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Compton profiles for water and mixed water-neon clusters: A measure of coordination
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Isotropic Compton profiles for a set of model structures comprising water molecules and isoelectronic neon
atoms have been calculated using density-functional theory. We consider dimers at different intermolecular
separations and clusters with a central water molecule surrounded by a coordination shell of 1-4 water mol-
ecules or neon atoms. For intermolecular distances typical of ice, the model structures lead to oscillations in the
profile as compared with the profile of the corresponding free molecules/atoms. The isotropic Compton profile
is shown to contain fundamental information on the local coordination in terms of the coordination number and
distance of the molecules in the first coordination shell. In addition, we show that changes in the intramolecular
O-H bond length of a free water molecule have an effect on the shape of the profile.
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[. INTRODUCTION tions can most straightforwardly be interpreted as reflecting
the antisymmetrization of the products of the monomer wave
Electron momentum densities in different materials can bdunctions®~8 Most interestingly, these studies have shown
measured by inelastic x-ray scattering at high energy anéhat nonhydrogen bonded systems, such as an argon crystal
momentum transfers2 From the scattering cross section one and “anti-ice” as well as a water-neon systérgjve rise to

pulse approximatiof,is a two-dimensional integral of the the orientation of the water molecules was changed so that

momentum densit}(p) in a plane perpendicular to the scat- WO hydrogen atoms as well as the lone pairs of two oxygen
. . S _ atoms face each othéhese findings are in harmony with
tering vectorK. The scattering vector is given big =k,

. . the principle of “bond oscillation”, suggested by Epstein and
ka, wherek, andk, are the wave vectors of the incoming r]i%anner to explain the momentum densities and Compton pro-

become strongly perturbed upon the bond formation, leading.ompton profiles along the bonding direction with a period
to substantial effects in the Compton profile. In contrast, inyersely proportional to the bond length.
weakly bonded systems, where cohesion takes place through An important aspect of the hydrogen bond is the charge
hydrogen bonds or van der Waals interaction, the atomic angtansfer. Barbiellini and Shulki&have proposed a method to
molecular wave functions to a large extent retain their origi-determine the amount of charge transfer from the Compton
nal form. Although the resulting bond energies are small, therofile. They estimated the HOMO-LUMO mixing by study-
interactions lead to a specific steric arrangement of moling the negative radial derivative of the isotropic momentum
ecules, as exemplified by the local coordination of ice anddensity for the free molecule, the dimer, a cluster and the ice
the adsorption patterns of molecules on surféces. crystal. They observed a systematic increase of charge trans-
The interesting question is how the weak bonding and théer upon increasing the cluster size.
ensuing molecular arrangement are manifested in the Comp- In the present work we focus on the oscillations induced
ton profile. The profile is expected to be affected by severaby coordination and analyze in more detail how different
phenomena(i) the exchange interaction between the overkinds of steric arrangementécoordination number and
lapping valence orbitals of the neighboring molecul@9, nearest-neighbor distangesf molecules are reflected in the
the polarization due to the electric field from the neighboringCompton profile. We use simplified model systems, which
molecules,(iii) the charge transfer between the moleculesconsist of water molecules and isoelectronic neon atoms, and
and (iv) the covalency. In the case of crystalline systemsconcentrate on the spherically averaged Compton profiles,
Isaacset al® have demonstrated that the anisotropy of thewhich are relevant for isotropic medisiquids or polycrys-
directional Compton profile of icehl exhibits oscillations talline solidg. In addition to the intermolecular effects, we
related to the interaction between the molecules. The intewill also study how small intramolecular changes within a
pretation of the anisotropy by Isaaes al® in terms of co-  free water molecule affect the Compton profile. The present
valency has raised a discussion related to the nature of th@ork has a connection to recently published x-ray absorption
hydrogen bond. It has been argued that the observed oscilland x-ray Raman scattering studies on the molecular arrange-

1098-0121/2004/102)/1254138)/$22.50 70125413-1 ©2004 The American Physical Society



HAKALA et al. PHYSICAL REVIEW B 70, 125413(2004)

netet al!? find evidence that the local coordination around

individual molecules may be greatly changed between ice , .

