12918 J. Phys. Chem. R006,110,12918-12926

A Combined QM/MM Molecular Dynamics Simulations Study of Nitrate Anion (NO37) in
Aqueous Solution

Anan Tongraar,* T Piyawan Tangkawanwanit] and Bernd Michael Rode

School of Chemistry, Institute of Science, Suranareeéfsity of Technology, Nakhon Ratchasima 30000,
Thailand, and Department of Theoretical Chemistry, Institute of General, Inorganic and Theoretical Chemistry,
University of Innsbruck, Innrain 52a, A-6020 Innsbruck, Austria

Receied: July 26, 2006; In Final Form: September 22, 2006

The structural and dynamical properties of N@n dilute aqueous solution have been investigated by means
of two combined quantum mechanics/molecular mechanics (QM/MM) molecular dynamics simulations, namely
HF/MM and B3LYP/MM, in which the ion and its surrounding water molecules were treated at HF and
B3LYP levels of accuracy, respectively, using the DEWasis set. On the basis of both HF and B3LYP
methods, a well-defined first hydration shell of AQOs obtainable, but the shell is quite flexible and the
hydrogen-bond interactions between N@nd water are rather weak. With respect to the detailed analysis
of the geometrical arrangement and vibrations oEN@he experimentally observed solvent-induced symmetry
breaking of the ion is well reflected. In addition, the dynamical information, i.e., the bond distortions and
shifts in the corresponding bending and stretching frequencies as well as the mean residence time of water
molecules surrounding the NOion, clearly indicates the “structure-breaking” ability of this ion in aqueous
solution. From a methodical point of view it seems that both the HF and B3LYP methods are not too different
in describing this hydrated ion by means of a QM/MM simulation. However, the detailed analysis of the
dynamics properties indicates a better suitability of the HF method compared to the B3LYP-DFT approach.

1. Introduction tions31911have reported a wide variety of coordination numbers,

. . . . ) ranging from about 2 to 18. The observed large discrepancy
Due to the key role ions play in many chemical and biological 1™ heen attributed to the interference of counterions. In

processe$? a number of experimental and theoretical studies ¢,y nction with experiments, computer simulations of aqueous
have been carried out to ob'.[aln detalle.d knowledge about ions ¢ 1tions containing N§ have provided structural and dynami-

in agueous electrolyte solutiofs> Considering the structural cal details of this solvated ion at molecular 1e%&-17 However
feature of ions solvated in aqueous solution, cations usually have, < o the early simulation works had relied on claséical
simple solvation geometries due to their relatively large binding n,q1ecylar mechanical models. It has been demonstrated that
energies between the cation and water. Unlike cations, aniony,q pyqration shell structure as well as the orientations of water

solvation is more complicated since most of the ari@@ier 560y les surrounding the ion depend quite sensitively on the
interactions are generally weaker than those of cations and;,iaraction potentials employed in the simulatiéfs.

energetically comparable with the watevater interactions. As . . . .
As a result of the continuous increase in computer capacity

a consequence, a delicate balance between amater and o -
water—water interactions is crucial in determining bulk vs ?niperformsnced more SOpg!St'(éatEd rT;oIecuIarr?ynan;ucsl(MDl)
surface solvation, i.e., structures with the anion on the “surface” echniques based on a combined quantum mechanics/molecuiar
of water clusters. mechar_ucs (QM/MM) approach have become an elegant tool

. . . . . . . to elucidate microscopic details of solvation structure and

Nitrate anion (N@") is one of the important ions in solution dynamics of various ions in soluticnié 2% In the QM/MM

cher’r_ustry 5.‘”0' .b'OIOQy’ \.Nh'Ch IS f“?q”ef‘“y er_lcountered asa approach, the most interesting region, a sphere which includes
terminal anion in thg series of reactllons myolvmg nitrogén. the ion and its surrounding solvent molecules, is treated quantum
the gas phase, the isolated don is nominally planar and mechanically. By this scheme, the complicated many-body
hasDa symmetry. In polar solvents, however, g, symmetry contributions as well as the polarization effects, which are hardly

IS extpt_erc;]ted to fl?e tbrcr)lken bBI/ thz m;luence Olf socljve.nt ENVIroN” accessible through the basic assumptions underlying the classical
ment. These elects have aready been explored via reSonance, e can e reliably included into the specific region. For

