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Car—Parrinello molecular dynamics simulations of a hydroxyl radical in liquid water have been performed.
Structural and dynamical properties of the solvated structure have been studied in details. The partial atom
atom radial distribution functions for the hydrated hydroxyl do not show drastic differences with the radial
distribution functions for liquid water. The OH is found to be a more active hydrogen bond donor and acceptor
than the water molecule, but the accepted hydrogen bonds are much weaker than for the hydroximte OH

The first solvation shell of the OH is less structured than the water’s one and contains a considerable fraction
of water molecules that are not hydrogen bonded to the hydroxyl. Part of them are found to come closer to
the solvated radical than the hydrogen bonded molecules do. The lifetime of the hydrogen bonds accepted by
the hydroxyl is found to be shorter than the hydrogen bond lifetime in water. A hydrogen transfer between
a water molecule and the OH radical has been observed, though it is a much rarer event than a proton transfer
between water and an OHon. The velocity autocorrelation power spectrum of the hydroxyl hydrogen shows

the properties both of the OH radical in clusters and of the @i in liquid.

1. Introduction oxidation of soluble organic molecules, one needs to know the
propertied® of the fully hydrated radical326-28 Yet, the
solvation structure and dynamics properties of neutral OH in
water are virtually unknown. The lifetime of the hydroxyl radical
in aqueous environment is of the order of microsecond, which
make experimental studies difficult. On the other hand, this
lifetime is very long relative to the time scale of molecular
motion. That is why theoretical studies, based on ab initio
biological systems comes from the formation of free radicals computer simulations may provide valuable information to this

from the irradiated water and their subsequent interactions with problem. L o
DNA and other biological molecules. Chemical reactions with  Several ab initio investigations of the OH H,O complex
participation of high concentration OH in the cell cytoplasm N @ gas phasé 3 have been performed. The ground-state
have been associated with Parkinson’s diséaairoxyl radical ~ geometry with the hydrogen bonding between the water oxygen
has been found to be able to induce telomere shortening@nd the hydroxyl hydrogen was reported. Another configuration,
associated apoptosis in human tumor ceRsoperties of OH  With the hydrogen bonding between the OH oxygen and a water
radical in water are also important in a number of technological hydrogen, was found to correspond to a local minimum of the
applications. For example, in the problem of water purification, Potential energy surface. There are also indicatfbtishat a
the hydroxyl radicals produced by radiolysis of liquid wafer ~ third local minimum geometry is possible with the hydrogen
or with the help of heterogeneous photocatakfsésare widely ~ Pbonding between the hydroxyl oxygen and the both water
used2-14 In the earth’s atmosphere, the OH radicals are hydrogens, along with a weak hydrogen bond between the OH
dissolved in water droplets, being formed by dissociation of hydrogen and the water oxygen.
water solvated KD, or ozone molecule® 17 Oxidizing action Other ab initio calculations on the complexes including a
of the hydrated hydroxyl radical on the soluble organic hydroxyl radical comprise investigation of the hydrogen bonding
compounds plays a crucial role in determining their atmospheric between OH and ¥D,,%> hydroxyl radical reactions with
lifetimes18-23 ketones’® polycyclic aromatic hydrocarbor#$, phenol®® di-
Since most of the key hydroxyl reactions occur in aqueous methyl sulfide3® and guaniné? cluster model simulation of
environments, knowledge of the structural and energetic proper-hydroxyl adsorption on the gold surfateand the production
ties of the hydrated radical becomes extremely important. For of OH radicals by carbonyl oxidé%in solution phase. In some
instance, it has been sho%frthat even a complexation of a  works??40the solvent effects were considered by embedding
hydroxyl radical with a single water molecule may lead to a the studied molecules in a polarizable continuum.
change of the radical oxidation potential. Also, to consider the  The hydration of the OH radical has been studied by ab initio
means for the case of clusters containing up to six water

There exists great interest in the properties of hydroxyl (OH)
radical in aqueous media, which arises mostly due to the
radical’s harmful effects in biological syster€. The reactions
of the OH radical with organic molecules in agueous solutions
can result in abstraction of the H atoms or in its addition to
C—C double bond8,which may further lead to destruction of
molecular structures. Most of damaging effect of radiation in
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simulations with the interaction potentials derived from the 25 ; ,
cluster ab initio simulations.