and liquid water. In the present work we aim to show thatWhereCi, are the expansion coefficients agg(r -R,) de-

these kinds of predictions for the local coordination can beotes thek:th basis function centered on a nucleusRat

studied using the x-ray Compton scattering technique. Altho_ugh in DFT the KS orbitals are formally only aUX|I|ary
As the main findings of the present paper we demonstratBinctions, they have been successfully used as approxima-

that the isotropic Compton profile is sensitive to the numbefions for the true wave functions for various wave function

and distance of molecules/atoms in the first coordinatiorflerived quantities in Comptat, positron annihilatiof? and

shell around an individual water molecule. The predominank-ray absorptiofi spectroscopies. In the case of Compton

interaction mechanism that affects the profile is found to bescattering from the water dimer, Ghargy al® tested DFT

the exchange interaction. However, polarization and espeadainst the Hartree-Fock method for the anisotropies in the

cially charge transfer are also found to play a role. The redirectional Compton profile. Both approaches gave very

sults are potentially significant for the analysis of a wideSimilar res_ults, wh|ch demonstrated that DFT includes the

variety of chemically and biologically interesting systems. In€xchange interaction to a reasonable accuracy.

order to apply Compton spectroscopy to these systems, it is Using Eq.(2), the integral of Eq(1) can be written as

essential to evaluate the sensitivity of the Compton profile to

the above-mentioned subtle chan)ées in the elgctrorr:ic struc- N(p) = ZEi [P, (4)

ture.

ment in the first coordination shell of liquid watért? Wer- U =S Cilr =Ry 3)
—~ i

where ;(p) is the Fourier transform of the KS orbital,

Il. THEORY AND MODEL SYSTEMS .
¢i(p) = (2m) 2 Ci,kf dre™™ ey (r =Ry. (5
k

In the present work we employ real-space electronic
structure calculations to evaluate the momentum density
N(p) and the Compton profild(qg). In order to solve the
electronic structure of the model clusters we use density'—S . . .
functional theory® (DFT) utilizing linear combinations of vector re_latlve to the qoordlnate system fixed at the scatterer.
contracted Gaussian basis functions for the Kohn-Stieg | "€ Profile can be written &3
equations. The calculations are performed using the com- 1(”1(p)
puter program StoBe-deMdfi. In the gradient-corrected J(Q):EI —d
exchange-correlation functional the correlation part is that of ol P
Perdewet al** and the exchange part that of Hamneeal**  \yhereq is a scalar momentum variable arig) the spherical
For oxygen we employ a triple-zeta valence plus polarizationyerage ofN(p),
type basis set, and for hydrogen a primitivel $atugmented ,
by onep-function in a[3s, 1p] contraction. For neon we use (T (T )

a double-zeta valence plus polarization type basis set. l(p)dp= fo JO N(p)sin ¢dédep’dp. ()

For the water monomer and dimer we have also per-
formed calculations using the Hartree-Fock approximation In line with the approaches used in the previous
and Mgller-Plesset second-order perturbation th&bijhe  studiesi® we construct our model systems by applying the
computations are based on the linear combination of atomitocal fourfold-coordinated structure of icé,lwhere the O
orbitals (LCAO) method with the quantum-chemistry pro- -O distanceRS5,=2.75 A. We study the following caseg)
gram DALTON!® In these calculations we have used theA free water molecule(ii) a water dimer, a water-neon dimer

In isotropic systems the Compton profile is calculated as

P, (6)

cc-pVTZ basis set. and a neon dimer at different interparticle separatiBgs,
The momentum density is calculated as a Fourier transRone and Ryene respectively;(iii) a water molecule sur-
form of the real-space density matrix: rounded by a coordination shell o 0- - -4 water molecules

at RSg with the removed(4-n) water molecules put at a
N distance ofREM=8 A (Model 1A) and RET=4 A (Model
— -3 1 o-ips(r=r’) ’ o o
N(p) = (2m) fdrdr e p(r.r'), @D 1By, (iv) a water molecule surrounded Iy=0- -4 neon at-
oms atRSy,.=2.75 A with the removed4—-n) neon atoms
where for the density matrip(r,r') we use the system’s put at a distance oR3Sy.=8 A (Model 2A) and RSy.=4 A

