BiH; 1104 -6.6 103.8 PoH, 133.0 6.8 126.2 | AtH 112.5 -6.2 106.3 Rn 91.8 -5.0 86.7

[a] Computed at BP86/QZ4P//BP86/TZ2P for the reaction Me,,H,,,,XH" — H* + Me, H,_,, X with n = 3, 2, 1 and 0 for groups 15, 16,

17 and 18, respectively.
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bases are collected in Table 1 and 2 and the trends are visu-
alized in Figure 1. The effect of solvation on the PA values
is summarized in Table 3, Table 4 shows the separate contri-
butions from solvation of the base, the proton and the con-
jugate acid. Before proceeding, we stress that various spe-
cies for which we compute the proton affinity in water are
not stable in water. For example, any anionic base with a
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Figure 1. Proton affinities PA in water (at 298 K) of anionic bases
XH,_; (upper) and neutral bases XH,, (lower) constituted by the
element hydrides of groups 14-18 and periods 1-6 (P1-P6), com-
puted at BP86/QZ4P//BP86/TZ2P.

higher PA than that of water (e.g., NH,") will immediately
abstract a proton from the latter. Access to the PA value of
such in water transient species is interesting both, for the
fundamental reason of having a complete trend, but also
for the very practical reason to know if such a species re-
mains intact in solution or if it directly abstracts a proton.

Table 4. Enthalpy of hydration (kcal/mol) for bases and their conju-
gate acids at 7' = 298 K.[4]

Base AH, (base) AH(conj.acid) APA(base)P!
CH; -72.13 1.43 -193.50
NH, -84.15 -3.39 -200.69
OH -92.22 -4.86 -207.29
F -98.12 -3.51 -214.54
Cl -70.90 —-0.50 -190.33
NH; -3.39 -80.91 -42.41
OH, -4.86 -87.44 -37.35
FH -3.51 -94.68 -28.76
CIH —0.50 -85.94 -34.49
Ne 1.45 -105.72 -12.76

[a] Computed at BP86/QZ4P//BP86/TZ2P. [b] See Equation (2).
AH,,(H") = ~119.93 kcal/mol.

Two general observations can be made for the present
PA values in aqueous solution by comparison with the cor-
responding PA values in the gas phase.['*!] First, hydration
reduces especially the PA values of the anionic bases and
somewhat less so the PA values of the neutral bases (see
Table 3). Second, the trends in PA values for either the an-
ionic and neutral bases are only little affected by hydration,
as follows from comparison of Figure 1 in the present study
with that in ref.['] (see however also the more detailed dis-
cussion in Sections 2.2 and 2.3).

The fact that the neutral bases are much less affected by
hydration is easily understood if one considers that the

Table 3. Hydration effects on PA (AAH, kcal/mol) for anionic bases Me,,H,,_,,_; X" and neutral bases Me,, H,_,, X at T = 298 K_I®]

Group 14 Group 15 Group 16 Group 17 Group 15 Group 16 Group 17 Group 18
Base AAH Base AAH Base AAH Base AAH | Base AAH Base AAH Base AAH Base AAH
Period 1
He -9.3
Period 2
CH; -193.5 NH, -200.7 OH~ -207.3 F -214.6 | NH; —42.4 OH, -373 FH -28.7 Ne ~12.8
MeCH,  -189.0 MeNH-191.7 MeO~ -193.0 MeNH, —49.8 MeOH 49.3  MeF -46.5
Me,CH™ —181.1 Me,N~ —182.0 Me,NH -55.3 Me,O —56.8
Me;C 1744 Me;N - —60.3
Period 3
SiH;~ -176.1 PH,  —181.1 SH- -186.5 ClI°  —-190.3 | PH; -41.7 SH, -39.6 CIH -34.4 Ar -25.6
Me- —174.6 MePH -180.9 MeS -186.3 MePH, -51.1 MeSH —49.9 MeCl -48.7
SiH,~
Me, 1729 Me,P ~179.2 Me,PH —58.6 Me,S —58.5
SiH-
Me;Si- —170.3 MesP -64.7
Period 4
GeH; -176.5 AsH, -1783 SeH  -181.5 Br  -184.3 | AsH; -44.8 SeH, -42.8 BrH -38.0 Kr -30.7
Period 5
SnH;~ -172.3 SbH, -172.0 TeH -173.6 I —-175.1 | SbH;  -47.6 TeH, 447 IH -40.1 Xe -32.9
Period 6
PbH; 1740 BiH, -170.3 PoH  -171.9 At -173.2 | BiH; -51.0 PoH, 479 AtH -43.6 Rn -37.4

