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In contrast, the correlations between An and the model, cy-
botactic parameters 2ST(30) , Z, and Q are good. 

Conclusions 

Since the nonmodel, cybotactic solvent polarity parameter 
^ N correlates closely (ca. 90%) with the model, cybotactic 
solvent polarity parameters and only poorly with the nonmodel, 
noncybotactic solvent polarity parameters, it seems reasonable 
to infer that the cybotactic probe nature of a solvent polarity 
parameter is considerably more important than whether it 
involves a model chemical transformation. 

Since there is a good correlation between As and £-r(30), 
Z, and Q, A^ would make a useful solvent polarity parameter, 
especially in cases where values for the other parameters 
cannot be obtained because of solubility limitations, spectral 
interference, etc. 
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as the number of the CH3 groups is increased. The same trend 
was also found for H2O, CH3OH, and CH3OCH3 . Johansson 
et al.,9 employing ab initio calculations, showed that methyl 
and amino groups bonded to the proton acceptor increase its 
proton affinity, while hydroxyl and fluoro groups decrease the 
proton affinity relative to the simple hydrides NH3 , H2O, and 
HF. The polarization effect was suggested to be responsible 
for the CH3 substituent effect.8-9 No theoretical evidence, 
however, has yet been presented on the origin of such an effect. 

The energy and charge distribution decomposition analysis 
of Morokuma and co-workers13-15 decomposes the intermo-
lecular interaction energy AE into the electrostatic E^s, ex
change repulsion EE\, polarization (or induction) £ P L , and 
charge transfer (or derealization) £ C T energies and their 
coupling term £MIX- The method has been a powerful tool for 
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the elucidation of the origin of molecular interactions, as ex
emplified by recent calculations involving hydrogen-bonded 
complexes and electron donor-acceptor (EDA) complex
es.13-18 Conceptually the individual components have the 
following meaning. ES is the classical interaction between the 
undistorted charge distributions on the monomers A and B, 
including charge-dipole, dipole-dipole, and higher order terms. 
PL is the energy change resulting from the distortion of the 
electron clouds of a monomer A by the presence of the other 
B and vice versa. EX is a direct consequence of the Pauli 
principle which dictates that electrons on the two molecules 
not occupy the same portion in space. CT is the interaction of 
occupied MO's of A with vacant MO's of B and vice versa, and 
causes electron derealization and charge transfer. MIX is the 
sum of various coupling terms between above-mentioned 
components, and is derived as a difference between the total 
interaction energy AE and the sum of the above four terms. 
Different components are important in different systems. For 
instance, in hydrogen bonding, each of two major attractions, 
EES and ECT, is often found to be of comparable magnitude 
with the exchange repulsion £EX at the equilibrium geometry. 
In weak EDA complexes, the electrostatic interaction EES has 
been found to be the dominant term. 

In the present paper, we report the results of an energy de
composition analysis for the proton affinity of amines, alcohols, 
and ethers. Our purpose is to provide insight into the origin of 
stabilization upon protonation along with a possible elucidation 
of the nature of substituent effects on proton affinities. After 
a brief discussion of methods, we present energy decomposition 
results for NH3 -I- H+ as a function of distance and also com
pare the energy components of the proton affinity among NH3 
and alkyl substituted amines. Similar analyses are then carried 
out for the proton affinity of H2O, CH3OH, and CH3OCH3 
to demonstrate that conclusions drawn for amines are also 
applicable for this series. A discussion of the results and their 
interpretation, followed by a brief comparison of the alkyl 
substituent effect on electron donor-acceptor complex for
mation, concludes the paper. 