In the present paper we report the results of the first to our
knowledge ab initio type simulations of the hydroxyl radical
solvated in the bulk water. For this purpose we employ-Car
Parrinelld® molecular dynamics technique that has been suc-
cessfully used for investigation of the properties of liquid
water?~53its proper defects (hydronium and hydroxide iotis}¢ 05 L
and aqueous solutions of other i8A%$° and molecule§%61
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2. Simulation Details 25
Our system consists of one hydroxyl and 3Z0Hmolecules. -2 |

The cubic simulation cell has the length 9.848634 A. Periodic
boundary conditions are applied. The resulting density of 1 1.5 1

g/cne corresponds to the density of water at ambient conditions. 73 14
The simulation temperature was 310 K. < 05 |
Car—Parrinelld® molecular dynamics simulations are per- '
formed with the help of CPME¥ code. To account for a 0 .
dangling bond at the hydroxyl radic&#°the local spin density
approximation (LSDA) functional theory is employed. The 35
gradient corrected Beckd.ee—Yang—Parr (BLYP) exchange 3
and correlation function&l64is used since it has been shown 25
to accurately reproduce the properties of aqueous sy4tef®e55 g 27
The valence electronic wave functions are described inthe plane & 1.5
wave basis with an energy cutoff of 75 Ry. The valence-core 17
interactions are described by the norm-conserving Goedecker 05 - P/
pseudopotentials. Two simulations runs have been carried out, 0 o ; ‘ ' ‘

005 01 015 02 025 03 035 04 045
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with fictitious electron masses of 600 and 800 au. The fictitious
electron kinetic energy is controlled by a chain of three Nose

68 ; et Figure 1. Oxygen-hydrogen (panel a) partial radial distribution
2888’ e(r:r:?f’ r23zthafi,nt?ge{stlggcztsggfraiﬁteginc gﬁg#encg) functions for the_hydroxyl (O*H*, solid line), hydroxykwat_er (O
. o ) Yy g y p_ H, long-dashed line), watethydroxyl (O—H*, short-dashed lines), and
simulations to counter to leaking of energy from the ionic \aterwater (O-H, dotted line) distributions. The inset shows a
subsystem to the electronic degrees of freedom. The average&ietailed view of the first intramolecular peak with the hydroxy! radial
fictitious kinetic energy is maintained at levels of 0.035 and distribution function having been reduced by a factor of 32.GDand
0.06 Ha in runs with electron masses 600 and 800 au H—H radial distribution functions are shown in panels b and ¢ with
i ; ; ; i~ Solid lines for hydroxyt-water and with dashed lines for watewater
E:r?]rerejsr?;g;?cgslyoa;ngtgemrga:gsj;aoblso?:::lorh%éhi;v P&(})ﬁligg:/uelftlon. distributions. Differencé\g(r) between O*0O and G-O RDFs is given

. . by a dash-dotted line in the panel b. The dotted line represents the
thermostat operating at characteristic frequency 2000'cm difference An(r) between the running oxygen coordination numbers

To start the simulations, a short classical molecular dynamics for the hydroxyl oxygen and for the water oxygen atoms.
run for a system of 32 water molecules has been performed.

After that, one of the hydrogen atoms was removed and the O—H*), and water-water (O-H) distributions. Noteworthy, that
obtained atomic configuration was used as an input to CPMD the hydroxytwater distribution functions generally follow the
run. The first 2 ps of CPMD dynamics are considered as water-water O-H RDF. The position of the first intermolecular
equilibration time and discarded. We have performed two runs peak is 1.9 A for all the three curves. However, both hydrexyl
starting from different initial conditions, using the computer water peaks are higher, and the-€A peak is broader than the
facilities at two supercomputer centers. One 41 ps production O—H one. As a result, the running hydrogen coordination
run has been performed using 32 CPUs of 2.2 GHz Linux number noH(r) for hydroxyl oxygen atom is higher than
cluster$® and for the second 30 ps production run 32 CPUs of ng,(r) for water oxygens, even if one takes into account the
160 MHz SP2 supercomputer have been empldyddhe time presence of H* in the system when calculating the hydrogen
step was set to 0.1 fs. The only difference between the two coordination number for water (see Table 1).

runs was the fictitious electron mass, 600 au in the 41 ps run  The same is true for the case of the oxygen coordination
and 800 au for the second run. The results reported below aren,mper for hydrogen atomsito(r) > nuo(r)). This means that
averaged over the two production runs, unless otherwise statedig hydroxy! radical is more active both as a proton donor and
as a hydrogen bond acceptor than the water molecule is, in
difference with the results of classical Monte Carlo simulafibns

In what follows we denote the oxygen and the hydrogen implying lower activity of the OH radical as a proton acceptor
atoms of the hydroxyl radical as O* and H*, respectively. (Nos(r) = 1.2 atr = 2.3 A vs our value of 1.933).

Oxygens and hydrogens belonging to water molecules are The first minima of bothgo«(r) and gon=(r) are less
denoted as O and H as usual. pronounced (0.62 and 0.59) than the wateater gon(r)

3.1. Radial Distribution Functions. The radial distribution minimum (0.33) and are shifted to shorter distances (cf. Table
functions (RDF) obtained in our simulations are shown in Figure 1). The second maxima of the hydroxyl partial RDFs are also
1. In all cases, the bin width for RDF calculations was 0.05 A. shifted to the shorter distances and somewhat less pronounced

Figure 1a represents the oxygemydrogen RDFs calculated  than the water one. These features indicate that the first solvation
for intrahydroxyl (O*~H*), hydroxyl—water (O*~H and shell of the hydroxyl radical is comparatively less structured.

