J. Am. Chem. S0d.999,121,10883-10888 10883

Ab Initio Simulation of Rotational Dynamics of Solvated Ammonium
lon in Water

Filippo Brugé,*:T Marco Bernasconi} and Michele Parrinello®

Contribution from the C.N.R. - lLA.l.LF., Via Ugo La Malfa 153, Palermo, and:Rrcia Regionale di
Palermo, Via Maqueda 100, Palermo, Italy, Istituto Nazionale per la Fisica della Materia and
Dipartimento di Scienza dei Materiali, Usgrsita di Milano-Bicocca, Via Cozzi 53, 1-20125 Milano, ltaly,
and Max-Planck-Institut fuFestkoperforschung, Heisenbergstr.1, D-70569 Stuttgart, Germany

Receied February 18, 1999

Abstract: We have performed an ab initio molecular dynamics simulation of the rotational dynamics,6f NH

ion in water. This work was motivated by the experimental evidence that the solvatgd rivtdtes rather

fast, despite the expected formation of strong hydrogen bonds with water. We find thatisNeh average
coordinated with five water molecules. Four water molecules form a long-lived tetrahedral cage around the
ion, each molecule being hydrogen-bonded with one proton of NFhe fifth water molecule is much more

mobile and occasionally exchanges with one of the four molecules in the tetrahedral cage. The hydrogen
bonding of NH* with water is strong enough to prevent the free rotation of the ion, which instead tumbles

in a sequence of discontinuous rotational jumps associated with the exchange of two water molecules in the
tetrahedral cage. The simulated rotational dynamics is consistent with nuclear magnetic resonance data and
encourages the use of ab initio simulations to describe the solvation of ions in water.

Introduction the rotational dynamics of the ion and the structure of its
solvation shell. In recent years CéParrinello simulations have
been applied to the study of several ions and molecules in water,
such as hydroniurt? hydroxyl 2 Be+,13 SO;~,1415K*,16 and
dglucosel.7

The solvation structure and dynamics of ions in water play
an important role in many chemical and biological processes.
In particular, ammonium ion (Nk¥) in water has been studied
extensively, because it is an important chemical species an - . . . .
provides g simple model for soFI)vated amide® Reﬁewed ) We find that NH™ in water IS on average coo_rdlnated with
interest in this system has been provoked by recent nuclearf've (nc = 5.3) water molecules_ in the first solvation shell. Four
magnetic resonance (NMR) measuremfithat indicate that water molecules form a long-lived tetrahedral cage around the
the solvated ammonium ion rotates rather fast, despite the'©™: each m.OIeCU|e being hydr(_)gen-_bonded W'th one proton of
expected formation of strong hydrogen bonds’ with water NH4*. The fifth water molecule is mainly localized at the center
molecules. Several rotational mechanisms have been propose fct:h;sifr;[;alllhe:rr]aia;izzsn d:f:)r::ecirgybterlSvggr]netrhf;l#i:‘tﬁq?r:ifgtl:ilsé
based on ab initio calculations of ammonium in water clusters, and one ofythe four mogl’ecules in the tetrahedral cage. The
molecular dynamic&}°and Monte Carléclassical simulations . : . | cage.
of ammonium in liquid water. Although some of the classical e_xchan_ge event drives a partial rotation of the lon via the
simulationd>° show a fast diffusive rotational motion, no bifurcation of two H-bonds. The hydrogen bonding of am-

consensus has been achieved so far on even the structure of thg10nium with water is strong enough to prevent the free rotation
first solvation shell of ammonium, which is a necessary of the ion, which instead tumbles in a sequence of discontinuous

prerequisite to the understanding of the rotational mechanism.rmat'onalI Jumps associated with the ex_change of wo V\_/ater
In this paper we present the results of a density functional- molecules in the tetrahedral cage. The picture of the rotational
based Car Parrinelld* molecular dynamics simulation of the dynamics and the estimated frequency of the sudden reorienta-

ammonium ion in water, which provides crucial insights into tions that emerge from the simulation are consistent with the
NMR data and encourage the use of €Rarrinello molecular