Raman spectroscopy studigbRecently, the Raman spectra of small anions, like F and CI, our previous QM/MM studies
aqueous sol_ut|ons of Mg(l\m_hav_e b‘?e“ reportetproviding have pointed out the importance of QM treatment for obtaining
a detailed picture of the N§ ion in different salt concentra- a realistic picture of these iofid® For example, the QM/MM

tions. In agueous solution, the hydratlon shell structure OiNQ results clearly demonstrated a substantial decrease of the F
has be_en Studied b.Oth k_)y experiments and computer Slml4Iat'ons’t:oordination number compared to that predicted by pair potential
Experimental studies, in particular neutron and X-ray diffrac- simulation. In the case of CJ it has been shown that the
- - orientation of first shell water molecules was considerably
;Correspondlng author fax: 0066-44-224017; e-mail: anan_tongraar@ changed by quantum effects, although the pair potential simula-
yafosoljfgr?;}ee University of Technology. tion supplied an almost identical coordination number. In
* University of Innsbruck. addition, with respect to detailed analysis on the dynamics of
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TABLE 1: Stabilization Energies and Some Selected Structural Parameters of the Optimized N9—H,O Complex, Calculated
at HF, B3LYP, MP2, and CCSD Methods Using DZ\W and aug-cc-pvtz (Data in Parentheses) Basis Sets

method

o1 H7
04——N2 \06

H5/
3 HF B3LYP MP2 CCSD

AE (kcakmol™) —16.43 (-13.58) —18.60 (15.76) —16.83 (13.96) —16.78 14.19)
Re-1 (A) 1.275 (1.224) 1.315 (1.263) 1.333 (1.265) 1.330 (1.252)
Re3(A) 1.276 (1.224) 1.316 (1.263) 1.333 (1.265) 1.330 (1.252)
Ro-4 (A) 1.259 (1.212) 1.296 (1.247) 1.318 (1.251) 1.308 (1.239)
R 7 (A) 2.230 (2.217) 2.090 (2.062) 2.168 (2.028) 2.186 (2.071)
Rs-s (A) 2.211 (2.219) 2.078 (2.071) 2.152 (2.039) 2.171 (2.055)
Rs—s (A) 0.956 (0.946) 0.986 (0.972) 0.988 (0.972) 0.986 (0.970)
Rs—7 (A) 0.956 (0.946) 0.986 (0.972) 0.988 (0.972) 0.986 (0.970)
As_s—7 (deg) 105.87 (99.94) 102.30 (97.13) 103.22 (95.81) 103.39 (96.60)
As-7-6 (deg) 135.11 (138.76) 138.61 (141.93) 137.82 (143.15) 137.59 (141.21)
As_s—6 (deg) 136.52 (138.61) 139.43 (141.22) 139.07 (142.17) 138.81 (142.52)

these hydrated ions, it has been proven thatlEarly acted as  size could provide detailed information of pure water in good
a “structure-maker”, while the characteristics of Golvation agreement with the MP2-based simulation and with experimental
led to a more flexible structure with frequent rearrangements data concerning H-bond structure and lifetime. The B3LYP
of the hydrogen bond®. method proved inferior in this case, but it was also employed
With respect to the previous QM/MM studies for simple in this work in order to test its adequacy for the description of
anions, it was our increased interest to apply the more accuratehydrated anions, as several cases have shown that the DFT
QM/MM technique for studying more complicated anions, like methods can give poor results for hydrated catfots? It
NOs~. In the present study, therefore, two combined QM/MM  should be realized that while the HF scheme could produce an
MD simulations, namely HF/MM and B3LYP/MM, have been error due to the neglect of electron correlation effects, the DFT
performed in order to obtain better knowledge about the methods, although including such effects to a certain (uncontrol-
solvation structure and dynamics of BNOin water. lable) extent, are often found to overestimate the correlation
energy?®-26 On the other hand, a comparison of the HF
2. Methods calculations with the DFT results could be helpful to give a

Details of the QM/MM MD technique have been reported qualitative estimate of a possible influence of correlation effects.