Kohn-Sham orbitals, (Model 2B). Table | summarizes the relevant distances in the
model systems.
p(r,r')=2> GO ('), 2) In the model clusters the value ofthus denotes the co-
i

ordination number and the case4 corresponds to the ideal

fourfold-coordinated ice-like structure around the central
where;(r) is thei:th KS orbital. The sum above is over the molecule. Note that in ice the two protons of the central
occupied electronic states and the factor 2 accounts for theolecule are oriented towards two of the neighboring mol-
spin degeneracy. The KS orbitals are expanded using a set etules(donor H bonds and the two protons of two of the
basis functionsp,, neighboring molecules point towards the central ¢aecep-
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TABLE |. Specification of the model clusters for the first coor-
dination shell around a water molecule.water moleculegneon
atomg are at theRSg (RSN distance from the central water mol-

ecule, and 4n water moleculegneon atomp at the distance of
rem

o (RS from the central water molecule. &

. ! S

Model System 50 o RSK(A) 50 or RSW(A) %

1A H,0-(H,0), 2.75 8.0 2
1B H,0 -(H,0),, 2.75 4.0
2A H,O - Ng, 2.75 8.0
2B H,0 - Ng, 2.75 4.0

0 1 2 3 4
¢ (a.u. of momentum)

tor H bonds. For a given hydrogen-bonded pair of two water  F1G. 2. (Color onling Compton profile difference between a
molecules, we denote the one from which a proton is donategater molecule where the O-H bond length has been increased by
towards the oxygen of the other molecule as the donor mol29;, and the reference molecule. The contributions from the different
ecule. The molecule accepting the hydrogen is called therbitals are also shown.

acceptor molecule. According to a practical classification
schemé? distances>3.2 A can be considered to represent
“weak” hydrogen bonds, whereas bond lengths around 2.7

A oo i lce correspond to “moderate” ones. '\"099' 1Eferal the effects on the profile are relatively small, for clarity
(RS5=4 A) thus corresponds to a situation where “weak”he regult is shown as a difference curve with respect to the
hydrogen bonds are i)é]stematlcally switched to 'moderateheoretical profile for the free molecule shown in Fig. 1.
ones. For model 1AR;5=8 A), as well as for model 2A Figure 2 now readily indicates that the profile becomes
=8 A), the interaction between the central moleculegjightly narrower and the maximum effect,0.5%, can be
and the distant ligand becomes vanishingly small; too smalfound at the peak of the profile. The narrowing of the profile

to be observed in the Compton profile as will be seen ins due to the relaxation of thea? 1b,, and 3, orbitals,

Figure 2 shows a model calculation for the effect of in-
éreasing the internal O-H bond length by 2%. Since in gen-

Secs. lll A and III B. which become more spatially expanded following the in-
crease of the proton distances. In momentum space this
Il. RESULTS AND DISCUSSION shows up as a decrease of the average momentum of these
orbitals. The b, lone-pair orbital with a strong character
A. Free water molecule and dimer does not participate in the O-H bonding and is thus very

In order to get an insight how the different orbitals con-weakly affected. Theld; core orbital is, as expected, com-
tribute to the total Compton profile we first study the freepletely unchanged upon the elongation of the O-H bond. The
water molecule. We use the experimental geometry with thélata thus shows a clear difference even for a very small
O-H bond length of 0.957 A and the H-O-H angle of structural change.
104.52°(Ref. 23. Figure 1 shows the orbital decomposition ~ The water dimer can be considered as an elementary
of the Compton profile. Except for theaj orbital, the orbit- ~model system to study the perturbations induced in the wave
als contribute mainly at the peak of the profild@t<2 a.u.  functions of the free molecule upon condensation. We con-
At higher momenta the broad profile originating from trig 1 Sider the ice-like(Roo=R55=2.75 A) and gas-phaséRoo
core level is clearly separated from the valence contributions=2.98 A) dimers as well as the casBgo=4.0 A and 8.0 A.
The intermolecular geometry corresponds to that used by
Ghantyet al.® based on the experimental geometry of the
gas-phase diméf,and the intramolecular geometry is as in
the free molecule case. We have verified tha®gg our DFT
calculations reproduce the observation by Ghagital ¢ for
the anisotropy in the directional Compton profi(egference
between the ©-O direction and that perpendicular to the
mirror plane of the dimegr This behavior is a manifestation
of the “bond oscillation principle®.

