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The G2, G3, CBS-QB3, and CBS-APNO model chemistry methods and the B3LYP, B3P86, mPW1PW, and
PBE1PBE density functional theory (DFT) methods have been used to calculate∆H° and ∆G° values for
ionic clusters of the ammonium ion complexed with water and ammonia. Results for the clusters NH4

+-
(NH3)n and NH4

+(H2O)n, wheren ) 1-4, are reported in this paper and compared against experimental
values. Agreement with the experimental values for∆H° and∆G° for formation of NH4

+(NH3)n clusters is
excellent. Comparison between experiment and theory for formation of the NH4

+(H2O)n clusters is quite
good considering the uncertainty in the experimental values. The four DFT methods yield excellent agreement
with experiment and the model chemistry methods when the aug-cc-pVTZ basis set is used for energetic
calculations and the 6-31G* basis set is used for geometries and frequencies. On the basis of these results,
we predict that all ions in the lower troposphere will be saturated with at least one complete first hydration
shell of water molecules.

Introduction

The Gaussian-n (Gn)1,2 and complete basis set (CBS)3-5

model chemistries have been developed in an attempt to
accurately calculate changes in enthalpy and free energy for
gas-phase reactions. To achieve chemical accuracy, computed
values of∆G must be correct to within 1 kcal/mol. A serious
challenge to these methods is accurate calculation of the
energetics of formation of ionic clusters. Calculation of the
enthalpy and free energy changes of ionic clusters is difficult,
as the basis set superposition error (BSSE) and fragment
relaxation energies for these complexes have large effects.6 In
principle, the Gaussian-n and complete basis set model
chemistries,1-5 which extrapolate the energies to the complete
basis set limit, should provide energies that do not need to be
corrected for limitations in the basis set used for the different
geometries in an ionic cluster calculation. To better evaluate
the ability of the Gaussian and complete basis set model
chemistries1-5 to accurately model gas-phase ionic cluster
formation, we have measured their performance against 15
reactions in the NIST database.7 We have recently tested a
variety of density functional theory (DFT) functionals for their
ability to accurately reproduce deprotonation reactions,8 as
compared against a NIST dataset of highly accurate values and
against model chemistry methods.9 We have used the best of
these functionals to examine their ability to model the structure
and energetics of the ammonium ion clusters. In this paper, we
report on our test of the performance of the G2, G3, CBS-QB3,
and CBS-APNO methods and the B3LYP, B3P86, mPW1PW,
and PBE1PBE density-functionals against this dataset. Using
data from an agricultural site in the state of North Carolina, we
discuss the atmospheric implications of our results.

Methods

The Gn and CBS methods are model chemistries developed
with the goal of obtaining highly accurate values for thermo-

chemical parameters.1-5,10-22 In the CBS models, a series of
calculations are made on a defined geometry, and a complete
basis set model chemistry includes corrections for basis set trun-
cation errors. The Gn model chemistries, which were the first
systematic model chemistries to be developed with broad applic-
ability to a wide range of chemical problems, have a similar
philosophy and implementation.23 The G2 and G3 methods fall
between the two CBS methods in terms of computational cost.
The details of the basis sets and formulas used to obtain the
final energies can be found in the original publications and a
recent text.1-5,23 These methods have been used to calculate
accurate values for enthalpies of formation, atomization energies,
ionization potentials, electron affinities, proton affinities, isodes-
mic reactions, cation-atom reactions, molecule-atom reactions,
deprotonation reactions, accurate thermodynamic cycles for pKa

calculations, hydrogen bonding of neutral water clusters, and
hydrogen bonding of water clusters to the H3O+ and OH- ions
and to explore activation energy barriers and potential inter-
mediates in chemical reactions.9,12-22,24-31

We used the G2,1 G3,2 CBS-QB3,3 and CBS-APNO4,5

methods and the B3LYP,32,33 B3P86,32,34 mPW1PW,35 and
PBE1PBE36 density functionals implemented within Gaussian
03, version B.02.37 On the basis of our experience with gas-
phase deprotonation reactions,8 we have used the DFT func-
tionals to optimize each structure at the DFT/6-31G* level.
Single-point energy calculations at the DFT/aug-cc-pVTZ level
were then used with the frequency output at the DFT/6-31G*
level to obtain∆H° and ∆G° values for each reaction. No
corrections were made for basis set superposition error. The
absence of imaginary frequencies verified that all structures were
true minima at their respective levels of theory. The geometries
of all the stationary points and absolute energies in hartrees of
each stationary point at each level of theory are available as
Supporting Information. All values reported in this paper are
for a standard state of 1 atm.
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Results

