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Unpredicted density dependence of hydrogen bonding in water found by neutron diffraction
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The oxygen-hydrogen pair correlation functions for water are determined at five density states along the
T=573 K isotherm, using the hydrogen isotope substitution technique in a neutron-diffraction experiment. The
results are sufficiently accurate to reveal significant discrepancies with computer simulations of water, which
use the traditional site-site charge interactions to generate hydrogen bonds. They imply that these models of the
interatomic potential overemphasize the strength of the hydrogen bonding interaction in water.
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The phenomenon of hydrogen bonding plays a fundamerpeak near 1.9 A in the OH site-site distribution function,
tal role in the structure, function and properties of manydiminishes more rapidly than predicted by computer simula-
liquids of chemical and biological importance. The interac-tion with simple charge models, and has apparently mostly
tion manifests itself as a pronounced, directional correlatiordisappeared above the critical temperature at moderate den-
between specific sites on neighboring molecules. It also prosities. Other experimental data suggest that the same peak is
duces a highly characteristic vibrational density of states irdensity dependetitat a given temperature, and more so than
hydrogen bonded molecules, and dramatically affects thés seen in the simulations. To investigate this density depen-
thermodynamic properties of a fluid compared to what theydence in more detail we have enhanced the range of densities
would be if the molecules interacted simply by van derat 573 K for which neutron data on water exist by repeating
Waals interactions. the water experiment at four additional densities and under

Arguments have persisted over many decades over thgifferent experimental conditions to the earlier results. These
true cause of the hydrogen bond interaction. Conventionaljata are combined with a method of analyzing the neutron
analyses, particularly with regard to understanding the soli@xperiment which serves to circumvent some of the system-
forms of water’ treat the hydrogen bond as if it were @ agic artifacts which have been postulaféd:'2A full account
Wgakly covalent effect associated Wlt'h thg so-called “loneqs this work is being published elsewhérthere we high-
pair” electrons on a hydrogen-accepting site: hence the usf?ght the principle conclusion, that is density dependent ef-

of the term “bond.” Moreover, simple “sticky hard sphere” ¢ .« (1 the h L : ;
. ydrogen bonding in water are certainly discern-
(that is short-rangemodels of the hydrogen bond are able ©iple in the neutron experiment. It is worth pointing out that

reproduce the essential features of the atom-atom Correlatioaﬂthou h the structure of superheated water has been inves-
functions of water under ambient conditions and successfull 9 P

describe the solvation of simple ions in solutiNet com- ){'gageg in several pr_‘i‘g'ous diffraction experiments, bOth X
puter simulations of liquid water and other hydrogen bonded® " and neutroﬁ‘,. the present data represent an in-
liquids reproduce both thermodynamic and structural properdepth study of the sﬂe—s@g ra(jlal distribution functions for
ties with some succebaising an empirical intermolecular Water for a range of densities fixed temperature.
potential energy function which consists of long-range Cou- The essence of the neutron-diffraction experiment on wa-
lomb’s law interactions between a few strategically placeder is to exploit the very large change in coherent neutron-
charges on the molecules, plus weak attractive dispersiopcattering length between the hydrogen and deuterium iso-
and short-range repulsive forcéhe hydrogen bond inter- topes to separate the individual hydrogen-hydrogen, oxygen-
action appears as the strong attractive interaction betweenhydrogen, and oxygen-oxygen partial structure factors,
positively charged sitdusually a hydrogen atomon one  (Sun, Son. Soo), from diffraction data on light water, heavy
molecule and a negatively charged site, usually close to awater, and at least one mixture of the tW@hese in turn are
oxygen atom, on another. This kind of potential model preselated by Fourier transform to the corresponding site-site
dicts that hydrogen bonding in water is retained even at tempair correlation functiongyy(r), 9on(r), 9oo(r). Of these
peratures and pressures well above the critical foiatfea- the OH function is of considerable interest because it mea-
ture which is not unexpected, given that the intermoleculasures the degree of correlation between oxygen on one mol-
interactions are being modelled by static electrical chargesecule and hydrogen on another, and is therefore a direct in-
However, recent neutron-diffraction experiments on su-dication of the degree of hydrogen bonding in water. For this
perheated wat&r have cast doubt on these charge modelgeason, only the OH radial distribution function is discussed
for the water potential. They suggest that as the critical temhere, while the full set of distribution functions from both the
perature of water is approached the hydrogen bond interagresent experiment and from the reanalyzed old data are de-
tion, as manifested by the height and position of the firsiscribed in Ref. 13.
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A well-known source of systematic error in this experi-