Methods 
We use ab initio LCAO-SCF-MO theory with the split-

valence 4-3IG basis set with the suggested standard scale 
factors.19'20 In the energy decomposition analysis the inter
action energy AE, which is the energy difference between the 
complex and the isolated molecules, is decomposed into five 
components in the following manner:14 

AE = EES + £EX + £ P L + EQT + £MIX 

For the sake of brevity the interested reader should consult ref 
13-18 which provide the logic and procedures developed for 
the analysis. In the case of proton affinity where one of the 
interacting molecules is a proton, the following special features 
are obtained. The exchange repulsion term is EX is zero, be
cause the proton has no electron to exchange. The electrostatic 
energy EES consists of the interaction of the proton with the 
electron distribution and nuclei of the base, and is equal to the 
electrostatic scalar potential of Bonacconsi et al.21 The pro
ton-nuclei interaction, which is a part of £ES> is responsible 
for the short-range repulsion in protonation, whereas in other 
interactions the exchange term E EX is usually the origin of the 
short-range repulsion. The polarization term EPL in protona
tion comes only from the polarization of the base by proton, 
and charge transfer CT can take place only from the base to 
the proton. 

In the charge distribution decomposition analysis,17 the total 
change Ap(r) in the one-electron density function at a position 
r in space is decomposed into four components (electrostatic 
interaction does not change the charge distribution, so PES = 
O): 

•2 0 • MIX 

I '- V ? ^ / 
t -100 - fK^/ / 
ZL / 

t - / 
0 • / 

O -200 - / 
CL • ^ - ^ 

I 1 1 1 ' 

1.0 1.5 2.0 2.5 

Figure 1. Proton affinity AE and its components OfNH3 as functions of 
N - H + distance /?N.„H+. 

Ap(r) = pEx(r) + PPLW + pcr(r) + PMIXOO 

In the case of protonation, this decomposition also has special 
features, i.e., PEX = O, PPL is the polarization of electron dis
tribution of the base, and per is the charge transfer from the 
base to the proton. 

Unless otherwise stated, throughout this paper we assume 
that the geometry of each base remains unchanged upon pro
tonation. The equilibrium geometry of trimethylamine has C-$v 
symmetry and is taken from experiment:22 /-(CN) = 1.451 A, 
/-(CH8) = 1.109 A, /-(CHa) = 1.088 A, /CNC = 110.9°, 
ZNCH5= 111.7°, ZNCHa= 110.1°,zHaCHs = 108.1°,and 
ZHaCHa = 108.6°, where H8 lies on a symmetry plane and two 
Ha's do not. The conformation of each CH3 is assumed to be 
such that upon protonation CH3 and NR2H+ would be in the 
staggered form about the CN axis. To avoid optimization of 
geometry for all the compounds studied, the above data are 
used for dimethylamine, methylamine, and ammonia except 
for the NH distance, r(NH) = 1.0124 A, which is the experi
mental value for NH3.23 For ethylamine the trimethylamine 
data were used except for/-(NH) = 1.0124 A,23 /-(CC) = 1.54 
A,24 /-(CH) in CH3 = 1.09 A,25 and CH3 and CH2N groups 
are assumed to be staggered.25 For dimethyl ether /"(CC) = 
1.410 A,/-(CH) = 1.096 A, ZCOC= 111.7°, and ZHCH = 
109.5° are taken from experiment with each CH3 group in the 
staggered conformation with respect to a CO axis.23 For 
methanol and water, the same parameters are used except for 
the OH distance, /-(OH) = 0.967 and 0.956 A for methanol24 

and water,23 respectively. This geometry of H2O is very close 
to what (/"(OH) = 0.950 A and ZHOH = 111.3°) is optimized 
with this basis set, with an energy difference of less than 0.01 
kcal/mol. 

In the amines the approach of the proton is assumed to be 
toward the N atom along the reference C3 axis of trimethyl
amine. The approach of the proton to an oxygen atom is as
sumed to be in the plane defined by the oxygen and the two 
atoms bonded to it, along the reference C2 axis of dimethyl 
ether. 