[a] AAH is the change in PA due to solvation, i.e., APA,,,, as defined in Equation (2). [b] Computed at BP86/QZ4P//BP86/TZ2P for the
reactions Me,, H,_,, . XH—H" + Me,,H,,_,,, ;X with n = 3, 2, 1 and 0 for groups 14, 15, 16 and 17, and Mg, H,,_,,XH"—H" + Me,,-
H,_ X with n = 3,2, 1 and 0 for groups 15, 16, 17 and 18, respectively.
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main effect of solvation stems from the ionic species. The
change in PA due to solvation, APA,, is given by Equa-
tion (2).

APAsvlv = AI{solv(base) + AHSOIV(H+) - AHsolv(Conj~aCid) (2)

The change in enthalpy of solvation of the proton
AHy,(HY) is large (-119.93 kcal/mol). For the neutral
bases, this term is largely compensated by the strong en-
thalpy of solvation of their positively charged conjugate acid,
AHg,(conj.acid). The latter ranges from —81 to —106 kcal/
mol (see Table 4). Consequently, the change in proton affin-
ity due to solvation APA,,, is relatively small for neutral
bases (see Tables 3 and 4).

The situation is different for the anionic bases. In the
gas phase, they have significantly larger PA values than the
neutral bases because of the charge separation, and the as-
sociated loss in Coulombic attraction, that goes with disso-
ciating the neutral conjugate acid into the negatively
charged base and the positively charge proton.['*!51 On the
other hand, in solution, both the base and the proton (but
not the conjugate acid) are heavily stabilized as they both
carry one elementary charge. Thus, according to Equation
(2), there is not a compensation but an amplification of the
stabilizing effect of hydration through the terms
AH(base) + AH,(H"). Consequently, the reduction in
proton affinity due to solvation APA,, is large for anionic
bases (see Tables 3 and 4).

Eventually, hydration makes the PA values of the anionic
bases come closer to those of the neutral bases but they
remain somewhat higher than the latter (see Figure 1 and
Tables 1 and 2). For instance, the difference in PA between
NH, and NHj3, which is 200 kcal/mol in the gas phase, is
reduced to 42 kcal/mol in water (see Tables 1 and 2). This
is mainly due to the PA of the anionic base (NH,") that
decreases by 201 kcal/mol, while that of the neutral base
(NHj;) decreases by only 42 kcal/mol (see Table 3).

2.2. Trends in Proton Affinities in Water

The trends in PA values for either the anionic and neutral
bases are, as pointed out above, much less affected by hy-
dration than the absolute values. Yet there are small but not
negligible effects which are discussed in the present section.
Furthermore, we note that hydration effects on trends in
PA values are only small in the case of the simple element
hydrides. Later on, in Section 2.3, we will see that trends
can in fact be qualitatively changed by hydration in the case
of the methyl-substituted bases.

First, we examine the trends in PA values in water as
such before we consider the changes relative to the gas
phase. For the anionic bases, we obtain the well-known
trend of a decreasing basicity along the second period as
the PA falls from 221 to 203 to 183 to 158 kcal/mol along
CH;, NH,, OH and F (see Table 1 and Figure 1). The
PA values also decrease down each group: for instance, for
group 15, the PA decreases from 203 to 185 to 180 to 177 to
175 kcal/mol along NH,, PH, ", AsH,, SbH, and BiH, .

Eur. J. Inorg. Chem. 2007, 3646-3654
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However, the changes in descending group 14 are signifi-
cantly larger than those in groups 15-17. Thus, as can be
seen in Figure 1, upper, the trend for monotonic decrease
in PA along the second (P2) and third (P3) periods changes
into a trend where the PA first increases from group 14 to
group 15 and then decreases again along groups 15, 16 and
17. The corresponding reaction entropies yield a relatively
small (but not entirely constant) contribution —7" A,qS»08
of -5 to -9 kcal/mol for 298 K. As a consequence, the Gibbs
free energies A,.qGaog show the same trends as the corre-
sponding PA values (see Table 1).