:éuthor for correspondence. dynamics to describe the solvation of ions in water.
N.R.-LLA.LLF.
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exchange-correlation functional augmented by the gradient corrections
proposed by Beckéand Lee et at* (BLYP), which has been shown
to provide the best description of the hydrogen bond in wiéténly
valence electrons are treated explicitly and electiion interactions
are described by norm-conserving pseudopotentials generated accordin
to the Troullier and Martins procedute.The reliability of our
framework in describing the solvation of NHwas previously checked
on small NH* (H,O), clusters i = 1-5).24 Dynamical properties of
liquid water such as self-diffusion coefficient and rotational correlation
time have been reproduced as well within our framewéle used

a cubic supercellg = 12.42 A) containing 63 water molecules and
one ammonium ion with periodic boundary conditions. The supercell

volume was chosen so as to reproduce the density of water at normal

conditions and the experimental value of the apparent molar volume
of ammonium ion in water at infinite dilution.

Kohn—Sham orbitals have the periodicity of the supercell (dily
point used in the Brillouin zone integration) and are expanded in plane
waves up to a kinetic energy cutoff of 70 ry. In the dynamical simulation
a fictitious electronic mass of 1100 a.u. and a time step of 0.17 fs have
been used. After an equilibration time of 5 ps at room temperature,
statistical averages were collected from a microcanonical run 10 ps
long. To increase the simulation time step we substituted hydrogen
with deuterium. This choice does not affect the structural properties of
the solvation shell. Experimental data on the isotope effects show that
the ratio between the rotational relaxation time of Ntnd NDt is
V2, which could be related in a first approximation to the change in
the moment of inerti&? Possible finite size effects due to the relatively
small simulation cell have been checked via classical molecular
dynamics simulations using the empirical potentials of ref 4. The
comparison of the NO pair correlation functionsglo(r)] obtained
from classical simulations of 64 and 729 molecules shows that the size
of the cell chosen in the ab initio simulation is large enough to reproduce
correctly the second solvation shell of ammonium. Beyond the second
solvation shell theno(r) is structureless.

Results and Discussion

The solvation shell of the ammonium ion can be described
by the set of simulated pair correlation functions in Figure 1.
The first solvation shell is formed on average by about five
water molecules. To be more precise, the coordination number
is found to ben. = 5.3 whengno(r) is integrated up to the first
minimum. The coordination number of each deuterium of,ND
is 1.0, obtained by integratingp«o(r) up to the first minimum,
where D* refers to the deuterium atoms of ammonium. In fact,
four molecules in the first solvation shell are H-bonded with
the deuterium atoms of ammonium, forming a long-lived

tetrahedral cage. The tetrahedral cage lasts up to 4 ps before an
exchange with outer molecules takes place. The tetrahedral cage

around the ammonium ion is very similar to the structure of
the isolated N@"(D,O), cluster. The internal structure of ND

in solution does not change appreciably with respect to the
isolated ior?* The distribution functiorP[cos(@®)] of the angle

0 between the geometric dipole vector of the molecules in the
tetrahedral cage and the relative D*O bonds is reported in Figure
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Figure 1. Simulated radial pair correlation function for (a) nitrogen
oxygen; (b) nitrogerrdeuterium of the deuterium atoms in water
molecules; (c) deuteriumoxygen of the deuterium atoms in the

ammonium ion, labeled as D*. Data are collected over a microcanonical
run 10 ps long.]

2. P[cos@)] has a maximum afl, ~ 20°. Conversely, in the
isolated ND* (D2O)4 cluster the geometric dipole vector is
aligned with the D*O bond andn, is 0°. The rotation of the
molecules in the first solvation shell with respect to the isolated
clusters is due to the H-bonding with outer molecules in the
liquid.
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faces. Once a water molecule is present at the tetrahedral face
defined, for instance, by the water moleculs W,, and\W;

in Figure 3, these latter water molecules are pushed outward
and upward in such a way as to widen the tetrahedral edges
defined by these molecules. As a result the other edges of the
tetrahedron shrink, preventing access to other water molecules
at the center of the other tetrahedral fa¢eAs a consequence
the average coordination number of ammonium is close to five.
Our simulation run is too short to give a very precise number
for the residence time of the water molecules in the first
solvation shell. However, our data clearly show that the
residence time of the fifth water molecule is much shorter than
the residence time of water molecules in the tetrahedral shell.
We computed the residence time according to the definition
given by Impey et at” The latter authors define an average
coordination numer as