Results 

(A) Decomposition Analysis for NH3 + H+ —• NH4
+. Figure 

1 shows the calculated proton affinity AE and its components 
for NH3 as functions of the N - H + distance /?N-H+ - AS ex
pected, the electrostatic energy which is strongly attractive at 
longer distances becomes less attractive for /?N-H+ < 1.2 A 
due to the proton-nitrogen nuclear repulsion. In the neigh
borhood of the calculated minimum, J?N-H+ = 1-02 A, it is 
found that the contribution of the various components, within 
this basis set, decreases with the following order: 

ES (45%) ~ CT (40%) > PL (13%) 
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Table I. Proton Affinity, Its Components (kcal/mol), and Other Related Properties of Alkyl Amines 

AE 
ES 
PL 
CT 
MIX 

0N(calcd)c 

Mz(calcd)rfD 
IP(calcd),e kcal/mol 

N(CHj)3 

-229.1° 
-226.6* 

-239.7 
-84.9 
-65.4 
-98.6 

9.2 
7.65 
1.05 

216.0 

NH(CH3), 

Experimental 
-224.9 
-222.4 

Calculated 
-236.1 
-91.2 
-53.1 
-95.1 

3.4 
7.72 
1.38 

222.4 

NH2CH2CH3 

-221.1 

-232.9 
-94.6 
-45.4 
-93.0 

0.1 
7.80 
1.64 

230.8 

NH2CH3 

-218.4 
-216.3 

-230.4 
-96.5 
-40.2 
-91.7 
-2.1 

7.81 
1.70 

233.0 

NH3 

-207 
-207 

-221.9 
-99.8 
-27.4 
-88.3 
-6.5 

7.93 
1.99 

252.5 

" Reference 1. * Reference 5. c The Mulliken gross population on the N atom. d Dipole moment component along the z axis, the direction 
of approach of the proton, and the C3 axis in NR3. e Ionization potential from the Koopmans theorem. 

-1.0 0.0 .0 

Figure 2. The charge transfer CT and polarization PL components of the 
electron density change upon protonation of NH3. Full lines indicate 
density increases and dotted lines indicate decreases. Values of these lines 
are successively ±1, ±5, ±9, and ±13 X 10-3 bohr-3. The coordinates 
are in A relative to the nitrogen atom. The plots are made for the plane 
including H+, N, and one of the H's. 

The electrostatic and charge transfer energies are the two 
major contributors to the proton affinity of NH3. The elec
trostatic interaction curve qualitatively simulates the shape 
of the total interaction curve, but accounts for less than half 
of the affinity. The difference charge density map plotted in 
Figure 2 reveals the typical behavior of the various compo
nents:17 the charge transfer takes place along the N - H + axis 
from N H to H + , and the polarization exhibits an alternation 
pattern H+ 5 - - 6 N+ 5 . . . + 1 ^ H . 

(B) Alkyl Substituent Effect on Proton Affinity of Amines. 
For a series of methyl and ethyl substituted amines the cal

culated proton affinity and its components are shown in Table 
I at .RN-H+ = 102 A, the calculated minimum mentioned 
above. Included in the table are the experimental gas-phase 
proton affinities and other related properties. Though the 
absolute values are off by 13-15 kcal/mol (a fact which will 
be discussed later), calculated proton affinities for these 
compounds satisfy a good linear relationship with gas-phase 
experimental data. Concerning all the compounds in the table 
in general, one can summarize the order of importance of 
components in the proton affinity as: 

ES ~ CT > PL 

as was found for NH3. 
The order of | £ E S | : 

NMe3 < NMe 2 H < NEtH 2 < NMeH 2 < N H 3 

is found to be completely opposite to the trend of the total 
proton affinity, | A£j: 

NMe3 > NMe 2 H > NEtH 2 > NMeH 2 > N H 3 

The nitrogen atom in trimethylamine has less electron density 
than in ammonia, as is indicated by (?N in Table I, and, to be 
consistent with this, the former has a smaller | £ E S | than the 
latter. Table I clearly shows that the observed trend of AE is 
controlled by the polarization £ > L and charge transfer EQT 
energies. Between the two, the polarization is by far the more 
important, as is indicated by the difference between NMe3 and 
NH 3 : AA£ = - 1 8 , A£ E s = 15, AEPL = - 3 8 , A £ C T = - 1 0 , 
and A £ M I X = 16 kcal/mol. Alkyl substitution makes the 
amines more polarizable by the approach in a proton. We 
therefore conclude that the order of importance of components 
in the alkyl substituent effect of the proton affinity is 

PL > CT » ES 

It is the difference in the polarization energy which differen
tiates the amines in their proton affinity, despite the fact that 
the polarization is the smallest contributor to the total proton 
affinity. 

