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Ab initio molecular orbital calculations at the Gl, G2, and CBS levels of theory have been 
performed for complexes of water, hydrogen fluoride, ammonia, carbon monoxide, phosphane, hy
drogen sulfide, and sily lene in order to determine the effects of molecular structure on gas-phase 
basicity towards H + and Li+ It is shown that basicities towards metal cation Li+ differ consid
erably from the corresponding gas-phase basicities towards H"1" Calculated interaction enthalpies 
vary as A# H + ^ ^HLi+ • The relative basicities of the bases studied depend characteristically on 
the type of cation and coordination site. The Gl, G2, CBS-Q, and CBS-APNO methods reproduce 
the known experimental gas-phase interaction energies of the complexes studied with a comparable 
accuracy. 

The basicity and acidity of a chemical species 
are important thermochemical properties that attract 
considerable attention of both experimental [1—9] and 
theoretical [10—20] chemists. For the determination 
of the absolute gas-phase basicity (acidity) scales it is 
necessary to establish accurate experimental data of 
suitable reference standards. The addition of a proton 
to the base represents the simplest chemical reaction. 
This reaction plays an important role in many chemi
cally and biologically relevant processes. Gaseous am
monia, water, and carbon monoxide serve as suitable 
proton affinity scale standards [1, 2, 4, 6, 21]. How
ever, there is a dispute regarding the exact magnitude 
of the experimental gas-phase proton affinity of these 
compounds [6, 21, 22]. With increasing sophistication 
of the quantum mechanical treatment it is possible 
to determine the absolute basicity and acidity of sim
ple compounds theoretically. The computed acidities 
and basicities are as reliable as the best experimen
tal methods [13, 17, 20, 23, 24]. Recent developments 
in quantum chemistry resulted in theoretical models 
(Gaussian-1 (Gl) and Gaussian-2 (G2)) theories intro
duced by Pople and coworkers [25, 26] and complete 
basis set (CBS) methods developed by Petersson and 
several collaborators [27—31] able to predict proper
ties of neutral molecules and ions within the so-called 
chemical accuracy (about 10 kJ mol - 1 ) . This makes 
these procedures extremely useful in thermochemical 
studies. 

We now present an examination of the thermo
dynamics of the interaction of cations (H + , Li+) 
with Lewis bases, water, hydrogen fluoride, ammo
nia, carbon monoxide, phosphane, hydrogen sulfide, 
and silylene. This provides data regarding the absolute 

gas-phase basicities of these compounds. The results 
of calculations of interaction energies using different 
model chemistry methods are compared and discussed 
with the available gas-phase experimental basicities. 

C O M P U T A T I O N A L DETAILS 

The geometry of complexes L- • -M, where M = 
H + and Li+, and L denotes the Lewis bases investi
gated, has been completely optimized at MP2(Full)/6-
31G(d) level within the G2 theory [26]. As the 
first step full geometry of optimization using the 
MP2(Full)/6-31G(d) method (G2 model chemistry) 
was carried out for H 2 0 , HF, NH 3, CO, PH 3 , H2S, and 
SiH2 (Table 1). The computed geometries are in good 
agreement with experimental gas-phase structures and 
support a recent finding [32] that this method is appro
priate for accurate description of geometry of species 
involving first- and second-row atoms. 

The gas-phase basicity was defined as the enthalpy 
of protonation (АЯ(298 К)) for reaction (A). 

B(g) + H + ( g ) ^ B H + ( g ) (A) 

The enthalpy of protonation, ДЯ(298 К), was com
puted using eqns (1) and (2) 

ДЯ(298 К) = Д£(298 К) + A(pV) (1) 

Д£(298К) = JEľ(BH+,298 К)-[Я(В,298 К)+3/2ДГ] 
(2) 

where £"(298 К) stands for the total energies of bases 
and their cations (including thermal energy correction 
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Table 1. MP2(Full)/6-31G(d) Optimized Geometry of Mono
mers Studied. The Available Experimental Gas-Phase 

T a b l e 2. G2 Total Energies (in a.u. a ) of the Systems Studied 

(at 298 K) 