Table 1 includes calculated values for∆E0, ∆H°, and∆G°
for reactions of the ammonium cation with successive additions
of ammonia, and Table 2 contains calculated values for reactions
of the ammonium cation with successive additions of water.
Each table also contains the experimental values from the NIST
database,7 and the standard deviations from experiment. Table
3 shows the predicted concentrations of the different ammonium
cation clusters in an agricultural area. Figure 1 shows the
computed structures for NH4+(NH3)n, and Figure 2 displays the
structures for NH4+(H2O)n, wheren ) 1-4. The figures show
the values for key atom-atom separation distances and bond

angles, for the QCISD/6-311G(d,p) structure computed with the
CBS-APNO model chemistry, along with results from the
PBE1PBE functional. The NH4+ structure has near-Td symmetry,
the NH4

+(NH3) structure has near-C3V symmetry, the NH4+-
(NH3)2 structure has near-C2V symmetry, the NH4+(NH3)3

structure has near-C3V symmetry, and the NH4+(NH3)4 structure
has near-Td symmetry, in agreement with previous results.38-41

The NH4
+(NH3)4 structure has been observed in an inorganic

crystal structure, where the crystal packing results in a roughly
tetrahedral symmetry.42 For the NH4

+(H2O)n clusters, previous
supersonic jet expansion experiments and calculations have
revealed that because of the strong hydrogen bonding ability

TABLE 1: Energetics for the Successive Addition of Ammonia to Ammonium Ion Clusters for the Model Chemistries
CBS-QB3, CBS-APNO, G3, and G2 and the DFT Methods B3LYP, B3P86, mPW1PW, and PBE1PBEa

NH4
+(NH3)n-1 + NH3 f NH4

+(NH3)n

model chemistries DFT methods (DFT/6-31G*) (DFT/aug-cc-pVTZ//DFT/6-31G*) experiment

n QB3 APNO G3 G2 B3LYP B3P86 mPW1PW PBE1PBE B3LYP B3P86 mPW1PW PBE1PBE ref 50 ref 51

∆E0 (kcal/mol)
1 -26.01 -26.47 -26.12 -25.84 -33.49 -34.55 -33.85 -34.53 -26.93 -28.55 -27.94 -28.53
2 -19.72 -19.76 -19.66 -19.46 -24.11 -24.41 -24.24 -24.75 -18.99 -19.56 -19.30 -19.73
3 -16.14 -16.16 -16.13 -15.95 -19.32 -19.53 -19.44 -19.91 -15.07 -15.51 -15.32 -15.74
4 -13.51 -13.52 -13.55 -13.39 -15.65 -15.74 -15.73 -16.17 -12.26 -12.51 -12.41 -12.78

∆H° (kcal/mol)
1 -25.73 -25.11 -24.73 -24.45 -33.23 -35.27 -33.77 -34.52 -26.67 -29.27 -27.86 -28.52 -25.4 -24.8
2 -17.45 -17.93 -17.88 -17.68 -21.70 -22.37 -22.95 -23.40 -16.58 -17.52 -18.00 -18.39 -17.3 -15.7
3 -14.21 -14.37 -14.38 -14.20 -17.34 -16.37 -16.28 -17.94 -13.10 -12.35 -12.16 -13.77 -14.2 -13.8
4 -11.72 -11.80 -11.87 -11.70 -16.20 -14.49 -14.50 -13.74 -12.81 -11.27 -11.17 -10.35 -11.8 -12.5
σ 0.22 0.41 0.53 0.60 6.05 6.71 6.15 6.79 1.21 2.50 1.92 2.10 0.00 1.09
σ 1.26 1.40 1.36 1.27 6.67 7.41 6.91 7.58 1.27 3.00 2.52 2.93 1.09 0.00

