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Abstract

We propose here a new interpretation of recent quasi-elastic neutron scattering
(QENS) measurements on water. A line-shape analysis based on a stretched
exponential ansatz for the time decay of density fluctuations enabled us to
observe an anomalous dependence on the exchanged momentum of relevant
relaxation parameters. We discuss this effect and relate it to an a priori
uncorrelated anomaly, previously evidenced by diffraction measurements.

Despite increasing efforts, the understanding of the physical properties of water still represents
a scientific challenge for the near future, made more urgent by the continuous discovery of new
anomalies in both static and dynamic properties [1, 2]. Among the former, a prominent interest
was attracted by the divergence of static density correlations upon approaching the nucleation
temperature, Ty = —45°C [3, 4]. A divergence around Ty also characterizes the temperature
evolution of dynamic (transport) parameters, even if the connection of such an effect with a
critical phenomenon still seems controversial [1]. Various models were developed in an attempt
to account for this intriguing behaviour [2]. Although each of them individually succeeds in
explaining a single effect, a comprehensive explanation is still lacking [2]; on the other hand,
a firm experiment allowing an unambiguous choice between the different models can hardly
be envisaged at present. An anomalous connectivity of overcooled water was evidenced by
compressibility [3, 4], neutron [5, 6] and x-ray [7-9] measurements, which experimentally
demonstrated the occurrence of an intensity increase in the static structure factor S(Q) at low
momentum transfers (Q). This effect was ascribed to the influence of cooperatively arranging
regions on density fluctuations [2]. However, its physical link with a critical phenomenon
raised some controversy in the past, being first suggested by Bosio et al [6, 9], and then
conclusively ruled out by Xie et al [8] on the basis of the fairly temperature-independent value
of the correlation length (A¢ = 3.6-3.8 A). In contrast, the systematic enhancement of
such an effect on decreasing temperature, likely due to the increasing number of cooperatively
arranging domains, seems to be rather well assessed.

Another intriguing effect was observed in the pressure (P) dependence of some transport
parameters, such as viscosity (or diffusion coefficients), mainly appearing as a maximum
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(or a minimum) at about 2 kbar [11]. Such behaviour has a rather simple explanation based
on the assumption of two competing effects of pressure. On the one hand, increasing pressure
causes a weakening of intermolecular attractions, owing to the increased overlap between close-
contact electron orbitals, thus favouring diffusion. On the other hand, it reduces the free volume
available for diffusive jumps [2], thus conversely increasing the resistance to diffusive flow,
which typically occurs in simple, non-associated fluids. Therefore the minimum (maximum) of
viscosity (diffusion coefficients) represents a crossover between a low- P region where the non-
trivial effect dominates, and a high- P regime where the ‘normal’ behaviour is instead restored.
According to some interpretation schemes [12], the viscosity minimum would likewise be
reminiscent of a structural liquid—liquid transition between a low-pressure open arrangement
and a high-pressure more packed one [1].

A deeper insight into both the P- and Q-dependences of microscopic diffusion of water
was achieved in a recent quasi-elastic neutron scattering (QENS) experiment [13]. The relevant
data analysis shows that the incoherent response of liquid water can be consistently described
assuming a stretched exponential time-decay of density fluctuations [14], in which both the
average relaxation frequency and the stretching parameter 8 follow a rather unexpected Q-
dependence.

In order to get a more unified picture of the microscopic properties of water, the
results of [13] are here compared with the independent and a priori uncorrelated diffraction
measurements performed by Xie ef al [8]. Such comparison allows to infer a 1/S(Q)-
dependence of the diffusion coefficient 1/(7ay 0?), which turns out to be a rather unexpected
result. Indeed, for the first time, an empirical link between an incoherent property such as
the relaxation time and a truly coherent one such as the static structure factor is experimentally
evidenced. Despite its novelty, such a result could not be fully unexpected, since the hypothesis
of some entanglement between single-particle diffusion and structural arrangements seems
somehow inherent to the ‘relaxing-cage’ approach. In fact such a model, derived in the frame
of the ‘mode coupling’ theory, relies on the hypothesis that diffusive jumps of a single molecule
are allowed only after the relaxation of the first-neighbour cage is accomplished.

The experiment was carried out using the time-of-flight spectrometer IN5, which operates
at the high-flux reactor of the Institut Laue-Langevin in Grenoble (France). Data were collected
along the 7 = 268 K isotherm, with pressures spanning the 80.9-350.4 MPa range. The
instrumental resolution function, provided by the measurement of a vanadium standard, had
the expected Gaussian profile with a full width at half maximum of 28 peV. Further details of
the experiment are given elsewhere [13].

As an example, the quasi-elastic spectrum of water collected at P = 80.9 MPa and 35°
scattering angle is reported in figure 1, as it appears after all background and multiple scattering
corrections. The corresponding empty cell contribution and the proper instrumental resolution
function are also shown.