Species 

н2о 
HF 
N H 3 

CO 
P H 3 

H 2 S 

SiH2 

dx-H /pm < HXH/o 

96.86 (95.75) 103.98 (104.51) 
93.39 (91.69) 

101.68 (101.20) 106.34 (106.70) 
115.02 (112.83) 
141.40 (142.00) 94.70 (93.345) 

133.95 (133.56) 93.33 (92.12) 

151.83 (152.01a) 92.57 

a) For SiH. 

at T = 298.15 К). In eqn (1) we substituted A(pV) = 
-RT (1 

The 
mol of gas is lost in the reaction (A)). 
interaction enthalpy, АЯ(298 К), for 

metal ion—Lewis base complexes (eqn (B)) 

is given 

ДЯ(2! 

M ^ ( ^ ) - f L ( g ) ^ M L ^ ( g ) 

by the following equation 

98 K) = {£(LMn + ,298 K) - [£(L,298 К; 
+E(Mn+ ,298 K)]} + A(pV) 

the 

(B) 

)+ 
(3) 

Species 

Li+ 

н2о 
HF 

N H 3 

CO 

P H 3 

H 2 S 

SiH2 

H 2 0 -

HF--

NH 3 -

C O -

О С -

H 3 P -

H 2S-

H2Si-

•-H+ 
•-LÍ+ 
-H+ 
-Li+ 
•-H+ 
••T,i+ 
•H+ 
-Li+ 
-H+ 
-Li+ 

•H+ 
--LÍ+ 
--H+ 
••Li+ 
--H+ 
••Li+ 

Enthalpy/a.u. 

-7.233 480 
-76.328 268 

-100.346 702 
-56.454 825 

-113.174 192 
-342.675 169 
-398.926 924 
-290.163 899 

—76.588 068 
-83.613 834 

-100.528 685 
-107.616 603 

-56.777 599 
-63.747 837 

-113.337 131 
-120.426 273 
-113.397 687 
-120.431 943 
-342.971 786 
-349.945 880 
-399.194 127 
-406.195 757 
-290.473 683 
-297.434 637 

a) 1 a.u. « 2625.5 kJ m o l - 1 . 

Gibbs energy/a.u. 

-7.248 587 
-76.349 644 

-100.366 391 
-56.477 667 

-113.196 595 
-342.700 029 
-398.950 235 
-290.187 419 

—76.611 026 
-83.640 256 

-100.550 294 
-107.640 042 

-56.801 018 
-63.774 466 

-113.362 805 
-120.453 833 
-113.420 517 
-120.459 009 
-342.996 147 
-349.975 217 
-399.218 849 
-406.224 415 
-290.498 598 
-297.463 442 

M n + = Lŕ 

where £(Mn+,298 K) and £(L,298 K) are the en
ergies of the metal cation and ligand molecules, re
spectively, and £(LM n + ,298 K) is the energy of the 
complex corrected for thermal energy at T — 298.15 
К. For the work term in eqn (3) we substituted 
A(pV) = —RT. Ab initio calculations were carried 
out with the aid of the GAUSSIAN94W package of 
computer codes [33]. 

R E S U L T S A N D D I S C U S S I O N 

S t r u c t u r e and Genera l Energet ic 
Considerat ions 

The G2 total energies of all calculated species are 
listed in Table 2. The fully optimized geometries of 

the complexes under study are given in Table 3. An 
analysis of the harmonic vibrational frequencies at 
the HF/6-31G(d) level of theory of the optimized 
species revealed that both monomers and the HF/6-
31G(d) optimized complexes are minima (no imagi
nary frequencies). Minima were found for the pyrami
dal H 2 0- • H + and H2S- • -H+ complexes. The pyrami
dal structure of H 3 0 + was also proved experimentally 
[35]. For the rest of the complexes studied the minima 
correspond to the planar Cs structures. The changes 
of geometry of bases with complexation can be sum
marized as follows: 1. Hard bases, where the donor is 
N , 0 , and F, form much shorter cation—ligand bonds 
than the compounds where the donor atom is Si, P or 
S (soft bases). 2. The substantially shorter equilibrium 
distances X- • -M+ (M + = H + and Li+) were computed 

Table 3. MP2(Full)/6-31G(d) Optimized Geometries of the Ion—Base Systems Investigated 