elsewhere in the literatufe-25 With regard to the QM/MM In addition to the choice of the QM method, it is known that
scheme, besides the statistical requirement of a sufficiently longthe use of a larger basis set is a key factor for obtaining better
simulation time, the selection of the QM method, basis set, and results (see Table 1). In practice, however, the computational
QM size is crucial for obtaining a correct description on the expense for QM force calculations using large basis sets is
structural and dynamical properties of solvated ions. As a matter Significant. In most of the previous QM/MM studié%;?® a

of fact, the performance of QM/MM MD simulations in ~Mmoderate basis set has been employed, therefore. In the present
conjunction with correlated ab initio methods is still too time- Work, since a satisfactory description of anions requires diffuse
consuming, making the HF and hybrid density functional basis functions, the DZ¥ basis séf was chosen, considered
B3LYP methods the possible alternatives for the present study.as a suitable compromise between the quality of the simulation
To S|mp|y test whether the HF or B3LYP methods are adequate results and the requirement of CPU time. To define the size of
for this particular system, geometry optimizations of thesN© the QM region, a preliminary HF/MM simulation, i.e., the
H,O complex were carried out at HF, B3LYP, MP2, and CCSD Simulation in which only the N@ was treated quantum
levels of accuracy (see Table 1). The comparison to the datamechanically using the HF method while the rest of the system
obtained by correlated methods indicated that the HF andis described by classical pair potentials, was performed (see
B3LYP methods both appear reliable enough to achieve a Figure 2&) ACCOfding to the resulting—NDW radial distribution
sufficient level of accuracy in the QM/MM simulations and that  function (RDF), the first minimum of the NO, peak is

the correlation effects are small and thus negligible. As can be €xhibited at around 5.0 A. An integration up to the first
seen from the data in Table 1, the stabilization energies, which minimum of the N-O, peak yields about 1820 water

are the most relevant data determining sohselvent interac- ~ molecules. This implies that a QM size with diameter of 10.0
tions, are considerably overrated by the B3LYP method, A seemed to be desirable for the present study. However, the
independent of the basis set. On the other hand, theligand evaluation of QM forces for all particles within this QM size is

distances show better agreement between correlated ab initicstill beyond the limit of our current computational facility.
methods and B3LYP within the same basis set quality, but the Therefore, a slightly smaller QM size with diameter of 8.8 A
distances obtained by HF with the DZVbasis set to be ~ Was chosen, which includes NOand about 1416 water
employed in the QM/MM simulation are in fair agreement with molecules.

the correlated distances obtained by the larger basis set and thus To ensure a continuous change of forces at the boundary
indicate this basis set to be a good compromise for the between the QM and MM regions, a smoothing funcifomas
simulation if the HF method is used. The HF method has been employed within an interval of 0.2 A (i.e., between the N- - -
well validated in previous QM/MM studi€’$; 26 even for the Oy distances of 444.6 A). A flexible model, which describes
treatment of anions, also proving the assumption that the effectsintermoleculat® and intramolecul&? interactions, was employed

of electron correlation are small enough to be neglettédin for water. This flexible water model allows explicit hydrogen

a recent QM/MM MD simulation of pure waté?,it has been movements, thus ensuring a smooth transition, when water
demonstrated that the HF method with a sufficiently large QM molecules move from the QM region with its full flexibility to



12920 J. Phys. Chem. A, Vol. 110, No. 47, 2006

Water's movemernts: /

Stabilization energy (kcal/mol)

Tongraar et al.

™~

6 7 8 9
N-—O_Distance (A)

2- i P ¢
water) ——0 \D =X (wao] —O0 N0 X
8-
4t Water's orientations: o® @ @@
(0.$)=00; Typell Typel
8 e @
(8.4)=600; Type V >
Typell Typelll
4 ® o
Typelv  TypeV
st jul .
""" o
S TypeVl  TypeVil
Yo (0.9) = 60,0 ; Type lll
16 AU el A N D e Do Al DR e R I . ,‘.
2 3 4 5 10 1

12 rypevii Typelx

Figure 1. Comparison of the interaction energies obtained from the MP2 calculations with and without basis set superposition error (BSSE)
correction,AEvpz and AEgssg and from the fitted potential functiodEgr, using the parameters given in Table 2 for some values afid ¢.
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Figure 2. (a) N—QO,, (b) N—H,, (c) Ov—0Ou, and (d) Q—H,, radial
distribution functions and their corresponding integration numbers.

the MM region. The pair potential function for NO—H,O
interactions was newly constructed. The procedure is as fol- the charges are only of secondary importance since the other
lows: the NQ™ ion was placed on they plane (see Figure 1),
while a water molecule was allowed to move with respect to ther~"terms in the potential together with the Coulombic term