3. Results and Discussion
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TABLE 1: Running Coordination Numbers for Hydroxyl
(O*H, O*O, and H*O) and Water (OH, OO, and HO) 2

r,nm n(r) r,nm n(r)

O*H 0.225 1.802 H*O 0.228 0.774
0.23%3"  2.070 0.235 0.905
0.245 2.367 0.245 1.050
2.533 2.533 0.250 1.130
0.450 24.70 0.450 12.54

OH 0.225 1.364 (1.389) HO  0.225 0.682 (0.711)
0.235 1.525 (1.554) 0.235 0.762 (0.795)
0.245 1.684 (1.718) 0.245 0.842 (0.880)
0.250" 1.768 (1.802) 0.250  0.884 (0.925)
0.450  23.69 (24.09) 0.450 11.84(12.24)

O*O 0.240 0.185 OO0  0.240 0.000 (0.006)
0.340 5.149
0.365 6.434 0.340 4.713 (4.879)
0.450 12.33 0.450 12.24(12.64)

aAtoms from the same molecules are not taken into account.

Khalack and Lyubartsev

the reliability of the subsequent classical simulations becomes
guestionable.

Worth noting is also the absence of the minimum in the
water—water O—0O RDF (Figure 1b). Earlier ab initio simula-
tiong*7:49.56-53.65 35 well as the results of the neutron scatter-
ing’>"2 and the X-ray diffraction experimerits? for liquid
water report a minimum of the oxygemxygen RDF atr =
3.3 A. Also, the first maxima of ©0 and O-H RDFs are
lower that those observed in the earlier ab initio simulations of
pure water. To clarify the situation, we have identified five water
molecules closest to O* for every moment of time (5 is the
value of the oxygen running coordination number for hydroxyl
oxygen arr = 3.4 A) and analyzed the partial radial distribution
function for these five molecules. It has turned out that the3D
RDF between the nearest hydroxyl neighbors has a broad first
maximum centered at= 3.5-3.7 A (not shown in Figure 1).

Numbers in parentheses are corrected for the presence of H* or O* in Superimposed with the-©0 distribution of the outer molecules,

the vicinity of a water molecule. Positions of the RDFs minima are
denoted with a superscript m.

The internal O*H* peak is shifted to longer distances by
0.008 A (Figure 1a, inset) compared to the length of the water
covalent OH bond (1.006 against 0.998 A), that agrees with
the values 1.007 and 0.987 A obtained for the clusters of six
molecules by the density functional theory (DFT) calculati#ns.

The oxygenr-oxygen RDF for hydroxytwater distribution
follows closely the water ©0O RDF (see Figure 1b) starting
from the maximum at 2.8 A. At shorter distances, there is an
excess of the probability to find an oxygen atom in the vicinity
of O*. The excess distribution (daslilotted line) spans a region
between 2.1 and 2.8 A with a maximum at 2.55 A and probably
corresponds to a hemibonded®OH complex with the -0
distance of 2.3 A found in cluster simulatioffs.

The differenceAn(r) between the running oxygen coordina-
tion numbers for O* and O is shown in Figure 1b with a dotted
line. For the water oxygens, all the oxygen atoms (including
O*) found within a certain distance from a central atom are
taken into account. The difference has a maximumgfax =
0.559 atr = 2.8 A, wherego+o(r) andgoo(r) become equal. At
longer distances, the G*O RDF curve lies slightly lower than
the water O-O RDF curve. As a resultAn(r) goes down to O
atr = 3.8 A and further to-0.31 atr = 4.5 A (cf. the values
of no*o and parentheticalo«o in Table 1).

The hydroger-hydrogen (Figure 1c) distribution function for
the hydroxyl is also quite close to the intermolecular part of
the water H-H RDF. The only difference is a slightly higher
first maximum atr = 2.4 A (consistent with the higher number
of hydrogen bonds accepted by O* and donated by H*). Another
important feature is the absence of any minimungef;(r) at
r ~ 3 A. Together with the absence of the figgko(r) minimum
atr ~ 3.5 A, this indicates a more diffuse first solvation shell
than the one inherent to liquid water.

The obtained radial distribution functions turned out to be
rather different from the results of the classical Monte Carlo
simulations®* Apart from the inherent limitations of the classical

thisAmaximum could be able to cancel out the minimum at
3.3 A

The different behavior of waters RDF observed in the present
simulation cannot be however explained by only the molecules
in the first hydration shell. Our analysis shows that the water
structure is disturbed (though in a less degree) even outside the
first solvation shell. The OH radical with its unpaired electron
is clearly a stronger perturbation of the surrounding water
structure than closed-shell ions. Analysis of electron density
(see section below) shows that at least one water molecule bears
an appreciable share of uncompensated spin density which affect
interaction of this molecule with molecules in the second
hydration shell. Additional factors which may contribute to the
disappearance of the first minimum of-@ RDF is a slightly
higher than ambient temperature in our simulation (310 K) and
the small size of the simulation cell. In fact, our 9.8486 A cubic
cell does not allow to accommodate properly the second
solvation shell of a water molecule (since the second minimum
of water O-O RDPLis located at 5.5 A) and to form the bulk
water beside the hydroxyl radical. Therefore, most of the outer
water molecules belong to the second solvation shell of the
hydroxyl, which can be partially distorted by the finite size of
the simulation cell.