The spectral intensity reads

+00

exp _L ﬂ mod o
I (Q’g)_znh dr exp h F™(Q, )N () (1)

where Q and ¢ = hw are respectively the wavevector and energy transfers, F™4(Q, ) is
the intermediate scattering function (ISF) and % (¢) the Fourier transform of the instrumental
resolution function. The line-shape model used relies on the assumption of a mutual decoupling
between vibrational, translational and rotational motions. This approximation has been
successfully employed in a large number of 7-dependent QENS studies of supercooled [17],
supercritical [18] and confined [19] water. On such a basis, the ISF can be written as the product
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Figure 1. Spectrum of the water sample at P = 80.9 MPa and 35° scattering angle (O) compared
with both the empty cell scattering (dash—dotted line) and instrumental resolution function as
measured with vanadium standard (dashed line). Inset: logarithmic plot of the spectrum of water at

P =80.9MPaand Q = 0.44 AT (O) compared with the corresponding best-fit curve (solid line)
(see text).

of three uncoupled terms:

t .BT Imax l l+ l ¢ ,BR
F™Q.0) = A(Q)exp | = (7) S @+ 1 jAdyexp | - 5 ) <—>

T 1=0 R

2

In equation (2), A(Q) represents a Debye—Waller-like scaling factor accounting for proton
vibrations. The stretched exponential labelled by the suffix T describes the translational ISF
according to the relaxing-cage model [14]. Finally the summation involving products of / th
order spherical Bessel functions j;(Qd) and stretched exponentials labelled by the suffix R
describes the rotational ISF. The parameter d is indeed the rotation radius, here approximated
by the O-H distance, namely 0.98 A. According to [20] (see equations (17) and (18)), the
rotational contribution was truncated to the term / = 1. In fact, owing to the low-Q range
covered by the present experiment, higher-order rotational terms are not expected to contribute
significantly to the spectral line-shapes. We recall that in the St — 1 limit the multi-
exponential time-decay model [21] is retrieved.

In the adopted model, equation (2) is inserted in equation (1) while approximating N (¢)
with the Fourier transform of the Gaussian best fit of the instrumental resolution.

The spectral line-shapes were fitted within the —0.6 meV < fiw < 0.6 meV energy transfer
window. The parameters A(Q), t1t(Q), tr(Q), Br(Q) and Br(Q) were left free to vary without
any constraint to both their P- and Q-dependences.

The agreement between model and experimental line-shapes can be easily judged even
from a first inspection of the inset of figure 1, where a typical corrected spectrum is compared
with the corresponding best fit, obtained as the Fourier transform of the optimized ISF model
of equation (2). The logarithmic scale emphasizes the overall agreement even in the extreme
portion of spectral tails. Various preliminary tests allowed us to conclude that the translational
term alone accurately approximates the spectral shape, the agreement being not significantly
improved by the inclusion of the rotational term, which was therefore discarded.
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Figure 2. Best-fit values of 1/1,, (open circles) reported as a function of Q at the lowest pressure
investigated (P = 80.9 MPa). The full line represents the parabolic trend as inferred from NMR
measurements of [15]. Best-fit values of the stretching parameter St are also reported as dots and
compared with the simple exponential result St = 1. The vertical line shows both the position of
the minimum and the region where the 1/7,, exhibits an anomalous behaviour (see text). In the
inset the comparison between 1/7,,-values and the NMR curve is reported in a semi-logarithmic
plot and within a more restricted window.

Once a good consistency between experimental and model line-shapes is assessed, further
physical insight can be derived from the analysis of the two relevant outputs of the best-fit
routine: the stretching parameter fr, and the average relaxation frequency 1/1,y, defined as

00 ¢ Br
Tay = / exp | — <—) dr. 3)
0 Tr

In figure 2, the best-fit values of 1/7,, and Bt referring to the lowest P investigated (80.9 MPa)
are reported as a function of Q>. We notice that, for @ > 0.5 Afl, the Q-behaviour of
1/7, is rather well approximated by the D Q? law (solid line) obtained by nuclear magnetic
resonance (NMR) measurements of D [15]. At variance, systematic deviations show up for
0 <05 A_], as emphasized by the logarithmic plot reported in the inset, in which the
comparison is displayed within a more restricted window. It clearly appears that the present
data definitely lie below NMR ones, thus suggesting an unpredicted slowing down of diffusion
at relatively low Q. At this preliminary stage, we can tentatively ascribe such behaviour to the
occurrence of some coupling of diffusion processes with some internal degree of freedom; this
also seems to be suggested by the inspection of the values of By reported in the same plot. In
fact the latter shows a clear minimum around Q,, ~ 0.32 A_], i.e. close to the low-Q anomaly
of 1/1, (both positions being shown by a vertical line). Such a minimum reveals a broadening
of the relaxation time distribution, likely reminiscent of some coupling with an internal mode
having a typical size of the order of Ac ~ Q.

The physical interpretation of such an effect is far from being trivial, since none of the
existing models predict it and no simulation result provides data accurate enough to allow its
observation [22]. It should be also remarked that previous experimental investigations of the
self-dynamics of water only proposed multi-exponential line-shape modelling. In addition,
the effect under investigation is scarcely perceptible on a linear scale, and is also circumscribed
within a limited Q-range. However, the quality of the present data, as well as the reproducibility
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Figure 3. Q-dependence of Ktr (@), where K = D;(Q? represents the parabolic best fit of the
high-Q trend of 1/71(Q) (see text). The curve is compared with K'S(Q) (¢), where S(Q) is
determined by diffraction techniques [8] and its normal component (K’ 71) is derived from [23] (see
text). The profile (equation (4)) best fitting both measurements is also reported as a solid line for
comparison.

of the result all over the pressures investigated (see [13]), makes us confident that the observed
behaviour is a real physical effect.