TABLE 2: Optimized Parameters of the Analytical Pair
Potential for the Interaction of Water with NO 3~
(Interaction Energies in kcal-mol~1 and Distances in A)

A B C D
pair  (kcal mortA%) (kcal moltAS) (kcalmoll) (A-Y
N—Ou —1310.7757 10012.1163 —55579.5941 2.8288
N—Hy —512.0615 209.1700 5811.3787 2.9891
On—0Ow 332.9194 1807.6405 —722.8225 1.2542
On—Hw —84.1666 132.7195 53.9955 1.1110

the variation off (i.e., between 0 and 8Pand¢ (i.e., between

0 and 90), associated with 9 different types of water orientation.
Then, a total of 5266 MP2 interaction energy points for various
NOs;~—H,O configurations, obtained from Gaussiaf98al-
culations using the aug-cc-pvdz basis®e#! were fitted to an
analytical form of

AEyo, -0 =
L3 [A B
ZZ —+—+C; exp(-Dyry) +
=&t R
ij ij

whereA, B, C, andD are fitting parameters (see Table B),
denotes the distances between itieatoms of N@~ and the

jth atoms of water molecule, argare atomic net charges. In
the present study, the charges on N and O ofsN@ere
obtained from the Mulliken population analysis (MPA) of MP2
calculations using the aug-cc-pvdz basis set, and the charges
on O and H of the water molecule were adopted from the
flexible water modef® They were set to 1.4996;0.8332,
—0.6598, and 0.3299, respectively. It is known that the MPA
certainly depends on the basis set. However, when fitting a
potential function to an energy surface, the absolute values of

a9
— @
I.

ij

parameters will compensate (i.e., as an energy surface is fitted,
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Figure 3. Distributions of the angle. between the vector perpendicular @O Ls5r So
to the NQ™ plane and the vector along the N-y@istance, calculated of 1.0 | &
within the first minimum of N-O,, RDFs. 05 L
are only an approximation to fit this surface). The quality of 0.0
the fit is shown in Figure 1, where the stabilization energies 20 L
obtained from the MP2 calculationAEyp,) and from the fitted - 3 ~
potential function AEgT) are compared for some configurations. & L5 :'5,
In Figure 1, the MP2 interaction energies with BSSE correction of 1.0 5
(AEgssp are also given for comparison. In this work, the 0.5
counterpoise correction was not taken into consideration since ool Ay 0
the BSSE estimates suggest that a correction seems unnecessary. o 1t 2 3 4 5 6 7 8 9

All simulations were performed in a canonical ensemble at Distance (4) _
298 K with a time step of 0.2 fs. The periodic box, with a box Figure 4. (a) 0-0O, (b) O-H, (c) H-O, and (d) H-H radial
length of 18.17 A, contained one NO and 199 water distribution functions and their corresponding integration numbers. The

molecules. corresponding to the experimental density of pure first atom of each pair refers to the atoms of the water molecule, whose
ules, p_ ! g_ Xper . ity p_u oxygen position was defined as the center of the QM region during
water. Long-range interactions were treated using the reaction-the Qm/MM simulation.

