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The average OH stretching vibrational frequency for the water molecules in the first hydration shell around
a Lit ion in a dilute aqueous solution was calculated by a hybrid molecular dynantdesntum-mechanical

(“MD + QM”) approach. Using geometry configurations from a series of snapshots from an MD simulation,
the anharmonic¢ uncoupled OH stretching frequencies were calculated for 100 first-shell OH oscillators at
the B3LYP and HF/6-31G(d,p) levels of theory, explicitly including the first shell and the relevant second
shell water molecules into charge-embedded supermolecular QM calculations. Infrared intensity-weighting
of the density-of-states (DOS) distributions by means of the squared dipole moment derivatives (which vary
by a factor of 20 over the OH stretching frequency band at the B3LYP level), changes the downshift from
approximately—205 to —275 cm? at the B3LYP level. Explicit inclusion of relevant third-shell water
molecules in the supermolecular cluster leads to a further downshift by approximéag@lgn*. Our final
estimated average downshift is approximatel$05 cn!. The experimental value lies somewhere in the
range betweer-290 and—420 cnt?. Also, the absolute(OH) frequency is well reproduced in our calculations.
“In-liquid” instantaneous correlation curves betwed®H) and various typical H-bond strength parameters
such aR(O---0), R(H---0), the intramolecular OH bond length, and the IR intensity are presented. Some of
these correlations are robust and persist also for the rather distorted instantaneous geometries in the liquid;
others are less so.

1. Introduction aqueous solutions: a small percentage of HDO molecules among

lon solvation is of central importance in solution chemistty. a large number of surrc_)undmgze (or D,0) molecules makes
Nevertheless it is generally difficult to produce unambiguous the ©-D (or O—H) oscillators of the HDO molecules behave
molecular-level solvation information, even regarding such 5 essentlall)uncqupled frqm all other wateribrations th's
fundamental quantities as, for example, the average number of"akes the experimental signal clearer, and the analysis of the
solvent molecules residing in the first solvation shells around ViPrational pattern becomes more straightforward. Also the
the ions. The present paper is not mainly concerned with external |nflugnce on the |ntramolecglar strej[chlng v.|brat|ons
solvation structure but with a related and equally difficult issue, P€comes easier to interpret using this technique. Without the
namely how the solvent molecules in the solvation shells are iSOtope-isolation technique, couplings may occur between
themselves modified by the presence of the ions. Molecular intermolecular stretching vibrations and between stretching
properties which are sensitive to the surroundings of the Vibrations and the bending overtone, as well as between intra-
molecule can be used, and are being used, as powerful structura®nd intermolecular vibrations, but all of these couplings may
probes. One such set of environmental-sensitive properties areessentially be eliminated experimentally by the isotope-isolation
the molecular vibrational frequencies (see, for example, refs technique, which makes the stretching motion involving the
1-7). isotope-isolated species become a well localized mode, un-
The vibrational energy levels can be obtaifienin experiment ~ coupled from all other modes. As described below, our
using infrared (IR) and Raman spectroscopy and from theory vibrational calculations also refer to the uncoupled stretching
by a number of techniques at different levels of sophistication. vibrations of isotope-isolated HDO molecules in solution.
In practice, a main experimental obstacle in vibrational studies  |R measurements for an isotope-isolated Ligh®) solution
of ionic solutions is the difficulty to single out the spectral reported by Lindgren et &f.using the double-difference method,
contributions originating from the ion-bound molecules from  resulted in an uncoupled-€D stretching vibrational band with
those originating from the bulk molecules. The “double- 3 peak maximum at 253G:(14) cnt?, i.e., slightly above the
difference method” developed by Lindgren efal? describes  pulk water value at 2505 cm# Lindgren et al. interpreted this
one way to circumvent this problem. Another experimental hand maximum as coming from all water molecules perturbed
obstacle is the.aSS|gnment of the correct vibrational m.ode t0 by the Li* ion, and proposed two dominating contributions to
each of the various spectral peaks observed. Here the isotopetne pand: one more low-lying contribution originating from the
isolation technique~*3 has been much used in the case of firs.shell water molecules, and one contribution, slightly higher
« Corresponding author. E-mail: kersti@mkem uu.se. in frequency, originating from those second-sheII.OH ponds
t4Sts. Cyril and Methodius University”. which form hydrogen bonds to the oxygen lone-pair region of
* Uppsala University. a first-shell water and which are thus oriented in an energetically
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unfavorable way with respect to the cation. To make a very considering different simulation snapshots at 300 K and
rough estimate, let us assume a difference of some 60 cm computing many different OH potential energy curves in a
between the maxima of these two (unresolved) peak contribu- “frozen-field” approach; (iii) the potential energy curves are
tions; this would yield an ©D peak value at ca. 2500 crh derived from quantum-mechanical calculations of charge-
for the first-shell water molecules. An additional band, a embedded supermolecules where the probed intramolecular bond
shoulder band observed at approximately 2440 %mwas not and all the most relevant intermolecular interactions are treated
interpreted as a first-shell contribution in the study by Lindgren at the same level of accuracy; and (iv and v) the multidimen-
et al., in contrast to the isotope-isolated double-difference studysional anharmonic vibrational problem is reduced to a simple-
of LICF3COO(aq) by Stangret and Gampewhere careful to-solve one-dimensional anharmonic oscillator problem by
variable-concentration studies made the authors conclude thaiconsidering uncoupled HDO molecules, just as was done in the
it is this band, and not the higher-frequency band discussed byavailable experiments.
Lindgren et al., which contains the first-shelFD stretching In the present paper we report theoretaagolute frequencies
contributions. as well asfrequency shiftsaand no scaling factors have been
For consistency, and without any loss of generality, we will used. Itis not uncommon in the literature to multiply calculated
in the following always discuss OH (and not OD) frequencies. vibrational frequencies with a “magic” scaling factor to improve
Thus, the corresponding uncoupled experimen{@H) value the agreement between experiment and theory, for example
of Stangret and Gampe is 3290 thusing a conversion factor ~ when anharmonicity and electron correlation effects cannot be
of 1.347 from the experimental correlation curve presented by properly taken into account in the calculations. This can be a
Berglund et al. (Figure 2 in ref 16), based on IR data for 25 practical routine when the calculated frequencies are used as a
crystalline hydrates. Using the same correlation curve gives atool in the assignment of experimentally observed peaks to the
conversion factor of 1.353 to convert the first-shell OD proper vibrational modes, for example. For our objectives in
frequency reported by Lindgren et al.; this yields an OH the present paper, however, this is an undesirable strategy since