For the neutral bases, we also obtain the well-known
trend of decreasing basicity along the second period, just
as for the anionic bases. Thus, the PA falls from 161 to 127
to 89 to 40 for NH3, OH,, FH, Ne. A striking change oc-
curs from group 15 to groups 17 and 18. Descending group
15, the PA decreases but descending groups 17 and 18, the
PA increases (see Table 2). Group 16 is an intermediate case
with relatively constant PA values that do not show a pro-
nounced trend. Thus, the trend of monotonic decrease of
PA along the second (P2), third (P3), and fourth (P4) period
changes into a trend, along the fifth (P5) and sixth (P6)
period, of an initial increase of the PA from group 15 to
group 16 followed by a decrease along groups 16-18 (sce
Figure 1, lower).

There is an interesting common feature in the trends of
both anionic and neutral bases. This feature is the kink in
the PA trend along a period that always occurs after the
step from the tricoordinate to the dicoordinate base, that is,
at group 15 for the anionic XH,, ;~ and at group 16 for the
neutral XH,, (see Figure 1). The effect is most pronounced
for bases with a more heavy protophilic center in which the
valence ns AO is inactive. This suggests that the effect, that
is, the sudden increase in PA from a tricoordinate to a dico-
ordinate base is associated with an active np-type lone pair
which becomes available in the latter.

The above trends of PA values in water are very similar
to those in the gas phase. But, as announced above, there
are differences which manifest themselves in particular in
the case of the anionic bases. In the first place, the magni-
tude of the hydration effect (APA) on the PA values of the
anionic bases XH,_;  strongly decreases down each group
(see Table 3). The largest change occurs from period 2 to
period 3. This causes the PA values of XH,, ; from dif-
ferent periods to shift closer together. The decrease in the
hydration effect APA on the proton affinities if one de-
scends the periodic Table can be easily understood with the
classical electrostatic Born model of a spherical ion in a
dielectric continuum [Equation (3), in a.u.].[17-33

aE. = T{ L
solv 2a e

‘ (3

In this equation, ¢, is the relative dielectric constant of
the solvent (i.e. 78.4 for water). The charge ¢ is —1 for the
XH,,; ion. The appearance of the effective radius « of the
3649
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ion in the denominator leads to smaller solvation energies
for larger ions. Thus, as the atomic radius of the protophilic
center X (and therefore of the base XH,, ;) increases down
a group, the stabilization due to solvation of the anionic
base AAH,,(base) diminishes and so does, according to
Equation (2), the hydration effect APA on the proton affin-
ity.

The same simple model (i.e. Equations 2 and 3) predicts
that, in the case of the neutral bases, the hydration effect
increases down the periodic Table. This is indeed what hap-
pens although the effect is somewhat less pronounced than
that for the anionic bases (see Table 3). Similar size effects
can also be observed along a period. For example, the hy-
dration-induced reduction of the proton affinity, APA, in-
creases from —194 to —201 to —207 to —215 kcal/mol along
CH;, NH,, OH and F (see Table 3). In fact, the value
of —214.6 kcal/mol for F~ is the largest hydration effect on
a PA value in this study. The trend in APA along the second
period anionic bases can again be understood in terms of
the solvation stabilization becoming more effective as the
anionic protophilic center becomes smaller (see equations 2
and 3).

2.3. Methyl Substituent Effects

Finally, we have studied the effect on the PA in water of
stepwise replacing all hydrogen atoms in second- and third-
period anionic bases XH,, ;- and neutral bases XH, by
methyl substituents, for which the results are collected in
Tables 1, 2 and 5 and visualized in Figures 2 and 3. Methyl
substitution increases the basicity in aqueous solution as
reflected by the PA in all cases, that is, for both second- and

third-period anionic and neutral bases. For example, along
OH,, MeOH and Me,0, the PA increases from 127 to 130
to 131 kcal/mol, and along SH,, MeSH and Me,S, the PA
increases from 131 to 137 to 142 kcal/mol (see Table 2). In
three cases the trend comes practically to a hold along the
step in which the last possible methyl group is introduced,
namely, from Me,CH to Me;C, from MeNH to Me,N~
and from Me,NH to Me;N (see Tables 1 and 2).