field procedure® The system was initially equilibrated by

performing a preliminary HF/MM MD simulation, in which only — The HF/MM simulation depicts two distinct peaks with maxima
the NG;~ was treated quantum mechanically using the HF gt gistances of 2.62 and 4.03 A. In the B3LYP/MM simulation,
method, for 200 000 time steps. Then, the HF/MM and B3LYP/  ne first N—H,, peak is merged into a rather broad second peak,
MM simulations were started independently with the system’s jngicating that water molecules with somewhat distorted hy-
re-equilibration for 30 000 time steps, fqllowed by another drogen bonding to oxygen atoms of BOare the main
75 000 (HF/MM) and 85 000 (B3LYP/MM) time steps to collect  constituents of the first hydration shell. In Figure 2c, the-O
configurations every 10th step. Ow RDFs obtained from both HF/MM and B3LYP/MM simula-
tions do not show distinct minima after the first shell, suggesting
that a clear determination of the first shell coordination number
3.1. Structural Details. The solvation structure of N§ in for each of the oxygen atoms of NOis not feasible. This also
water is described by means of®,, N—H,, On—Oy, and points at rather weak iorwater hydrogen bonds. Figure 3
On—Hw RDFs, together with their corresponding integration shows the distributions of water molecules surrounding the ion
numbers, as shown in Figure 2. According to the shape andas the distributions of the cosine of angldetween the vector
height of the resulting NO,, RDFs (Figure 2a), both HF/MM  perpendicular to N@ plane and the vector along any N- - -
and B3LYP/MM simulations reveal broad and unsymmetrical Ow distance. Obviously, both HF/MM and B3LYP/MM simula-
first N—O, peaks with maximum at 3.96 and 3.83 A, respec- tions do not indicate specific features for the distribution of first
tively. Integrations up to the first minimum of the corresponding shell water molecules, i.e., they are mostly arranged with respect
N—O,, peaks yield average coordination numbers of 21.6 and to N—On-H,—Oy hydrogen bonds. The first shell waters prefer
20.9, respectively. The observed broad and unsymmetricalto coordinate to oxygen atoms of NQ rather than to the
N—O,, RDFs clearly indicate a high flexibility of the NO nitrogen atom from above and/or below the NCplane. In
hydration shell. In addition, the first minimum of the-ND,, addition, it is expected that numerous possible arrangements,
peaks is not well separated from the bulk, indicating a large such as bifurcated hydrogen bonds as well as cyclic arrange-
number of water molecules situated between the hydration shellments with two distorted hydrogen bonds, can temporarily be
and bulk. This implies also that water molecules in the hydration formed in aqueous solution.
shell of NG~ are quite mobile, i.e., they can easily exchange  More information on hydrogen bonds between ;NGnd
with bulk water. Comparing the corresponding-8,, RDF water can be obtained via they©H,, RDFs (Figure 2d). Since
obtained by the preliminary HF/MM simulation (Figure 2a), it the characteristics of hydrogen bonds in pure solvent represent

3. Results and Discussion

becomes obvious that the use of only classicabNeH,0 and a most important reference, the corresponding atatom RDFs
H,O—H,0 pair potentials is inadequate to correctly describe for pure water obtained at a similar QM/MM level of accur¥cy
the short-range ioAnwater and waterwater interactionspro- were utilized for comparison, as depicted in Figure 4. In this
ducing a higher rigidity of the Ng¥ hydration shell. work, the HF/MM and B3LYP/MM simulations reveal firsto

In Figure 2b, the N-H,, RDFs obtained between the HF/ H,, peaks with maxima at 1.98 and 1.91 A, respectively. These
MM and B3LYP/MM simulations are significantly different.  first Oy—H,, peaks are indicative of the hydrogen bonds between
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Figure 6. Distributions of the Q---H,—0O,, angle, calculated within
the Qu---Hy distance of 2.5 A,

oxygen atoms of Ng@ and their nearest-neighbor water
molecules. Compared to the correspondingtDRDF of pure
water (Figure 4), e.g., in terms of shape and peak height, it is
obvious that the Q-H,—0,, hydrogen bond interactions are
rather weak.

For a more detailed interpretation on the N©water
hydrogen bonds, the probability distributions of the cosine of
the N—Oy-Hy and Qy-Hy—0O, angles calculated from the
subset of configurations within they®- -H,, distance of 2.5 A
are plotted in Figures 5 and 6, respectively. For an ideal
hydrogen bond, the NOy~H,,—O, interactions would be in a
linear arrangement, i.e. a cosine equal or near ofor both
N—On-Hy and Qy-Hy,—O,, angles. With respect to the results
obtained by the HF/MM and B3LYP/MM simulations, the
distributions of N-OyHy, angles significantly deviate from
linearity, whereas the distributions of they@,—0O,, angle
show a clear preference for the lineag-®l,—O,, arrangements.
Figure 7 shows the distributions of the cosine of the argle
defined as the angle between thg-©-Oy vector and the dipole
vector of water molecules surrounding the NCoxygens.
Apparently, both HF/MM and B3LYP/MM simulations show

a clear dipole-oriented arrangement of water molecules sur-

rounding the N@ oxygens (e.g., the strong correlations

Tongraar et al.
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Figure 7. Distributions of the angl# between the @---Oy vector
and the vector of water’s dipole moment, calculated within the-O
H,, distance of 2.5 A.