frequency of 3420 cmi. On the basis of the spread of the

the whole purpose of this study is to explore how well our

experimental points around the fitted conversion curve in ref theoretical calculations perform in reproducitig experimen-
16, we judge the uncertainty in the conversion procedure to tally obseved OH vibrational frequency at around 3400 tin

give rise to uncertainties of10 cnt?! in the converted OH

in Lit(ag), where anharmonicity, electron correlation and

frequencies. We conclude that the peak maximum of the solvation-induced effects participate in an intricate interplay,

experimental OH stretching band for the uncoupid®H)
frequency for first-shell waters in dilute taq) solutions lies
somewhere in the range 3298420 cntl, where we are
inclined to rely slightly more on the lower-lying valdé.
Whichever experimental t£{aq) value is chosen for reference,
we can conclude that the OH oscillator of a first-shell water
molecule around Li is about equally much affected by its

each making a contribution on the order of several hundred
reciprocal centimeters.

Our approach of using snapshots from a statistical-mechanical
simulation in subsequent ab initio calculations was first
presented in the literature over 10 years ago, in a combined
“Monte Carlo simulationt+ supermolecular QM calculations”
study of OH vibrational frequencies in liquid waf8rThose

environment as an average water molecule in pure liquid water; bulk water calculations, performed at the Hartré®ck and

the »(OH) band in liquid water peaks at approximately 3400
cm14 and is thus downshifted by approximateh810 cnt?!
with respect to the free HDO(g) value at 3707 ¢ This is

MP2 levels of theory for small charge-embedded supermol-
ecules, gave quite promising results. We recently used the
method again, this time to study water in a dilute*%hq)

interesting, since the environments are very different. A water solution?! The AP*(aq) results were not impressive, yielding

molecule in the first hydration shell aroundtLparticipates in

a B3LYP/6-31G(d,p) gas-to-solution downshift of only 60% of

cation-water interactions not present in the pure liquid, but also the experimental value. We now believe that the main flaw of
the other intermolecular interactions, such as the unfavorablethe latter study was the quality of the molecular dynamics-

dipolar interactions between water molecules within the first
hydration shell (around an ion or around “a central” water

generated geometry snapsh&t$n the present Li(aq) study,
the two most important differences to the3Alaq) study are

molecule), the H-bonded interactions between the first and that (i) the MD simulations have been performed with a newly
second hydration shells, and the long-range electrostatic interac-generated and carefully assessed effective three-boeyater

tions, would be different in liquid water and t(aq). For some

force field and (ii) the solvent interactions with the monovalent

of the trivalent cations, the experimental OH frequency down- lithium ion are “less demanding” to model than with the trivalent
shifts (with respect to the gas-phase value) observed for first- aluminum ion. Future papers will also report the results for
shell water molecules are about three times as large as forAl**(ag) and other multivalent ions, using our new family of

Ljt.15.19

Also theoreticalvibrational studies of solvated cations are

force fields.
In the past decade, there have appeared in the literature a

accompanied by many complications, the most important being (modest) number of other studies using a similar approach,

(i) how to arrive at a correct structural model for the solution,
(i) how to take temperature effects into account, (iii) how to
simultaneously treahtramolecular as well as short- and long-

rangeintermolecular interactions accurately in the description
of the potential energy surface, (iv) how to solve the many-
body vibrational problem, and (v) how to take anharmonicity
into account. In the present study of{aq), we have used the

where bulk solvent or ionic solution properties have been
modeled by electronic structure calculations based on statistical-
mechanical simulation-derived geometries. A few such examples
are the study of the quadrupole coupling constant in liquid
water?® NMR chemical shifts in isolated water molecules and
various supermolecules based on MD-generated water posi-
tions24-26 and the UV-vis and other spectroscopic calculations

following strategies to address these difficulties: (i) we use the for organic molecules in solution by Canuto et al. (see, for
molecular geometries generated from a statistical-mechanical€xample, refs 27 and 28).

computer simulation based on a reasonably good force-field;

(ii) the configurational broadening is taken into account by

Moreover, the Li(aq) system has previously been studied
by other hybrid approaches in the literature.-€Rarrinello MD