To clarify this point, the more extensive simulations with a
bigger system size should be done. In the rest of the present
paper, we pay attention mostly to the properties of the first
solvation shell.

3.2. Local Structure around the Hydroxyl. The considered
so far radial distribution functions provide us with the basic
structural information where angular and orientational depend-
encies are averaged out. To get a more detailed insight into the
local hydration structure, we analyze the two- and three-
dimensional distributions for the atoms located within the
distancermax = 3.65 A from the hydroxyl oxygen. The chosen
value of the maximum distance corresponds to the first (very
shallow) minimum ofgo+o(r).

First we consider the anglé«o+—x (X is either O or H)
between the hydroxyl axis and the direction from thet®the

potentials, the possible reason for this disagreement may be thex atom. DistributionsP(i+0+—x, roxx) for the atoms belonging

fact that the interaction potentials of wéfkvere derived from
ab initio cluster simulations. However, the restricted size of
the clusters (up to six water molecules) does not allow one to

to water molecules are presented in Figure 2.
The distribution functionP(0, r) is normalized so as to
integrate to the average numberof atoms found within the

model a complete solvation shell. The tendency of the cluster sphere of the radiusnax

calculations to give the maximum possible number of hydrogen

bonds in the system leads to a displacement of the radical to a

cluster edge. Therefore, the charge distribution in the OH

obtained from the cluster simulations rather corresponds to the

foﬂjgma*P(G, r)rédr sind do = N )

In our analysis, we divide the hydroxyl neighbors into two

OH radical at the water surface than to the hydrated OH, and groups. Group | contains water molecules that are hydrogen
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O+or.x degrees
Figure 2. Contours of the two-dimensional distribution functions of of Hartree-Fock exchange in _the E_’eCke_'S_ exhchange fu_nCt'onal'
the H*O*—X angle and of the OxX distance calculated for the first ~ Unfortunately, reference 45 gives insufficient structural informa-
solvation shell water molecules hydrogen bonded to the hydroxyl tion on the hemibonded #-OH complex to relate it to our
oxygen O* (panel a), and not bonded to it (panel b). X denotes O (thick case. On the other hand, the dipetipole structures observed
lines) or H (thin lines). in the cluster calculatiod$ employing a modified Perdew
Wang exchange functional clearly have the similar geometry,
though the O*O distance of about 2.8 A and its tendency to
increase with the cluster size observed in that work do not
completely fit to our closely located molecules.

Group llc, consisting of non-H-bonded molecules with
Owo+—o > 120°, can be considered as a continuation of the
H-bonded branch at larger H*G*O angles, since these
molecules have one of the hydrogen atoms directed to the
hydroxyl oxygen. The hydrogen bonded molecules with the large
H*O* —O angle and slightly longer G*O distances have been
also found in the solvation shell of the hydroxide RSriThe
fourth (11d) group of non-H-bonded molecules af40 6y+0+ -0
< 90° androo > 3.2 A comprises the molecules that actually
belong to the second solvation shell. The average number of
water molecules in the group IKal) sums up to give 4.75.

The resulting distributions of the anglés;-o«—x obtained
y the integration over the distancesx < 3.65 A are shown
in Figure 3.

The distribution functionP(0) is again normalized to the

average numbeN of the atoms found within 3.65 A distance

bonded (H-bonded) to the hydroxyl oxygen. Molecules that are
not H-bonded to O* fall into group Il. For definition of a
hydrogen bond we used a geometrical criterion: a water
molecule is considered to be hydrogen bonded, if the-B*
distance is less than 2.45 A and the-@®H angle is less than
30°. The average number of molecules in group | is calculated
to be 1.688, that is significantly less (by 0.679) than the running
hydrogen coordination numbep«(r) of the hydroxyl oxygen

atr = 2.45 A. Thefy-o0-—o angle distribution for the molecules
from group | (Figure 2a) is centered &105° and resembles
the corresponding angle distributiShéor the water molecules

in the solvation shell of the hydroxide ion OHji.e., the whole
distribution is shifted toward less angles as compared to the
case of the bulk water). At the same time the distribution of
the O*—0O distance for the group | molecules is centered at 2.8
A like the O—0 distance in pure water, being different from b
the value of 2.65 A for the hydroxide ion solvation st&ll.
Inspection of the O*H distances and the G*HO angles for

the hydrogen bonds accepted by the hydroxyl radical shows
close resemblance to the properties of the hydrogen bonds in

liquid water and is not illustrated here. The distribution from O

P(Ou+o*—n, roxn) for the hydrogen atoms is shown in Figure - .

