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MP2 and B3LYP calculations were performed on complexes of nitric acid with water using thet6+&-1
(2d,p) basis set to determine optimized geometries and binding energies fog +MH20 systemsr{ =
1—4). The structures for the global minima for= 1—4 have homodromic rings formed by successive hydrogen
bonds. The potential energy surface for the HN@H,O clusters is quite shallow. The first stable ion-pair
configuration is obtained for a HN®+-4H,0O complex. The ion pair, ¥l0"—NOs™, is separated by the three
H.O molecules forming an Eigen-ion ¢8,") type structure. The transition states and activation barriers for
n = 1—4 were also determined. The zero-point corrected transition-state barrier for the ion pair is only 0.5
kcal/mol. Larger HNG@--nH,O clusters ff up to 32) were also determined to be dominated by the ion-pair

motif.

Introduction

Nitric acid is important to diverse areas such as atmospheric

chemistry2 and nuclear wast&® Computational studies of
nitric acid and nitrate have primarily focused on their importance

in the atmosphere. Our focus is on nitrate within nuclear wastes.

While most nuclear wastes are basic, some of the nuclear wast
stored at the Idaho National Engineering and Environmental
Laboratory (INEEL) is acidi¢. The amount of water in the waste
varies significantly to the point that there may not be sufficient

water molecules to fully solvate the alphabet soup of ions present

(e.g., ABT, BE#T, Cd*t, Dy3", EW?t, etc.). Of the few anions
present, nitrate is by far the dominant anion in the acidic waste.
Our interest is in computationally determining how many waters
are necessary to form the NOand HO™ ion pair and how
that ion pair behaves in a solvated system. Experimental
evidence suggests that ionization of nitric acid may require as
few as two or as many as 10 water molec§ies.

The focus of computations for nitric acid and water clusters

HadZ!! also reported structures for ionic versions of the nitric
acid pair, HO™ and NQ™, by artificially constraining the
calculations. Interaction energies were calculated for the various
basis sets used and found to range froih49 to—19.01 kcal/
mol. Higher level calculations, MP2/6-3t1#G(2d,p), were
erformed by Tao et &' to deduce the structure of NAM, which
s very similar to that observed by Koller and HadzTao et
al4found that the strongest hydrogen bond is formed between
the hydrogen of the nitric acid and the oxygen of the water
with a bond length of 1.71 A and is only slightly bent176°).
A second hydrogen bond is formed between a hydrogen
on the water and an oxygen on the nitric acid that is considerably
weaker than the first hydrogen bond. The structure by Tao et
all4 was confirmed by Canagaratna et'akith microwave
spectroscopy. Canagaratna et ahd others1*have remarked
that this second hydrogen bond barely meets the definition of
a H bond because it is extra long (2.3 A) and extremely bent
~12C); however, it does provide extra stability for the
complex. The dissociation energy without zero-point correction

has been related to their importance as isolated complexes in(De) was calculated to be-9.5 kcal/mol, and with zero-point

atmospheric chemistry. The most computationally studied
structure for nitric acid and water interaction is the nitric acid
monohydrate (NAM) complex. In 1991, Koller and Halz
reported geometries for both the neutral (HNGH,0) and
ionized (NQ ---H30%) structures for the NAM using semi-
empirical and ab initio methods. The neutral complex was found
to be energetically more favorable, which agreed well with
experimental evidence of neutral NAM in gladés3 The
structure of the neutral HN$-H,O complex was found to be
almost planar with a six-membered ring formed by two oxygens,
the nitrogen, and the hydrogen of the nitric acid and the oxygen
and one hydrogen of the water. One distinctly linear hydrogen
bond between the water and the nitric acid was discernible with
a second very bent hydrogeonxygen interaction. Koller and
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correction Dy) it was calculated to be-7.2 kcal/mol** Toth!®
also focused on NAM both in the gas phase and in the bulk
crystalline structure. Several basis sets were employed for the
gas-phase calculations with all of the ab initio calculations giving
essentially the same geometry as reported by Tao ¥tTdle
binding energies for the density functional theory (DFT)
calculations were on the same order as that previously repdrted.
Staikova and Donaldséhalso investigated the geometry and
energetics of NAM using MollerPlesset theory (MP2) and
DFT computations using the extensive 6-31G(3df,3dp)
basis set, with similar results.