5146 J. Phys. Chem. A, Vol. 109, No. 23, 2005 Pejov et al.

simulations were performed by Lyubartsev et%for one Li" 14 |
ion and 32 water molecules covering 20 ps at room temperature. 12 -
From the Fourier transform of the velocity autocorrelation <10 -
function taken over different types of water molecules, the = 8
authors concluded that they could not observe any noticeable X 6-
differences in the OH stretching bands between hydrated water %0 4 -
and bulk water, a conclusion which is in general agreement with 2 1
experiment. As far as the absolute frequencies are concerned, 0

(=]

however, the agreement with experiment was less good, since 10

5
the Fourier transform of the velocity autocorrelation function riio (A)
taken over all atoms (Figure 6 in ref 29) showed an OH Figure 1. Li—O radial distribution function and the running coordina-
stretching band with a maximum at 3368400 cnt?). Con- tion number calculated from the MD simulation.

sidering that the CPMD method gives essentially harmonic i .

frequencies, and that anharmonicity causes a downshift of Of the cosine of the oxygen-ieroxygen angle as well as of
approximately 200 crr in this frequency region, the absolute 1€ o ion-oxygen distances involved. The coefficients in
position of the OH band from these CPMD simulations is thus these analytical expressions were derived by least-squares fitting

positioned many hundreds of wavenumbers lower than the to the ab initio calculated interaction energies for the many
experimental values around 3368400 cnr. hundreds of distorted clusters (see above) at the counterpoise-

Loeffler and Rod# and Loeffler et af! recently investigated corrected I\_/I_P2/'I'_ZV—+(d,p) level (see ref 41 for details).
the hydration structure around the'Lion using the QM/MM- The equilibration procedure was rather elaborate and was

MD method, where the total system is partitioned into a described in detail in ref 41; it was carefully checked that

quantum-mechanical region and a region treated by molecular€duilibrium had been reached. The equilibration run was
mechanics and both regions are included in the classical MD @PProximately 30 ps long. The simulation run was 900 ps long

simulations. The OH stretching vibrations were not discussed with gtime stepof 1.5 fs. The res_ultir.lg—l-_D radial distribution .
in these papers. function and the running coordination number are shown in

The layout of the paper is the following. First we describe Figure 1. The number of water molecules in the first hydration

the methodological aspects in more detail. In the Results section,Shell is 4.0.

the calculated IR shifts will be compared with experiment, and 2.2. Eleocl;tronic Str_ucture Calculations Applied to th_e MD-
the capabilities of our MB-QM method will be scrutinized. Generated GeometriesQuantum-mechanical calculations were

The possible influence of third-shell water molecules on the sub:sequently carrieq out for 50 water moleculgg (106HO
frequency downshift will be commented on. Moreover, the oscillators) from thefirst hydration shellaround Li" in order

existence of H-bond correlations in liquids will be discussed. to obtain the uncoupled anharmonie-€ stretching frequgncies.
These water molecules were selected from a series of 12

snapshots from the MD simulations, chosen 0.9 ps apart in time,
providing a sufficiently large time interval between the selected
2.1. MD Simulation. A molecular dynamics simulation  configurations, so that they could be considered mutually
production run was performed within the NPT (isothermal and uncorrelated. For each first-shell-® oscillator, a series of
isobaric, with a fixed number of particles) ensemble for a point-charge-embeddedupermolecularcluster single-point
LiT(aqg) solution. The temperature was kept at an average ofenergy calculations were carried out to obtain diméarmonic
298K using the extended system method of Narse: Hoovet33 O—H stretching potential. These clusters consisted of the central
and the pressure was kept at an average of 0 Pa with the methodLi ™ cation, all four first-shell water molecules (five in very few
of Hoover33 The MD box contained 512 water molecules and cases), plus “the relevant” second hydration-shell water mol-
one cation, and the counterion charge was implicitly included ecules; the remaining part of the ionic solution, namely the
by the charged-system tedhCubic periodic boundary condi-  “bath” of bulk water molecules, was treated as point-charge
tions were used for all two-body interactions and Ewald lattice molecules. A second-shell neighbor of the vibrating first-shell
sums® were used for the Coulomb interactions. The average O—H oscillator was included in the supermolecular cluster if
box length during the simulation was approximately 25 A. The the MD-generated H-O distance between the vibrating H and
water molecules were kept rigid in the simulation using the the neighboring water molecule was smaller that 2.5 A. Thus,
RATTLE versior$® of the SHAKE method of constraint the supermolecules explicitly described by ab initio or DFT

2. Computational Details

dynamics?¥” The velocity versioff of the Verlet integratdf was single-determinant wave functions were of the form LiChi-
used. (H20)y*, wherex = 4 (or 5 for a few cases) and= 2 (or 3 for