Aue et al.1 found that, if the proton affinity is plotted against 
ionization potentials for the compounds in Table I, ethylamine 
deviates from a line formed by the methyl substituted amines 
and ammonia. We have plotted not only the total stabilization 
energy, AE, but also each of the components. The plots show 
the following deviations for ethylamine: AE = —1.3, ES = 
+ 1.1,CT= -0 .7 , PL = - 3 . 1 , and MIX = +1.3 kcal/mol. The 
data thus allow us to isolate the polarization term as the pri
mary source of the deviation. 

(C) Proton Affinities OfH2O, CH3OH, and CH3OCH3. We 
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CH3OCH3 CH3OH H2O 
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H2Oa 

AE 
ES 
PL 
CT 
MIX 

0N(calcd)c 

^2(calcd)/D 
IP(calcd)/ kcal/mol 

Experimental* 
-186 

Calculated 
-201.2 
-72.9 
-54.4 
-76.9 

3.1 
8.69 
2.04 

262.1 

-180 

-193.6 
-76.4 
-43.5 
-74.5 

0.8 
8.75 
2.29 

276.8 

-164 

-181.6 
-79.1 
-28.6 
-70.7 
-3.2 

8.80 
2.49 

311.4 

-164 

-184,9 
-82.1 
-25.9 
-71.7 

-5.2 

" Geometry OfH3O
+ is fully optimized with this basis set (ref 26). 7?O-H and ZHOH for H2O are same as in H3O+. * Reference 5. c The 

Mulliken gross population on the O atom. d Dipole moment component along the z axis, the direction of approach of the proton, and the C2 
axis in OR2.

 e Ionization potential from the Koopmans theorem. 

have found for alkyl amines that the electrostatic and charge 
transfer energies are the most important contributors to their 
proton affinity and that the alkyl substituent effect is caused 
by the difference in the polarization energy. In order to dem
onstrate that these conclusions apply more generally, we have 
carried out similar analyses for protonation of H2O, CH3OH, 
and CH3OCH3. Figure 3 shows the calculated proton affinity 
AE and its components for H2O as functions of the 0 - H + 

distance, RQ-H+- EES and EQJ are the most important con
tributors near the calculated equilibrium Ro-H+ = 0.965 A. 
A comparison of Figures 1 and 3 reveals that the ammonia 
proton affinity is larger than that of water because of larger 
electrostatic and charge transfer interactions. 

Table II shows for the above three compounds the proton 
affinity, its components, and other related quantities at Ro-H+ 

= 0.965 A. For all the compounds, EES and EQT are more 
important contributors to the stabilization than £ P L is. The 
increase of the proton affinity upon methyl substitution, going 
from H2O through CH 3OH to CH3OCH3 , is clearly in accord 
with the increase of the polarization stabilization )-£"PIJ and the 
charge transfer stabilization lZscrl- This trend is in contrast 
with the observed decrease in £ E S - Notably the increase in 
|£"PL| upon successive methyl substitutions predominantly 
controls the increase in | A£| , as can be seen in the difference 
of protonation energy terms between (CH3) 2 0 and H2O: AAE 
= - 2 0 , A£ E S = +6, A £ P L = - 2 6 , AECT = - 6 , A£ M ix = 6 
kcal/mol. Thus our conclusions obtained for alkyl amines are 
found to be valid for the H 2 O-CH 3 OH-CH 3 OCH 3 as well. 

