
Time-resolved measurements of the structure of water at constant density
A. M. Lindenberga! and Y. Acremann
Stanford Synchrotron Radiation Laboratory, Stanford Linear Accelerator Center, Menlo Park, California
94025

D. P. Lowneyb! and P. A. Heimann
Experimental Systems Group, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley,
California 94720

T. K. Allison, T. Matthews, and R. W. Falcone
Department of Physics, University of California, Berkeley, Berkeley, California 94720

sReceived 25 February 2005; accepted 18 March 2005; published online 25 May 2005d

Dynamical changes in the structure factor of liquid water,SsQ,td, are measured using time-resolved
x-ray diffraction techniques with 100 ps resolution. On short time scales following femtosecond
optical excitation, we observe temperature-induced changes associated with rearrangements of the
hydrogen-bonded structure at constant volume, before the system has had time to expand. We invert
this data to extract transient changes in the pair correlation function associated with isochoric
heating effects, and interpret these in terms of a decrease in the local tetrahedral ordering. ©2005
American Institute of Physics. fDOI: 10.1063/1.1906212g

I. INTRODUCTION

Liquid water undergoes continuous structural rearrange-
ments on picosecond time scales, involving rapid breaking
and reforming of the hydrogen bonds which make up the
backbone of its structure.1,2 The ability of water to form tran-
sient hydrogen bond networks is intimately tied to many of
its most important properties, including many of its anoma-
lous ones, becoming more compressible and expanding upon
cooling and becoming less viscous under compression at low
enough temperatures.3 The existence of a density maximum
as a function of temperature, for example, may be interpreted
as the result of competing effects between the normal ten-
dency of liquids to expand on heating opposed by the break-
ing of hydrogen bonds associated with low-density “icelike”
configurations.4

A wide range of experimental and theoretical techniques
have been applied toward understanding the structural and
dynamical effects which underly much of water’s unusual
behavior. X-ray and neutron scattering techniques,5–8

through measurement of the liquid structure factor, may be
used to extract pair correlation functions which describe the
average local structure in the liquid state. Near-edge x-ray
absorption spectroscopy provides complimentary informa-
tion that is uniquely sensitive to the hydrogen-bonding
environment.9,10 However, while many of these techniques
capture the instantaneous average structure of a sample, they
do not directly measure the evolution of the structural prop-
erties with time. In contrast, femtosecond optical spectros-
copy has led to the capability of probing liquid-state dynam-
ics with sufficient time resolution to resolve vibrational
relaxation and the orientational motion of H2O

molecules.11–17 In some instances, indirect structural infor-
mation may be obtained. For instance, measurement of the
OH-stretching mode vibration may be related to variations in
hydrogen bond lengths.18 But the correspondence between
spectral components of the OH mode and H bond lengths
may not be one-to-one.19,20 In general, structural information
is most directly obtained through scattering techniques using
wavelengths comparable to the effective intermolecular spac-
ing.

Here we describe first steps towards applying time-
resolved diffraction techniques,21 with temporal resolution
approaching that of the time scale for molecular rearrange-
ment, to the problem of liquid water. By comparison with
static temperature-dependent measurements, it is shown that
the observed short time-scale effectsstimes less than typical
expansion times but greater than hydrogen-bond lifetimesd
can be understood in terms of temperature-induced changes
in the structure of water occurring at constant volume, before
the system has had time to expand.

II. EXPERIMENTAL METHODS

Experiments were carried out at the Advanced Light
Source synchrotron at the bend magnet beam line 5.3.1. A
W/B4C or W/Si multilayer mirror provided quasimonochro-
matic light with bandwidthDE/E,2.5%. This provides suf-
ficient spectral resolution to observe changes in the broad
diffraction peaks associated with the liquid state. Experi-
ments were carried out at photon energies of both 7.8 keV
and 9.9 keV and in a variety of different excitation geom-
etries. We employed both two-photon excitation of pure wa-
ter and single-photon excitation in water doped with the dye
pyranines8-hydroxy-1,3,6-pyrenetrisulfonate, obtained from
Sigma-Aldrichd. A titanium-sapphire based femtosecond la-
ser system, producing 150 fs pulses at 800 nm, 1 kHz rep-
etition rate, and synchronized to individual x-ray pulses to
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,2 ps accuracy, was used to generate excitation pulses at
266 nm for two-photon excitation of pure water or at 400 nm
for single-photon excitation of pyranine in water. Excitation
intensities were 0.5–1 TW/cm2, below the threshold for
continuum generation. The sample was a liquid jet producing
a thin sheet of waters30–300mm thickness, homemade fol-
lowing Ref. 22 or obtained from Kyburzd. Diffracted x-ray
pulses were measured using a large area avalanche photodi-
ode with a horizontal slit and scanned verticallysperpendicu-
lar to the incident x-ray polarization vectord to record the
diffracted intensity over a range inQ=4p sinu /l. Calibra-
tion of x-ray wavelength and detector distance was per-
formed by measuring multiple diffraction orders from a dia-
mond powder at two different sample-to-detector distances.
Calculations and measurements show that the loss of resolu-
tion due to the finite height and width of the diode slit has
only a small effect on measurement of the scattered intensity
up to Q=4 Å−1. A fast avalanche photodiode allowed us to
electronically gate out a single x-ray pulse from the train of
pulses typically produced by synchrotrons, and thus perform
pump-probe measurements with time resolution set by the
duration of the x-ray probe pulsess,50–100 psd.