Figure 3a) gives the difference in the isotropic Compton
profiles between the various dimers and two free molecules.
Also in this case the resulting difference profile has a clear

, : oscillatory behavior. The positions of the maxima/minima of
2 b atmona ¢ C the difference curve can be seen to depend on the distance
Roo between the molecules. The overall effect is a conse-

FIG. 1. (Color onling Compton profile for a free water mol- quence of the bond-induced oscillations of the valence elec-

ecule and the contributions from the different orbitals. tron wave functions in the momentum space. The desp 1
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~1 a.u. in the difference Compton profiles between dimers at dif-
ferent separation® and the corresponding free molecules/atoms.
The results are given for thgd,0),,H,0-Ne and Ngdimers.(b)
Value of AJ(q)/J(0) at q=0max

FIG. 3. (Color onling (a) Compton profile differences between
water dimers at different separatioRgo and two free water mol-
ecules(b) Compton profile differences between a water dimer with
Roo=2.75 A and two free water molecules with DFT, LCAO-HF

and LCAO-MP2 theories. . . .
! We have also studied a,B® - Ne dimer and a Nedimer.

core states of the two molecules interact very weakly, conReplacing a water molecule by a neon atom is expected to
stituting the broad, invariant background, which is practi-give a qualitatively similar “fingerprint” in the momentum
cally nonexistent in the difference curves. It is thus clear thatlensity and Compton profifebut due to a lower polarizabil-
the “bond oscillation principle” is manifested also in the ity of neon and a smaller atomic radius compared to the
isotropic profiles, albeit reduced in magnitudlee amplitude  molecular radius of the water molecule, the magnitude of the
of the oscillations is roughly an order of magnitude smaller signal is expected to be smaller. When compared to the
Note that in the DFT results a small oscillation|@f<0.6  (H,0), dimer, these systems produce qualitatively similar
a.u. can also be observed, similar to the one observed in thifference curves when the profiles from the corresponding
directional anisotrop§.It is noteworthy that a significant ef- free molecules/atoms are subtracted, in accordance with the
fect in the profile remains &,0=4.0 A. This will be further  observation by Ghantgt al® These similarities are also fur-
seen to affect the results for Models 1B and 2B in Sec. lll B.ther discussed in Sec. lll B. In all the cases the largest effects
At Roo=8.0 A the effect vanishes, and the profile ap-in the difference Compton profile as a function of the inter-
proaches that of two free water molecules. molecular distanc® can be found alg| <0.25 a.u(peak of

For the ice-like dimeRyo=R55 the amplitude of the os-  the profilg, |q| ~0.5 a.u.(first minimum) and |g|~1 a.u.
cillations is of the order 0f-0.2-0.4% at maximum. For the (first maximum). To extract a quantitative trend, in Fig. 4 we
gas phase dimefRy0=2.98 A) the oscillations are qualita- study how the first maximum arounq| ~ 1 a.u behaves as a
tively similar but smaller in amplitude, and the frequency of function of R in the range 2.2-3.6 A. For the difference
the oscillations is slightly higher. Moreover, the DFT resultsCompton profiles for the three dimers the position of the first
are seen to be rather close to the HF and MP2 re$kilts ~ maximum moves towards lower values|qgff as a function of
3(b)], except at the lowest momentg| <0.5 a.u., where the R until the position cannot anymore be resolved. The value at
profiles are the most sensitive to the used thétivg discrep-  the first maximum decreases systematicalljRascreases. It
ancy is~0.2% of J(0)]. Our test calculations also indicate should be noted that in this comparison we used the intermo-
that in this region the difference profile is the most sensitivdlecular geometries in accordance with the nearest-neighbor
to the choice of the basis set and to small changes in tharrangement in the icéhlcrystal. The H-O-H angle of the
intra- and intermolecular geometries. We conclude that thevater molecules is 109.47° and the O-H bond length is cho-
isotropic Compton profiles, although averaged over all ori-sen to be 0.950 A. This geometry will also be used for the
entations of the scattering vector, distinctly preserve theamodel clusters in Sec. Il B. The small differences between
bond-related information observed in the directional profilesthe two geometries for the dimer have a negligible effect
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) o sphericity of the water molecule, the resulting Compton pro-
FIG. 5. (Color onling Compton profile differences between the file containsn times the signal from a dimer.