2a. The hydrogens participating in the hydrogen bonds with O* f; P(6) sind df = N )
follow the pattern formed by the oxygens. The outer hydrogens

have a slight tendency to decline toward the big8gios—n The distributions produced by the group Il molecules (curves
values. 1 and 3 in Figure 3) have the strong peak®gb+—x < 40°

The two-dimensional distributions for the molecules from formed by the molecules accepting the hydrogen bond from
group Il are represented in Figure 2b. The distribution of the the H*. At larger angles they are quite smooth, the peaks due
oxygen atoms shows clearly the presence of four different to groups llb and lic being relatively broad and poorly
subgroups. Group laf{o-—o0 < 40° and 2.5 A< ros0 < 3.5 pronounced. The contributions from the group | water molecules
A) consists mostly of the molecules accepting a hydrogen bond show strong broad peaks centeredatos—x ~ 105 that do
from H*. The rest of the group Il molecules are not H-bonded not completely die out toward 180

to the hydroxyl radical in any way. The relative arrangement of the water molecules in the
Group llIb contains water molecules with the oxygen atom hydroxyl solvation shell is illustrated in Figure 4 by the
very close to O* (2.1 A< rovo < 3.1 A, 70 < Opor—0 < distribution P(fo-0+-0, ro+o). The distribution is substantially

11¢°) and both hydrogen atoms directed outward. These diffuse (note the value of the lowest level). Its main maxima
molecules form the excess of ©0 radial distribution function are located at the sphere of the radius of 2.8 A (the maximum
at small distances (see Figure 1b). There exist however someof O*—0O RDF) at the ©-O*—0 angles of 76-100¢°, 160, and
discussions whether such hemibonded coordination with short18C°. The additional maximum &lo-o+—o ~ 50° andro+«o ~

O — O distance is an artifact of the density functional theory 3.5 A clearly corresponds to the second solvation shell
and particularly the BLYP functional. Studies of small radical molecules.

clusterg®>76 have shown that the BLYP functional may over- There seems to be a slight preference to have four molecules
estimate the strength of hemibonded structures due to the lackin the lateral belt of the first solvation shell, which corresponds
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Figure 4. Contours of the two-dimensional distribution functions of
the O-0*—0 angle and of the O*O distance for the first solvation
shell.
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Figure 5. Number distribution of the first solvation shell molecules
not accepting a hydrogen bond from H* (panel a) and the number
distribution of the hydrogen bonds accepted by O* (panel b). The share
of states without hydrogen bonding at H* is given by the filled area.
The shaded area represents the states with the hydroxyl donating a
hydrogen bond to a water molecule. The rest of the states have two
water molecules in the group lla.

to typical hydration structures observed for the Gbin.>* This

is confirmed by the number distribution of water molecules with
Owor—o > 40° (Figure 5a). The distribution is calculated for
roro < 3.4 A to exclude the effect of the second solvation shell
seen in Figures 2 and 4.

The average number of non-H*-bonded water molecules in
the first solvation shell is 4.22. In the absence of the hydrogen Figure 6. Isosurfaces of the spatial distributions with respect to the
bond at H* it increases to 4.63 as compared to the value of 10" ~O reference system shown in red (dark) for the oxygen atoms
4.16 in the presence of such bond. Absence of a hydrogen boncEnd in I_|ght gray for the hydrogen atoms. For panel a, the reference

. ystem is formed by the hydroxyl and an oxygen belonging to the group
donated by the hydroxyl radical even decreases the number of| water molecule, with SDF level is 50 for the reference water oxygen,
accepted hydrogen bonds (down to 1.54 from the value of 1.72 4.5 for other oxygen atoms, and 4.0 for hydrogen atoms. Panel b
expected in the presence of the H* bond, see Figure 5b). Thedisplays SDF for the group Il reference waters with the SDF levels 35,
average number of H*-bonded molecules (0.88) in the solvation 5:0. and 4.5, respectively.
shell together with 1.69 for the hydroxyl oxygen H-bonded ones
sums up to the average of 2.56 water molecules hydrogen Shown in Figure 6 are the distribution functions calculated
bonded to the hydroxyl radical. Taking into account 2.53 not- in the reference system formed by the radical and a water oxygen
hydrogen-bonded molecules, the first solvation shell contains belonging either to group | or to group Il water molecules. The
5.09 water molecules. The distribution over the number of xaxis is directed up along the hydroxyl, and thexis (directed
molecules in Figure 5 is rather broad, which manifests a to the right) is perpendicular to the H*@O plane. Figure 6a
generally loose structure of the first solvation shell. represents the case of the reference water being hydrogen