∆G° (kcal/mol)
1 -18.56 -18.41 -18.09 -17.81 -25.48 -25.58 -25.91 -27.22 -18.92 -19.58 -20.00 -21.22 -18.2 -17.1
2 -9.97 -11.84 -11.60 -11.39 -13.39 -12.69 -11.48 -11.37 -8.27 -7.84 -6.54 -6.35 -10.2 -8.9
3 -7.67 -7.39 -7.08 -6.90 -9.05 -12.39 -11.88 -10.00 -4.81 -8.37 -7.76 -5.83 -6.7 -6.1
4 -3.86 -6.40 -6.98 -6.66 -2.35 -4.75 -5.59 -7.91 1.04 -1.53 -2.26 -4.53 -3.7 -3.7
σ 0.65 1.87 2.07 1.85 4.89 5.64 5.56 6.12 3.18 2.25 2.58 2.91 0.00 1.02
σ 1.39 2.53 2.57 2.31 5.81 6.51 6.36 6.87 3.07 2.39 2.50 2.84 1.02 0.00

a Changes in energies including zero-point energies, standard state enthalpies, and standard state free energies are given for each method and
compared to experimental data. Standard deviations from each experiment are given for enthalpies and free energies.

TABLE 2: Energetics for the Successive Addition of Water to Ammonium Ion Clusters for the Model Chemistries CBS-QB3,
CBS-APNO, G3, and G2 and the DFT Methods B3LYP, B3P86, mPW1PW, and PBE1PBEa

NH4
+(H2O)n-1 + H2O f NH4

+(H2O)n

model chemistries DFT methods (DFT/6-31G*) DFT/aug-cc-pVTZ//DFT/6-31G* experiment

n QB3 APNO G3 G2 B3LYP B3P86 mPW1PW PBE1PBE B3LYP B3P86 mPW1PW PBE1PBE ref 52 ref 51

∆E0 (kcal/mol)
1 -20.30 -20.67 -20.48 -20.28 -25.31 -25.60 -25.17 -25.70 -20.52 -21.19 -20.78 -21.26
2 -17.24 -17.24 -17.28 -17.04 -20.84 -20.91 -20.69 -21.17 -16.57 -16.93 -16.69 -17.13
3 -14.89 -14.77 -14.94 -14.71 -17.57 -17.53 -17.42 -17.83 -13.79 -13.97 -13.89 -14.43
4 -13.03 -12.72 -13.04 -12.72 -14.83 -14.70 -14.69 -15.14 -11.64 -11.75 -11.64 -11.95

∆H° (kcal/mol)
1 -19.19 -19.28 -19.11 -18.91 -24.79 -25.16 -24.12 -25.23 -19.99 -20.74 -19.72 -20.80 -20.6 -17.3
2 -15.71 -15.70 -15.77 -15.54 -18.69 -18.80 -19.17 -19.06 -14.42 -14.82 -15.16 -15.02 -17.4 -14.7
3 -13.27 -13.20 -13.41 -13.18 -15.91 -15.89 -15.80 -16.27 -12.13 -12.33 -12.26 -12.87 -13.7 -13.4
4 -11.45 -11.18 -11.53 -11.22 -13.20 -13.08 -13.09 -13.47 -10.00 -10.13 -10.04 -10.28 -12.2
σ 1.58 1.56 1.57 1.82 3.47 3.71 3.15 3.93 2.42 2.07 1.98 1.79 0.00 3.02
σ 1.31 1.41 1.28 1.20 5.14 5.34 4.93 5.53 2.14 2.40 2.00 2.33 3.02 0.00

∆G° (kcal/mol)
1 -13.13 -14.03 -14.31 -14.11 -17.69 -18.08 -18.99 -18.19 -12.90 -13.66 -14.59 -13.76 -13.3 -11.4
2 -9.16 -9.26 -8.87 -8.63 -12.56 -12.59 -11.28 -12.91 -8.30 -8.61 -7.28 -8.87 -8.9 -8.2
3 -5.91 -5.52 -6.20 -5.97 -8.61 -8.04 -8.30 -9.03 -4.83 -4.48 -4.77 -5.63 -6.3 -5.9
4 -6.31 -5.77 -5.43 -5.11 -6.32 -6.32 -6.67 -6.85 -3.13 -3.37 -3.63 -3.66 -4.1
σ 0.36 0.82 0.74 0.66 4.39 4.47 4.61 4.90 1.15 1.34 1.83 0.59 0.00 1.42
σ 1.73 1.92 1.89 1.68 4.86 4.95 5.15 5.35 1.19 1.61 2.03 1.43 1.42 0.00

a Changes in energies including zero-point energies, enthalpies, and free energies are given for each method and compared to experimental data.
Standard deviations from each experiment are given for enthalpies and free energies.
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of water, structural isomers occur for these clusters starting at
n ) 4.43-46 Figure 2 shows that the NH4+(H2O) structure has
near-Cs symmetry, the NH4+(H2O)2 structure has near-C1

symmetry, the NH4+(H2O)3 structure has near-C3 symmetry, and
the NH4

+(H2O)4 structure has near-Td symmetry. Four supple-
mentary files contain the G2, G3, CBS-QB3, CBS-APNO,
B3LYP, B3P86, mPW1PW, and PBE1PBE energy values for
each molecule and cluster reported in this paper, as well as all
the geometries computed with these methods (see Supporting
Information).