In addition to NAM, McCurdy et al” and Escribano et af
studied larger HN@--nH,O complexes in the gas phase.
McCurdy et al*” looked at nitric acid interaction with up to
four water molecules using the MP2 level of theory with the
aug-cc-pVDZ basis set. For nitric acid dihydrate (NAD) and
nitric acid trihydrate (NAT) systems, the HNG-nH,O (n =
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TABLE 1: Binding Energies and TS Barriers for HNO 3+--nH,0 (n = 1—4)

cluster Degnoer De#Pe Do AEunco? AEzpc
HNO;:++1H,0 —10.2 (-10.6) —10.2 (-8.5) —-9.3(-6.5) 13.3 11.1
HNO;---2H,0 —20.5 (21.6) —18.2 (+17.0) —16.4 (—12.9) 11.5 9.1
HNO;:+-3H,0 —29.7 (=31.6) —25.2 (—24.6) —22.4 (-18.3) 11.9 9.9
HNOg3:+-3H,0 (alternative) —29.6 (—32.0) —25.0 —25.0) —22.4 (—18.6) 11.1 9.3
HNOs;:--4H,0 (cyclic) —39.2 (42.4) —32.4 (—33.1) —23.5(24.1) 9.3 7.2
HNOg3:+-4H,0 (alternative cyclic) —39.7 (+42.7) —32.8 (—33.4) —24.3 (—24.9) 8.2 7.0
HNOs;:+-4H,0 (ion pair) —36.8 (—41.0) —28.9 (—30.6) —24.3 16.3) 2.8 0.5

aB3LYP/6-311+G(2d,p) listed first with MP2/6-31-t+G(2d,p) values given in parentheses. Energy units are kcal/mol.

2, 3) structures consisted of homodromic rings with the nitric parameters for the integral cutoff and minimization convergence
acid and each water forming two hydrogen bonds. These cyclic criteria. Vibrational frequencies were calculated for all minima
geometries had binding energies of 20.6 (16.2) kcal/mol and at all levels of theory to obtain zero-point energies and to ensure
30.4 (23.7) kcal/mol, respectively (values in parentheses cor- that the TS’s had only one imaginary frequency while all minima
respond to zero-point corrected (ZPE) binding energies). Es- had zero imaginary frequencies.

cribano et af® used the B3LYP level of theory with the aug-
cc-pVTZ basis set for NAD and NAT geometries and obtain
similar cyclic structures and slightly lower binding energie2 (
kcal/mol lower) than those reported by McCurdy et’afor
the same geometries. Koller and Hédzalso optimized
structures for NAT, but did not find cyclical structures with
the methods employed. McCurdy et!alalso reported two
structures for the HN@--4H,O complex. One structure con-

It is generally accepted that binding energies need to be
corrected for the basis set superposition error (BSSE) for
comparison with experimental valugs3® The counterpoise
method”38was employed, because it is the generally accepted
methodology to compensate for BSSE*! Application of the
BSSE correction has been known to change the order of local
minima from that predicted by the uncorrected eneréidhe
BSSE correction is especially necessary for weakly bound

tinues the homodromic ring motif and was reported to be the complexes; however, the nitric acid and water complexes have
global minimum within the structures explored. The other been found to be strongly bound with BSSE corrections being
geometry showed the formation of the nitrate/nydronium ion essentially negligible (23%) using B3LYP/6-31%++G-

pair but was only considered a local minimum because its energy (3df,2dp)i6 therefore, the BSSE corrections were not included
was found to be 0.4 kcal/mol higher than the neutral, cyclic in several of the previous literature reports for HN@H,0
structure. The binding energies for the cyclic and ion-pair system$94043The BSSE correction factors are reported in the
geometries were reported as 40.5 (31.4) kcal/mol and 40.1 (29.9)tables in Supporting Information. For convenience in comparison

kcal/mol, respectively.
In this paper, we explore the formation of nitric acid/water
clusters (HN@---nH,0). The ground-state (GS) geometries and

with previous literature values, uncorrected, ZPC, and APC
BSSE corrected binding energies are reported in Table 1. It
should be noted that the BSSE does vary depending on the level

binding energies are compared to previous works for clusters of theory with the values for the MP2/6-31#G(2d,p) being

with n = 1—4. The transition states (TS’s) and activation

approximately a factor of 2 or 3 greater than those for the DFT

energies were calculated to reveal insights into the solvation calculations using the same basis set as seen in Tabte82S

mechanisms, focusing on the nature of the solvated proton.