Three-dimensional spatial distribution functions (SDF) for the bonded to the hydroxyl oxygen. A wide hydrogen maximum at
water molecules in the vicinity of the hydroxyl radical are the line connecting the reference oxygens belongs to a water
presented in Figures 6 and 7. All three-dimensional distributions hydrogen forming the hydrogen bond. The other hydrogen atom
have a solid maximum corresponding to a group lla water gives rise to the two elongated blobs outside the water oxygen.
molecule. The maximum always possess the axial symmetry The fact of elongation is due to the uncertainty of the oxygen
implying that the orientation of the hydrogen bond accepted by position in thexy plane (shown as a salience in the upward
this molecule and of the molecule itself are not correlated to direction), otherwise the ©H direction is not correlated with
other molecules in the solvation shell. the hydroxyl axis.
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Figure 8. Isosurfaces of the spin density at the levels-@&.03 (dark
green) andt0.0004 (yellow). Oxygen atoms are red, hydrogen atoms
are light blue, and the centers of the Wannier functions are small pink

. . S . balls.
Figure 7. lIsosurfaces of the spatial distributions with respect to

O—0*—0 reference system formed by O* and oxygens of two water . .
molecules in the first hydration shell, with the H* atom directed up. Shell or with different number of hydrogen bonds accepted by

Thex axis is a bisector of the ©0*—0 angle. Coloring is the same  the hydroxyl, as it was done for the Ottase>®
as in Figure 6. SDF level is 50 for the reference oxygens, 4.9 for other 3.3, Electron Density. The electronic properties of the
oxygens, 7.0 for water hydrogens, and 800 for H*. hydrated hydroxyl radical are illustrated in Figure 8 with a
snapshot from the molecular dynamics trajectory. Since the total
An al_most smooth distributiqn of both oxygen gnd _hydrogen spin of the system is-1/,, most of thenegatie spin density is
atoms in the lateral belt behind the hydroxyl implies weak |ocated at the hydroxyl oxygen. Besides, there is usually a water
correlation between the positions of group | water molecules. molecule that carries an appreciable share of the negative spin.
A slightly higher probability to find an oxygen atom at the belt | the presence of a group IIb water molecule in the solvation
edges at the intersection with thaxis implies higher correlation  ghe|l it becomes a “chosen” one as in Figure 8 (the molecule to

between group | and group Hil molecules. The correlation  the |eft). Otherwise the excessive negative spin is shared with
becomes more clear from the distributions calculated for the 5 group | water molecule.

reference system based on the water molecules not H-bonded gpqwn in Figure 8 is also an isosurface (yellow) of the low

to the hydroxyl (Figure 6b). Both hydrogen and oxygen ,,gjiiye spin density that has a characteristic ring profile with
distributions have pronounced side lateral maxima, implying 5 puib at H*. The positive spin density is also observed at the

the presence of H-bonded group | water molecules at the angle«.,gsen” water molecule. For the case of hydrogen bonded

of ~90° to they axis. molecules, it appears at the donated hydrogen. For the group
The spatial distribution functions of the reference water itself [1p molecules the positive spin density is located near the center
(note the long upward and downward protuberances of the of the Wannier function elongated toward O*. This picture
oxygen isosurface) are strongly influenced by a wide range of supports the identity of the group Ilb molecules with the
the O-O*—H* angle fluctuations. The hydrogen blobs are much hemibonded water molecule from the®OH complex result-
wider than for H-bonded reference molecules, and are locateding from the three-electron bond between a lone pair gdH
at the same distance from O* as the oxygen maximum is. The gnd the unpaired electron of the hydroxyl raditéal.
existence of the group Ilb water molecules gives rise to the cusp 3 4. Hydrogen Transfer.During 72 ps of CPMD simulations,
in the direction to the hydroxyl oxygen (along thexis) present  gne act of the hydrogen atom transfer from a water molecule
in the reference oxygen SDF isosurface. to the hydroxyl radical has been observed. Before the act of
Low correlation between the positions of water molecules in transfer, the hydroxyl molecule accepts three hydrogen bonds
the first hydration shell of the hydroxyl becomes more apparent and has almost ideal tetrahedral configuration (the left part of
through the spatial distribution functions calculated for the Figure 9). At the same time, the closest water molecule (to the
reference system based on the hydroxyl oxygen and the oxygerright from hydroxyl in Figure 9) donates two hydrogen bonds
atoms of two water molecules shown in Figure 7. The flat (one of them to the hydroxyl) and does not accept any. Then a
features around the reference oxygens reflect the broad distribu-hydrogen donor (another water molecule) comes close to that
tion of 6o-0+—o seen in Figure 4. The pronounced hydrogen water. A hydrogen bond between the two waters is formed and
maxima belong to the reference molecules solely (three maximathe first water molecule is pushed toward the hydroxyl. A
for each of the two waters, and one maximum for the H*). As covalent bond between the H-bond donating water hydrogen
to the oxygens distribution, there is only a clear oxygen and the hydroxyl oxygen is formed, while the covalent bonds
maximum at the top of the figure (above the hydroxyl hydrogen) of the first water become stretched forming ad4 complex.
due to the group lla molecules and a weaker maximum at the This complex breaks down after 2 fs with the formation of a
bottom corresponding to the group lic molecules. Correspond- new hydroxyl radical and a water molecule in the tetrahedral
ingly, positions of other water molecules are poorly defined in configuration.
this reference frame. Figure 9 shows the compound molecule in the middle of the
Remarkably, we have not been able to refine the above three-hydrogen transfer process. The hydrogen moves to the left, and
dimensional distributions by considering separately configura- the uncompensated negative spin density is transferred to the
tions with different number of water molecules in the hydration right.
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-dc/dt

