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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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I. INTRODUCTION

Electron momentum densities in different materials can be
measured by inelastic x-ray scattering at high energy and
momentum transfers.1,2 From the scattering cross section one
can extract the Compton profileJsqd, which, within the im-
pulse approximation,3 is a two-dimensional integral of the
momentum densityNspd in a plane perpendicular to the scat-
tering vectorK . The scattering vector is given byK =k1
−k2, wherek1 andk2 are the wave vectors of the incoming
and scattered photons, respectively. In covalently bonded and
metallic systems the atomic and molecular wave functions
become strongly perturbed upon the bond formation, leading
to substantial effects in the Compton profile. In contrast, in
weakly bonded systems, where cohesion takes place through
hydrogen bonds or van der Waals interaction, the atomic and
molecular wave functions to a large extent retain their origi-
nal form. Although the resulting bond energies are small, the
interactions lead to a specific steric arrangement of mol-
ecules, as exemplified by the local coordination of ice and
the adsorption patterns of molecules on surfaces.4

The interesting question is how the weak bonding and the
ensuing molecular arrangement are manifested in the Comp-
ton profile. The profile is expected to be affected by several
phenomena:(i) the exchange interaction between the over-
lapping valence orbitals of the neighboring molecules,(ii )
the polarization due to the electric field from the neighboring
molecules,(iii ) the charge transfer between the molecules,
and (iv) the covalency. In the case of crystalline systems,
Isaacset al.5 have demonstrated that the anisotropy of the
directional Compton profile of ice Ih exhibits oscillations
related to the interaction between the molecules. The inter-
pretation of the anisotropy by Isaacset al.5 in terms of co-
valency has raised a discussion related to the nature of the
hydrogen bond. It has been argued that the observed oscilla-

tions can most straightforwardly be interpreted as reflecting
the antisymmetrization of the products of the monomer wave
functions.6–8 Most interestingly, these studies have shown
that nonhydrogen bonded systems, such as an argon crystal
and “anti-ice”7 as well as a water-neon system,8 give rise to
similar Compton profile anisotropies. In the anti-ice model
the orientation of the water molecules was changed so that
two hydrogen atoms as well as the lone pairs of two oxygen
atoms face each other.7 These findings are in harmony with
the principle of “bond oscillation”, suggested by Epstein and
Tanner to explain the momentum densities and Compton pro-
files of molecules.9 According to this principle, chemical
bonds induce oscillations in the momentum densities and
Compton profiles along the bonding direction with a period
inversely proportional to the bond length.

An important aspect of the hydrogen bond is the charge
transfer. Barbiellini and Shukla10 have proposed a method to
determine the amount of charge transfer from the Compton
profile. They estimated the HOMO-LUMO mixing by study-
ing the negative radial derivative of the isotropic momentum
density for the free molecule, the dimer, a cluster and the ice
crystal. They observed a systematic increase of charge trans-
fer upon increasing the cluster size.

In the present work we focus on the oscillations induced
by coordination and analyze in more detail how different
kinds of steric arrangements(coordination number and
nearest-neighbor distances) of molecules are reflected in the
Compton profile. We use simplified model systems, which
consist of water molecules and isoelectronic neon atoms, and
concentrate on the spherically averaged Compton profiles,
which are relevant for isotropic media(liquids or polycrys-
talline solids). In addition to the intermolecular effects, we
will also study how small intramolecular changes within a
free water molecule affect the Compton profile. The present
work has a connection to recently published x-ray absorption
and x-ray Raman scattering studies on the molecular arrange-
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ment in the first coordination shell of liquid water.11,12 Wer-
net et al.12 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 that
these kinds of predictions for the local coordination can be
studied using the x-ray Compton scattering technique.

As the main findings of the present paper we demonstrate
that the isotropic Compton profile is sensitive to the number
and distance of molecules/atoms in the first coordination
shell around an individual water molecule. The predominant
interaction mechanism that affects the profile is found to be
the exchange interaction. However, polarization and espe-
cially charge transfer are also found to play a role. The re-
sults are potentially significant for the analysis of a wide
variety of chemically and biologically interesting systems. In
order to apply Compton spectroscopy to these systems, it is
essential to evaluate the sensitivity of the Compton profile to
the above-mentioned subtle changes in the electronic struc-
ture.