This similarity in PA trends between second- and third-
period bases in water contrasts with the situation for the
anionic bases in the gas phase.['*!3] In the case of the latter,
methyl substitution also increases the PA of third-period
bases XH,, |~ but it decreases the PA of the second-period
bases XH,, ;. It was shown that the reduction in basicity
of the second-period anionic bases is not the result of a
stabilization of the protophilic center by methyl groups.['¥
In fact, the introduction methyl groups destabilizes in all
cases both the base and the conjugate acid. The opposite
trends in the effect of methyl substitution on the gas-phase
PA of second- and third-period anionic bases XH,, | origi-
nate from the fact that a second-period base is destabilized
less by introducing a methyl group than its corresponding
conjugate acid whereas a third-period base is destabilized
more than its conjugate acid.

This difference between methyl-substituent effects on the
PA of second- and third-period anionic bases obviously dis-
appears in aqueous solution. Our analyses show that this is
associated with the loss in solute-solvent interaction that
goes with methyl substitution. The anionic second-period
bases are particularly strongly solvated [due to the small
size of their charged protophilic center, see Equation (3)],
significantly more so than their neutral conjugate acid.

Table 5. Analysis of the methyl-substituent effect on PA energies A,.qE in water in terms of the partial reaction schemes in Figure 2 and

Figure 3.1

Base AEN/C AEA/N' AacidE Base AEC AEN' AacidE
(Ol 158.02 Sim 147.17
CH;~ —-360.50 —289.77 228.75 SiH;~ —293.12 —241.87 198.42
MeCH,~ —341.36 —264.66 234.72 MeSiH,~ —285.72 —226.07 206.82
Me,CH™ —-323.61 —243.73 237.90 Me,SiH~ —277.99 —211.76 213.40
Me;C- -306.55 —226.48 238.09 Me;Si- —270.18 —-198.98 218.37
N 201.26 P 191.23
NH,~ —222.46 -213.11 210.61 PH,~ -172.78 -173.91 190.10
MeNH™ —194.99 -181.56 214.69 MePH™ —-158.51 -152.70 197.04
Me,N- —-170.46 -157.70 214.02 Me,P~ —-145.63 -133.69 203.17
(O 180.63 S 168.19
OH~ —-129.99 -121.34 189.28 SH~- -97.85 -96.90 169.14
MeO~ -98.75 —-88.39 190.99 MeS~ —78.50 -71.02 175.67
N~ 61.29 P 84.56
NH; —425.33 —317.38 169.24 PH; -317.23 —252.25 149.54
MeNH, —401.11 -289.91 172.49 MePH, —311.45 —237.98 158.03
Me,NH —377.62 —265.38 173.53 Me,PH -305.21 —225.10 164.67
Me;N —354.46 —242.56 173.19 Me,P —298.41 —213.46 169.51
(O 100.48 N 131.37
OH, —280.48 —246.69 134.27 SH, —194.39 —-189.73 136.03
MeOH —252.05 —215.45 137.08 MeSH —-181.40 —-170.38 142.39
Me,O —225.94 —-187.76 138.66 Me,S -169.05 —-153.01 147.41
F 69.33 Cr 100.12
FH —174.48 —-149.90 93.91 CIH -116.06 -110.52 105.66
MeF -152.63 —119.88 102.08 MeCl -101.25 —88.53 112.84

[a] Computed at BP86/QZ4P//BP86/TZ2P.
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Therefore, these bases also suffer most from the shielding
of the charged protophilic center from the solvent by the
methyl substituents. Consequently, in water, methyl-substi-
tution destabilizes the base more than it destabilizes the
conjugate acid also in the case of the anionic second-period
bases.

This leads to the well-known reversal, from gas phase to
condensed phase, of the trend in basicity along a series of
increasingly methyl-substituted second-period bases. For
example, in the gas phase, the basicity decreases along
OH >MeO and along NH, >MeNH >Me,N". But in
water, the basicity decreases in the opposite order, namely,
along MeO >OH and along Me,N-, MeNH >NH, (see
Table 1 and ref.['4]).