0.01 . ' : —

t, ps

s Figure 11. Reactive flux hydrogen bond correlation function for the
water molecules (solid line) and for the hydroxyl oxygen (dashed line).

the aqueous ions (& 1075 cn?/s forOH™ and 9x 107° cn¥/s
for H™).

3.5. Lifetime of Hydroxyl Hydrogen Bonds. An important
characteristics of the hydrogen bonding in the system is the
lifetime of a hydrogen bondys. It can be determined as the
time integral of the correlation functidh

Figure 9. H3O, complex in the process of the hydrogen transfer. Spin

density levels and the coloring are the same as in Figure 8. c(t) = th(0)h(t)IthI (4)
0.4 ' ' T ' 0.02500 — whereh(t) is a hydrogen bond population operator. For a given
036 | 8:8(1)?88 - oxygen-hydrogen pairh is equal to unity in the presence of
€ 0.00002 - the hydrogen bond, and is zero otherwise. If the number of
€ 032 I hydrogen atoms in the system N, the average number of
g 028 | hydrogen bonds accepted by a water moleculeNis € 2)-
0.04 (Mg n(= 1.441), wherelhldy denotesh averaged over all
’ hydrogens, water oxygens, and time. The corresponding num-
0.2 : : ber of hydrogen bonds for the hydroxyl is andy(— 1)hO
0 004 008 012 016 02 (= 1.688), where the averag®ld-y is taken over the pairs
Bimin: M formed by O* and the water hydrogens.
Figure 10. Contours of the two-dimensional distribution &, and The reactive flux hydrogen bond correlation funcfivk(t)
the O*—O distance for the first solvation shell water molecules. = —dc/dt characterizes the rate of relaxation of the hydrogen

bonded system to the equilibrium and is plotted in Figure 11.
The path for the hydrogen transfer is better seen in terms of The fast relaxation rate during the first 0.1 ps is usually attributed
the parametedmin,” that is the shortest value of the asymmetric  to hydrogen librations, and an additional peak at@2 ps is
stretch coordinate ascribed to interoxygen vibrations. Beyond this time sde(t,
decays monotonically for water (see solid line), but there is some
0=Trown — Ton 3) additional hydrogen bond breaking activity for the hydroxyl at
0.2-0.4 ps. As a result, the lifetime of a hydrogen bond accepted
among the solvating water molecules. Configurations close to by O* is 0.67 ps, which is considerably less than the 0.87 ps
the hydrogen transfer should corresponddg, ~ 0. The lifetime for water.
distribution Ofamin andrO*O for our System is p|0tted in Figure 3.6. Time Correlation Functions and Vibrational Spectra.
10. While carrying no statistical significance, the leftmost part The dynamics of the atomic species is characterized by the
of Figure 10 clearly shows the path of one occurred hydrogen Velocity autocorrelation functions and their power spectra. To
transfer to the hydroxyl radical. The transfer takes place at the reduce the uncertainties due to the modest sampling for the
O*—0 distance of 2.4 A and incorporates preparatory elongation correlation functions and to smooth out the Fourier spectra, we
of the water G-H covalent bond. analyze the velocity autocorrelation functions by segments of
The central part of Figure 10 represents more statistically the width T = 1024 fs. Segments are overlapped by half of
significant information on the strength of the hydrogen bonds their length. The Welch windo¥
accepted by the hydroxyl radical. Their relative weakness results

in the maximum of the two-dimensional distributiondgtin = W) =1— (24T — 1) (5)
0.8 A, while the corresponding maximum for the hydroxide ion
solvation shef® is shifted to 0.5 A. is used to prevent the leakage from one frequency to another.