P(cos(0))

0.6 0.7 08 0.9 1.0 X
cos(0 _1 ,
(0) =13 R o)

Figure 2. Angular distribution of the dipole moment of the four water

molecules H-bonded with the ammonium ion with respect to the relative . . - . . .
D*O bonds, where D* indicates deuterium atoms of ammonium. The where the first sum is oveN ionic configurations at times;

solid line is obtained by averaging over the whole simulation run 10 a@nd the indexj runs over all the water molecules in the
ps long. The dashed line is obtained by averaging over a shorter intervalSimulation box. The functioPj(t,, t) is equal to 1 if thejth
of 4 ps, in which no exchange takes place between the water moleculeswater molecule belongs to the solvation shell both at titges
in the tetrahedral solvation shell.] andt, + t and zero otherwise (we have chod&én= 0 in the
notation of ref 27). At larger times)(t) decays exponentially
ase Y7, wherer is by definition the residence time. We obtained
T ~ 4 ps for the molecules in the tetrahedral shell and 0.08
ps for the fifth water molecul& Although the value of-4 ps
is not reliable if obtained by averaging over a run as short as
10 ps, the comparison of the residence time of the tetrahedral
and fifth water molecules does give valuable information on
the different mobilities of the two types of molecules in the
first solvation shell. The fifth water molecule exchanges with
water molecules in the second solvation shell, as we explicitly
see in the simulation. However, the exchange time is longer
than the residence time~ 0.08 ps as given above. In fact, in
the definition of the residence time, events are also included
where the fifth water molecule leaves the first solvation shell
for a while, but then comes back before being replaced by a
water molecule of the second shell.
The coordination number of Nfi in water is very close to
the coordination number of water in watey, & 4.5 theoryt4
ne = 5.2 exp?®). However, there are important differences in
the structure of the solvation shells of water and ammonium.
Figure 3. Distribution of the position of the fifth water molecule in  IN the solvation shell of water (see for instance ref 29), the
the first solvation shell of ammonium. The other four water molecules tetrahedral geometry of the solvation shell is much less defined
in the first solvation shell are H-bonded to the four deuterium atoms than in NH;*. Furthermore, ammonium ion is a donor of four
of ND4*. Their average position is denoted W, i = 1, 4. H-bonds, whereas water is an acceptor of two H-bonds and a
donor of two other H-bonds. Consequently the orientation of
Besides the well-defined tetrahedral cage of H-bonded water the water molecules in the nearly tetrahedral solvation shell of
molecules, a fifth water molecule lies within the first solvation water and ammonium is different. Moreover, the position of
shell. This latter molecule is much more mobile than the four the fifth water molecule in the first solvation shell of water as
water molecules in the tetrahedral cage; it changes identity given in ref 29 is different from the fifth water molecule of the
several times in our simulation run and visits all the faces of ammonium solvation shell given in Figure 3.
the tetrahedral cage. The distribution of the position of the fifth  Experimental data on the structure of the solvation shell of
water molecule is shown in Figure?3t tends to occupy the  ND,* ion are available from neutrérand X-ray diffraction
center of the tetrahedral faces defined by the four water - — -
molecules H-bonded with ammonium. The presence of the fifth t(ﬁg)f;r(]:: ggm]‘ﬂgdb;f’/ff{,%‘fs\t}:;Vé'fgufg'gbtwgtfv;?;?ﬁgtgf ;tsttgﬁgggter
water molecule at the center of one tetrahedral face induces ain the tetrahedral cage are as follows (cfr. Figure Bi—\W, = 4.6 A,

widening of the occupied face and a shrinking of the other empty Wa—Ws = 5.2 A, Wi—W; = 5.4 A, whereas the edges of the other faces
areWs—W, = 4.7 A, Wo—W, = 3.6 A W,—W, = 45 A,
(25) The fifth water molecule is defined as the water molecule closer to (27) Impey, R. W.; Madden, P. A.; McDonald, |. R.Phys. Chenml983
the nitrogen that is left in the first solvation shell once the four water 87, 5071.
molecules in the tetrahedral geometry (i.e., closest to the four protons of  (28) Soper, A. KJ. Chem. Phys1994 101, 6288.
ammonium) have been excluded. (29) Kusalik, P. G.; Svishchev, |. Ggciencel994 265 1219.
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Figure 4. The N—water total distribution functionGn(r) of eq 1 in

the text] is shown as a solid line. The neutron-diffraction data of ref 3
are shown for comparison (dashed line).