II. THEORY AND MODEL SYSTEMS

In the present work we employ real-space electronic
structure calculations to evaluate the momentum density
Nspd and the Compton profileJsqd. In order to solve the
electronic structure of the model clusters we use density-
functional theory13 (DFT) utilizing linear combinations of
contracted Gaussian basis functions for the Kohn-Sham(KS)
equations. The calculations are performed using the com-
puter program StoBe-deMon.14 In the gradient-corrected
exchange-correlation functional the correlation part is that of
Perdewet al.15 and the exchange part that of Hammeret al.16

For oxygen we employ a triple-zeta valence plus polarization
type basis set, and for hydrogen a primitive set17 augmented
by onep-function in af3s,1pg contraction. For neon we use
a double-zeta valence plus polarization type basis set.

For the water monomer and dimer we have also per-
formed calculations using the Hartree-Fock approximation
and Møller-Plesset second-order perturbation theory.18 The
computations are based on the linear combination of atomic
orbitals (LCAO) method with the quantum-chemistry pro-
gram DALTON.19 In these calculations we have used the
cc-pVTZ basis set.

The momentum density is calculated as a Fourier trans-
form of the real-space density matrix:

Nspd = s2pd−3E drdr 8e−ip·sr−r8drsr ,r 8d, s1d

where for the density matrixrsr ,r 8d we use the system’s
Kohn-Sham orbitals,

rsr ,r 8d = 2o
i

cisr dci
*sr 8d, s2d

wherecisr d is the i:th KS orbital. The sum above is over the
occupied electronic states and the factor 2 accounts for the
spin degeneracy. The KS orbitals are expanded using a set of
basis functionsfk,

cisr d = o
k

Ci,kfksr − Rkd, s3d

whereCi,k are the expansion coefficients andfksr −Rkd de-
notes thek:th basis function centered on a nucleus atRk.
Although in DFT the KS orbitals are formally only auxiliary
functions, they have been successfully used as approxima-
tions for the true wave functions for various wave function
derived quantities in Compton,5,7 positron annihilation20 and
x-ray absorption21 spectroscopies. In the case of Compton
scattering from the water dimer, Ghantyet al.6 tested DFT
against the Hartree-Fock method for the anisotropies in the
directional Compton profile. Both approaches gave very
similar results, which demonstrated that DFT includes the
exchange interaction to a reasonable accuracy.

Using Eq.(2), the integral of Eq.(1) can be written as

Nspd = 2o
i

ucispdu2, s4d

wherecispd is the Fourier transform of the KS orbital,

cispd = s2pd−3/2o
k

Ci,kE dre−ip·rfksr − Rkd. s5d

In isotropic systems the Compton profile is calculated as
spherically averaged over all orientations of the scattering
vector relative to the coordinate system fixed at the scatterer.
The profile can be written as1,2

Jsqd =
1

2
E

uqu

` Ispd
p

dp, s6d

whereq is a scalar momentum variable andIspd the spherical
average ofNspd,

Ispddp=E
0

2p E
0

p

Nspdsin ududfp2dp. s7d

In line with the approaches used in the previous
studies,6–8 we construct our model systems by applying the
local fourfold-coordinated structure of ice Ih, where the O
-O distanceROO

ice =2.75 Å. We study the following cases:(i)
A free water molecule;(ii ) a water dimer, a water-neon dimer
and a neon dimer at different interparticle separationsROO,
RONe and RNeNe, respectively;(iii ) a water molecule sur-
rounded by a coordination shell ofn=0¯4 water molecules
at ROO

ice with the removeds4−nd water molecules put at a
distance ofROO

rem=8 Å (Model 1A) and ROO
rem=4 Å (Model

1B); (iv) a water molecule surrounded byn=0¯4 neon at-
oms atRONe

ice =2.75 Å with the removeds4−nd neon atoms
put at a distance ofRONe

rem =8 Å (Model 2A) and RONe
rem =4 Å

(Model 2B). Table I summarizes the relevant distances in the
model systems.