The force fields used were Berendsen’'s SPEf&odel for a few cases).
the water-water interactions and for the ienwater interactions Two sets of 10 oscillators (out of the 100) were selected as

a newly constructed effective two-body plus three-body potential test setsfor which different methodological aspects were tested.
was used! This ion—water potential is based on ab initio  So, for example, it was confirmed by a series of calculations
calculations for many hundreds of distorted(t,0), water for one of these test sets that explicit inclusion aif the
clusters witn = 1, 4, and 6, and thus includes high-orderdon  (approximately 15) second hydration-shell water molecules in
water many-body effects, but in “an effective way”, since the the supermolecular calculations has an essentially negligible
potential expression contains only two-body and three-body effect on the O-H frequencies in the first hydration shell (while
terms. The two-body ionwater short-range terms are expressed increasing the computational cost significantly). Test calculations
as sums over ion-O and ion-H pair interactions of the Buck- were also performed where a part of the third shell was included
ingham type (exponentialt inverse 4 and 6 polynomial terms)  in the supermolecular cluster instead of as point-charge mol-
for all pairs, here taken out to 14.0 A from the ion. Three-body ecules; more details are given in section 2.3.

terms are calculated as sums over waten—water triplets To generate the ©H stretching potentials for the point-
(here out to 6.0 A from the ion) and are expressed as functionscharge embedded supermolecular systems, Harfeek (HF)
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and density functional theory (DFT) calculations were employed polynomial inArop (Ar =1 — 1) V = Vg + koAr2 + ksAr3

for all selected 100 oscillators. The standard Pople-type 6-31G-+ ksAr4 + ksAr®. The resulting potential energy functions were
(d,p) basis set was employed for the orbital expansion, solving subsequently cut after fourth order and transformed into
the HF or the Kohar-Sham (KS) SCF equations iteratively. Al Simons-ParrFinlan (SPF) type coordinategs= 1 — rond
guantum-chemical calculations were performed with the Gauss-ror*®*! (rone being the equilibrium, i.e., the lowest-energy,

ian98 progrant? value). The one-dimensional vibrational Satirger equation
Within the DFT approach, the combination of Becke's three- Was solved variationally using 15 harmonic oscillator eigen-

parameter adiabatic connection exchange functionaf{B8ith functions as a basis. Superiority of the SPF-type coordinates

the Lee-Yang—Parr correlation functional (LY#) was em- over the “ordinary” bond stretch ones when a variational solution

ployed. Test calculations were performed for one of the test Of the vibrational Schidinger equation is sought has been well
sets of 10 oscillators also employing the combination of the established, as they allow for a faster convergence (for the
Perdew-Wang 1991 exchange functional as modified by number of basis functions used) and a greatly extended region
Adamo and Barone (mPW3 with the Perdew and Wang's ~ Of convergencé?*°The fundamentanharmonicO—H stretch-

1991 gradient-corrected correlation functional (PWe1  ing frequency was computed from the energy difference between
mPW1PW91), since these functionals were constructed with thethe ground and first excited vibrational states.
main aim of improving the well-known deficiency in the long- ~ When this method was applied to the gas-phase water

range behavior of DFT functionals, which is of particular Molecule (i.e., with the angle and the distance of the nonvi-
importance when studying intermolecular interactions. The effect Prating OH bond fixed at their experimental equilibrium values),
of this change of functionals will be commented on in the the fundamental uncoupled anharmonie-i stretching fre-
Discussion part. The “fine” (75, 302) grid was used for duencies obtained using the 6-31G(d,p) basis set were 4017
numerical integration in all DFT calculations (75 radial and 302 ¢~ ' at the HF level of theory, 3684 cthat the B3LYP level,
angular integration points). To test the reliability of the 3771cnT!atthe mPW1PW91 level and 3786 chat the MP2
previously mentioned theoretical levels, MP2 calculations were /€vel. The experimental value is 3707 chi® Thus, at the
also carried out for the same test set, with the same basis setB3LYP/6-31G(d,p) level, which is the method used for the

2.3. The Long-Range EffectsAs already mentioned, the majority of the results given in the present paper, the absolute
long-range electrostatic influence from all the water molecules OH fre(iuency for the frge water molecule differs by less than
not explicitly included in the quantum-mechanical cluster was 25 cn” from the experimental value.

accounted for by immersing the supermolecule in a “bath” of The calculated uncoupleashharmonicO—H stretching fre-

point-charges, placed at the MD-generated oxygen and hydrogenquenCieS for the MD-generated'i(aq) solution configurations

atomic positions. The bulk solvent water molecules contained were used to gengraﬂensny-qf-states hlstograr,rwhlch are
within spheres of successively larger radii surrounding the a good approximation to experimentally obtained Raman bands.

central Lit ion were included as point-charges until a sufficient However, fora comparison with the IR ba“‘?'.s to b.e possible, it
convergence of the uncoupled-®l stretching frequencies of is necessary to take into account the transition dipole moment
the 10 test oscillators was achieved (within3tcn?). This variation with theV(Q_H) frequency. In the present stu_dy, th_e
convergence was achieved for a cutoff radius of 11 A, which densny-of-;tates histograms were convert_e_d to IR intensity-
was the final cutoff applied in all the subsequent calculations. weighted hlstog][_)%\ms by means of the transition dipole moment
In this way, about 100 bulk water molecules were included as function|dg/dr|*>® The transition dipole moment function was