The low statistics (one event in 72 ps) of the observed The resulting velocity autocorrelation power spectra calcu-
hydrogen transfers does not allow evaluation of the characteristiclated separately for the atomic species from the hydroxyl and
time of this event. Undoubtedly, however, is that for a hydroxyl from the water molecules are shown in Figure 12. The OH
radical this is much more rare event than for hydroxide or stretch for the hydroxyl radical shifts to lower frequencies by
hydronium ions, for which the characteristic time of the about50 cm®as compared to water. This agrees with the longer
hydrogen transfer is just a few picosecoftiBue to this reason,  O—H distance for the hydroxyl radical and with the results of
the hydrogen hopping mechanism does not contribute much tothe cluster simulatiod$ that give 3105 cm! for the hydroxyl
the diffusion of OH radical. This is confirmed by the fact that and 3355 cm? for water, both frequencies decreasing with the
the self-diffusion coefficient of OH radical in water (2:8107° cluster size. The libration band of H* is slightly shifted to larger
cn?/s)8is just slightly higher than that of water molecules (2.3 wavenumbers in agreement with the shift observed for the
x 107 cm?/s) and much slower than diffusion coefficients of hydroxide ion®® The low-frequency 50 cnT?) maximum of
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3.0 T , ' , . : The blue shift of the H* libration band is also partly explained
by the H-bonded states of H* (cf. the peak~af00 cnTt in
254 o Figure 13a). Since the non-H-bonded states are not statistically
significant, the main maximum between 400 and 600 tin
5 20 i ’ formed in the processes of breaking/creation of hydrogen bonds.
g 15 This is in accord with~0.07 ps time scale of the hydrogen
s bonding fast relaxation rate seen in Figure 11.
=t
1o 4. Conclusions
05t The results of CarParrinello molecular dynamics simulations
o} i A, of the hydroxyl radical in liquid water provide detailed
0.0 % n R 1 1 A4 \ . . . .
0 500 1000 1500 2000 2500 3000 3500 information on the structural and dynamical properties of the

f.cm™

Figure 12. Velocity autocorrelation power spectra for the hydroxyl
(H*) and water (H) hydrogens, as well as for the corresponding oxygen
atoms (O* and O).

OH aqueous environment. Computed radial and spatial distribu-
tion functions suggest a rather diffuse and poorly structured
solvation shell of the OH with variety of configurations differing
by the number of molecules in the shell and the hydrogen bonds
between them. One of typically observed structures resembles

3.0 H —— a structure observed for OHon>* with one water molecule
7. S accepting hydrogen bond from H* of the hydroxyl and four
’ water molecules in the perpendicular plane. However, in the
20 | case of the radical, only two of such waters donate hydrogens
3 to the radical oxygen, other being not hydrogen bound (the group
€ 15l [Ib waters). Apart from this structure, other configurations with
§ four or six water molecules in the solvation shell or with other
1.0 f types of hydrogen bonding are often observed.
The existence of the group Ilb water molecules is in fact a
05" 1 delicate question. They seem to correspond to a hemibonded
el N @) H30, structure with a relatively short O- -O distance, that has
00 0 éoo 400 666 ) 860 1000 1200 been shown to appear _in small clusters due to the _Iack of
f om’ Hartree-Fock exchange in the Becke’s exchange functidhal.
05 ‘ ‘ ' . . On the other hand, the dipetelipole OH-H,O complexes (but
’ H — with larger O- -O distance) have been reported also for the small
Hé"o ,,,,, clusters modeled with a modified PerdeWang exchange
041 HB1 ] functional34 To clarify this point, the simulations of the OH
radical in liquid water with an exchange functional other than
3 03¢} A 1 Becke’s one are desirable.
s Vo Another open question is the structure of the second solvation
g o2} . shell of the OH radical. Since the present 10 A simulation cell
does not allow one to accommodate the second shell, some
01t 1 additional new simulations with a larger system size are needed.
) Our simulations have shown that the proton exchange between
e N , hydroxyl radical and surrounding waters is a much more rare
2600 2800 3000 3200 3400 event than the hydrogen transfer betweenOéh and water.
f. cm™’ This fact is related to the experimentally observed slower

Figure 13. Detailed view of the libration (panel a) and the stretch

diffusion of OH radical comparing to the OHion. Note

(panel b) parts of the hydrogen velocity autocorrelation power spectra however that the present simulations do not take into account
for H* and H. The partial spectra of the hydroxyl hydrogen participating  the nuclear quantum effects on the dynamics of hydrogen atoms.
(HB1) and not participating (HBO) in a hydrogen bond are also Shown. a6 effects have been shown to be significant for the behavior

. . : ieug . > ST ey
the hydrogen spectra corresponds to intermolecular motions, a<f light nuclei>>While their computation is quite computation

is clearly seen from the oxygen spectra.
To clarify the structure of the H* spectrum, we extract from
the simulation trajectory a few time intervals with the hydroxyl

hydrogen being constantly hydrogen bonded to a water mol-

ecule, and a few intervals with a non-H-bonded H*. The velocity
autocorrelation power spectra for H-bonded/non-H-bonded
hydroxyl hydrogen are plotted in Figure 13. Because of a poor

sampling, these spectra are calculated with the window (5) of

the widthT = 512 fs. It appears that the OH stretch frequency
of non-H-bonded H* is shifted to larger wavenumbersi50
cm L. Since the hydrogen atom of the hydroxyl radical is

ally expensive, the nuclear quantum effects are expected to be
widely simulated in the nearest future.
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