Results for HN@---nH,O complexes withn > 7 are also
discussed.

Computational Methods

Ab initio and DFT molecular orbital calculations for
HNO3:--nH,0 systemst{ = 1—4) were performed using the
Gaussian 98 and Gaussian 38 series of programs. Initial
calculations explored different geometries for HNEdANH-0,
as well as starting with the ions NOand HO* with nH,0,
using the B3LYP exchange and correlation functioHafwith
the 6-31G(d,p) basis sé&t.28 For the HNQ---nH,O systems
where n = 1-4, the lowest energy structures were fully
optimized at the B3LYP/6-31t+G(2d,p) level of theory to
account for diffuse functions on both the heavy atoms and
hydrogens. To include correlation contributions, single-point
MP2 (spMP2) energies were calculated for the B3LYP/6-
311++G(2d,p) geometries. Second-order Motiétlesset per-
turbation theory (MP2P-30with the 6-31H1-+G(2d,p) basis set
calculations were also performed to obtain fully optimized

in Supporting Information.

Comprehensive lists of structural and energy parameters for
then = 1-4 systems, as well as the monomers, are given in
Supporting Information. The convention used in this paper is
to label the water hydrogens that participate in hydrogen bonds
with an “a” as in Hs while those that do not participate are
designated with a subscript “b”".

Results and Discussion

Systems with multiple hydrogen bonds have been explored
by other research groups to investigate the effect of correlation
energy and basis set on the geometries and enéfglssnoted
in the introduction, small clusters of nitric acid with water have
been studied using a variety of computational methods including
MP2/6-31H+G(2d,p)* MP2/aug-cc-pVDZ’ B3LYP/aug-cc-
pVTZ,1® and B3LYP/6-31%+G(3df,2dp)!® While there are
some minor variations among the results for the different
methods for the GS structures, the overall agreement between
the more comprehensive basis sets is reassuring. Because there
are no literature references for the TS structures, the quality of

geometries and energies. A comparison of the geometriesthese calculations can only be assessed in light of the consistency

determined that B3LYP/6-311+G(2d,p) results were very
similar to those using MP2/6-3#t+G(2d,p). The spMP2

of the GS structures.
In general, the structures for the isolated HN@H,O

energies for the B3LYP structures were also very close to the systemsif = 1—4) is the formation of planar ring structures.
energies obtained with fully optimized geometries and energies Following Tzeli et al4?2 McCurdy et alt” applied the term

at the MP2 level of theory. All minimizations were carried out
using the Berny algorithd-32 using the default Gaussian

“homodromic” to describe the network of successive H bonds
in the same direction around a quasi-planar ring. In the TS’s,
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Figure 1. Structures of the HN@--H,O cluster for the (A) GS and

(B) TS with solid arrows indicating displacement vectors. Color scheme

is nitrogen= black, oxygen= gray, and hydroger white.
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Figure 2. Structures of the HN®--2H,0 cluster for the (A) GS and
(B) TS with solid arrows indicating displacement vectors. Color scheme
is nitrogen= black, oxygen= gray, and hydroger white.

6-311++G(2d,p), to correct the binding energy to a value of
Do = —7.5 kcal/mol. The MP2/6-3t+G(2d,p) fully corrected

the transfer of hydrogens around the homodromic rings is pinding energy calculated in this workis6.5 kcal/mol (Table
reminiscent of early descriptions of proton conduction as a 1). A discussion of the various correction procedures employed

successive proton-transfer chain mechaf¥snamed after de
Grotthusg8 for his work on electrolysis of salt solutioA$ Of

and how they apply to “true” binding energies is beyond the
scope of this paper. The values listed in Table 1 and in Tables

course, the mechanism of proton mobility has been and still is 15-9S are provided primarily for comparison between struc-

debated®48-53 Systems wheré > 4 show the formation of

the ion pair and are of the most interest for solvated nitric acid.