In the model clusters the value ofn thus denotes the co-
ordination number and the casen=4 corresponds to the ideal
fourfold-coordinated ice-like structure around the central
molecule. Note that in ice the two protons of the central
molecule are oriented towards two of the neighboring mol-
ecules(donor H bonds) and the two protons of two of the
neighboring molecules point towards the central one(accep-
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tor H bonds). For a given hydrogen-bonded pair of two water
molecules, we denote the one from which a proton is donated
towards the oxygen of the other molecule as the donor mol-
ecule. The molecule accepting the hydrogen is called the
acceptor molecule. According to a practical classification
scheme,22 distances.3.2 Å can be considered to represent
“weak” hydrogen bonds, whereas bond lengths around 2.75
Å as in ice correspond to “moderate” ones. Model 1B
sROO

rem=4 Åd thus corresponds to a situation where “weak”
hydrogen bonds are systematically switched to ’moderate’
ones. For model 1AsROO

rem=8 Åd, as well as for model 2A
sRONe

rem =8 Åd, the interaction between the central molecule
and the distant ligand becomes vanishingly small; too small
to be observed in the Compton profile as will be seen in
Secs. III A and III B.

III. RESULTS AND DISCUSSION

A. Free water molecule and dimer

In order to get an insight how the different orbitals con-
tribute to the total Compton profile we first study the free
water molecule. We use the experimental geometry with the
O-H bond length of 0.957 Å and the H-O-H angle of
104.52°(Ref. 23). Figure 1 shows the orbital decomposition
of the Compton profile. Except for the 1a1 orbital, the orbit-
als contribute mainly at the peak of the profile atuqu ,2 a.u.
At higher momenta the broad profile originating from the 1a1
core level is clearly separated from the valence contributions.

Figure 2 shows a model calculation for the effect of in-
creasing the internal O-H bond length by 2%. Since in gen-
eral the effects on the profile are relatively small, for clarity
the result is shown as a difference curve with respect to the
theoretical profile for the free molecule shown in Fig. 1.
Figure 2 now readily indicates that the profile becomes
slightly narrower and the maximum effect,,0.5%, can be
found at the peak of the profile. The narrowing of the profile
is due to the relaxation of the 2a1, 1b2, and 3a1 orbitals,
which become more spatially expanded following the in-
crease of the proton distances. In momentum space this
shows up as a decrease of the average momentum of these
orbitals. The 1b1 lone-pair orbital with a strongp character
does not participate in the O-H bonding and is thus very
weakly affected. The 1b1 core orbital is, as expected, com-
pletely unchanged upon the elongation of the O-H bond. The
data thus shows a clear difference even for a very small
structural change.

The water dimer can be considered as an elementary
model system to study the perturbations induced in the wave
functions of the free molecule upon condensation. We con-
sider the ice-likesROO=ROO

ice =2.75 Åd and gas-phasesROO

=2.98 Åd dimers as well as the casesROO=4.0 Å and 8.0 Å.
The intermolecular geometry corresponds to that used by
Ghantyet al.,6 based on the experimental geometry of the
gas-phase dimer,24 and the intramolecular geometry is as in
the free molecule case. We have verified that atROO

ice our DFT
calculations reproduce the observation by Ghantyet al.6 for
the anisotropy in the directional Compton profiles(difference
between the Ō O direction and that perpendicular to the
mirror plane of the dimer). This behavior is a manifestation
of the “bond oscillation principle”.9

Figure 3(a) 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
the difference curve can be seen to depend on the distance
ROO between the molecules. The overall effect is a conse-
quence of the bond-induced oscillations of the valence elec-
tron wave functions in the momentum space. The deep 1a1

TABLE I. Specification of the model clusters for the first coor-
dination shell around a water molecule.n water molecules(neon
atoms) are at theROO

ice sRONe
ice d distance from the central water mol-

ecule, and 4−n water molecules(neon atoms) at the distance of
ROO

rem sRONe
rem d from the central water molecule.

Model System ROO
ice or RONe

ice sÅd ROO
rem or RONe

rem sÅd

1A H2O·sH2Odn 2.75 8.0

1B H2O·sH2Odn 2.75 4.0

2A H2O·Nen 2.75 8.0

2B H2O·Nen 2.75 4.0

FIG. 1. (Color online) Compton profile for a free water mol-
ecule and the contributions from the different orbitals.