H 2 0 HF N H 3 CO ОС P H 3 

H+ Li+ H+ Li+ H+ Li+ H+ Li+ H+ Li+ H+ Li+ 

H 2 S 

H+ Li+ 

H2Si 

H+ Li+ 

ŕ f x - н / р т 99.08 97.49 98.69 94.92 102.85 102.31 139.22 140.32 134.70 134.17 146.48 149.23 
d c o / p m 116.82 115.83 113.05 114.17 

d x - м / р т 99.08 186.30 98.69 178.96 102.85 201.19 100.67 201.22 109.47 222.71 139.22 252.83 134.70 244.31 146.48 299.02 
< HXH/° 111.42 105.59 109.47 105.22 109.46 99.87 96.05 95.41 120.0 100.27 
< HXM/° 111.42 127.22 111.15 180.0 109.47 113.44 109.46 117.93 96.05 104.29 120.0 129.86 

< C O M / 0 180.0 180.0 180.0 180.0 
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for the protonated bases (Table 3). Protonation on wa
ter, hydrogen fluoride, ammonia, and hydrogen sulfide 
causes a lengthening of the corresponding X—H bond 
length, whereas protonation of PH3 and Sitb slightly 
shortens the P—H and Si—H bonds (Table 3). Pro
tonation of the carbon monoxide on carbons shortens 
the С—О bond length by about 2 pm, whereas pro
tonation on oxygen causes a lengthening by the same 
amount. Bond angles considerably increase in going 
from the neutral base to the protonated species. The 
coordination of a lithium cation exhibits a smaller in
fluence on the geometry of the bases studied. 

Gas-Phase Interact ion Energies 

Table 4 contains the ab initio Gl, G2, CBS-
4, CBS-Lq, and CBS-Q, interaction enthalpies, en
tropies, and Gibbs energies of the systems investi
gated. For selected species we also present results 
of the very accurate and very expensive CBS-APNO 
method. The inclusion of electron correlation at the 
Gl level gives thermodynamic quantities which are 
close to those produced by the substantially more 
computer-demanding G2 procedure. The difference 
between these two methods is low (about 2—12 k J 
mol - 1 ) for 16 complexes studied. The absolute en
thalpies and Gibbs energies computed by complete 
basis set extrapolation CBS-4 and CBS-Lq methods 
are comparable with values obtained using the more 
expensive CBS-Q method. However, the geometry op
timization at the HF/3-21G(d) level within the CBS-4 
and CBS-Lq theories gives sometimes structures of in-
termolecular complexes which contradict to both ex
periments and higher level ab initio calculations. E.g. 
HF/3-21G(d) H 3 0 + optimal structure corresponds to 
the unrealistic planar Cs form. The difference between 
the CBS-Q and CBS-APNO model chemistries is low 
(about 1—5 k J m o l - 1 ) , the latter values are being 
computed slightly higher (Table 4). 

The first- and second-row hydrides studied repre
sent the simplest Lewis bases which involve single-
bonded basic centre. These hydrides can be pro
tonated using strong acids or superacids [36]. For 
bases studied the proton affinities order is: Я(]ЧНз) 
> H{SiE2) > Я(РНз) > Я(Н 23) > Я ( Н 2 0 ) > 
Я(ОС) > Н{Я¥) > Я(СО). Thus the ОС- • Н+ pro
ton affinity is higher than the CO- • -H+ one. In the 
case of lithium cation affinities the basicity order is: 
Я ( Ш 3 ) > Я ( Н 2 0 ) > Я(РН 3 ) > Я(ЗШ 2 ) > H (HF) 
> H(E2S) > Я(ОС) > Я(СО). The proton is bonded 
substantially more strongly to the bases than the 
lithium cation. The absolute value of the basicity de
pends on both, the character of cation (Lewis acid) 
and type of the basic centre and no general basic
ity order was observed (Table 4). With the aim to 
establish whether or not there is any reasonably gen
eral correlation of basicities towards cations studied in 
Fig. 1, the interaction enthalpies of H+ vs. correspond-

E 

•э 

Ü 

•S 

-40-r 

-60-

-80-

-100-

-120-

-140-

-160-

H+ interaction enthalpy/(kJ moľ1) 