1.0

in water is described in terms of distributions of the @ bond
length and the ©N—0 angle, as shown in Figure 8 (parts a
and b, respectively). Both HF/MM and B3LYP/MM simulations
clearly indicate a flexibility of the N@ structure, with half-
height widths of about 1.26 0.05 and 1.31 0.06 A for the
distributions of N-O bonds and of about 128 4 and 120+

5° for the distributions of N—O angles, respectively. The
observed difference between the HF/MM and B3LYP/MM
simulations can probably be regarded more as a consequence
of the approximations of the functional and the parametrizations
of the B3LYP method than as a consequence of correlation
effects. The results obtained by both the HF/MM and B3LYP/
MM simulations obviously suggest a substantial change in the
local structure of N@ , being either planar or nonplanar
geometry with equivalent and/or inequivalent=® bonds,
according to the influence of water environment. A useful
indicator of the NQ@~ planarity in aqueous solution is the
distribution of the angl®, defined by a vector along any-NO
bond and a vector pointing outward between the other tw®N
bonds, as shown in Figure 9, which illustrates that the
intramolecular geometry of N§ is slightly deviating from
planarity, obviously because water molecules in the first
hydration shell of N@ oxygens break th®s, symmetry of

the ion.

The power spectra, which correspond to symmetric stretching
(v1), out-of-plane bendingg), asymmetric stretching/§), and
asymmetric bendingvg) vibrations, of NQ~ were evaluated
using normal-coordinate analysisBy Fourier transformations
of three components of oxygen’s velocity autocorrelation
functions (VACFs), the corresponding, v, v3, andv4 bands
can be obtained, as summarized in Table 3. In this work, all
calculated frequencies were multiplied by the standard scaling
factors® of 0.9051 and 0.9614 for HF and B3LYP methods,
respectively. With respect to the spectral data in Table 3, both
HF/MM and B3LYP/MM simulations produce all four vibra-
tional modes, with spectral frequencies in the ordepr v1 >
v2 > v4. The B3LYP/MM simulation produces the power spectra
at lower frequencies than the HF/MM run. This corresponds to
the observed higher flexibility of the NO structure (see Figures

between the nearest-neighbor water molecules and their lone8 and 9). In a qualitative sense, all frequencies obtained by both

pair direction), with maxima at ca® between 0.5 and 0.8. It is
obvious that despite the fact that the interactions betweest NO
and water are rather weak, the,©H,--Oy bonds have a
determining influence on the structure of hydratedsNO

3.2. Dynamical Details. 3.2.1. Intramolecular Geometry
and Vibrations of NO3~. The geometrical arrangement of BiO

HF/MM and B3LYP/MM simulations are in reasonable agree-
ment with the experimental dat&*!In this context, it should

be noted that most of the experimental measurements for spectral
analysis on N@ have to be performed with solutions of
relatively high concentrations, whereas the present HF/MM and
B3LYP/MM results refer to dilute solution.
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TABLE 3: Vibrational Frequencies of NO3~
& frequencies (cm')
w
g method V1 Vo V3 Vs
-; HF/MM MD 1088 712 1401, 1441 709
= B3LYP/MM MD 965 710 1237,1313 649
E classical MB*® 1009 814,833 1380,1393 704
2 classical MD® 996 816 1379 689
o MP4 (gas phas#&) 996 816 1379 689
A B3LYP (gas phasé) 1061 844 1364 707
experiment§-41 1049 825 1348,1404 719
1340, 1460 720, 740
........... . . . . 103+ 8 and 110+ 6.5° for the distributions of HO—H angles,
108 112 116 120 124 128 132 respectively. These differences can be a consequence of the
O-N-O angle (degree) higher coordination numbers resulting from the B3LYP/MM

Figure 8. Distributions of (a) the N-O bond length and (b) the Slmqlatlon, which will be discussed .Iater.
O—N-O0 angle of NQ". With respect to the normal-coordinate analy¥ethe three