Discussion

Structure. The Gn and CBS methods yield similar structures,
as do the density functional methods. The G2 and G3 structures
are identical MP2(full)/6-31G(d) geometries, the CBS-QB3
structure is a B3LYP/CBSB7 geometry, whereas the CBS-
APNO structure is determined at the QCISD/6-311G(d,p) level.
For instance, the NH4+ structure has bond distances of 1.029,
1.028, 1.026, and 1.027 Å for the B3LYP, B3P86, mPW1PW,
and PBE1PBE optimizations using the 6-31G* dataset. The
MP2(full)/6-31G(d) geometry has a bond distance of 1.029 Å,
the B3LYP/CBSB7 geometry has a bond distance of 1.026 Å,
and the QCISD/6-311G(d,p) geometry has a bond distance of
1.025 Å. The corresponding bond angles are 109.471° for all
four functionals and all four model chemistries. The near-Td

NH4
+(NH3)4 structure has DFT N-H bond distances ranging

from 1.051 to 1.054 Å on the central NH4
+ cation and from

1.017 to 1.020 Å on the four NH3 ligands. The hydrogen bond
distances range from 1.849 to 1.859 Å and hydrogen bond angles
encompass 179.98-179.99°. The H-N-H bond angles are all
nearly 109.47° for the NH4

+ cation and decrease to 105.81-
105.96° for the NH3 ligands. For the model chemistries the MP2,
B3LYP, and QCISD geometries have N-H bond distances of
1.046, 1.047, and 1.040 Å about the central NH4

+ cation, and
N-H bond distances of 1.019, 1.017, and 1.017 Å about the
NH3 ligands. The hydrogen bond distances are 1.913, 1.904,
and 1.918 Å, and the hydrogen bond angles are 180.00, 179.98,
and 180.00° for the MP2, B3LYP, and QCISD geometries used
for the energy calculations in the model chemistry methods.
Comparison of the NH4+(NH3)n clusters reveals no significant
changes in the basic geometry. These structures are similar to
the global minima determined by other workers using correlated
optimizations.39-41,47,48

The NH4
+(H2O)n clusters show similar agreement between

methods. With the NH4+(H2O)4 structure as an example, the
N-H bond distances range from 1.038 to 1.041 Å for the DFT
methods, whereas the O-H bond distances range from 0.965
to 0.969 Å. The H-O-H bond angles range from 105.18 to
105.40°, the H-N-H angles range from 109.25 to 109.30°,
and the hydrogen bond angles range from 175.24 to 175.93°.
The DFT hydrogen bonds for the near-Td structure range from
1.772 to 1.796 Å, which are 0.072-0.083 Å shorter than the
hydrogen bonds in the NH4+(NH3)n clusters. The MP2, B3LYP,
and QCISD geometries from the model chemistry clusters also
have shorter hydrogen bonds between the ammonium cation
and the water ligands, with distances of 1.828, 1.796, and 1.818
Å, respectively. These hydrogen bond distances are 0.085, 0.108,
and 0.100 Å shorter than the hydrogen bonds in the NH4

+(NH3)n

TABLE 3: Free Energies in kcal/mol, Equilibrium Constants, Molarity, and Number of Ammonium Ion Clusters per Cubic
Centimeter Predicted To Be Present in the Atmosphere at an Agricultural Site on a Humid Daya

reaction ∆G° Kc M N

NH4
+ + NH3 f NH4

+(NH3) -18.09 4.45× 1014 4.63× 10-11 3 × 1010

NH4
+ + H2O f NH4

+(H2O) -14.31 7.5× 1011 3.09× 10-15 2 × 106

NH4
+(H2O) + H2O f NH4

+(H2O)2 -8.869 7.8× 107 2.80× 10-13 2 × 108

NH4
+(H2O)2 + H2O f NH4

+(H2O)3 -6.203 8.6× 105 1.02× 10-12 6 × 108

NH4
+(H2O)3 + H2O f NH4

+(H2O)4 -5.429 2.3× 105 3.11× 10-10 2 × 1011

a The product ion clusters and their concentrations are in boldface type.