In these more solvated complexes, the nitrate exists i@3fs

tures.
The TS structure for the HN-H,O cluster was also
determined and is provided in Figure 1B. Detailed parameters

monomeric state and the proton appears as an Eigen-ionare provided in Table 2S. The TS geometry is still nearly planar

(HoO41)32 type structure.
HNO3; + H,O System. Several starting geometries were

with a dihedral of—179.7. The primary difference between
the TS and the GS structure is in the symmetry of the two

considered, but the structure in Figure 1A was determined to hydrogen bonds, which both have lengths of 1.114 A and an
be the global minimum of those studied. Structures for the O—H—O angle of 153.1in the TS. The H-bond protons (H*,
alternative local minimum have been reported by Staikova et H;,) and the water @-Hyp, group form a distorted hydronium

al1® for computations using B3LYP level of theory with the
more extensive 6-3H-+G(3df,3dp) basis set than that used in

ion (HzO™) motif. The angle H;—O—H* is only 84.5 in the
TS while the H-O—H angles for the hydronium monomer

the current calculations. These structures show the hydrogengFigure 1C, Table 1S) are 112.9n the TS, the hydrogens
of the water molecule interacting with the unprotonated oxygens involved in the H bonds are simultaneously shuffled around

of the nitric acid in various configurations. Escribano et?al.
and McCurdy et al’ also reported finding at least one

the six-membered ring as illustrated by the displacement vectors
(Figure 1B). This hydrogen migration requires that four bonds

energetically less favorable structure. The potential energy be simultaneously made/broken. The activation barrier for the

barriers between these structures are very smsdlical/mol).
Initial geometries using the ions NOand HO™ merely relaxed

TS (AE¥ is 13.3 or 11.1 kcal/mol with zero-point correction.
The NAM can be compared with the monohydrates of other

into an optimized geometry for a neutral complex. This result oxyacids, such as trifli¢ and sulfuric acid® Paddison et &
for the isolated complex is not surprising because experimental reported the molecular modeling of triflic or trifluoromethane-

results for HNQ and HO in glass indicate that the neutral
complex dominate¥?13 Additional experimental evidence for
the neutral HN@--H,O complex comes from hydration studies
of nitric acid in benzené?

The GS structure for the HNg-H,O complex (Figure 1A)
is the same as that calculated by Tao €t*and reported by
other researchef§:18 The structure is a six-membered ring

sulfonic acid (CESOsH) interaction with one water molecule.
This system also formed a six-membered ring involving the
sulfur and two oxygens of the sulfonate, triflic acid proton, and
OH of the water molecule. The hydrated triflic acid structure is
also stabilized by two H bonds, one long and one short, similar
to the structure for HN@--H,O (Figure 1A). The TS for the
proton transfer in triflic acid was found to have an activation

formed using two hydrogen bonds between the nitric acid and barrier of 4.7 kcal/mol, which is less than that for nitric acid as
the water molecule that is essentially planar with one of the expected. Arstila et & did not find a cyclic structure for the

water hydrogens (k) projecting out of the plane (Figure 1A).

monohydrate of sulfuric acid. Instead, only one H bond was

Detailed parameters are provided in Table 2S in Supporting formed between the 3O, and the HO with the lowest energy
Information. Regardless of the level of theory and basis set used,configuration involving the proton donation from the sulfuric
most ab initio and DFT calculations produce a similar acid to the water oxygen. The binding energy was found to be
structure!4-18 While the structures obtained for the monohydrate —38 kJ/mol (4.3 kcal/mol), which is twice that of the water
complex are similar, there are differences in the binding energy dimer (—18 kJ/mol or 8.6 kcal/molj® As with nitric acid, one
depending on the computational method. The calculated bindingwater molecule cannot ionize either triflic or sulfuric acid.

energies range from-19.0 kcal/mol to—7.0 kcal/molt4-18
Overall, the uncorrected binding enerdyef is close to—10
kcal/mol, such as-10.3 kcal/mol obtained using MP2/aug-cc-
pVDZ by McCurdy et all’ which agrees well with the
uncorrected value of-10.2 kcal/mol from the B3LYP/6-
311++4+G(2d,p) calculation. Using a larger basis set with
B3LYP, Staikova and Donaldsétreported &, value of—9.6