FIG. 2. (Color online) Compton profile difference between a
water molecule where the O-H bond length has been increased by
2% and the reference molecule. The contributions from the different
orbitals are also shown.
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core states of the two molecules interact very weakly, con-
stituting the broad, invariant background, which is practi-
cally nonexistent in the difference curves. It is thus clear that
the “bond oscillation principle”9 is manifested also in the
isotropic profiles, albeit reduced in magnitude(the amplitude
of the oscillations is roughly an order of magnitude smaller).
Note that in the DFT results a small oscillation atuqu ,0.6
a.u. can also be observed, similar to the one observed in the
directional anisotropy.6 It is noteworthy that a significant ef-
fect in the profile remains atROO=4.0 Å. This will be further
seen to affect the results for Models 1B and 2B in Sec. III B.
At ROO=8.0 Å the effect vanishes, and the profile ap-
proaches that of two free water molecules.

For the ice-like dimerROO=ROO
ice the amplitude of the os-

cillations is of the order of,0.2−0.4% at maximum. For the
gas phase dimersROO=2.98 Åd the oscillations are qualita-
tively similar but smaller in amplitude, and the frequency of
the oscillations is slightly higher. Moreover, the DFT results
are seen to be rather close to the HF and MP2 results[Fig.
3(b)], except at the lowest momenta,uqu ,0.5 a.u., where the
profiles are the most sensitive to the used theory[the discrep-
ancy is,0.2% of Js0d]. Our test calculations also indicate
that in this region the difference profile is the most sensitive
to the choice of the basis set and to small changes in the
intra- and intermolecular geometries. We conclude that the
isotropic Compton profiles, although averaged over all ori-
entations of the scattering vector, distinctly preserve the
bond-related information observed in the directional profiles.

We have also studied a H2O·Ne dimer and a Ne2 dimer.
Replacing a water molecule by a neon atom is expected to
give a qualitatively similar “fingerprint” in the momentum
density and Compton profile,6 but due to a lower polarizabil-
ity of neon and a smaller atomic radius compared to the
molecular radius of the water molecule, the magnitude of the
signal is expected to be smaller. When compared to the
sH2Od2 dimer, these systems produce qualitatively similar
difference curves when the profiles from the corresponding
free molecules/atoms are subtracted, in accordance with the
observation by Ghantyet al.6 These similarities are also fur-
ther discussed in Sec. III B. In all the cases the largest effects
in the difference Compton profile as a function of the inter-
molecular distanceR can be found atuqu ,0.25 a.u.(peak of
the profile), uqu ,0.5 a.u.(first minimum) and uqu ,1 a.u.
(first maximum). To extract a quantitative trend, in Fig. 4 we
study how the first maximum arounduqu ,1 a.u behaves as a
function of R in the range 2.2−3.6 Å. For the difference
Compton profiles for the three dimers the position of the first
maximum moves towards lower values ofuqu as a function of
R until the position cannot anymore be resolved. The value at
the first maximum decreases systematically asR increases. It
should be noted that in this comparison we used the intermo-
lecular geometries in accordance with the nearest-neighbor
arrangement in the ice Ih crystal. The H-O-H angle of the
water molecules is 109.47° and the O-H bond length is cho-
sen to be 0.950 Å. This geometry will also be used for the
model clusters in Sec. III B. The small differences between
the two geometries for the dimer have a negligible effect

FIG. 3. (Color online) (a) Compton profile differences between
water dimers at different separationsROO and two free water mol-
ecules.(b) Compton profile differences between a water dimer with
ROO=2.75 Å and two free water molecules with DFT, LCAO-HF
and LCAO-MP2 theories.

FIG. 4. (Color online) (a) Positionqmax of the first maximum at
,1 a.u. in the difference Compton profiles between dimers at dif-
ferent separationsR and the corresponding free molecules/atoms.
The results are given for thesH2Od2,H2O·Ne and Ne2 dimers.(b)
Value of DJsqd /Js0d at q=qmax.
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when considering the difference profiles between the dimers
and the free molecules/atoms, the discrepancy being the larg-
est atuqu ,0.25 a.u.[less than 0.05% ofJs0d].