“point-charge water molecules” in the quantum-mechanical calculated for each oscillator & from the expression:
energy calculations. The values of the point charges chosento ; 2 du 2 du 2 d 2

model the “permanent average induced” dipole moment of (d_ﬂ) = ( X) + (_y) 4 ( #Z) (1)

the bulk water molecules were0.80e for O and+0.40e for drop drop

H. These charges yield a water dipole moment of 2.22 D, which

is in a good agreement with (although on the low side of) the Each of the derivatives on the right-hand side of eq 1 was
literature estimates of the water dipole moment in liquid water computed by a fourth-order polynomial interpolation of the
and ice” Test calculations with the point-charge values correspondingi(ron) function and subsequent differentiation
enhanced by 10% were carried out for several oscillators asatroye Newton's first interpolation formulas were used for both
well, and the effect on the calculated stretching frequencies wasthe fourth-order polynomial interpolation and the numerical

drop

dr
OH/ o e ToH,e ToHe ToHe

found to be 10 cm! or smaller. differentiation®*

2.4. Calculation of Anharmonic Uncoupled O-H Vibra- ) )
tional Frequencies and the Dipole Moment DerivativesThe 3. Results and Discussion
experimentally reported frequencié$® contain significant 3.1. Absolute OH Frequencies and Frequency ShiftsAs
anharmonic contributions. The calculation of the uncoupled mentioned in the Introduction, the experimentally measured
anharmonic GH stretching frequencies for the 100-® downshift of the uncoupled ©H stretching vibrational fre-

oscillators considered proceeded in the fO”OWing manner. To quency of water molecules in the first hydration shell around
obtain the vibrational potential for a particular OH oscillator | j+ Jies in the approximate range from290 to —420 cnr
(theV = f (ron) function), a series of 20 pointwise HF, DFT or  with respect to the gas-phase value. The theoretical density-of-
MP2 energy calculations were performed for eachHD  states (DOS) histograms for the OH stretching frequency
oscillator, varying the ©H distances from 0.90 to 1.20 A. distributions computed at the HF and B3LYP levels of theory
The nuclear displacements corresponding to the uncoupledfor the charge-embedded Li§B)(H-O)," clusters are presented

O—H stretching vibration were generated so as to keep the in Figures 2a and 3a. In Table 1, the averageHDstretching
center-of-mass of the vibrating molecule, as well as the water frequencies as well as the frequency shifts with respect to the
angle, fixed, thereby mimicking as closely as possible the free water molecule are given. Note that most of the absolute
uncoupled OH normal stretching mode of a HDO molecule. frequencies and frequency shifts discussed for thg(dg)

The obtained energies were least-squares fitted to a fifth-ordersolution in the following have been rounded off to the nearest
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Figure 2. (a) Density-of-states diagram for the HF frequencies for Figure 3. (a) Density-of-states diagram for the B3LYP frequencies

the 100 selected anharmonic OH oscillators belonging to water for the 100 selected anharmonic OH oscillators belonging to water

molecules in the first hydration shell of the'Lion. Here and in the . : - . b :
following figures, the frequency shift will always refer to the anhar- mo_leﬁzjlgshl_ntthe first hydration shell of the'Lion. (b) IR intensity-
monic frequency of the uncoupled OH vibration of the optimized gas- weighted histogram.

hase HDO molecule at the computational level discussed. (b) IR . .
ﬁ]tensity-weighted histogram. P (®) in the frequency range considered h&€alculated|dz/dr|?

values at the B3LYP level are plotted againsttf®H) values

5 cnT ! for visibility; differences as small as a few wavenumbers in Figure 4. . .
' Upon transformation of the DOS histograms to the IR

are insignificant in the present context. The average frequencyimensity histograms by means of the transition dipole moment
downshifts calculated directly from the DOS distributions are function |dz/dr|?, the average frequency downshifts become
—115 and—205 cn1! at the HF and B3LYP levels, respectively. —~155 and _275' cn? at the HF and B3LYP levels, i.e.
The spread in the calculated OH stretching frequencies is considerably larger in magnitude than the DOS values. We
substantial and arises from the variety of geometrical configura- concjude so far that the IR intensity-weighted band for the
tions present. The full widths at half-maximum intensity (the charge-embedded Lig)(H,0),* clusters gives a peak maxi-
fwhh values), calculated from a Gaussian function fit to the mum at 3410 cmt at the B3LYP level, and a frequency shift
DOS histograms are approximately 250 and 315 ‘at the of —275 cn%; both are in reasonable agreement with experi-
HF and B3LYP levels, respectively. ment. The fwhh values calculated from a Gaussian function fit
Figures 2b and 3b present the IR intensity histograms at the to the IR intensity histograms are approximately 220 and 280
HF and B3LYP levels. cm(‘l ?t tr}erl]—|IF and Il?SL\r:P I)evr(]als, rsshpec;lvr:alyb%nsdrt]hus similar
. . . to (only slightly smaller than) the widths of the istograms;
At the HF level, th? transition dlpolg moment functpn valggs all are broader than the experimental bandwidth, however.
used in the conversion from DOS histograms to IR intensities In hydrogen-bonded media, long-range cooperative effects
lie in the range from 1.8 BA2 for the most loosely bound first- important and when such condensed phases are modeled
shell water molecules to 24.54 for the most strongly bound y finte_cluster ab initio quantum-chemical methods, the effects
ones investigated in this study (the value for the free water at of the medium surrounding the QM cluster can at least partially
this level of theory is 0.81 BA?). At the B3LYP level, the  pe taken into account by using some less sophisticated treatment
100 oscillators lie in the range 1.2 < |du/dr|?< 28.6 ¥/ such as a set of point charges (as in our case), or by a lower-
A2 (free water value: 0.89 1A2). These results are consistent |evel wave function (e.g., as in the case of the ONIOM-type
with the experimental data, both qualitatively and quantitatively, approacP?54. Regardless of approach, at the border of the wave
as it is well-known that the IR intensity of the stretching function region, the consistent description of the long-range
vibration of an O-H hydrogen-bond donor increases by a factor cooperative effects is truncated and potential problems arise.
of more than 10 upon increase of the hydrogen-bond strengthMoreover, any unshielded point charges too close to the wave
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TABLE 1: Calculated Average OH Frequencies and Frequency Shifts (in cmt) for Water Molecules in the First Hydration
Shell of a Solvated Li" lond