ment is the fact that the neutron has a similar mass to the S ——T1— T T T
proton or deuteron, and so induces a substantial nuclear re- - 1
coil. The recoil in turn causes a significant distortion to the 30 _
scattered neutron pattern which can be estimated only ap- PN TeEskpmoi
proximately for light atoms. The distortion largely cancels if i e
only the HH function is needel,but must be accounted for 25 | Lo 7]
if the OH or OO functions are requiréd.The correction is A N 1
minimized by performing the experiment at low scattering 2ol T=573 K p=0.0309

angles (#=<20°) and using the high flux of neutrons at epi-
thermal energies that is available at a pulsed neutron
source'’ The size and shape of the correction is still affected 1.5
by a number of factors, particularly the derivatives of the
incident neutron spectrum as a function of neutron energy,
the detector efficiency, and the van Hove dynamic scattering 1.0
law.!® In the present experiment the incident neutron spec-
trum was obtained from a water neutron moderator at 300 K 05
as opposed to the previous data, which were measured using
a liguid methane moderator at 109 K. The water moderator
shifts the position of the Maxwellian part of the neutron 0.0
spectrum to larger energies and reduces its amplitude, with a
corresponding reduction in the size of the recoil correction. riA]

A second dISFmCt fgature of the experiment is thgt the data FIG. 1. Thegoy(r) functions of water obtained at five density
were analyzed in a different way. It has been pointed’out . ,

. . D o states on the isotherm @t=573 K, compared with the same func-

that residual systematic errors arising from the recoil distor-

tion i f th d diff tial tteri tion for water at ambient conditions: the density decreases from top
lon 1n one_ or more of the measured dilterential sca e“nQO bottom and the different curves have been shifted by an arbitrary
cross sections can affect the shape of the OH and OO p

. A . . . aﬂfuantity. Units ofp are molecules/A The experiments on ambient
correlation functions in opposite ways. In this procedure thg, 4ter (Ref. 20 and superheated water at=0.0309 molecules/

interference differential cross section of -ea<-:h samiple A3 (Ref. 10, reported as dashed lines, have been performed with
Fi(Q), was represented as the usual combination of the patifferent experimental conditions.

tial structure factors plus a background contributi®(Q):

9ou (1)
T

p=0.0241

be called the H-bond peaks accordingly. The H-bond peaks
are well resolved and sharp in the case of water at ambient
F.(O)=a: +a +a:.S +T:(0). conditions, indicating a strong directionality in the hydrogen
1(Q)=2i150d( Q)+ 21250H(Q) F 8i3Sun( Q)+ Ti(Q) (1)  bonding of room temperature wat@rWith increasing tem-
peratures the first peak moves to a larger distance than in

S o ambient water(see Fig. 1 and broadens, while the number
The a;;'s are the weightings of the individual structure fac- of molecules engaged in the hydrogen bonding

tors in the neutron experiment,;(Q) was estimated from decrease¥!3
the requirement that the calculated radial distribution func- The experimental results confirm that clear and systematic
tions must be everywhere zero or positive definite. The samehanges show up in the local hydrogen bonding with increas-
distribution functions are expected to be identically zero being temperature and decreasing density. In order to demon-
low a certain minimum radius value, and on integrating musstrate this point more clearly Fig. 2 shows the centroid of the
satisfy the compressibility equatidiAny residualQ depen- first H-bond peak irgon(r) as a function of density, as ob-
dence required to fit the measured data is then treated as ttained by fitting a Gaussian plus a background to this peak.
background function. Applying this procedure to both newThe first H-bond peak is centered-atl.85 A for the ambient
and old experimental data resulted in a considerable degreiguid and moves to~2.15 A for the saturated liquid at 573
of quantitative overlaly between the site-site correlation K, while at the highest density investigateg=0.0309
functions derived from two data sets measured at the sammolecules/&) it shows a broader, possibly double, struc-
thermodynamic state point but with different incident neu-ture. The peak shift is accompanied by a decrease in the
tron spectra, even though the nuclear recoil corrections in thelope of theggy(r) function at short distances with decreas-
two cases were substantially different. ing densities. Also shown in this figure is the position of the
Figure 1 shows the oxygen-hydrogen radial distributionpeak as estimated by computer simulation of TIRREf. 5
function, gon(r), as derived from the neutron data in the water on a supercritical isotherfrclearly the shift in posi-
present experiment, as a function of decreasing density aion of the peak is not accurately reproduced by the simula-
573 K, and compares these functions with the same functiotion.
in ambient watef° and the earlier measuremé&hat 573 K at The observed shift of the hydrogen bond peak towards
a density of 0.0309 moleculesfA The pronounced peaks larger distances compared to ambient conditions suggests the
centered near-1.9 and~3.3 A in ambient water contain presence of highly distorted and possibly bifurcated
direct information on the degree of short-range moleculahydrogen-bonds for these lower density and higher tempera-
association. The presence of these peaks is traditionally redre states. This inference is also supported by the shape of
garded as the signature of the hydrogen bond and they withe goo(r) functions, which show a structure around 4.
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FIG. 2. Position of the centroid of the first H-bond peak as awhen co®<—0.87 (which corresponds to deviations from
function of density(squares The circle indicates the peak position linearity by up to 30°) then the number of hydrogen bonded
at ambient conditions. The triangles are the result of a simulation omolecules, as indicated by the area under the peak at
TIP4P water aff=773 K. (Ref. 7). Solid lines are guides for the cosf=—1, decreases rapidly with decreasing density. There-
eye. fore on both counts, i.e., the rapid broadening of the angular