B. Model clusters

In order to study the effect of coordination on the Comp-
ton profile, we turn now to the more complicated local struc-
tures by using water and mixed water-neon clusters. Figure 5
shows the effect induced in the Compton profile by various
numbers of ligands around the central water molecule in the
four model systems specified in Table I. The water molecules
have the O-H bond length of 0.950 Å and the H-O-H angle
of 109.47°. The plot shows the difference Compton profiles,
where the reference profile for models 1A and 1B is that of
five free water molecules and for model 2A and 2B that of
one free water molecule and four free neon atoms.

For all the four models there are clear effects induced in
the Compton profile in the different coordinations. For all
models the qualitative trend is rather similar. For the cases
n.0 the systems exhibit similar oscillations with six(mod-
els 1A, 1B) and five (models 2A, 2B) distinct extrema be-
tween the momenta 0 and 2.5 a.u.(the peak at 0 a.u. in-
cluded). Models 1A and 2A show a systematic effect induced
in the profile as the ligands are brought from a distance of
8 Å to the coordination shell. Atn=0, the interaction be-
tween the central molecule and the ligands is vanishingly
small. The behavior as a function ofn can again be explained
by the “bond oscillation principle”.9 each of then ligands are
located at the same distance from the central molecule and
thus give rise to iso-amplitude and-frequency oscillations in
the momentum density along the specific bond directions. If
the ligand-ligand(i.e, next-nearest-neighbor) interaction is
assumed to be small, as well as the effects due to the non-

sphericity of the water molecule, the resulting Compton pro-
file containsn times the signal from a dimer.

Models 1B and 2B(ROO
rem,ROO

rem=4Å) show also large ef-
fects depending on the coordination number. However, it is
clear that now there remains a substantial interaction be-
tween the central molecule and the ligand atR=4 Å. This
effect can be best discerned atJs0d. We have also studied the
case where a neon atom is surrounded by a shell of other
neon atoms similarly as in the models 2A and 2B. This sys-
tem produced effects less than 0.02% ofJs0d even forn=4.
Thus, for a neon-neon system at distances ofR=2.75 Å the
deformation of the free-atom wave functions is much smaller
than in the other cases and beyond the present experimental
detection limit.

From the structural point of view, for the coordination
numbern=2 sn=3d there are three(two) nonequivalent pos-
sibilities to place the ligands around the central water mol-
ecule due to the nonequivalence of the donor and acceptor
sides of the molecule. For example, Myneniet al.,11 using
x-ray absorption spectroscopy and theoretical calculations,
observed an asymmetry of the hydrogen bonds on the donor
side of the molecules in liquid water. We studied the non-
equivalent configurations for the casesn=2 and n=3 and
found that the Compton profiles for these model systems
differ by less than,0.04% of Js0d. In the model systems
studied here the casen=2 is chosen to correspond to the
situation where one ligand at the donor side and one ligand at
the acceptor side are at the distance ofROO

ice or RONe
ice from the

central molecule. Forn=3 one ligand at the donor side and
two ligands at the acceptor side are at the distance ofROO

ice or
RONe

ice .
To better resolve the trends in the profiles for the different

models, in Fig. 6 we plot the valuesDJsqd /Js0d at the posi-
tion of the first maximum,qmax=1.025 a.u., as a function of
the coordination number. The point(0,0) corresponds to the
free molecules/atoms. Models 1A and 1B show an essentially
linear behavior as a function ofn. For models 2A and 2B
with neon atoms as ligands the trend is also linear but the
slope is less steep. As discussed above, the models 1B and
2B contain a significant interaction over the distance ofR

FIG. 5. (Color online) Compton profile differences between the
five-molecule model clusters of Table I and the corresponding free
molecules/atoms.

FIG. 6. (Color online) Value of DJsqd /Js0d at qmax for the five-
molecule model clusters of Table I.qmax=1.025 a.u. is the position
of the first maximum in the difference Compton profiles(Fig. 5).
The point(0,0) corresponds to the free molecules/atoms. The lines
are linear fits to the data.
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=4 a.u., leading to valuesDJsqd /Js0d below zero atqmax for
n=0.