five-molecule model clusters of Table | and the corresponding free Models 1B and 2B reom, re81=4A) show also large ef-
molecules/atoms.

fects depending on the coordination number. However, it is
clear that now there remains a substantial interaction be-
tween the central molecule and the ligandRat4 A. This
when considering the difference profiles between the dimereffect can be best discernedJ®). We have also studied the
and the free molecules/atoms, the discrepancy being the largase where a neon atom is surrounded by a shell of other
est at/q| <0.25 a.u[less than 0.05% ad(0)]. neon atoms similarly as in the models 2A and 2B. This sys-
tem produced effects less than 0.02%Jd) even forn=4.
Thus, for a neon-neon system at distance®s2.75 A the
B. Model clusters deformation of the free-atom wave functions is much smaller
In order to study the effect of coordination on the Comp-than in the other cases and beyond the present experimental
ton profile, we turn now to the more complicated local struc-detection limit.
tures by using water and mixed water-neon clusters. Figure 5 From the structural point of view, for the coordination
shows the effect induced in the Compton profile by varioushumbern=2 (n=23) there are threéwo) nonequivalent pos-
numbers of ligands around the central water molecule in theibilities to place the ligands around the central water mol-
four model systems specified in Table I. The water moleculescule due to the nonequivalence of the donor and acceptor
have the O-H bond length of 0.950 A and the H-O-H anglesides of the molecule. For example, Mynestial,'! using
of 109.47°. The plot shows the difference Compton profilesx-ray absorption spectroscopy and theoretical calculations,
where the reference profile for models 1A and 1B is that ofobserved an asymmetry of the hydrogen bonds on the donor
five free water molecules and for model 2A and 2B that ofside of the molecules in liquid water. We studied the non-
one free water molecule and four free neon atoms. equivalent configurations for the cases2 andn=3 and
For all the four models there are clear effects induced irfound that the Compton profiles for these model systems
the Compton profile in the different coordinations. For all differ by less than~0.04% of J(0). In the model systems
models the qualitative trend is rather similar. For the casestudied here the case=2 is chosen to correspond to the
n>0 the systems exhibit similar oscillations with gixod-  situation where one ligand at the donor side and one ligand at
els 1A, 1B and five(models 2A, 2B distinct extrema be- the acceptor side are at the distanc&ff, or RSy, from the
tween the momenta 0 and 2.5 a(the peak at 0 a.u. in- central molecule. Fon=3 one ligand at the donor side and
cluded. Models 1A and 2A show a systematic effect inducedtwo ligands at the acceptor side are at the distand@Sgfor
in the profile as the ligands are brought from a distance oRSy..
8 A to the coordination shell. Ab=0, the interaction be- To better resolve the trends in the profiles for the different
tween the central molecule and the ligands is vanishinglymodels, in Fig. 6 we plot the valuesl(q)/J(0) at the posi-
small. The behavior as a function mitan again be explained tion of the first maximumg,,,,=1.025 a.u., as a function of
by the “bond oscillation principle®.each of then ligands are  the coordination number. The poi(@,0) corresponds to the
located at the same distance from the central molecule anflee molecules/atoms. Models 1A and 1B show an essentially
thus give rise to iso-amplitude and-frequency oscillations ifinear behavior as a function of. For models 2A and 2B
the momentum density along the specific bond directions. Ifvith neon atoms as ligands the trend is also linear but the
the ligand-ligand(i.e, next-nearest-neighbomteraction is  slope is less steep. As discussed above, the models 1B and
assumed to be small, as well as the effects due to the no2B contain a significant interaction over the distanceRof
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TABLE II. Constrained space orbital variation calculation for is larger than the electrostatic attraction between the dipoles.
the water dimer aR33=2.75 A. AE gives the change of energy In contrast, a large oscillatory feature is induced in the
compared to two free water moleculés=g.,denotes the change of Compton profile.