F i g . 1. Plot of A # ° ( L i + ) values vs. corresponding Д Я ° ( Н + ) 
(G2 calculation). 

ing AH^Li*) are plotted. From this figure it is evident 
that there is indeed little general correspondence be
tween the basicities towards H + and Li+ Using the re
gression analysis with АЯ^ + as the independent vari
able the following regression equation was obtained 

ДЯ£ 1 + = 5.524 + 0.158АЯ° + 

(Я2 = 0.4865) (4) 

A similar weak correlation of the H + and Li+ affinities 
was also observed experimentally [5]. However, an ex
cellent correlation was recently found [37] between the 
basicities of two alkali cations (Li+ and Na + ) . For the 
scattering of these affinities (Fig. 1), besides the ef
fect of size of cation, the different polarization of hard 
and soft bases investigated is also responsible [20]. H + 

penetrates into the electron cloud of donor and forms 
a highly covalent bond. The adhesion of alkali cations 
(Li+) to basic centres is, due to their smaller polariz
ing effect, much lower and results in the formation of 
essentially electrostatic bond. 

In real molecular systems the tendency to asso
ciate and to react is described by Gibbs energies. It 
is therefore important to know the role of entropy in 
the binding processes studied. Also listed in Table 4 
are the differences in S° values of the complexes and 
the isolated species. The computed entropies for the 
protonation reaction are small (1—12 J K - 1 mol - 1 ) 
and both positive and negative. Hence, the effect of 
entropy on this reaction is negligible and calculated 
enthalpies and Gibbs energies are very close and fol
low the same trend in the basicity of species stud
ied. Similar small entropy effects in gas-phase proton 
transfer were also found experimentally [2]. A different 
situation was observed for binding the lithium cation. 
The changes in entropy were computed to be substan
tially larger (about 85—100 J K - 1 mol - 1 ) and neg-
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T a b l e 4. Calculated Numerical Values of Gas-Phase Enthalpies (Atf/(kJ m o l - 1 ) ) , Entropies (AS/(J K - 1 m o l - 1 ) ) and Gibbs Energies (AG/(kJ m o l - 1 ) ) of the Cation-
Coordinated Systems 