In order to make certain that the conclusions of energy de
composition do not depend upon geometry optimization, an 
additional calculation was carried out by using the geometry 
of H 3 O + (R0-H = 0.964 A and / H O H = 120° with D3h 

symmetry) which is fully optimized with this basis set26 and 
the same i?o-H and / H O H for H2O. The results are in the last 
column of Table II. The energy decompositions along the two 
different paths give essentially identical results. Therefore, we 
may conclude that the lack of use of experimental or theoret
ically optimized geometry for each isolated molecule, the lack 
of geometry optimization upon protonation, or the assumption 
of the direction of proton approach does not seem to affect the 
conclusions of the present paper, because errors due to these 
assumptions are of the order of a few kilocalories per mole at 
most,9 whereas we will be discussing larger energy differences. 

Discussion 

We.have shown clearly via the energy decomposition anal
yses (1) the importance of both the electrostatic and charge 
transfer energies in the total proton affinity and (2) the pre-

Figure 3. Proton affinity AE and its components of H2O as functions of 
Q-H+ distance /?O-H+-

dominance of the polarization energy in the alkyl substituent 
effect of proton affinity. The failure1 of the electrostatic energy 
to account for the methyl substituent effect warns against the 
use of the electrostatic potential approximation for predicting 
a preferred approach of interacting molecules whenever a 
possibility exists where other terms might make a difference. 
This is even more important when interactions between neutral 
molecules are discussed because there the electrostatic po
tential base on a point charge is a substantial overestimate of 
the actual electrostatic energy. 

The fact that successive methyl substitutions decrease the 
electrostatic interaction is consistent with the decrease of the 
electron density (Mulliken gross atomic population) on the 
proton-accepting atom (N or O) and with the decrease of the 
calculated dipole moment along the symmetry axis of NH 3 or 
H2O (Tables I and II). However, the polarization is the 
stronger effect of alkyl substitution. Alkyl substitution makes 
a base more polarizable by proton, because alkyl groups can 
supply more electrons to the proton-accepting atom than hy
drogen atoms can. In other words, alkyl groups stabilize the 
cation more than the neutral molecule by a redistribution of 
the positive charge. In the old organic electronic theory, this 
result is interpreted as a small + / and a large —7d effect, 
though no distinction between the polarization and charge 
transfer contributions to the /a effect is made in such a 
theory. 

The alkyl substituent effect in other types of interaction 
could be quite different from that in protonation. For instance, 
the stabilization energy for EDA complex formation of BH3 

with methylamines has been calculated to be very insensitive 
to methyl substitution.27,28 In this case it has been shown that 
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an increase in the polarization stabilization upon successive 
methyl substitution is essentially canceled out by an increase 
in the exchange repulsion between CH3 groups and BH 
bonds.28 

We note that calculated proton affinities are larger than 
experimental values by 13-18 kcal/mol or 7-11%. This is 
partly due to the corrections that must be made for changes 
in the zero point energy upon protonation (estimated to be 
about 10 kcal/mol for H2O)26 and for changes in the corre
lation energy,26 and partly due to the tendency of the 4-31 
basis set to overestimate the polarity of a molecule, causing 
both electrostatic and charge transfer energies to be overesti
mated. Since the energy components involved are larger in 
magnitude (30-100 kcal/mol) than the error, our conclusions 
with reference to a series of molecules are expected to be in
sensitive to the choice of basis set. 

While this paper was being refereed, a paper by Pullman and 
Brochen came to our attention.29 They found by using the 
STO-3G basis set that the charge transfer contribution is the 
predominant term in determining the methyl substituent effect 
in the proton affinity of amines. This is in contrast to the po
larization contribution which is found to be the most important 
in the present paper with a more flexible 4-3IG basis set. 
Though the minimal set such as STO-3G often gives a correct 
overall trend in the total interaction energy and its components, 
it is known to give rise to a large spurious charge transfer en
ergy due to the lack of flexibility.30 A minimal set can be used 
successfully for comparison among different states and 
geometries of a complex.15-16 The obvious discrepancy between 
the two calculations suggests that minimal basis sets cannot 
be used for energy decomposition analysis of the methyl sub
stituent effect. A detailed study of the basis set dependency will 
be published elsewhere. 
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