Figure 1. CBS-APNO QCISD and PBE1PBE (italics) structures of
NH4

+, and NH4
+(NH3)n clusters,n ) 1-4, with approximate symmetry

labeled.

Ionic Clusters of NH4+ with Water and Ammonia J. Phys. Chem. A, Vol. 109, No. 22, 20054907



cluster for the MP2, B3LYP, and QCISD geometries used in
the G2/G3, CBS-QB3, and CBS-APNO energy calculations. The
agreement between previous calculations of ammonium-water
clusters using correlated methods is excellent.39,43-46,49

Thermochemistry. Examining the energetics for these reac-
tions in Table 1, increasing the basis set size from 6-31G* to
aug-cc-pVTZ for the DFT methods makes a dramatic improve-

ment in the observed energies relative to the model chemistry
values. Single-point calculations using the triple-ú basis set
increases the energy of reaction by roughly 3-7 kcal/mol and
brings the DFT calculations into agreement with the model
chemistry results. The standard deviations of the DFT values
from the two experiments decrease from 6.05-7.58 to 1.21-
3.00 kcal/mol for enthalpies and from 4.89-6.87 to 2.25-3.18
for free energies. We note that the model chemistries cannot
be corrected for BSSE and, in principle, do not need this
correction; we have not corrected the DFT methods for BSSE.
Wang and co-workers have shown that the values for∆E
become more positive as the basis set is enlarged for B3LYP
calculations, and that correction for BSSE also makes the∆E
values more positive.41 For the calculated first hydration energy
of NH4

+NH3, they obtain a B3LYP/6-311++G**//B3LYP/6-
31+G* value of -26.88 kcal/mol for∆E0, which changes to
-25.87 kcal/mol upon correction for BSSE.41 The uncorrected
result is in excellent agreement with our DFT results and both
results are within the range of model chemistry values. In
contrast, the QCISD/6-311++G** ∆E0 value of Wang and co-
workers is-24.71 kcal/mol, and the BSSE correction makes
the value too positive,-22.44 kcal/mol.41 Our results show that
there is less BSSE with the double-ú basis set as the cluster
systems become larger, a result that makes intuitive sense. The
larger triple-ú basis set used with the DFT methods has basically
eliminated the BSSE, relative to the uncertainty in the experi-
mental values and the accuracy of the high level model
chemistry results.

Examining the enthalpic values in Table 1, model chemistry
and DFT/aug-cc-pVTZ∆H°298values are in excellent agreement
with each other and with the available experimental information.
Pudzianowski reports a MP2/6-311++G(d,p) value of-27.1
kcal/mol for the enthalpy of reaction for an ammonia molecule
forming a hydrogen bond with an ammonium ion.39 Our results
are similar to those reported by Wang and co-workers using
B3LYP/6-31G* and MP2/6-31+G* methodology.41 The model
chemistries' standard deviations from the two experiments are
in the range of 0.22-1.40 kcal/mol for enthalpies and 0.65-
2.57 kcal/mol for free energies, which compare favorably with
the standard deviation of the two experiments to each other,
which are 1.09 and 1.02 kcal/mol for enthalpies and free
energies, respectively.

The values in Table 2, for complexes of the ammonium cation
with water, show excellent agreement with the enthalpies of
reaction to form the successive clusters. Results for free energies
of reactions are not as good, and in particular addition of a fourth
water molecule to the NH4+(H2O)3 cluster is predicted by the
CBS methods to be about as favorable as addition of the third
water molecule to the NH4+(H2O)2 cluster, a counterintuitive
result that disagrees with experiment. The CBS-QB3 estimate
is 1.3 kcal/mol more negative than the low range of the experi-
mental determination, whereas the G2 and G3 results are within
0.5 kcal/mol of the low range of experimental uncertainty. The
DFT results using the aug-cc-pVTZ basis set have the correct
trend and are all within 1.5 kcal/mol of one of the experimental
values. Table 2 shows that the agreement between the two
experimental enthalpy determinations is not particularly good,
with a standard deviation of 3.02 kcal/mol. Jiang and co-workers
report values of∆H and ∆G that are within 1 kcal/mol of
experiment for MP2/6-31+G* calculations with frequencies
scaled by 0.969. They also report that B3LYP/6-31+G*
calculations with frequencies scaled by 0.973 are not as accurate
as the MP2 results.45 Tarakeshwar, Kim, and co-workers
obtained very good agreement with experiment using MP2/aug-