Our analyses that lead to the above conclusion consist of
a decomposition of the proton-affinity energies A,.qFE [i.e.,
only the electronic-energy part, AE, of the proton affinity,
see Equation (6) in methodological section], associated with
acid dissociation of the conjugate acids, into three partial
reactions, as shown in the thermochemical cycles in the top
panels of Figures 2 and 3. This decomposition is now ex-

plained for the anionic bases [see Equation (4)] but the situ-
ation is of course completely equivalent for the neutral
bases [see Equation (5)]. The first step, which is associated
with an energy change —~AEy\(m), is dissociation of all sub-
stituents (but not the acidic proton) of the conjugate acid
Me,,H,_,,_;1XH to form the radical XH" V" (see Figure 2).
The energy AEN(m) is the stabilization of the protophilic
center X in the neutral conjugate acid Me,,H,_,, 1 XH by
all substituents, i.e., the interaction with m methyl groups
(Me) and n-m-1 hydrogen atoms (H). Next, the unsubsti-
tuted acid XH" V" is dissociated into X 1" + H* (see Fig-
ure 2). The corresponding reaction energy is the proton-af-
finity energy A,.qE of the anionic base X "1 The third
and last step, which is associated with an energy change
AEA(m), is addition of all substituents to the protophilic
center X "1 to form the base Me,,H,,,,, ;X" (see Figure 2;
m = number of methyl substituents). The energy AEA(m) is
the stabilization of the protophilic center X in the anionic
base Me,,,H,, ,, X by all substituents, i.e., the interaction
with m methyl groups (Me) and n-m-1 hydrogen atoms (H).
The computed proton-affinity energies A,.qF, AEN and

MemXHp o1

AssiaEMeHr X )

MeHm 1 XH MeH, 1 XS+ HE
~AEN(m) AEA(M)
XH(-1)* BaigEXO1) X1y 4 y®

+mMe' + (n-m-1) H’

+mMe'+ (n-m-1) H’

80 80- 801
+AAEA(C)
60+ 60- 60
sAAEA(N)
AAEN(C ! A
T MC) PAAEN(N)
<) ; ;
E b
S ; SAAEA(SI) ;
S0 SO 40 SAAEA(P) 40
1y AAEA(O)
3 s/ FAAE(O)
1 AAEN(P) 7« AAEA(S
Ly AAEN(SI) JrANEAS)
204 i/ 20- s 204 /7 9 AAEN(S)
A
0 . : : 0 . : 0 .
0 1 2 3 1 2 0 1

Figure 2. Effect of methyl substitution on the energies AEn(X) and AEA(X) of the anionic XH,, ;- and corresponding neutral conjugate
acids XH,, in water, computed at BP86/QZ4P//BP86/TZ2P [see Equation (4) and Table 5].
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Figure 3. Effect of methyl substitution on the energies AE-(X) and AEn(X) of the neutral XH,, and corresponding cationic conjugate
acids XH,,.;* in water, computed at BP86/QZ4P//BP86/TZ2P [see Equation (5) and Table 5].

AE, of the anionic bases are collected in Table 5, together
with corresponding energy terms A,.qFE, AEc and AEy: for
the neutral bases.

The relationship between the proton-affinity energy
A.ciaE and the other energy terms of the thermochemical
cycles shown in Figures 2 and 3 is summarized in Equations
(4) and (5) (m = number of methyl substituents) for the
anionic (Me, H,, ,, 1X) and the neutral bases (Me,,-
H,_,.X).

AacidE(MemHn—m—lxi) = AacidE(Xi(nil).) + AE‘A(Wl) - AEN(Wl) (4)

AacidE(MeerlﬂnX) = AacidE(X”-) + AE‘N’(””) - AEC(m) (5)

Thus, according to Equation (4), the proton-affinity en-
ergy A.iaE(Me,, H,, ,, 1X") of the base Me,, H,, ,,, ;X is de-
termined by the proton-affinity energy A,.iqE(X " 1) of
the unsubstituted and deprotonated protophilic center
XD plus the difference in stabilization AEA(m) of
XD in the base Me,H, ,, ;X and the stabilization
3652
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AEN(m) of XH” D in Me,H,,,,, ;XH by m methyl (Me)
and n-m-1 hydrogen substituents. The methyl-substituent ef-
fect on the proton-affinity energy, i.e., the change
AA,iqE(m) in this value if one goes from 0 to m methyl
substituents, therefore depends not only on the change
AEA(m) — AEA(0) in stabilization of the anionic base but
also on the change AEn(m) — AEN(0) in stabilization of the
neutral conjugate acid. And, the same holds, mutatis mutan-
dis, for the neutral bases, see Equation (5).