spectroscopy. The most reliable experimental data come from

first-order neutron diffraction measurements on isotopically
substituted samples by Hewish and Neil$drhe latter authors
have been able to measure by neutron diffraction the following
correlation function:

Gy(r) = 0.00260g,o(r) + 0.00716gy(r) +
0.00043gy,,(r) + 0.00035g,,(r) — 0.01038

where D here denotes all deuterium atoms of ammonium andoI

water molecules. This is obtained from the difference of the
total scattering intensities of tword heavy water solutions of
ND,CI with different amount of*“N and *N isotopes. The
numerical values in eq 2 (in barn) are given by the ionic

concentrations and the neutron scattering length of the different

isotopes usedWe calculated th&y(r) correlation function in
eq 2 by using our simulategio(r) andgnp(r) and by neglecting
dnei(r) and gnn(r), which have a smaller numerical prefactor
in eq 2. The theoreticdby(r) is compared with the experimental
Gn(r) in Figure 4. The peak at~ 1.0 A is due to intramolecular
deuterium. The shoulders a2.8 A and~4.0 A, and the peak
at ~3.2 A are well reproduced by our calculation. They are
due to the first and second peaks of tfyex(r) correlation
function and to the first peak of thgp(r) correlation function,
respectively. The sharp minimuma#.4 A and the additional

Bragal.

high concentration of the experimental solution, the overlap
between the peak ainp(r) and the first minimum ofgno(r)
prevents the identification of the first solvation shell in the total
scattering functiorGy(r) measured experimentally (cfr. eq 2).
A definitive experimental determination of the solvation shell
of ammonium would require second-order neutron diffraction
measurements using different isotopes of hydrogen as3ell,
which could isolate the contributions gfio(r) andgnp(r). More
dilute solution would also be required to minimize sotuselute
interactions. These experiments have not been performed so far,
and our ab initio simulation attempts to fill in the gap.

Among the previous simulations (Monte Carlo and molecular
dynamics) using empirical potential, the work of Jorgensen and
Gad predicts a coordination numbeg = 5.2, very close to
our result, whereas other auth®¥find a coordination number
in the rangen. = 8.1—8.4. However, the Jorgensen and Gao
definition of n; is different from ours. They defing; as four
times the coordination of the ammonium hydrogen atoms. By
using the definition used by Jorgensen and Gao, we olotain
= 4.0, which indicates a significant discrepancy between their
solvation structure and ours. In the procedure of Jorgensen and
Gao our fifth water is not included because it stays away from
the ammonium deuterium while coming close to the N atém.
Our definition ofn as the integral over the first peak gRo(r)
appears to better reflect the properties of the coordination shell.
We conclude that our results are at variance with exiting
simulations based on empirical potentials. The potentials so far
used have clear limitations, such as the use of rigid water
molecules or of two-body only nitrogerwater interaction, but
it is difficult to pinpoint where the major problems lie. The
construction of new improved empirical potentials could benefit
from the data provided by our ab initio simulation.

The present simulation provides crucial insights into the
ynamics of the solvation shell and the rotational properties of
ammonium. As already anticipated, NMR measurements have
been interpreted by assigning a rather fast rotation of ammonium
in waterl2 In fact, the measured rotational correlation time
of ammonium is 1.1 ps. This is the time required for the,NH
to rotate within its solvation shell by an angle of*Zout any
axis. The rotation of N is retarded by a factor/2, as
expected from the increased moment of inettia.