quantitiesQs, Q, andQ;s, calculated from the VACFs of water’s

An interesting feature of the vibrational frequencies offNO  hydrogens for describing symmetric stretching and bending and
is the experimentally observed splitting in aqueous solutions.  asymmetric stretching motions, respectively, are reported in
According to the experimental observatidisi®the vz asym- Table 4. To reliably describe the effect of NOon the
metric N—O stretching mode was found to consist of two vibrational motions of its surrounding water molecules, the
distinctive peaks corresponding to the decrease of local sym-corresponding data for pure water obtained from previous HF/
metry of NG;, i.e., from Dg, to Cy, (or lower), due to its MM 26 and B3LYP/MM® simulations are given for comparison.
interaction with surrounding water molecules. In this work, the In the HF/MM simulation, the bending and stretching frequen-
splitting of thevs band is well reflected, being about 40 and 24 cies of water molecules in the hydration shell of NCare
cm~1 for HF/MM and B3LYP/MM simulations, respectively.  slightly blue-shifted, by about 23, 3, and 15 chfor Q,, Qu,
In addition, in both simulations, the mode is less pronounced. and Qs, respectively. The observed small changes in both the
This frequency mode is usually related to the change in the bending and stretching modes can be ascribed to a slight
equilibrium geometry of N@ from planar to pyramidal upon  influence of NQ~ on the vibrational motions of its surrounding
electronic excitatior.In this context, the observed low intensity water molecules. In the B3LYP/MM simulation, the corre-
of v, bands can be attributed to the fact that the structure of spondingQ, mode is blue-shifted by 15 cm, while the Q;
NOs~ in aqueous solution is not too far from planarity (see and Qs show significant red-shifts of 187 and 25 ctin
Figure 9). This finding is inconsistent with the lack of intensity respectively. These data are in good accord with a generally
of the out-of-plane deformation band in the resonance Ramanmore rigid structure of hydrated NOresulting from the DFT

spectrum of hydrated N§.” approach, which generally tends to exaggerate the strength of
3.2.2. Intramolecular Geometry and Vibrations of Water hydrogen bond4?43
Molecules in the Hydration Shell of NO;~. The intramolecular 3.2.3. Translational Motion and Exchange Process of

geometry of water molecules in the bulk and in the vicinity of Water Molecules in the Hydration Shell of NO;~. The self-
NO;™~ is explained in terms of distributions of-€H bond length diffusion coefficients D) for water molecules in the bulk and
and H-O—H angle, as shown in Figure 10 (parts a and b, in the hydration sphere of N were calculated from the

respectively). The B3LYP/MM simulation shows longer-& water’s center-of-mass VACFs using the Green-Kubo rel4tion
bond lengths together with narrower#d—H angles compared

to the HF/MM results, with half-height widths of 0.980.035 _ 1 t

and 0.96+ 0.03 A for the distributions of ©H bonds and of D 3It|—rTJoJ; C, (Ot 2)
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TABLE 4: Vibrational Frequencies of Water Molecules in the Bulk and in the Hydration Sphere of NO;™ ¢

vibrations hydration

(cm™) shell of NG;~ bulka H,0 (exptp
Q 1661 (1637) 16385 1640°243(1622)3 16454 16435
Q1 3566 (3393) 35638377042 3774° (3580)° 33458 3400546
Q 3691 (3528) 3676°3775%237733 (3553)3 34454

@Values obtained from previous HF/MM and B3LYP/MM (i.e., numbers in parentheses) MD simulations of pure water using DZV (ref 36) and
DZP (refs 42 and 43) basis set£xperimental values of liquid watetNumbers in parentheses correspond to the data obtained by B3LYP/MM-
based simulations.
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Figure 10. Distributions of (a) the ©H bond length and (b) the
H—O—H angle of water molecules in the bulk and in the hydration

shell of NG~

TABLE 5: Diffusion Coefficients of Water Molecules in the

Bulk and in the Hydration Shell of NO 3~

method hydration shell of N bulk
(x105cnPs™)

HF/MM MD 5.09 3.38¢

B3LYP/MM MD 4.14

experiment 2.36

(x105cnPs™)

e

A

-0, distance

OI\

2t M L L 1 M 1 N 1 .03
0 2 4 6 8 10
Simulation time (ps)

Figure 11. Time dependence of --O,, distances, selecting only for
the first 10 ps of the HF/MM simulation.

dissociative D) as well as associativé,{ and dissociativel )
interchange mechanisms, were indeed observed whenthe-O

Oy distances were plotted against simulation time for the HF/
MM and B3LYP/MM simulations, as shown in Figures 11 and
12, respectively. The variability of water exchange process
mechanisms observed can be considered as indication toward
weak ion-water hydrogen bond interactions.