Hartree-Fock B3LYP experimefit
type of frequency @0 [AvO @0 [AvO oo AvO
HDO(gy 4015 3685 3707
first shell around LT
DOS band (1st- 2nd shells) 3900 —115 3480 —205
IR band (1st+ 2nd shells) 3860 —155 3410 —275
IR band (1st+ 2nd+ 3rd shells) 3845 —170 3380 —305 3420, 3290 —290,—420

2 One frequency value, i.e. no averag&stimated downshift based on calculations for the test set described in theThgtgas-phase value
is taken from ref 18 and the aqueous solution values are from ref 14 (342%) and ref 15 (3290 cnt), after conversion using the empirical
v(OH)/(OD) curve from ref 16 (see text). All frequencies are anharmonic and the calculations used the 6d3) ®ésis set. Note that all frequency
values have been rounded off to the closest 5'for increased visibility.

30 buildup of charges at the border, but these effects are signifi-
. B3LYP cantly smaller than in the case of the smaller clusters.
. . To summarize: after inclusion of the third-shell correction,
~<ﬁ . the average calculated IR frequency downshift for the uncoupled,
X anharmonic OH stretching vibration in the first hydration shell
= s e e around Li* is approximately—305 cnt! at the B3LYP level
N . and thus falls within the interval of the two available experi-
:3 . ments, and close to the value given by Lindgren et gtf.
- e T Table 1).
. 3.2. Discussion of Errors.Our calculated first hydration-
-t shell Av(OH) value is—305 cnt?, and, as mentioned in the
Introduction, the very careful experimental procedure described
in ref 15 may suggest their valuA¢(OH) ~ —420 cnt?) to
] N ) ) ) be slightly more reliable than the value given by Lindgren et
Figure 4. Instantaneous transition dipole moment function vs instan-

. ; |14 (Av(OH) ~ —2 nTh). In thi tion, we therefore mak
taneous OH stretching frequency for the 100 OH oscillators at the a b .( fV(Ol) . f90 c 'bl) t S.Sec on, | elt edefo ema .e
B3LYP level. a brief analysis of possible errors in our calculated frequencies.

First of all, there is an inherent inaccuracy in aWMD-
function region are likely to corrupt the electron density 9enerated geometriedue to the inexactness of the interaction
distribution at the border. Last, but not least important: an potentials. The geometries used in this paper are obtained from

artificial buildup of charges takes place at the “edges” of the an effe<_:t|ve_ pair+ _thr(_ee-bO(_jy potentlal_ for the lonwater
guantum-mechanical cluster, leading to the generation of an'nteraction in combination W.'th an effective pair pot_entlgl for
artificial electrostatic field over the supermolecé&?€>and an water. Details of the potential will affect the resulting on

upshift of the calculated OH stretching potential. This phenom- Wate'f coordination geome_tnes. Thus,_ for e_xample, using a
enon was observed already in the ME QM liquid water polarizable water model in combination with an effective

paperr® where pentamer clusters yielded an infrared OH ‘polarizable ion-water” model was found to change the fon
stretcr,ﬂng band which was approximately 50 éntoo little --first-shelt--second-shell structure, for instance by a straighten-

. . ing of the ion--oxygen--oxygen anglé® This effect may have
downshifted from the gas-phase value compared to experiment. i R -
This effect could be remedied in two different ways, either by a non-negligible impact on the calculated frequencies.

) . Second, we will address the questionhaiw representatie
expanding the supermolecular cluster to include some outer- . . .

. . . - the selected oscillators ar€or the full analysis, 100 oscillators
shell neighbors of the OH oscillators, or by applying a “field-

2 . . . . were selected from different MD dumps chosen distant enough
correction” procedure, which basically consisted of applying a

. . . o in tim r void an rrelation ween them. As for
field of the same magnitude but opposite direction as the time to try to avoid any correlation between the s 1o

ificiall ted field. In th ' ft £t the 10 “test oscillators” they were selected in two different
artincially generated field. n the present paper we atiempt to ways: (i) 10 first-shell oscillators from one particular dump;
expand the cluster.