energy compared to the previous CSOV step. In the second CSOV step the internal polarization of both
molecules is added. Initially, one molecule is allowed to po-
CSOV step AE(eV) AEgedeV) larize while the second molecule is kept frozen. Then the
polarization of the second molecule is added while the first
0. Free HO molecules 0 - molecule is kept frozen. The procedure is repeated until the
1. Frozen config. +0.076 +0.076 total energy and the Compton profile have converged. After
2. Polarization +0.014 -0.062 this step the energy is slightly decreased and the peak height
3. Full relaxation ~0.149 -0.163 of the Compton profile is increased. The final CSOV step

allows the charge transfér.e., full orbital mixing) between
the two molecules. Only after this step does the system be-
=4 a.u., leading to valuesJ(q)/J(0) below zero ag,,for ~ come energetically stable. Most of the energy gain comes
n=0. from the charge transfer from the acceptor molecule to the
We have thus seen that the main feature upon adding 1-@onor one. At this step the Compton profile is also notably
ligands at the distand@=2.75 A from the central water mol- changed: the peak height of the profile is strongly increased
ecule is the generation of iso-amplitude and -frequency os@nd the oscillatory feature is modified. Nevertheless, the os-
cillations in the isotropic Compton profile. In accordanceCillatory feature governs the character of the profile. .
with the previous studies?® the most straightforward Ve may understand the changes in the Compton profile
method is to associate the oscillations to the exchange inte[P°n H-bond formation as follows. The exchange interaction
action. The water-water and the water-neon systems a ads to an initial repulsion and creates the large oscillatory

found to produce oscillations with a different amplitude, but €ature in the Compton profile due to the overlap of the

with similar positions of the maxima/minima. The smaller occupied orbitals. Internal polarization does not lead to a

. o . § ignificant lowering of energy, which is concurrent with the
amplitude of the oscillations in the water-neon system can b§veak effect on the Compton profile at the second CSOV

explained by the lower polarizability of neon and the smaller tep. For the dimer to overcome the exchange repulsion and

extent of the radius of the neon atom as compared with th 0 be energetically stable, charge transfer and subsequent or-
radius of the water molecule, leading to a smaller exchangg. 9 y ' ge tra . que
ital rearrangements take plateThis is reflected in a quali-

interaction. Moreover, the charge transfer componenf_.. .
(HOMO-LUMO mixing) is absent for the water-neon sys- ative change of the Compton profile between the second and
the third CSOV step.
tem. The studied model systems for the water and mixed
In order to study more quantitatively the effects of ex- y .
water-neon clusters as well as for the dimers show that the

change, polarization and charge transfer on the Comptogom ton profile is indeed highly sensitive to the local envi-
profile, we have carried out a constrained space orbital varia- pton p gnly

tion (CSOV) analysig5 of the water dimer. The change of ronment of an individual water molecule. The existence of an

energy and the Compton profile at each CSOV step is Comgbservable signal in the profile when the distance of the
pared to the case of two free water molecuf@able Il and igands from the central water molecule is 4 A is important,

Fig. 7). In the first CSOV stefgfrozen configurations two suggesting that the coordination shell properties of water

free water molecules are brought to the distanceRgh molecules can be probed_ over relatlv_ely large d|stance_s.
_ oice . . . Our preliminary experiments confirm that the predicted
=R5p and only the electrostatic and exchange interactions

Subtle intra- and intermolecular effects, typically of the order
between the molecules are allowed. The change of energy "2 fraction of percents af(0), can bgpdete}éted in the

slightly positive, which indicates that the exchange reDUISionCompton profile as concerns the statistical and systematic

—— errors in the experimental data measured using a
- - Polarized synchrotron-radiation sour@é. The induced oscillatory

== Relaxed changes in the Compton profiles are rather slowly varying so
that even a moderate experimental momentum resolution of
about 0.5 a.u. is adequate to detect the predicted effects. To
this end, one can use a multi-element solid-state deté@tbr

a.u. bin siz¢ with a high efficiency. This setup is found to
provide a statistical accuracy of better than 0.02% at the
Compton peak from ice and liquid water sampiés.