The analysis of the orientation in space of ammonium in our
simulation reveals that the rotational dynamics of the ion is very
far from that expected for a nearly free rotator. The ion mainly
librates around a fixed orientation in space, but occasionally
undergoes sudden reorientational jumps. However, between
successive jumps the molecular librations are quite large and
the deviations from the mean angle are as large as 20

outer peaks in the experimental data are not reproduced by our We find that the sudden reorientation of the ammonium ion
calculation. These latter features might be due to the largeis associated with the exchange of two molecules in the
concentration of the experimental solution (& i.e., one  tetrahedral solvation cage. Although the N{D.O), cluster is
ammonium ion every 10 water molecules). At the experimental rather stable, one water molecule in the cluster occasionally
concentration the second solvation shell is shared betweenEXChangeS with the fifth water molecule of the first solvation
neighboring solute ions. Note also that the minimum in the shell. In this process the fifth water molecule moves from its

experimentalGy(r) at ~4.4 A is beyond the first minimum of
the gno(r) correlation function, and the coordination number
given in ref 3 and obtained by integrati@(r) up to 4.4 A is
likely to include both the molecules in the first solvation shell
and most of the molecules in the second shell.

Actually, as apparent from the comparison of the total pair
correlation function in Figure 4 with the invidual correlation
functions in Figure 1, the experimental difficulties in the
determination of the coordination number of ammonium is two-
fold. In fact, besides the aforementioned problems due to the

most probable position at the center of the tetrahedral face to
the face corner, closer to one of the H-bonded water molecules
in the tetrahedral cage. At this point the D*O bond bifurcates

(30) A fifth water molecule at the center of the tetrahedral face and 3.2
A from the N atom [minimum of thgno(r)] is still 3.6 A from the hydrogen
atoms of ammonium. This distance is much above the first minimum of
the go*o(r) pair correlation function. Therefore the coordination numbers
obtained by integratingno(r) or by multipling by four the coordination
number of hydrogen in ammonium [as obtained by integraging(r)] are
different in our case.

(31) Herdman, G. J.; Neilson, G. WAdv. Phys.199Q 46, 165.
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Figure 5. Sketch of the mechanism of NDrotation as it emerged
from the simulation. The position of the six water molecules involved
in the rotational process is depicted ¥4, i = 1, 6. (a) Initial
configuration { = 6.0 ps): the four molecule®, W,, Ws, and W,
form the tetrahedral solvation cagé is the fifth water molecule in
the first solvation shellWs belongs to the second solvation shell and
is H-bonded tow,. (b) Intermediate configuratiort & 6.7 ps): the
ammonium is partially rotated along a rotational axis perpendicular to
the plane of the figurez{axis). The rotational axis is mainly parallel
to the line joining molecule®V; andW;, which keep their H-bonding
with ammonium. Two H-bonds are bifurcated. (c) Final configuration
(t = 7.5 ps): the rotational jump is completed. Two water molecules
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Figure 6. (a) Plot of the distance of the water molecules of Figure 5
from the nearest deuterium atoms of ammonium during one rotational
event. The label®\i, i = 1—6, are the same as in Figure 5. (b) Angle

of rotation¢ as a function of time¢ is defined as the angle between
the instantaneous and the initial orientation of the vectog NHNH4
shown in Figure 5, which is nearly perpendicular to the rotational axis.
The rotational jump is clearly associated with the exchange of two water
molecules in the tetrahedral cage. To integrate out the fast and large
librational modes, we smootheg(t) over a time interval of 80 fs.

and coordinates both molecules. Then the former fifth water
molecule takes the place of the molecule previously bonded in
the tetrahedral cage. The latter is in turn expelled from the
tetrahedral cage. The exchange drives a partial rotation of the
ammonium ion. A cartoon of the mechanism of rotation as it
emerged in the simulation is sketched in Figure 5. In the
simulation, 10 ps long, we saw three rotational jumps, all
associated with the exchange of two water molecules in the
tetrahedral cage, as shown in Figure 5. The four water molecules
labeled W;, W, W3, and W, in Figure 5 initially form the
tetrahedral solvation cage. The rotational axis is perpendicular
to the plane of Figure 5. It is mainly parallel to the axis joining
the two water molecules in the tetrahedral cagg &nd W),
which keep their H-bonding with the ammonium ion during
the rotation. Although the rotational jump is initiated by the
exchange of the fifth water moleculd/, which exchanges with

Ws in Figure 5), another outer water moleculdsf comes into
play in the process. This sixth water molecule belongs to the
second solvation shell but it is H-bonded to one water molecule
in the first tetrahedral solvation cag@/{ in Figure 5). Also,

in the tetrahedral cage are exchanged with two outer water moleculesthese two moleculesW; and W in Figure 5) exchange their