distributions and the consequent fall in number of hydrogen
Bifurcated hydrogen bonds versus linear ones would implyPonds with density, the present experimental data indicate a
longer hydrogen bond distances and shorter OO distancé%‘p'd deqrease in hydrogen bonding in superheated water as
between second neighbdts. t eT(r:i]ensn_y ffr‘“:s‘ it of th t work is that the first

In order to gain a better understanding of the implications € principie resuit of the present work 1S that the 1irs
of these data for the structure of nonambient water empiriceﬁ)e"".k.In thg OH rad_lal distribution function for water'changles
potential Monte Carlo simulation&€PMCS (Ref. 29 of the position with d?”_s'ty at const_ant temp_erature. _Th!s implies
measured site-site radial distribution functions at the two ex;[hat the ILO((::IEIJ‘I ml_rt'lrl]mdum (_)I the mtizfratfmlctpotentlall IS changf—
treme densities at 573 K were performed and compared witl!9 markedly with density, an efiect that can only occur I
the results of the same simulation for room temperaturem"’my'boqy Interactions are an important component of the
water?? This simulation attempts to set up, by standard'nteratomic potential. In fact, even in a pairwise additive sys-
Monte Carlo methods, three-dimensiofdD) distributions tem smtarl]l' shhg‘lts |r'1t'the ;ear—r&glghborthpeali (t)'f a Ilqwd tﬁanf
of water molecules with the correct intramolecular structure 2¢CU" at Nigh censities, depending on the refative strengths o
which reproduce the measured correlation functions. Thes,[ts1e attractive forces_ binding the molecules together and _the
distributions fulfill two important tasks: they verify that the [epbulswe fﬁm‘?s \gh';h prever_lt r;:]oltetc#Iar r?'\f/te'r Iap.tTht()a pomtd
radial distribution functions extracted from the neutron data° 2€ €Mphasized, however, IS that this shitt IS not observe
are in fact physically reasonable, and they can then be us the trqdlt[onal water potgnﬂals which have been used.al-
to calculate a variety of other structural quantities of interest 1St u_b|qU|toust to predict water and aqueous solution
in this case the angular distribution of H bonds around arpropertles over a W'de range of state conditions from super-
oxygen atom on a water molecule. Note that the simulatiorFO()le‘j to supercr!tlcal for the last 25 years or so. The fact
fits all three site-site pair correlation functions, HH, OH, andthat theset potentlalst d?h ntottr:eproduce thi ok.)servtgadthp?ﬁk
0O, and not just the OH function discussed here. Figure ghovements Suggests tha €y overempnhasize€ bo €
shows the estimated distribution of angles between the Olg'trength of _the attractive hydroge_n bond interaction and the
bond on one molecule and the OO vector between mol- corresponding repulsive interaction preventing molecular
ecules separated by distances between 2.4 and 3.5 A aﬂ]aerlap; changes in density at constant temperature do not

"

averaged over all directions of the O O vector. The distri- TI'?n aroduce a(rj] ?bse(rjyabtle t%e?l; shift Wlthtdensgy tcf‘hangi.
butions are normalized to one water molecule at the origin erelore, our data indicate that for accurate predictions o

The angle, is defned so tha =0 corresponds to the OR (2 0, B0vaie Co T PRt o8 oot e o -
bond on one molecule pointing directly away from the oxy- uirgd in a vériet of a, Iicatirt))ns in thé chemical and geo-
gen of a neighboring molecule. Hence the sharp peak 4 y PP 9

cosf=—1 and the distinct hump at cs0.2 observed under a}ogmal sciences, existing potentials for water will need to be

ambient conditions are the signature for sharply defined colr-T]Od'f'ed'

linear bonds. At 573 K the sharp peak at @ées-1 has This work was performed with financial support from

broadened considerably and the second hump a#=602  EEC Twinning Agreement No. SCI-CT91-0714, and GNSM
becomes almost flat at the lowest density. It will also beof the Italian CNR. Thanks are due to |. Bailey and J. Dreyer
observed that if the hydrogen bond is defined to exist onlyfor their skilled technical assistance.
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