Figure 2. CBS-APNO QCISD and PBE1PBE (italics) structures of
NH4

+(H2O)n clusters,n ) 1-4, with approximate symmetry labeled.
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cc-pVDZ methods and including half the BSSE correction.49 It
is notable that DFT methods, which are generally thought to
behave poorly in predicting weak intermolecular interactions,
work well for these strong hydrogen bonds. Although the small
6-31G* basis set is fine for geometries, the much larger aug-
cc-pVTZ basis set is essential for capturing the energetics. Given
the importance of the formation of NH4+(H2O)n clusters in the
atmosphere, outlined in the next section, and the uncertainty
between the two experiments, this system should be reexamined
with state-of-the-art experimental methods.

Atmospheric Implications. Ions in the atmosphere, which
are commonly thought to be present in concentrations of 100-
1000 ions/cm3, form clusters through ion-molecule reactions
and recombination processes.53 Small ions, besides conducting
electricity during thunderstorms, control processes that lead to
aerosol formation.54-57 A recent experimental study has focused
on cycles involving the hydronium and ammonium cations.53

Small ions in the troposphere have lifetimes on the order of
hundreds of seconds, and Parks and Luts have studied the effects
of certain pollutants on the mobility spectrum of ions that are
1 s old.53 There is much uncertainty regarding the actual
concentrations of trace gases, but at the concentrations consid-
ered as average values, a combination of experimental and
simulation results predicts that the dominant ions existing after
one second are NH4+(H2O)n(NH3)m and H3O+(H2O)n.53 Our
calculations can shed some insight onto cluster pathways. Table
3 lists the key thermodynamic information for the most
important reactions at an agricultural site in the Coastal Plain
region of North Carolina.58 Measurements made at this site in
Clinton, NC, over a year’s time reveal average concentrations
of 5.32 and 1.84µg/m3 for NH3 and NH4

+, respectively. In
Clinton, the ammonium cation is the limiting reagent. This is
not always the case, as the amount of NH4

+ can exceed that of
NH3, so that NH3 will be the limiting reagent in other
agricultural areas. Converting the values at the Clinton, NC,
site to concentrations yields values of [NH3] of approximately
3.12 × 10-10 M, or 1.88 × 1011 NH3/cm3, and [NH4

+] of
approximately 1.02× 10-10 M, or 6.14× 1010 NH4

+/cm3.
Using the G3 numbers for∆G° of -18.09 kcal/mol,Kc )

RTKp ) 4.45 × 1014, and the reaction of NH3 and NH4
+ to

make NH4
+(NH3) produces a concentration of the NH4

+(NH3)
complex of 1.02× 10-10 M, or 6.14× 1010 NH4

+(NH3)/cm3.
Most of the ammonium ion will be complexed with ammonia
in the atmosphere above this agricultural site, as either NH4

+-
(NH3) or NH4

+(NH3)2. The actual situation is more complicated,
however, because of the presence of water.

Even though ammonia binds to the ammonium cation better
than water does,59 the high concentration of water in the
atmosphere drives the mass action effect to produce fully
hydrated ammonium cation clusters. Table 3 lists the concentra-
tions of the product ions from each reaction and shows that the
final concentration of NH4+(H2O)4 is 3× 10-10 M, or 2 × 1011

clusters/cm3. The concentration of the ammonium cation is
reduced to 3× 10-19 M, or 191 ions/cm3. The combination of
negative free energies and high concentration of water means
that most of the NH4+(NH3), NH4

+(NH3)2, and NH4
+(H2O)

clusters will be converted to NH4+(NH3)(H2O)3, NH4
+(NH3)2-

(H2O)2, and NH4
+(H2O)4 clusters.