Complex 

H2O 

HF--

NH 3 -

CO--

О С -

P H 3 -

H 2S-

SiH 2 

•-H+ 
•Li+ 

•H+ 
•Li+ 
•-H+ 

•Li+ 
•H+ 
Li+ 
H+ 

•Li+ 
•H+ 

.-Li+ 
•-H+ 
.-Li+ 
•-H+ 
••Li+ 

AH 

-684.5 
-136.0 
-468.0 

-87.1 
-861.1 
-161.5 
-437.0 

-50.1 
-586.3 

-62.7 
-798.0 
-105.9 
-714.4 

-94.0 
-835.1 
-104.4 

CBS-4 

A S 

-5.0 
-96.3 

-4.2 
-99.1 
-16.3 

-110.9 
-12.4 

-105.5 
3.3 

-96.3 
4.6 

-93.5 
12.3 

-86.2 
12.0 

-86.2 

AG 

-682.9 
-107.3 
-466.7 

-57.6 
-856.2 
-128.4 
-433.3 

-18.7 
-587.3 

-34.0 
-799.4 

-78.0 
-718.1 

-68.3 
-838.7 

-78.7 

AH 

-683.9 
-135.4 
-468.4 

-86.6 
-859.6 
-161.4 
-436.4 

-48.2 
-583.6 

-63.3 
-790.4 
-105.1 
-712.8 

-94.4 
-823.8 
-102.7 

CBS-Lq 

AS 

-5.0 
-101.8 

-4.4 
-99.4 
-16.1 

-110.9 
-12.5 

-105.3 
3.3 

-96.3 
4.7 

-93.3 
12.3 

-86.6 
11.3 

-86.3 

AG 

-682.3 
-105.1 
-467.1 

-57.0 
-854.8 
-128.4 
-432.7 

-16.8 
-584.6 

-34.6 
-791.8 

-77.2 
-716.5 

-68.6 
-827.2 

-77.0 

( 

AH 

-686.6 
-136.4 
-481.6 

-94.1 
-854.4 
-156.5 
-433.1 

-52.2 
-590.6 

-64.0 
-785.4 
-100.2 
-703.3 

-91.6 
-821.7 

-99.2 

3BS-Q 

AS 

-7 .1 
-89.6 

1.3 
-90.5 

-7 .1 
-91.2 

7.0 
-97.4 

3.7 
-92.4 

13.8 
-85.1 

12.8 
-85.5 

12.8 
-87.2 

AG 

-684.5 
-109.6 
-482.0 

-67.1 
-852.3 
-129.3 
-435.2 

-23.2 
-591.7 

-36.5 
-789.5 

-74.8 
-707.1 

-66.1 
-825.5 

-73.2 

CBS-APNO 

AH 

-691.0 

-487.8 

-855.2 

-432.2 

-593.5 

AS 

-6.5 

-2.6 

-6.6 

21.8 

3.6 

AG 

-689.1 

-486.5 

-853.1 

-438.7 

-594.6 

AH 

-689.4 
-147.5 
-480.5 
-106.1 
-854.4 
-164.6 
-428.5 

-51.2 
-589.2 

-65.1 
-784.8 
-100.6 
-708.1 
-102.1 
-819.2 
-102.1 

G l 

AS 

-6.7 
-97.0 
-29.4 

-108.4 
-15.6 

-107.9 
8.1 

-95.8 
3.6 

-92.1 
-4.4 

-72.8 
12.5 

-87.1 
12.3 

-85.7 

AG 

-687.4 
-118.6 
-471.7 

-73.8 
-849.4 
-132.4 
-430.9 

-22.6 
-590.3 

-37.7 
-783.5 

-78.9 
-711.8 

-76.1 
-822.9 

-76.6 

AH 

-688.3 
-134.3 
-484.0 

-98.1 
-853.6 
-158.8 
-434.0 

-51.3 
-593.0 

-61.2 
-785.0 
-101.9 
-707.7 

-95.4 
-819.5 
-100.4 

G2 

AS 

-6.9 
-80.4 

-3.9 
-108.3 

-15.6 
-108.1 

8.0 
-95.9 

3.6 
-75.2 

-4.5 
-93.7 

12.6 
-85.7 

12.4 
-87.0 

AG 

-686.3 
-110.4 
-482.8 

-65.8 
-849.0 
-126.6 
-436.4 

-22.7 
-594.1 

-38.8 
-783.7 

-74.0 
-711.4 

-69.9 
-823.2 

-74.5 

AH 

-691.2 
-142.3 
-484.1 

-854.0 
-163.6 
-426.3 

-593.0 

-785.7 

-705.0 

Exp a 

AS 

-94.3 

-98.3 

AG 

-114.2 

-134.3 

a) For experimental proton affinities see Ref. [9], experimental lithium affinities are taken from Ref. [4]. 
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ative (destabilizing) (Table 4). The large and desta
bilizing entropies were determined for the H^O- • -Li"1" 
and HßN- • Li+ systems also experimentally [4]. The 
computed Gibbs energies AG0 are negative and span 
a rather broad energy interval (from —23 k J mol - 1 

to —820 k J mol - 1) meaning that the coordination of 
the ions studied goes strongly towards the complex 
formation. 

Table 4 contains also the literature data of experi
mental thermodynamic quantities for clustering of the 
H+ and Li+ ions to selected bases. As it is apparent 
from this table the CBS-Q, CBS-APNO, Gl, and G2 
methods reproduce thermodynamic quantities of the 
complexes studied within the targeted "chemical" ac
curacy (within 10 k J mol - 1) . Most of the computed 
proton affinities using those methods are in excel
lent agreement with the experimental proton affini
ties taken from the recent compilation done by Hunter 
and Lias [9] (NIST Chemistry Web Book). The dif
ferences between CBS-4 and CBS-Lq enthalpies and 
experimental data are slightly higher (about 5—15 kJ 
mol"1, cf. e.g. H2F+and PH+). 