In Figure 2, lower panel, we have plotted the changes in
stabilization by the substituents AAE, = AEA(m) — AEA(0)
and AAEN = Ex(m) — AEN(0) for the anionic second- and
third-period bases Me,,H,, ,,, X and their conjugate acids
Me, H,, ,, 1 XH. In the lower panel of Figure 3, the corre-
sponding plots for the neutral bases are depicted. Now it is
clear that introducing a methyl substituent, i.e., replacing
a hydrogen by the sterically more demanding and solvent-
shielding methyl group, leads consistently in all cases to a
destabilization of the system. And, contrasting the situation
for the anionic bases in the gas-phase,'* a methyl group
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destabilizes the anionic base more than its corresponding
neutral conjugate acid also for the second period and not
only the third period.

3. Conclusions

The proton affinities (PA) in water of simple anionic
bases XH,,_; and neutral bases XH,, (derived from or con-
stituted by maingroup-element hydrides XH,,) show qualita-
tively similar trends along a period or down a group in the
periodic table as the corresponding PA values in the gas
phase, namely: a monotonic decrease along the second and
third period which starting at the fourth (for XH,, ;") or
fifth period (for XH,,) turns into a peak-shaped trend with
an initial increase from the tri- to the dicoordinate base
(e.g. from GeH; to AsH,") followed again by a monotonic
decrease along the rest of the period.

In the gas phase, the anionic bases XH,, ; have a signifi-
cantly higher PA than the neutral bases XH,. Hydration
however drastically reduces the PA of the anionic bases, i.e.,
much more so than that of the neutral bases. This causes
the PA values of anionic and neutral bases to differ much
less in aqueous solution than in the gas phase.

In water, methyl substitution increases practically always
the PA of both the anionic bases Me,,XH,,_,, ;- and the
neutral bases Me,,, XH,, ,,.. In the gas phase, methyl substitu-
tion has the same effect with one important exception: in
the case of the anionic second-period bases Me,,XH,, ,,, 1,
the gas-phase PA decreases if methyl groups are introduced.
Thus, for example, OH™ is more basic than MeO™ in the gas
phase but, in water, MeO~ is more basic than OH~. We have
analyzed in detail why this is so.

4. Methods
4.1. Basis Sets

All calculations were performed with the Amsterdam Density
Functional (ADF) program.*331 Molecular orbitals (MOs) were
expanded using two different large, uncontracted sets of Slater-type
orbitals: TZ2P and QZ4P.3®l The TZ2P basis is of triple-{ quality,
augmented by two sets of polarization functions (2p and 3d on H;
d and f on heavy atoms). The QZ4P basis, which contains ad-
ditional diffuse functions, is of quadruple-{ quality, augmented by
four sets of polarization functions (two 2p and two 3d sets on H;
two d and two f sets on heavy atoms). Core electrons (e.g. ls for
274 period, 1s2s2p for 3™ period, 1s2s2p3s3p for 4™ period,
15252p3s3p3ddsdp for 5™ period, 1s2s2p3s3p3ddsdpdd for 6N
period) were treated by the frozen core (FC) approximation.*3l An
auxiliary set of s, p, d, f, and g STOs was used to fit the molecular
density and to represent the Coulomb and exchange potentials ac-
curately in each SCF cycle. Scalar relativistic corrections were in-
cluded self-consistently using the Zeroth Order Regular Approxi-
mation (ZORA).B7!

4.2. Density Functional

Energies and gradients were calculated using the local density
approximation (LDA; Slater exchange and VWNI3I correlation)
with gradient corrections?®!-3%! due to Becke (exchange) and Perdew
(correlation) added self-consistently. This is the BP86 density func-
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tional, which is one of the three best DFT functionals for the accu-
racy of geometries,*! with an estimated unsigned error of 0.009 A
in combination with the TZ2P basis set. In a previous study!'¥l on
the proton affinity of anionic species, we compared the energies of
a range of other DFT functionals, to estimate the influence of the
choice of DFT functional. These functionals included the Local
Density Approximation (LDA), Generalized Gradient Approxi-
mations (GGAs), meta-GGA and hybrid functionals. The BP86
functional emerged as one of the best functionals. The restricted
and unrestricted formalisms were used for closed-shell and open-
shell species, respectively. In the present study, all geometry optimi-
zations and vibrational analyses have been done at BP86/TZ2P. En-
ergies have been computed in a single-point fashion, on top of the
BP86/TZ2P geometries, using the BP86/QZ4P level of theory. Over-
all, this leads to a BP86/QZ4P// BP86/TZ2P approach.