We have also verified that our predictions for the changes
in the Compton profile are in a qualitative agreement with
those reported by Barbiellini and Shukfawho used the

0 1 2 3 4 Hartree-Fock method. Following their work, we have studied
4 (@ of momenturm) the negative radial derivativedN(p)/dp of the isotropic
FIG. 7. (Color onling Compton profile differences at the vari- momentum densitil(p) for the free molecule, the dimer and

ous stages of the CSOV analysis between a water dimerRy¢gh  the H,O-(H,0), cluster. We observe a qualitatively similar
=2.75 A and two free water molecules. trend as they for the position oftN(p)/dp and for the quan-

AI(@HI0) (%)
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tity Ap [full width at half maximum of €N(p)/dp]. The guished as a narrowing of the profile. The narrowing is due
amount of charge transferred, evaluated using Efs.(6), to the decrease of the average momentum of the orbitals
and(7) of Ref. 10, is about 0.3% of an electron in the dimerforming the bond. A 2% elongation was found to lead to a
and 1.1% in the KO -(H,0), cluster. The value in the dimer predicted 0.5% increase at the peak of the profile.
agrees fairly well with the corresponding value of 0.5% re- For the water, water-neon and neon dimers, the isotropic
ported in Ref. 10. The slight discrepancy presumably reflect€ompton profile exhibits oscillations as compared with the
the different theoretical approaches. This comparison is arprofile from the corresponding free molecules/atoms. The os-
other indication that there are systematic changes in theillations are similar to those observed in the anisotropy of
Compton profile when the coordination number of individualthe directional Compton profiles for the water and water-
molecules increases. neon dimers, which shows that the isotropic profiles contain
In the present work we have considered only highly sym-similar information. In terms of different classes of hydrogen
metric geometries. In the case of liquid water, distortions inbonds?? the present results suggest that “strong”
the hydrogen bond geometry around each molecule are exRoo<2.5 A) and “moderate(2.5 A<Ry0<3.2 A) hydro-
pected(stretching, bending and breaking of bopdss Figs.  gen bonds can be detected in the profile, but to some extent
3(a) and 4b) (dimers and Fig. 5(clusters show, linear also “weak” onegRyo>3.2 A). The detection of the hydro-
stretching of the hydrogen bond decreases the amplitude @fen bond in water requires, however, a high statistical accu-
the oscillations in the difference Compton profile. In con-racy that can be achieved by the use of synchrotron radiation.
trast, the positions of the first minimum and the first maxi- The results for the five-molecule clusters for the first co-
mum do not change drastically upon stretching. Conseerdination shell show that the isotropic Compton profiles are
quently, there can be only minor cancellation effects in thesensitive both to the number and distance of the water or
Compton profile if the system contains hydrogen bonds witmeon ligands around the central water molecule. Each ligand
varied bond lengths. Our preliminary calculations for dimerswhich is brought to the coordination shell BE2.75 A is
and small clusters suggest that this is also the case for befdund to add to the systematic oscillatory feature in the pro-
(i.e., nonlineay hydrogen bonds. Therefore, independent offile. For water clusters this feature is in essence the signature
the variations in the hydrogen bond geometry, each bondf the hydrogen bond. Replacing the water molecules by
donated or accepted by an individual water molecule is exneon atoms in the coordination shell reduces the effect in the
pected to contribute constructively to the total oscillatoryprofile. This is interpreted as a weaker exchange interaction
feature. For liquid water we hence expect a comparable osdue to the smaller spatial extent of the wave function of neon
cillatory signal in the Compton profile as a function of the compared to the wave function of the water molecule.
coordination number and distance of the molecules in the The CSOV analysis for the water dimer shows that in
first coordination shell. Compton scattering may thus provideaddition to the exchange interaction, charge transfer modifies
important insight into the structure of liquid water in differ- the Compton profile, while the role of polarization is weak.
ent conditions(temperature and pressure effects, solvation-The findings suggest that isotropic Compton profiles may
induced structurgs provide an important insight into the study of the local coor-
dination of closed-shell atoms and molecules. To test and
apply these findings, we propose further Compton scattering
experiments on ice and liquid water under different condi-
We have conducted a density-functional study of the isolions as well as experiments on free water clusters and ionic
tropic Compton profiles for a set of closed-shell model sys-Solvation.
tems. Water and mixed water-neon clusters have been used
as test cases, with intermolecular distances typical of ice.
LCAO-HF and -MP2 calculations have also been performed This work has been supported by the Academy of Finland
for the free water molecule and the water dimer. The calcu¢Contracts No. 201291/40782LGMP and AN thank the
lations for the free water molecule show that an elongatiorBwedish Foundation for Strategic Resea(&88B and the
of the intramolecular covalent O-H bond can be distin-Swedish Research Coun¢WR) for financial support.
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