We have thus seen that the main feature upon adding 1–4
ligands at the distanceR=2.75 Å from the central water mol-
ecule is the generation of iso-amplitude and -frequency os-
cillations in the isotropic Compton profile. In accordance
with the previous studies,6–8 the most straightforward
method is to associate the oscillations to the exchange inter-
action. The water-water and the water-neon systems are
found to produce oscillations with a different amplitude, but
with similar positions of the maxima/minima. The smaller
amplitude of the oscillations in the water-neon system can be
explained by the lower polarizability of neon and the smaller
extent of the radius of the neon atom as compared with the
radius of the water molecule, leading to a smaller exchange
interaction. Moreover, the charge transfer component
(HOMO-LUMO mixing) is absent for the water-neon sys-
tem.

In order to study more quantitatively the effects of ex-
change, polarization and charge transfer on the Compton
profile, we have carried out a constrained space orbital varia-
tion (CSOV) analysis25 of the water dimer. The change of
energy and the Compton profile at each CSOV step is com-
pared to the case of two free water molecules(Table II and
Fig. 7). In the first CSOV step(frozen configurations), two
free water molecules are brought to the distance ofROO
=ROO

ice and only the electrostatic and exchange interactions
between the molecules are allowed. The change of energy is
slightly positive, which indicates that the exchange repulsion

is larger than the electrostatic attraction between the dipoles.
In contrast, a large oscillatory feature is induced in the
Compton profile.

In the second CSOV step the internal polarization of both
molecules is added. Initially, one molecule is allowed to po-
larize while the second molecule is kept frozen. Then the
polarization of the second molecule is added while the first
molecule is kept frozen. The procedure is repeated until the
total energy and the Compton profile have converged. After
this step the energy is slightly decreased and the peak height
of the Compton profile is increased. The final CSOV step
allows the charge transfer(i.e., full orbital mixing) between
the two molecules. Only after this step does the system be-
come energetically stable. Most of the energy gain comes
from the charge transfer from the acceptor molecule to the
donor one. At this step the Compton profile is also notably
changed: the peak height of the profile is strongly increased
and the oscillatory feature is modified. Nevertheless, the os-
cillatory feature governs the character of the profile.

We may understand the changes in the Compton profile
upon H-bond formation as follows. The exchange interaction
leads to an initial repulsion and creates the large oscillatory
feature in the Compton profile due to the overlap of the
occupied orbitals. Internal polarization does not lead to a
significant lowering of energy, which is concurrent with the
weak effect on the Compton profile at the second CSOV
step. For the dimer to overcome the exchange repulsion and
to be energetically stable, charge transfer and subsequent or-
bital rearrangements take place.26 This is reflected in a quali-
tative change of the Compton profile between the second and
the third CSOV step.

The studied model systems for the water and mixed
water-neon clusters as well as for the dimers show that the
Compton profile is indeed highly sensitive to the local envi-
ronment of an individual water molecule. The existence of an
observable signal in the profile when the distance of the
ligands from the central water molecule is 4 Å is important,
suggesting that the coordination shell properties of water
molecules can be probed over relatively large distances.

Our preliminary experiments confirm that the predicted
subtle intra- and intermolecular effects, typically of the order
of a fraction of percents atJs0d, can be detected in the
Compton profile as concerns the statistical and systematic
errors in the experimental data measured using a
synchrotron-radiation source.27 The induced oscillatory
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 detector(0.1
a.u. bin size) 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 samples.27

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 Shukla,10 who used the
Hartree-Fock method. Following their work, we have studied
the negative radial derivative −dNspd /dp of the isotropic
momentum densityNspd for the free molecule, the dimer and
the H2O·sH2Od4 cluster. We observe a qualitatively similar
trend as they for the position of −dNspd /dp and for the quan-

TABLE II. Constrained space orbital variation calculation for
the water dimer atROO

ice =2.75 Å. DE gives the change of energy
compared to two free water molecules.DEstepdenotes the change of
energy compared to the previous CSOV step.