4.3. Solvent Effects and Thermochemistry

Solvent effects were taken into account in all calculations using the
COSMO model 1?21 used explicitly both within the solving of the
SCF equations and the optimization of the geometry. The solvent
radius (R;) for water was taken from experimental data for the mac-
roscopic density (p) and molecular mass (M,,,) with the formula RS
= 2.6752'M,,/p 4% leading to a R, value of 1.9 A for water; a value
of 78.4 was used for the dielectric constant of water. Atomic radii
values were taken from the MM3 van der Waals radii,[*!! which are
available for almost the whole periodic system, and scaled by
0.8333 (the MM3 radii are 20% larger than the normal van der
Waals radii due to the specific form for the van der Waals energy
within the MM3 force field). The surface charges at the GEPOL93
solvent-excluding surfacel*># were corrected for outlying charges.
This setup provides a “non-empirical” approach to including sol-
vent effects with a dielectric continuum, and works well for sol-
vation processes.[!l The file needed for including this setup in a
COSMO computation with the ADF program (including all values
of the above-mentioned atomic radii) is provided as Table S1 in the
electronic supporting information.

Geometries were optimized using analytical gradient techniques
until the maximum gradient component was less than 1.0 X 10#
atomic units (see Table S2 in the electronic supporting infor-
mation). Vibrational frequencies were obtained through numerical
differentiation of the analytical gradients,!*] where for most of the
systems the GEPOL93 surface was recreated at each displaced ge-
ometry.

For three systems (i.e., MesN, MesNH* and Me;PHY), these stan-
dard settings resulted in one large imaginary frequency (in the
range from —2300 to —24000 cm™ ') which, however, proved to have a
positive value (of around 1200 and 2000 cm™!) in the more accurate
(automatic) PES scan afterwards. This imaginary frequency is re-
lated to the numerical differentiation in combination with the GE-
POL93 surface. Thus, by creating the GEPOL93 surface in the case
of the three problematic systems only for the initial geometry and
keeping this surface (geometrically) fixed for all displaced geome-
tries, the large imaginary frequencies do not occur. Moreover, for
well-behaved systems, keeping the GEPOL93 surface fixed or recre-
ating them at every displaced geometry has a negligible effect on
the enthalpy (<0.1 kcal/mol). Thus, for the problematic cases of
MesN, Me;NH* and MesPH™, we used the thermodynamic data
from the calculations where the GEPOL93 surface was fixed.

Reaction enthalpies at 298.15 K and 1 atm (AH,og) were calculated
from the corresponding changes in electronic energy (AE) accord-
ing to Equation (6), assuming an ideal gas.!
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AHsgs = AE + AEquns208 + AEoin0s + AEyipo + A(AEp)0s +  [18] L. Onsager, J. Am. Chem. Soc. 1936, 58, 1486-1493.
A(pV) 6) [191M. W. Wong, M. J. Frisch, K. B. Wiberg, J. Am. Chem. Soc.

Here, AE\ ans298, AE or208 and AEy;, o are the differences between
products and reactants in translational, rotational and zero point
vibrational energy, respectively; A(AE,;,)-95 1S the change in the vi-
brational energy difference as one goes from 0 to 298.15 K. The
vibrational energy corrections are based on our frequency calcula-
tions. The molar work term for the gas-phase process, A(pV), is
taken to be (An)RT; An = +1 for one reactant BH" dissociating
into two products B + H*. Thermal corrections for the electronic
energy are neglected.

Supporting Information (see also the footnote on the first page of
this article): Figures S1-S3 in color, input file (including atomic
radii) for “non-empirical” COSMO solvation computations with
ADF, and Cartesian coordinates of all species occurring in this
study.
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