HNO; + 2H,0 System.Addition of a second water molecule
to form the HNQ---2H,0 complex results in a cyclical structure
as shown in Figure 2A. A similar structure was also found by
McCurdy et alt” and Escribano et &% The GS structure is again
a homodromic ring with the first H bond in the complex formed
between the H* of nitric acid and the oxygen of the first water
(Oy). The detailed parameters using B3LYP and MP2 for the

kcal/mol. The overall corrected binding energy is approximately dihydrate complex are provided in Table 3S in Supporting
—7 kcal/mol, but the reported values do depend on the correctionInformation. The binding energy for the dihydrate global

factors applied. For example, Tao etalsed a ZPE energy of
2.3 kcal/mol derived using the 6-315(d) basis set, instead of

minimum is approximately twice that of the monohydrate (Table
1).
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Figure 3. Structures for the HN@--3H,O clusters for the (A) GS
and (C) TS for cyclic structure 3A. The (B) GS and (D) TS are the
structures for a geometry referred to as alternative cyclic structure 3B.
Solid arrows indicate displacement vectors for TS’s. Color scheme is
nitrogen= black, oxyger= gray, and hydroger white.

Figure 2B shows the TS structure for the HNG2H,O
cluster with detailed parameters provided in Table 3S. The TS
geometry is essentially symmetrical and planar similar to the
monohydrate TS. Only t§ and Hy, are out of the plane, pointing
above and below, respectively. TH®10,) in the GS geometry
is 2.7 A, which is longer than the 2.5 A estimated for the Zundel
ion®® (HsO,1).57:58 However, in the TS state, this interoxygen
distance is 2.4 A and the proton is shared equally between O
and Q. In the dihydrate TS, as in the monohydrate TS, the
hydrogens involved in the H bonds migrate concurrently around
the eight-membered ring as illustrated by the displacement
vectors (Figure 1B). This proton-relay-type mechartsin-
volves six bonds being concomitantly made/broken. The activa-
tion barrier for the TS AE¥) is estimated as 11.5 or 9.1 kcal/
mol with zero-point correction.

HNO3; + 3H,O System. Early 1991 calculations by
Koller and Had#! did not find a cyclical structure for the
HNOs---3H,O complex; however, these calculations were
limited in scope because of the computing power at the time.
More recent calculations by McCurdy et'dland Escribano et
al18 did find cyclical geometries similar to that in Figure 3A.
This 10-member ring geometry is referred to as cyclic structure
3A, and its parameters are given in Table 4S in Supporting
Information. The TS structure is given in Figure 3C with
parameters in Table 4S. For this trihydrate configuration, the
TS geometry is very similar to that of the GS with the protons

J. Phys. Chem. A, Vol. 108, No. 47, 20040581
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Figure 4. GS structures for two different cyclic geometries for the
HNO;s---4H,0 cluster referred to as (A) cyclic structure 4A and (B)
alternative cyclic structure 4B. Color scheme is nitrogerblack,
oxygen= gray, and hydroger white.

H-bond circle. However, Id:+-O; and H++Os are very similar.
The TS geometry for the alternative cyclic structure 3B is given
in Figure 3D with parameters in Table 5S. As the hydrogens
simultaneously shuffle around the eight-membered ring, the
N—Oc bond rocks from side-to-side. This TS also involves the
eight bonds that are concurrently made/broken and has an
uncorrected activation barrier of 11.1 kcal/mol (Table 1).
Escribano et a® assigned structure 3A as the global
minimum being 3.2 kJ/mol (0.8 kcal/mol) below structure 3B.
Using the basis set 6-3%HG(2d,P), assignment of the global

more evenly spaced between consecutive oxygens resulting inminimum depends on the level of theory employed. For B3LYP,

a unique TS with electron flow through the 10-membered ring
with eight bonds being made/broken simultaneously correlating
to one imaginary frequency, as shown by the displacement
vectors (Figure 3C). The uncorrected activation barrier for this
complex is 11.9 kcal/mol (Table 1).