As displayed in Tables 2 and 3, the G3 values for∆G° for
formation of NH4

+(H2O)n are-14.3,-8.9,-6.2, and-5.4 kcal/
mol for n ) 1-4 waters. An important difference between these
two reactions is that there is much more water in the atmosphere
than ammonia, and on a saturated day we would expect the
concentration of water vapor to be 0.00180224 M.28 Table 3

shows that these values of∆G° lead to predicted concentrations
of hydrated ammonium ion clusters of approximately 106, 108,
108, and 1011 clusters/cm3. The important point is that virtually
all of the NH4

+ ion that is available will be complexed with
either an ammonia or water molecule, in this case making
approximately 1011 clusters/cm3. Because the concentration of
water vapor is much greater than the concentration of every
ion cluster, all of the NH4+ ions will be complexed with three
waters and an ammonia molecule at the very least. We would
expect that, at this site, the final ions formed on the basis of
the analysis presented here are NH4

+(H2O)4, NH4
+(NH3)(H2O)3,

and NH4
+(NH3)2(H2O)2, with a total concentration of 1011

clusters/cm3. We have not calculated the free energy for the
formation of the NH4

+(H2O)5 cluster, and depending on the
actual value this would reduce the amount of NH4

+(H2O)4,
NH4

+(NH3)(H2O)3, and NH4
+(NH3)2(H2O)2 clusters in the

atmosphere but not change the number of hydrated ammonium
ions. It may be that higher order clusters of ammonia are not
abundant, given that the free energy for formation of an
ammonium ion cluster by addition of a fifth water or ammonia
to the previous cluster was predicted to be around zero,45 and
addition of a sixth ammonia was positive by approximately 6
kcal/mol.41

We have previously published work where we examined the
ability of the model chemistry methods to predict the thermo-
dynamics of addition of up to four water molecules to the H3O+

and OH- ions.31 For the addition of one, two, and three water
molecules to the H3O+ cation, the standard free energy of
reaction at 298.15 K is approximately-26,-14, and-10 kcal/
mol. Similarly, for the addition of one to four water molecules
to the OH- anion, the free energies are about-19, -10, -8,
and -6 kcal/mol. The number of hydrated hydronium and
hydroxide complexes will be limited only by the initial number
of ions.

Because the free energies for hydration of ions are quite
negative, these ions should be effective nucleation sites, lending
support to the idea of ions being effective cloud condensation
nuclei. Any ion present in the atmosphere will have a negative
free energy for complexation with water, and because the
concentration of water is relatively high, we predict that virtually
all ions are complexed with waters in the atmosphere. The
degree of complexation will depend on the free energy of each
successive addition of water to the ion. What is unanswered at
present is how big the ion clusters can grow. We are currently
studying the thermodynamics for formation of larger hydrated
ions in our laboratory to gain insight into this question.

Conclusion

The G2, G3, CBS-QB3, and CBS-APNO models and the
B3LYP, B3P86, mPW1PW, and PBE1PBE DFT methods have
been used to calculate∆H° and∆G° values for ionic clusters
of the ammonium ion complexed with water and ammonia.
Agreement of the model chemistry predictions with the experi-
mental values for∆H° and∆G° for formation of NH4

+(NH3)n

clusters is excellent, with slightly less agreement between
experiment and theory for formation of the NH4

+(H2O)n clusters.
The standard deviation between the two sets of experimental
enthalpies is three kcal/mol and we suggest that this atmospheri-
cally important cluster reaction be reinvestigated with state-of-
the-art experimental methods. The four DFT methods yield very
good agreement with experiment and the model chemistry
methods when using the aug-cc-pVTZ basis set for energetic
calculations and the 6-31G* basis set for geometries and
frequencies. At a particular agricultural site in the Southeastern
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United States, the concentration of the NH4
+ ion is 1.84µg/m3

and the concentration of ammonia is 5.32µg/m3.58 We predict
that the total concentration of fully saturated ammonia clusters,
NH4

+(H2O)4, NH4
+(NH3)(H2O)3, and NH4

+(NH3)2(H2O)2, is on
the order of 1011 clusters/cm3 at this agricultural site. The values
for ∆G° are quite negative for addition of 1-4 ammonias or
1-4 waters to the NH4+ ion, as are the∆G° values for addition
of 1-3 waters to the H3O+ ion and 1-4 waters to the OH-

anion.31 The combination of very large equilibrium constants
combined with the large relative abundance of water in the
atmosphere lead to the prediction that all ions in the lower
troposphere will be saturated with at least one complete first
hydration shell of water molecules. This study supports the idea
of ions being effective cloud condensation nuclei, as any ion
present in the atmosphere will have a negative free energy for
complexation with water. The extent of complexation will
depend on the free energy of each successive addition of water
to the ion, and we are currently studying the thermodynamics
for formation of larger hydrated ions in our laboratory.
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