We apply a differencing data collection technique in
which the diffracted intensityIsQd is recorded at 2 kHz rep-
etition rate, twice the repetition rate of the optical excitation
source, on a shot by shot basis.23 This enables measurement
of the transient change in diffracted intensitydIsQ,td
= IsQ,td− IsQ,0d at 1 kHz and cancels out the effect of long
time-scale drifts as well as background scattering effects
which are time independent. With an incident x-ray flux of
order 106 photons/pulse and integration times of order 30 s
per point, we are able to resolve changes in the liquid struc-
ture factor of order a fraction of a percent.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the measured static diffracted intensity
as a function ofQ for neat water, obtained by scanning over
a range 1.5–4.0 Å−1. Each point corresponds to an average
of about 30 000 shots or 30 s of integration. The curve is
normalized by comparing to previous static measurements of
the structure factor of water and is in reasonable agreement
with previous measurements.5,6 Figure 2ssolid lined displays
the transient change in the structure factordS at t=700 ps
following excitation at 266 nm.dS represents the change in
the scattered intensity normalized by theQ-dependent scat-
tering from a single H2O molecule,5 denoted bykF2l, i.e.,
dS=dI / kF2l. One observes an oscillatory difference signal,
corresponding to a decrease near the peak of the structure
factor atQ=2 Å−1 and an increase near the shoulder region
around 2.5 Å−1. We interpret this as follows: Impulsive heat-
ing through femtosecond excitation leads to the generation of
both temperature and pressure jumps. These result in
changes in the structure factorSsQd, which may be written
as24

dS= S ]S

]T
D

P
dT + S ]S

]P
D

T
dP. s1d

On short time scales, before the system has time to expand,
heating occurs isochorically, giving rise to a pressure jump
dP=a /xdT wherea is the thermal expansion coefficient and
x is the isothermal compressibility. In this short-time-scale
limit, the above equation then reduces to24,25

FIG. 1. Scattered x-ray intensity as a function ofQ through a 100mm water
jet obtained by scanning an avalanche photodiode across the diffraction ring.

FIG. 2. Comparison of transient data att=700 ps to static isochoric mea-
surements of Bosioet al. sRef. 28d. Solid curve, transient data. Dashed
curve, static data.
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Thus one directly measures the isochoric temperature differ-
ential, i.e., the temperature-dependent change in the structure
factor at constant volume, with amplitude set by the transient
optically induced temperature or pressure increasesestimated
to be of order 10 K and 40 bar, respectively, using standard
values for the thermal expansion coefficient, heat capacity
and isothermal compressibility26,27d. We estimate that the
time for significant expansion to occur is of order the length
scale for energy deposition divided by the speed of sound.
For the case of uniform excitation of the jet, this length scale
is set by the laser spot sizes300 mmd,21 corresponding to a
time scale of roughly 300 ns. This serves as an upper bound
on the time scales on which the above approximations re-
main valid. This time scale has been verified by Plechet al.21

in time-resolved work on liquid CCl4.
For the case of water, one may cancel the effects of

volumetric changes to first order without employing time-
resolved techniques. Because liquid H2O exhibits a density
maximum at 4 °C at atmospheric pressure, one may choose
pairs of temperatures for which the density is the same, and
thus isolate the temperature-dependent effects on the hydro-
gen bond network.28–30 In the following, we compare our
time-resolved measurements to the static measurements of
Bosio et al.28 to support the interpretation that the observed
transient changes in the water structure correspond to isoch-
oric heating effects. Figure 2 shows theQ-dependent differ-
ence signal obtained for an 8° temperature differential about
the temperature of maximum density, in comparison with our
time-resolved measurement att=700 ps. The time-dependent
data has been scaled up by a factor of five for comparison.
The agreement between the two curves illustrates that the
time-resolved techniques described here accurately record
the isochoric temperature differential.