An alternative structure for hydration of nitric acid with three
H,O molecules where the cyclic ring only includes the one
oxygen of the nitric acid, forming an eight-member ring, was
also found (Figure 3B). This structure is similar to one reported
by Escribano et a8 and is referred to as alternative cyclic
structure 3B, parameters for which are given in Table 5S. The

structure 3A is more stable than 3B by a mere 0.1 kcal/mol.
The order is reversed for the MP2 calculations with 3B more
stable by 0.4 kcal/mol. The binding energies for the two
structures are also virtually equivalent for B3LYP and only
slightly different for MP2 (Table 1). TS barriers determined at
the B3LYP level predict that structure 3B has a lower activation
energy by~0.6 kcal/mol. Regardless of which structure is
assigned as the global minimum, neither structure shows the
ability of three waters to ionize nitric acid as has been predicted
by experiments.
HNO3; + 4H,0 Systems Structures for three distinct minima

trend in the hydrogen bond strengths is the same as that forwere obtained for the HN&-4H,0O complex shown in Figures

cyclic structure 3A with the H*-O; bond being the strongest
with the others becoming progressively weaker around the

4 and 5. Two different versions of cyclic geometries with
homodromic rings of water are shown in Figure 4. Figure 5
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acid for the alternative cyclic structure 4B is164°, which
indicates that it is not as flat as structure 4A with a dihedral of
—172°. However, the MP2 calculations have the dihedral of
both structures as 168°. Comparing the parameters in Tables
6S and 7S reveals that the distances for the two structures are
quite similar. There are more discrepancies among the angles.
For example[JO.NQ, is 3° less for the alternative structure
4B. The trend for the H bonds is about the same for both
structures except for the last one in the ring. The bond length
Haa--O; is either slightly longer or shorter for the alternative
structure B depending on whether the structure is calculated
using B3LYP or MP2, respectively. The greatest disparity
between these two structures is in the values for the angles
involving the hydrogen bonds. This disparity is particularly
noticeable for théJO4H404, Which is more highly strained at
159 for structure 4A than for structure 4B at I'7& the B3LYP
level of theory. At the MP2 level of theory, the values for this
angle are 147 and 161for structures 4A,B, respectively.
Additional stability for alternative structure 4B comes from
having two of the other hydrogen bond anglekd,H»03 and
[0O3H3504) being close to 180compared to only one straight

H bond for structure 4A. Therefore, the apparent advantage to
closing the homodromic ring on the nitric acid oxygen farther
away from H* is that the H-bond angles are less strained.

In agreement with McCurdy et &’ the first stable ion pair
can be formed with four waters and nitric acid (Figure 5). The
ion-pair structure for the four-water hydrate of nitric acid
essentially ha€s, symmetry giving the BO™—NOs™ pair three
equivalent sets of two hydrogen-bond types. Because all three
hydrogens on the hydronium ion are equivalent, they are labeled
H*,_c and the oxygen of the hydronium ion is labeled as|®

this structure the kO™ sits 3.320 A above the N with the
hydrogen atoms staggered relative to the oxygens of the nitrate
as illustrated in Figure 5A (note that the angle is slightly canted
to reveal a hint of the nitrogen atom underneath the oxygen
atom of the hydronium ion). Looking at this structure, thgH
is equally H-bonded to three other waters comprising a larger
Eigen-ior?® (HgO4™) moiety. The three waters form a layer
%etween the hydronium and nitrate ions, each using one of its
ydrogen atoms to form a H-bond with the nitrate while another

Figure 5. GS structure for HN@--4H,0 cluster geometry of the NO
and HO™ ion pair. (A) Side view of the geometry with labels for the
second HO in the background left out for clarity. (B) Top-down view
with the HHO* over the NQ~. Color scheme is nitroger black,
oxygen= gray, and hydroger white.

shows two views of the GS geometry for the®+ —NO3™ pair

with three waters. The parameter tables for these three structure
are available in Tables 68S in Supporting Information, )
respectively. The ion-pair geometry (Figure 5) and cyclic H-Pond is formed between a hydrogen of theGH and the

structure (Figure 4A) have been reported previously by Mc- Water oxygen (Figure 5SB). Distances for upper and lower
Curdy et al 37 however, no structural parameters were reported. H-Ponds based on B3LYP/6-3+3-G(2d,p) are 1.530 and 1.746