(i) 10 randomly chosen first-shell oscillators spanning the whole
Thus, calculations for one of the sets of 10 test oscillators range of the 12 MD dumps. When the test oscillators were used
were carried out using (charge-embeddexendedsupermo-  for estimating the additional frequency shift induced by explicit
lecular clusters which explicitly included also part of the third inclusion of the third hydration shell into the supermolecular
hydration shell in the wave function description. In these cases, calculations, the first sampling scheme led to an additional
a third-shell water molecule was included explicitly in the wave average downshift of about 30 cfat the B3LYP level, the
function description if any of the H(second shelD(third shell) second set to 40 cm. This (modest) discrepancy demonstrates
distances involving the already selected explicit second-shell that some bias may exist in our selection of the 100 oscillators,
water molecules was smaller than 2.5 A. The supermoleculesbut the bias appears to be small.
were of the form Li(HO)x(H20),(H20),", wherex = 4 or 5,y A third possible source of error is tlguantum-mechanical
=2or 3, antz= 4 or 5, for most cases. An additional downshift (QM) methodology chosefor the supermolecule description.
of approximately—20 cnt* at the HF level and approximately  An appropriate QM methodology should here be able to describe
—30 cmt at the B3LYP level was obtained, averaged over the properly both the intra- and the intermolecular bonding situa-
10 oscillators. The variation of this additional downshift was tions. It so happens that the B3LYP/6-31G(d,p) level excellently
rather large between the different oscillators, but the value was describes the ©H stretching potential for the free water
always negative or very close to zero. Even in the case of thesemolecule. However, the intermolecular interaction is not equally
larger clusters, artificial fringe effects still remain, such as the well described. For instance, DFT studies at various levels have

0 -
3000 3100 3200 3300 3400 3500 3600 3700 3800
V(OH) (em™)
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been found to overestimate the anharmonic vibrationaHX 3800
frequency shift for some small optimized hydrogen-bonded 3700 ' o e
dimers®” The standard explanation for this finding is the . . ¢
inadequacy of the currently available exchange-correlation — _ 3600 e :' .:.. *
functionals to describe weak intermolecular interactions, i.e., "z 3500 o ,‘.,:{’g *
their inappropriate description of the intermolecular region, ﬁ 3400 A B PR
leading to an overestimation of the hydrogen-bond strength and CID ¢ :3‘0'
a too short intermolecular hydrogen-bond distance. Thus, the T 3300 ARTH
DFT functionals in current use generally vanish too quickly to 3200 ¢ (a)
zero as the intermolecular distance increases and this leads to 3100 .,
wrong Kohn-Sham solutions for the virtual states, the exchange-
correlation functionals being severely too shallow. 3000

In the present study we have used MD-generated cluster 19 24 29 34
geometries, not the DFT-generated ones (i.e., not the minima R(0..0)(A)
located on the DFT PESSs). Thus, the previously mentioned
argument against the DFT-derived intermolecular potential 3800 R
energy curve giving too large downshifts should not necessarily 3700 e . .
be expected to cause a problem in the present case. And indeed, 3600 : * -,
our first hydration-shell in LF(aq) does not display a too large Ea S LT Dee et '
gas-to-liquid OH frequency shift compared to experiment, but ~ § 3% C el
rather too small a shift, at least compared to ref 15. The § 3400 ::".g\,.. o
discrepancy between experiment and calculation that we observe S 3300 | o :o‘.m’
could still possibly be attributed to the inadequacy of the B3- S SR
LYP combination of functionals in describing the intermolecular 3200 1
region. However, we also performed MP2 calculations for one 3100 | e (b)
of the 10-oscillator test-set, and the result was not very different 3000
from the B3LYP result; the average gas-to-liquid downshift at s 17 19 )1 23 )5

the MP2 level was-15 cntt smaller than at the B3LYP level.
Results using the mPW1PW91 combination of functionals R(H...0) (A)
(which was constructed with the main aim of improving the

) i - 3800

previously mentioned deficiency of the DFT exchange and
correlations functionaf$38 in the low-density high-gradient 3700
regions, i.e., in the region ahtermolecular bondiny were -~ 3600
insignificantly different from the B3LYP ones. § 3500 1

Yet another potential source of errethe exact choice of the § 3400
point-chargevalues used in describing the “bath” of bulk water < 3300
molggules—may almost certainly be ruled out as a source of > 3200 - J =-23602x +26448
significant error, as we have found that the anharmonic OH 3100 R2=0.9686
stretching frequencies of the first-shell water molecules are not 3000

5|gn!f|cantly sensitive to variations of these parameters (see 0960 0965 0970 0975 0980 0985  0.990
section 2.3). - BILYP A)
€

All in all, we find no obvious sources of eror in our Figure 5. Correlation curves betweeimstantaneous'in-solution”
computational strategy, and we conclude that our CompUtatlonalvalues of various quantities often discussed in hydrogen-bond contexts.