Nonlinear absorption under multiphoton excitation con-
ditions often leads to highly nonuniform excitation of the
liquid jet27,31 and high concentrationssup to 10 mMd of sol-
vated electrons and other photoproducts which may them-
selves perturb the local structure of water.32 Thus we also
measured the transient structural changes which occur in wa-
ter doped with the dye pyranine under single-photon excita-
tion conditions at 400 nm, for comparison. Pyranine is well
known to behave as a photon-initiated acid,33–36 undergoing
an excited-state proton transfer reaction upon optical excita-
tion with an effectivepH jump and ensuing hydrogen-bond
rearrangements localized around the proton transfer event.
Figure 3 displays a comparison of the time-resolved effects
observed for the case of neat water excitation versus
pyranine-doped water at 5 mM concentration. We observe
qualitative agreements for both excitation conditions, indi-
cating that the changes in the structure factor are not directly
related to charge transfer reactions. Because x-ray scattering
probes the entire excited volume, structural effects due to
solvation-induced rearrangements of the local oxygen envi-
ronment are expected and confirmed to be small under these
conditions. Recent measurements27 have emphasized the im-
portance of temperature-jump effects under similar excitation

conditions with respect to studies of optically induced sol-
vated electrons in water. For our experimental conditions,
although the initial deposition of energy is highly nonuni-
form sfor excitation in neat water at the highest intensities,
corresponding to an average electron spacing of about 50 Åd,
the time for thermal diffusion to create roughly uniform con-
ditions is only 30 ps.27 Thus, the x-ray probe pulse scatters
from a roughly uniformly heated sample for the time scales
probed here.

Instead of obtaining snapshots ofSsQd at various time
delays, one may instead fix the detector position and scan the
relative time between pump and probe to directly obtain the
time-dependentdSsQ,td for a givenQ. Figure 4 shows the
time-resolved change atQ=2.5 Å−1 on the shoulder of the
diffracted intensity curve, over a 1.5 ns time scale. We ob-
serve an increase in scattering occurring on a time scale lim-
ited by the time resolution of the experiments,100 psd. This
is in agreement with the direction and magnitude observed in
the Q-dependent scans displayed in Fig. 2.

The measured difference signaldIsQ,td may be directly
related to a corresponding changedgsrd in the intermolecular
oxygen-oxygen pair correlation function by

dgsrd =
1

2p2r0r
E

0

` dIsQd
kF2l

Q sinQrdQ. s3d

Herer0 is the number density andr is the distance from an
arbitrary oxygen atom. Because the static structure factor
continues to oscillate at momentum transfers extending
above 10 Å−1, truncation effects often limit the accuracy of
extracted pair correlation functions. In contrast, since most
of the structural changes in water are associated with inter-
molecular rearrangements, the highQ sshort-length-scaled

FIG. 3. Comparison of transient effects observed for the case of two-photon
excitation of neat waterssolidd and one-photon excitation of pyranine-doped
water at 5 mM concentrationsdashedd.
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part of the structure factor remains relatively constant. Thus
the differential structure factordSsQd swhich is directly mea-
sured by time-resolved techniquesd goes rapidly to zero
above,5 Å−1, more rapidly than the structure factor itself,28

allowing for the extraction of changes in the pair correlation
function with data over only a limited range inQ. Figure 5
shows the extracted time-dependent change in the pair cor-

relation function from Eq.s3d at t=700 ps following excita-
tion of neat water, again shown in comparison to the static
isochoric measurements. No artificial damping at highQ of
the structure factor data is applied. One observes that the
positions of the first four minima and maxima for the tran-
sient data are in good agreement with the temperature-
dependent static measurements. The first minimum at about
2.7 Å is located near the peak of the static pair correlation
function and corresponds to the well-known nearest-
neighbor oxygen-oxygen spacing. The second minimum at
4.5 Å corresponds to the next-nearest-neighbor spacingsat
Î8/3 times the nearest-neighbor spacing for perfect tetrahe-
dral orderingd, indicating a large change in the second
nearest-neighbor shell. A corresponding increase occurs at
3.5 Å, in between the first and second nearest-neighbor
peaks. The extracted changes extend significantly outside the
nearest-neighbor shell and the fractional change in the pair
correlation function is significantly larger at the second
nearest-neighbor position as compared to the first. The re-
corded differential pair correlation function att=700 ps after
excitation thus captures the changes in the local structure of
water associated with a breakdown of tetrahedral ordering,
the same changes which give rise to an increase in density on
heating water below 4 °C.

IV. CONCLUSIONS

A technique for probing the isochoric differential struc-
ture factor in water has been described which makes use of
time-resolved x-ray techniques to probe changes in the struc-
ture of water before significant expansion occurs. For time
scales less than the expansion time but longer than typical
hydrogen bond lifetimes, the observed changes are well de-
scribed by constant volume temperature jump effects. This
technique may be extended to probe temperature-jump ef-
fects in other liquids under arbitrary initial conditions. By
extending this technique to the supercooled regime,37 it
should be possible to record isochoric structure factor
changes between two temperatures both of which are in the
supercooled regime, where the anomalous properties of wa-
ter are most evident.

Time-resolved differential changes in the pair correlation
function have been extracted under experimental conditions
where data at largeQ is limited due to weak scattering and
photon number constraints. We have shown that if one is
interested in obtaining only transient changes in the pair cor-
relation function, the requirements for reliable inversion of
structure factor data are considerably reduced. Next genera-
tion ultrafast x-ray sources38 should be able to apply this
principle to a variety of problems in the liquid state. In par-
ticular, the application of these new sources to the problem
of liquid water should enable direct measurement of intrinsic
structural rearrangements and the breaking of hydrogen
bonds in water on the time-scales upon which they occur.
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