As with smaller nitric acid and water systed$d7 the potential A,. respectively. The MP2 version of these calculations gave a
energy surface for the four-water complex is quite shallow, with Slightly shorter upper H-bond (1.522 A) and longer lower
all three structures within less than 1.8 kcal/mol of each other H-bond (1.756 A). Both methods gave the distance between a
based on MP2 calculated energies. While we only found minima Nitrate oxygen and a water oxygen as 2.681 A, but the distance
for these three structures after trying a host of combinations from the hydronium oxygen to a water oxygen was 2.555 A
starting with nitric acid and water as well as nitrate, hydronium compared to 2.546 A for B3LYP and MP2 levels of theory,
ion, and water, it is possible that other minima may exist.  reéspectively. The upper H-bonds between a hydronium H and
Two different cyclic structures were found and are given in @ Water O is quite straight with anOyH*Ox (x = 1-3) of
Figure 4A,B with their detailed parameters given in Tables 65 172 relative to the lower H bonds between a water H and a
and 7S, respectively. These structures carry on the homodromichitrate O that have anlOHxOy (y = a—c) ranging from 156
motif characteristic of the smaller HNG-nH,O (n = 1-3) to 164 for B3LYP/6-31H+G(2d,p) and MP2/6-31#+G-
clusters. As in the two- and three-water systems, the H bonds(2d.p), respectively. Other structural parameters are given in
get longer and the ©0 distances increase as one moves from Table 8S.
the H* around the ring. The waters further away from H* also ~ On the basis of the MP2/aug-cc-pVDZ calculations, McCurdy
begin to look more like the monomer structure. The primary et al” assigned the cyclic structure in Figure 4A as the global
difference between these two structures is that the homodromicminimum with the ion pair (Figure 5) as a local minimum lying
ring of cyclic structure 4A makes connections on the nitric acid 0.4 kcal/mol above the cyclic structure. Our results using
between the hydrogen (H*) and,Qvhich the H* is bent toward. B3LYP/6-31H+G(2d,p) and MP2/6-31t+G(2d,p) confirm
In the alternative cyclic structure 4B, H* is bent away from the the order of the energies for these two structures with a
nitrate oxygen (@) that is used to complete the H-bond cycle. difference in energy of 2.4 and 1.5 kcal/mol, respectively. The
Using the B3LYP calculations, the dihedral angle of the nitric single-point MP2 energies calculated for the B3LYP/6-8315-
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(2d,p) geometries of the two structures only differ by 1 kcal/
mol. However, our calculations also show that the alternative
cyclic structure in Figure 4B has the lowest GS energy of all
three structures, being 0.93, 0.76, or 0.27 kcal/mol below the
configuration previously identified by McCurdy et dlas the
global minimum using B3LYP/6-31+G(2d,p), spMP2 B3LYP/
6-3114++G(2d,p), or MP2/6-31%++G(2d,p) calculations, re-
spectively. The binding energies for these complexes are listed
in Table 1. The uncorrecte®('"**) and ZPC binding energies
(DZPC given in parentheses) reported by McCurdy et’dbr

the cyclic and ion pair configurations wered0.5 (—31.4) and
—40.1 (—29.9) kcal/mol, respectively. These values are slightly
higher than the values obtained using B3LYP/6-8%15(2d,p)
shown in Table 1. The binding energies for the alternative
energy structure 4B are slightly higher than those of either the
cyclic structure 4A or the ion-pair configuration. However, if
the BSSE correction is factored in, then the binding energy of
the alternative cyclic geometry 4B and the ion pair have the
same binding energy of24.3 kcal/mol. Obviously, the BSSE
value is underestimated for the ion pair because it of

the calculated BSSE for the cyclic HN®4H,0O complexes
(Tables 6S-8S). This problem may be related to the sym-
metrical nature of the ion-pair geometry. Salvador &f lave
noted that, for ion/molecule interactions involving protonated
species, it is potentially preferable to treat the protons involved
in the H bonds as separate fragments when computing the
counterpoise correction to obtain both correct structures and
interaction energies. Salvador et®&hote that increasing the

fragment types is especially important for symmetrical systems Hib ‘

and also works well for unsymmetrical systems. This phenom- Hia

enon associated with the counterpoise correction may also \)
depend on the theory level used because the MP2 calculations 0:

did not seem to suffer from this apparent problem for the Hzb
prediction of the BSSE for the ion pair. For the MP2/6-