In this framework, a comparison between such intriguing (Q-dependence and the
anomalous low-Q trend of the static structure factor, already studied in literature [5-9], would
be rather appealing. In order to check if a more stringent connection exists, the best-fit values of
7 at P = 80.9 MPa were multiplied by the parabola K = D;Q? best fitting the Q-dependence
of 1/tr for Q > 0.7 A™". Insucha fitting routine the diffusion coefficient Dy was taken as
the only free parameter. In figure 3 the Q-dependence of K tr is compared with the closest-7'
diffraction pattern reported in [8] multiplied by the scaling factor K’ = 1/[nKgT x" 1], where
n, Kp and x" are the density, the Boltzmann constant and the normal component of isothermal
compressibility (from [23]) respectively. More specifically, the coefficient K’ coincides with
the inverse of the normal, non-diverging component of S(Q) [23]. Although no adjustable
scaling factor was used, the two independent curves—K tp and K'S(Q)—agree remarkably
well, thus suggesting that tp = $(Q) Finally, the two independent sets of data were fitted by
a single model consisting of the sum of a Lorentzian and a parabolic Q-profile:

1(Q) =1/(Q*+ %) + B+ C x 0% )

Here I, B, C and the correlation length, Ac, are best-fit parameters. It is worthwhile
noticing that the actual best-fit value of Ac (2.79 A) agrees fairly well with the independent
determination reported in [8, 10]. This represents a rather interesting result, suggesting that
dynamical and statical properties exhibit similar anomalies.

To the best of our knowledge, for the first time a direct link is unambiguously established
here between an incoherent property such as 1/7p and a truly coherent one such as S(Q).
Despite the undoubted novelty, such a result appears somehow consistent with the ‘relaxing-
cage’ framework, predicting a strong entanglement between single-particle jumps and the
structural arrangement of the surrounding cage. We believe these findings deserve further
experimental investigations, covering a wider Q-range, thus allowing one to approach the
position of the first diffraction peak, and possibly exploring the supercooled region where a
drastic enhancement is expected.
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Figure 4. Pressure dependence of the diffusion coefficient Degr = 1/ (rr(Q)0%) averaged
within different Q-windows indicated in the plot and normalized to the lowest-pressure (Ppin =
80.9 MPa) datum, D™ . The pressure dependence of the diffusion coefficient obtained by NMR
measurements is also reported as a dashed line for comparison. Full lines are polynomial fits to the
various curves and mainly serve as guides to the eye.

In order to shed more light on the phenomenology associated to molecular self-diffusion
in water, a detailed analysis of the P- and Q-dependences of the effective diffusion coefficient
Der = 1/(trQ?) can be carried out. To improve the statistical accuracy of the results, best-fit
values of 1/(zpQ?) were averaged over different Q-windows centred at the Q-values indicated
in the plot, with all of them having +0.1 A spread. We readily notice that for O < 0.8 A
all the curves follow the same P-trend, mainly consisting in a maximum at 200 = 10 MPa.
This behaviour parallels the P-evolution of the macroscopic self-diffusion coefficient, also
reported in figure 4 as derived from NMR measurements [15]. It is worthwhile noticing that
the maximum disappears in the highest-Q datum (1.1 Afl). This evidence is per se interesting
and worth further comments.

In fact, the reported curves suggest that the general features of the macroscopic diffusion
coefficient (displayed for example by the NMR datum) are observable also at mesoscopic
scales, i.e. at least for O < 0.8 Afl, in spite of the disparate time range covered by each
measurement. However, when Q overcomes the A I_range, changes in the diffusive behaviour
show up abruptly, likely revealing once again some entanglement with internal degrees of
freedom. This evidence appears, in turn, rather intriguing, since it suggests that the macroscopic
anomaly characterizing the P-behaviour of the diffusion coefficient disappears on approaching
truly microscopic distances. At these length-scales, the dynamic behaviour of water becomes
more normal and similar to that of non-associated fluids (monotonic P-decrease). In this regime
the pressure-induced weakening of hydrogen bonds, responsible for the diffusion anomaly,
becomes quite less effective.

In summary, all presented results provide a rich and physically informative picture of
the microscopic diffusion of liquid water. We observe that a stretched exponential ansatz
for the time decay of density fluctuation allows one to find evidence of an anomalous
Q-dependence of relaxation parameters, suggestive of a strong coupling between diffusive
motions and some internal degrees of freedom. Moreover, the comparison with independent
diffraction measurements points to a strict link between such an effect and the anomalies of the
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large-distance structure of water that have been thoroughly reported in the literature. In view
of the relevant physical interest of these findings, we believe that this subject is worth future
investigative efforts, hopefully combining experimental and computational techniques.
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