(W5 exchanged withws and W, exchanged withWs). Wi and W,

positions during the rotation, keeping each other H-bonded.

followed the rotation of ammonium, keeping their H-bonding with the Finally, just two H-bonds are bifurcated and two water

ion. The time scale corresponds to the rotational event illustrated in

Figure 6. The vector originating from N in panel (a) corresponds to
the sum of the two vectors NHF NHy; it is the geometric dipole due
to the N, H;, and H, atoms and defines the rotational angle of Figure

molecules in the tetrahedral cage are exchanged with outer
molecules. The rotational mechanism described above is
demonstrated by the analysis of the simulated atomic trajectories

6. Our intermediate configuration (panel b) does not correspond to any 8Cross one rotational event reported in Figure 6. The latter figure
of the clusters proposed in ref 8 as a possible saddle point configurationShows the distance of the six water molecules involved in the
of the rotational mechanism.] rotational event (cf. Figure 5) from the nearest deuterium atom
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of ND4*. The exchange of molecules in the tetrahedral cage 1.9, close to the measured valug ¢ 1.5 ps for Nt 1.9,
(W, with Ws andWs with W) is clearly coincident with ajump  This good agreement is partially accidental, due to the limited
in the rotational angle reported in Figure 6b. statistical accuracy of the relatively short simulation run.
It is of interest to compare our results with those of gas- Nevertheless, our results provide a reasonable estimatg of
phase calculations and experiments. Recent gas-phase experiwhich gives us confidence in the reliability of the rotational
ments backed by ab initio calculations ascribe stability of four, mechanism observed in the simulation. In the process described
five, and six water molecule clusters to structures where therein Figure 5, the rate-limiting step for the rotation is controlled
is a core of four water molecules tethahedrally bound to the by the dynamics of the fifth water in the solvation shell.
ammonium ion, whereas the additional ones are hydrogen-Therefore, it is the dynamics of the exchange process that
bonded to form the initial stages of a second solvation shell. determines the activation energy for the rotation as measured
Therefore these structures are not as a good model for the liquid-experimentally from the temperature dependence.¢Ea =
state solvation where the presence of a fifth water in the first 2.8 kcal/mol). A much lower estimate of the rotational barrier
solvation shell plays a crucial role. The possible relevance of a (Ex = 1.6 kcal/mol) has been provided in ref 1 by comparing
fifth water molecule for the rotational mechanism was first the measuredr; with the value expected for a free rotor
hypothesized in refs 1 and 8, in which the availability of dynamics. The inconsistency between the two estimated activa-
additional water molecules is deemed crucial to allow the tion energies has been attributed the temperature promotion
ammonium ion to rotate without breaking three H-bonds. of particular, undefined conformations of the solvation shell that
However, the transition energy barrier came out to be too large favor the rotation. According to our picture, the attempt
because in their calculatidrthe solvation shell is kept fixed  frequency for rotation is not the frequency of the free rotor, but
while the ammonium rotates. A rotation of ammonium in arigid is determined by an interplay between the librational motion of
solvation cage would imply the bifurcation of three H-bonds the ior#2 and the motion of the fifth water molecule. Therefore,
and the presence of water molecules simultaneously coordinatedt is not surprising that the activation energies estimated in the
with two deuterium atoms of ammonium. No such water two different ways described above do not coincide.
molecules are found in our simulation. In fact, the solvation " o
shell is rather flexible and allows for the two water molecules ~ Acknowledgment. We thank S. L. Fornili for bringing to
W, andW; in Figure 5 to keep their hydrogen bonding with the OU" attention the problem of the rotational dynamics of

ion during the rotation, leading to a much faster rotational @mmonium in water. This work was supported by the INFM
dynamics. Parallel Computing Initiative.

The number of reorientational events seen in the simulation jag9os520Y
is consistent with the rotational correlation time meausured by (32) The librational frequency in our simulationris-10 THz, whereas

NMR. In our S!mU|3-ti0n: 10 ps Iong, we saw t_hree rotational  the rotational frequency of the NID free rotor at room temperature isl
jumps of amplitude~60°. This provides an estimate of ~ THz.