311+-+G(2d,p) calculations, the dissociation energy valis ( HNO;:--4H,0 cluster: (A) cyclic structure 4A and (B) alternative cyclic

are—16.3,—24.1, a”9L24-9 kcal/mol for th? ion-pair, cyclic, structure 4B. Solid arrows indicate displacement vectors. Color scheme
and alternative cyclic structures, respectively. The order of js nitrogen= black, oxyger= gray, and hydroger white.

binding energies using MP2 is as expected given the relative

overa!l energies for the s.tructures. . ) ) uncorrected TS barriers using B3LYP/6-311G(2d,p) for the
While the results described above are instructive for isolated cyclic 4A, alternative cyclic 4B, and ion-pair configurations are

clusters that may be relevant to atmospheric chemistry, forg.3 82 and 2.8 kcallmol, respectively. With zero-point
solvated systems it is useful to look at the TS’s because the corrections, these values drop to 7.2, 7.0, and 0.5 kcal/mol,
waters are always in flux. The TS structures for the cyclic four- respectively. The TS barrier for the ion pair is significantly
water systems and the ion pair are given in Figures 6 and 7, pelow the other structures, which makes it closer to that for
respectively. The TS for the cyclic structure 4A in Figure 6A  transfer of protons in watéf.On the basis of these results, it

is very similar to the TS structures for the two- and three-water appears that if four waters are around the nitric acid in positions
systems with the sequential shuffling of hydrogen atoms around similar to that for the ion pair, then there is almost no barrier to
the ring with approximately equal displacements (see Table 6S).prevent the H* of the nitric acid from moving off to formsB+,

The TS for the alternative cyclic structure 4B in Figure 6B is leaving NQ~ behind.

somewhat different in that the fourth water molecule is HNO3 + nH,O (n > 4) Systems.Large clusters of water
essentially pushed over to the side so that the third water with nitric acid were also investigated for up to 32,1
molecule can maka H bond with Qas well as with the fourth  molecules. As the number of water molecules increases, the
water molecule (see Table 7S). Therefore, the structure of thenumber of alternative starting geometries escalates exponentially.
GS allows all three of the nitrate oxygens to participate in H These calculations are also quite taxing on computer resources,
bonding in the TS; however, the displacement vectors show thatespecially for the higher MP2 level of theory. Several minima
of the six H bonds in the TS structure, only two hydrogens were determined fon = 5—8, 14, 16, and 32. The structures
(H2a and Hy,) experience significant displacements. The ion- are not shown because they are too complicated to be rendered
pair structure in Figure 7 has lost the symmetry of the GS into meaningful two-dimensional images; however, there are
(Figure 5) because only one set of H bonds (involving &hd some noteworthy observations. In all cases, the minima struc-
Hsg is involved with the proton shuffle (see Table 9S). tures form an ion-pair scenario that only differs in how many
Therefore, the TS for the alternative cyclic structure 4B can be waters separate 0+ and NQ~. For lower values of, the
thought of as a hybrid between the approximately equal H ion-pair motif of the HNQ---4H,O complex dominates as
displacements around the ring for cyclic structure 4A and the expected. As the number of waters increase, one or two more
two H displacements for the ion pair. The values for the layers of HO molecules separate the®™ moiety from the

Figure 6. TS structures for two different cyclic geometries for the
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Hzb A HNO3---nH,O (n = 1—4) reveals that the overall results are
quite similar, especially for the predicted geometries. However,
there are some discrepancies in the energy calculations. These
variations are probably due to the rather shallow potential energy
surfaces for the interaction of HN@vith H,O. The addition of

a water to the cluster increases the binding energy by kcal/

mol. For the cyclic structures, the TS barrier decreases+#/ 1
kcal/mol with each additional water. According to the computa-
tions, at least four water molecules are required to ionize nitric
acid to produce the #t—NO;~ ion pair. The TS for the ion
pair dropped dramatically to 0.5 kcal/mol. This ion-pair motif
is maintained in clusters where> 4. This implies that, in the
less than fully solvated nuclear waste with nitric acid, at least
four waters would need to be present around nitric acid to form
the HKO™—NOj3™ ion pair. Future work needs to focus on the
effect that other ions present in the nuclear waste have on the
hydration/solvation of the nitric acid, and vice versa, because
they may very well influence the polarizability of the hydrogen
bonds?!

Hza 0:

Hp*
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