result lies closest to the experimental result of ref 14. All graphs refer to the “MB-B3LYP’-generated quantities. (a)
3.3. “In-Liquid” Correlations for v(OH) vs R(O---O) or Instantaneous OH stretching frequency vs instantaneew® @istance.
R(H---0). For many hydrogen-bonded systems, studied both (b) Instantaneous OH stretching frequency vs instantaneou©H
theoretically and experimentally, the intramolecular OH stretch- distance. (c) Instantaneous OH stretching frequency vs instantaneous
ing frequencies have been found to correlate with various €Auilibrium OH distance.
intermolecular geometrical parameters that are often used as Figures 5a and b present our calculated plots/(@H) vs
measures of the intermolecular interaction strength. Two such R(O-:-0) and R(H::+O) at the B3LYP level in the Li(aq)
geometrical parameters are the @ and H--O hydrogen-bond  solution. The existence of a correlation is evident in both cases,
distances. For crystalline hydrates, experimental correlation ajthough the spread around the perfect-correlation line is about
curves® constructed between IR- or Raman-measured vibra- 5094 larger in the liquid than for the crystalline structures
tional frequencies and neutron-diffraction-determined¢@and mentioned above, because many much more distorted geom-
H---O hydrogen-bond distances display robust correlations. etries are sampled in the liquid (see also the work 6fl&tcet
The modest scatter in those plots is caused by the differenta|5° for a discussion of the correlation between calculated
crystalline geometries and neighbor-types for the structures jnstantaneous(OH) vs R(O-+-O) values in liquid water). The
contributing to the plot. spread is smaller in the(OH) vs R(H---O) plot than in the
Even though the correlation thus appears to be very good»(OH) vsR(O---O) plot, which is somewhat expected since the
for the crystalline hydrates, it is not immediately obvious that H---O distance is a better measure of the H-bond strength than
it will be equally good for the Li(aq) liquid. The crystalline the O--O distance (again, due to the variety of possible H-bond
correlation curves refer to different compounds at their equi- geometries which are represented by a givenr@distance).
librium structures and it is not obvious that the same correlations  3.4. “In-Liquid” Correlation between v(OH) and rg(OH).
should be validat each instant in time (snapshot) in a liquid  The OH stretching vibrational frequency and thigamolecular
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TABLE 2: Calculated Average rg(OH) Values and Arg(OH) solution. The average frequency at the B3LYP level of theory,
Gas-to-solution Elongations (in A) for Water Molecules in including second- and third-shell effects as well as anharmo-
]ngt';gﬁg;é?ég“ﬁgghﬁglgz& eS?Slvzi[gg é'ive'g”' The Value nicity, falls at approximately 3380 cm (experimental values

in the range 329% to 3420 cm! 14, and the calculated

Hartree-Fock B3LYP downshift is approximately-305 cnt! (experimental values
[Me(OH)L) [Arg(OH)] Mg(OH)] [Arg(OH)L] in the range—290 to—420 cnt?). Thus, both the absolute OH
system A A A A frequency value and the frequency shift agree very well with
free HDO 0.944 0.965 ref 15 and reasonably well with ref 16.
first shell around LT~ 0.948 +0.004 0.973  +0.008 The transition dipole moment function varies by a factor of

20 over the frequency region at the B3LYP level.
equilibrium OH bond distance are both indicators of the overall ~ Various “instantaneous, in-liquid” correlation curves were
strength of thentermolecular interactions in which the water calculated between traditional H-bond-characterizing quantities
molecule participates. In the case of crystalline hydrates studiedsuch as the intermoleculd&(O---O) and R(H---O) distances,
by neutron diffraction, it has been found that &(©---O) length the intramolecular OH bond, the OH vibrational frequency and
of the hydrogen bonds donated by the water molecules usuallythe IR intensity. Some of these correlations are strong and persist
lie in the range 2.63.0 A and that the water ©H bond is also for the rather distorted instantaneous geometries in the
elongated by up to 0.02% compared to the gas-phase value. liquid; others are less so.
In our present computational investigation, the elongation of
re(OH) is 0.004 A at the HF level of theory (cf. Table 2) and _ Acknowledgment. The authors acknowledge the support of
0.008 A at the B3LYP level, and is caused by thé+tivater The Swedish Research Council (VR) and Ang.panrmfmgens
interactions, by the hydrogen bonds donated to the Second_she|Fprsknlngsstlftelse. Valuable discussions with Professor Jan
water molecules and also by occasional H-bonds donated fromLindgren are also gratefully acknowledged.

the second to the first shell water O atotfs.
Experimental correlation curves of the formy(OH) vs

- o - ! (1) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 1157.
re{(OH)" are difficult to construct directly from the experimental (2) Richens, D. TThe Chemistry of Aqua londViley: Chichester,
data because the systematic error inherent in intramolecular OHengland, 1997.
or OD distances determined by neutron diffraction is on the £ (%)I Luck, V'L/ A.YF’. anl\/g;%r, \f\ ICgmprehemé Treatise Franks, F.,

. P H H . enum: ew YOork, ; VOl. 2.
order of 0.02 _A, tr_ns is mainly a consequence of a m|§match (4) Verrall, R. E. InWater, A Comprehens TreatiseFranks, F., Ed.:
between the vibrational model used in the crystallographic least- pienum: New York, 1973: Vol. 3.
squares refinement, and reality. Nevertheless, La Placa®t al. (5) Lilley, T. H. In Water, A Comprehensé Treatise Franks, F., Ed.;
ublished such aexperimentatorrelation curve, making use ~ Plenum: New York, 1973; Vol. 3.~ . . .

pf f | P hich d | 9 . (6) Conway, B. E.lonic Hydration in Chemistry and Biophysics
or a tew CrySta Strucwres WRhich spanned a large range In giseyier: Amsterdam, 1981; Chapters 7 and 8.
intermolecular interactions, from weak to strong hydrogen (7) Zundel, G.; Fritsch, J. InThe Chemical Physics of Salion;
bonds. Their ¢(OD), r(OD)) data points were found to lie on Dlogona(.:ize, R. '3-, Hman, E., Komyzhevx A. A.,dUIstrup, J., Eds;
an approximately straight line. feoreticalcorrelation curve ~ E'Sevier: Amsterdam, 1986; Part B, Chapters 2 and 3.

o . . (8) Eriksson, A.; Kristiansson, Q.. Mol. Struct.1984 114, 455.
constructed from ab initio calculations for several crystalline (9) Kristiansson, O.; Eriksson, A.; LindgrenAtta Chem. Scand984
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