A comparison of the computed enthalpies and 
Gibbs energies for the binding of the lithium cation 
to selected bases with available experimental values 
determined by ion cyclotron resonance spectroscopy 
[4] shows that the CBS-4, CBS-Lq, CBS-Q, Gl, and 
G2 methods agree with the experimental data within 
the targeted range of 10 k J mol - 1 . To our knowledge 
most of the Li+-base systems and proton affinity of 
silylene have not been measured until now, therefore, 
our high-level theoretical calculations offer a reliable 
order of basicities of the investigated bases towards 
these ions. 

Natura l Popula t ion Analysis 

The atomic charges of the complexes studied were 
also evaluated by natural population analysis [38—40] 
using the NBO program [41]. The natural charges and 
atom—atom net linear NLMO/NPA bond orders are 
seen in Table 5. The coordination of cations consider
ably increases the polarization of the base molecules. 
The bonding of the lithium cation is connected with 
considerable increase of the electron density on the 
basic centre X (X: C, N, 0 , F, Si, P, and S). The elec
tron transfer to the Li+ is for the systems studied low 
(about 0.01—0.09 e). On the contrary, the protonation 
of bases leads to a considerable electron transfer to
wards the H+ and remarkable change of the electron 
density at the basic centre. In the SÍH3" hydrogens 
carry net negative charge (Table 5). 

The binding of bases to Li+ results in low bond or
ders (0.01—0.09 e) indicating that the covalent bond
ing of alkali cations to these bases is very weak, i.e. 
the nature of this bonding is almost electrostatic. The 
bond orders of the H+-base bonding are very high 
(about 0.3—0.8 e) indicating the entirely covalent 

Table 5. Natural Atomic Charges (NAC) and NLMO/NPA 
Bond Orders (NPA) from the MP2/6-3lG(d) NBO 
Analysis 

NAC NPA 

О 
. . . H + 
•. -Li+ 

. . . H + 
• • -Li+ 

1з 
. . . H + 
• • -Li+ 

) 
. . . H + 

• • -Li+ 

' . .•H+ 
• • -Li+ 

I3 
•••H+ 
• • -Li+ 

S 
. . . H + 
• • -Li+ 

Si 
•••H+ 
•••Li+ 

X 

-0.96 
-0.86 
-1.10 
-0.56 
-0.44 
-0.65 
-1.15 
-0.97 
-1.29 
-0.63 
-0.78 
-0.82 

0.63 
0.95 
0.49 
0.08 
0.69 

-0.08 
-0.27 

0.31 
-0.43 

0.66 
1.49 
0.55 

Mn+ 

0.62 
0.99 

0.72 
0.99 

0.49 
0.98 

0.71 
0.99 

0.33 
0.98 

0.08 
0.95 

0.23 
0.99 

-0.16 
0.91 

X---M71' 

0.379 
0.011 

0.279 
0.012 

0.508 
0.020 

0.274 
0.007 

0.667 
0.021 

0.920 
0.045 

0.766 
0.003 

0.828 
0.092 

character of this bonding. X- • H + bonds containing 
soft basic centres (Si, P, and S) possess higher cova
lent character. For systems with high bond orders the 
charge transfer from base to the cation is also very 
large (0.3—1.16 e). 

C O N C L U S I O N 

The interaction energies of water, hydrogen fluo
ride, ammonia, carbon monoxide, phosphane, hydro
gen sulfide, and silylene with cations H + and Li+ were 
computed at the Gl, G2, CBS-4, CBS-Lq, CBS-Q, 
and CBS-APNO levels of theory. The proton affini
ties are substantially higher than the lithium affini
ties. The variation in basicity of the parents is signifi
cantly changed for the different cations ("acids") and 
no general order between adducts is observed. The 
H + basicities vs. Li + basicities show a nonlinear be
haviour. The changes in basicities are related to the 
variation of coordinating atom and the nature of inter
acting acid (cation). The covalent bond is almost en
tirely responsible for the formation of protonated com
plexes. The binding of the Li + cation to bases studied 
comes mainly from electrostatic interactions. Gl, G2, 
CBS-Q, and CBS-APNO theoretical procedures repro
duce thermodynamic quantities of the cation—Lewis 
base complexes within the "chemical" accuracy (10 k J 
mol" 1 ) . 
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