CSOV step DEseVd DEstepseVd

0. Free H2O molecules 0 -

1. Frozen config. +0.076 +0.076

2. Polarization +0.014 −0.062

3. Full relaxation −0.149 −0.163

FIG. 7. (Color online) Compton profile differences at the vari-
ous stages of the CSOV analysis between a water dimer withROO

=2.75 Å and two free water molecules.
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tity Dp [full width at half maximum of −dNspd /dp]. The
amount of charge transferred, evaluated using Eqs.(1), (6),
and(7) of Ref. 10, is about 0.3% of an electron in the dimer
and 1.1% in the H2O·sH2Od4 cluster. The value in the dimer
agrees fairly well with the corresponding value of 0.5% re-
ported in Ref. 10. The slight discrepancy presumably reflects
the different theoretical approaches. This comparison is an-
other indication that there are systematic changes in the
Compton profile when the coordination number of individual
molecules increases.

In the present work we have considered only highly sym-
metric geometries. In the case of liquid water, distortions in
the hydrogen bond geometry around each molecule are ex-
pected(stretching, bending and breaking of bonds). As Figs.
3(a) and 4(b) (dimers) and Fig. 5 (clusters) show, linear
stretching of the hydrogen bond decreases the amplitude of
the oscillations in the difference Compton profile. In con-
trast, the positions of the first minimum and the first maxi-
mum do not change drastically upon stretching. Conse-
quently, there can be only minor cancellation effects in the
Compton profile if the system contains hydrogen bonds with
varied bond lengths. Our preliminary calculations for dimers
and small clusters suggest that this is also the case for bent
(i.e., nonlinear) hydrogen bonds. Therefore, independent of
the variations in the hydrogen bond geometry, each bond
donated or accepted by an individual water molecule is ex-
pected to contribute constructively to the total oscillatory
feature. For liquid water we hence expect a comparable os-
cillatory signal in the Compton profile as a function of the
coordination number and distance of the molecules in the
first coordination shell. Compton scattering may thus provide
important insight into the structure of liquid water in differ-
ent conditions(temperature and pressure effects, solvation-
induced structures).

IV. CONCLUSIONS

We have conducted a density-functional study of the iso-
tropic Compton profiles for a set of closed-shell model sys-
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
for the free water molecule and the water dimer. The calcu-
lations for the free water molecule show that an elongation
of the intramolecular covalent O-H bond can be distin-

guished as a narrowing of the profile. The narrowing is due
to the decrease of the average momentum of the orbitals
forming the bond. A 2% elongation was found to lead to a
predicted 0.5% increase at the peak of the profile.

For the water, water-neon and neon dimers, the isotropic
Compton profile exhibits oscillations as compared with the
profile from the corresponding free molecules/atoms. The os-
cillations are similar to those observed in the anisotropy of
the directional Compton profiles for the water and water-
neon dimers, which shows that the isotropic profiles contain
similar information. In terms of different classes of hydrogen
bonds,22 the present results suggest that “strong”
sROO,2.5 Åd and “moderate”s2.5 Å,ROO,3.2 Åd hydro-
gen bonds can be detected in the profile, but to some extent
also “weak” onessROO.3.2 Åd. The detection of the hydro-
gen bond in water requires, however, a high statistical accu-
racy that can be achieved by the use of synchrotron radiation.

The results for the five-molecule clusters for the first co-
ordination shell show that the isotropic Compton profiles are
sensitive both to the number and distance of the water or
neon ligands around the central water molecule. Each ligand
which is brought to the coordination shell atR=2.75 Å is
found to add to the systematic oscillatory feature in the pro-
file. For water clusters this feature is in essence the signature
of the hydrogen bond. Replacing the water molecules by
neon atoms in the coordination shell reduces the effect in the
profile. This is interpreted as a weaker exchange interaction
due to the smaller spatial extent of the wave function of neon
compared to the wave function of the water molecule.

The CSOV analysis for the water dimer shows that in
addition to the exchange interaction, charge transfer modifies
the Compton profile, while the role of polarization is weak.
The findings suggest that isotropic Compton profiles may
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-
tions as well as experiments on free water clusters and ionic
solvation.
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