The rate of water exchange processes at each of thg NO
oxygens was evaluated via mean residence times (MRT) of the
water molecules. In this work, the MRT data were calculated
using the direct methotf,as the product of the average number
of nearest-neighbor water molecules located within thke-O
Oy distance of 3.5 A with the duration of the simulation, divided
by the number of exchange events. Since the-O, RDFs
are less pronounced (see Figure 2c), the OO0, distance of
3.5 A was selected, assuming to be a rough estimate of the first
minimum of Qy—0, RDFs and a limit for a significantly

All of the calculatedD values are summarized in Table 5. In  stabilizing anior-water interaction. Applying this evaluation
comparison to the data for bulk water obtained by a compatible limit, significantly different coordination numbers result from

QM/MM simulation 2 the D values obtained from the HF/MM
and B3LYP/MM simulations clearly indicate a high mobility
of water molecules in the vicinity of N§. This phenomenon
is inconsistent with the observed high flexibility of the NG
water complex because of the weak tomater interactions.
According to the N-O,, (Figure 2a) and the (-0, RDFs
(Figure 2c), the nonzero first minimum of the RDFs obtained
in both HF/MM and B3LYP/MM simulations suggests an easy
exchange of water molecules in the vicinity of NlONumerous
water exchange processes, following either associafiyei(

HF and B3LYP framework: while the HF method predicts
average coordination numbers of 37378 for the oxygens,

the same data for the B3LYP method are 4499 (cf. Table

6). While all other data reported so far could be considered
similar for both methods, these coordination numbers make a
significant difference for the structure of the hydrated anion.
Following the reported tendency of DFT methods to overesti-
mate hydrogen bonding, the HF values are considered to be
more reliable, but a better evaluation of this assumption appears
only possible by a substantial increase of the QM diameter to
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binding to NG~ oxygens are quite labile and that the hydrogen
bonds between N and water are weak, thus enabling very
frequent water exchange processes within the hydration sphere
of NO3z~. The observed differences between the MRT values
of the NG~ oxygens are related to the solvation structure of
NOsz~. On the other hand, this also implies that the time of
simulation may not sufficient for a complete sampling of all

in aqueous solution is also in accordance with all the previously
02 reported data from our simulations.

= ? ' ! ' 2! possible structures at each of these oxygens. However, the
8 s variation width is small enough to assume reliability of the
5 average value.

o 4 The MRT data are characteristic for a “structure-breaking”
;g . substance, and the ability of NOto act as structure-breaker

1

ON
=

4., Conclusion

The QM/MM MD simulations of this work have once more
shown the capability of this approach in providing details of
solvation structure and dynamics of ions, in this case specifically
for the weakly interacting N¢ in dilute aqueous solution.
Comparing the HF and B3LYP methods for the QM part of the
0 2 4 6 8 10 )

Sanulation fsne (ps) system, most of the structural an_d dynam|cal data appear ra}ther
similar at a first glance, but coordination numbers and dynamical
Figure 12. Time dependence of&-Oy distances, selecting only for  ata finally indicate a certain superiority of the ab initio HF
the first 10 ps of the BSLYP/MM simulation. formalism. Possible weaknesses of the B3LYP scheme could

i

w

2} " 1 2 1 " 1 " 1 .03

TABLE 6: Mean Residence Time of Water Molecules in the be attributed to the incompleteness of the kinetic energy term,

Bulk and in the Vicinity of NO 3~ Oxygens, Calculated within the self-interaction error, and the parametrization of the B3LYP

the Oy- -Oy Distance of 3.5 A method which did not contain any H-bonded system. The
t' = 0.0 ps t' =0.5ps vibrations of NQ~ clearly reflect the experimentally observed

solvent-induced symmetry breaking of this ion in aqueous

atom/solute  CN Ne? 710%™ Nel® 73,90 . . - -
om a 20 = i solution. The anion forms a distinct but very loosely bound first

o1 3.76 15H0F/MM4’S\)A2D 011 44 1.28 hydration shell, _based on weak nitrate oxygevater hydrogen

02 374 150 464 0.12 39 144 bonds. The lability of this shell results in frequent exchanggs

03 3.84 150 498 0.11 47 1.26 of water molecules and causes a typical structure-breaking

pure HO® 4.6 12.0 292 0.2 31 1.8 behavior of this ion in aqueous solution. When computational

pure HO® 4.2 40.0 0.33 151 facilities allow, a further improvement of the quantitative values
B3LYP/MM MD can be expected from extending the size of the QM region as

o1 477 170 554 0.15 52 1.56 well as from using ab initio correlated methods.

02 499 170 613 0.14 61 1.39
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