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Structural polyamorphism has been promoted as a means for understanding the anomalous

thermodynamics  and  dynamics  of  water  in  the  experimentally  inaccessible  supercooled

region, where theory has hypothesized the existence of a  liquid-liquid critical  point from

which a dividing line separates two water species of high and low density. A recent small-

angle X-ray scattering study has claimed that  the two structural species postulated in the

supercooled state  are  seen to  exist  in bulk water at  ambient conditions.  We analyze new

small-angle  X-ray  scattering  data  on  ambient  liquid  water  taken  at  third  generation

synchrotron sources, and large 32,000 water molecule simulations using the TIP4P-Ew model

of water, to show that the small-angle region measures standard number density fluctuations

consistent with water’s isothermal compressibility temperature trends. Our study shows that

there is no support  or need for heterogeneities in water structure at  room temperature to

explain the small  angle scattering data,  as it is consistent with a unimodal density of the

tetrahedral liquid at ambient conditions. 
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INTRODUCTION

Water appears to be a unique liquid relative to other fluids in exhibiting several anomalous

features  of  structure,  thermodynamics,  and  dynamics.  Both  experiment  and  molecular

dynamics simulation have shown that water in the metastable  supercooled region exhibits

response functions and transport properties that appear to diverge near -45C (1). Below its

glass transition temperature, experimental evidence shows that there are polyamorphic states

of  water,  in  particular  the  formation  of  low density  amorphous (LDA)  and high density

amorphous (HDA) glasses  (2, 3). This polyamorphism has been promoted as a means for

understanding  the  anomalous  thermodynamics  and  dynamics  of  water,  such  as  the  large

increase  in  its  isothermal  compressibility  with decreasing temperature,  when extrapolated

into the experimentally inaccessible supercooled liquid region  (3, 4). It underlies the main

assumption  of  the  second critical  point  hypothesis  (5),  i.e.  the  postulated  existence  of  a

liquid-liquid critical point from which a dividing line separates two fluctuating species of

high and low density liquids (HDL and LDL). 

However, recent studies have shown that while there may be  low-temperature criticality in

the ST2 water model, there is no need to invoke an explanation for a second critical point in

water based on structural polyamorphism (6). Furthermore, it is also possible to explain the

existing  anomalies  without  invoking an  additional  thermodynamic  singularity,  in  the  so-

called singularity-free interpretation  (4, 7). Sastry and co-workers have shown that a finite

increase in isothermal compressibility upon lowering the temperature of a liquid that expands

upon cooling (like water) is a thermodynamic necessity, and was illustrated for a water-like

lattice model  that  has  no singularities  (7).  This diversity  in possible  explanations for the

thermodynamic and kinetic anomalies emanating from the supercooled state of water is a

highly engaging but unresolved problem in liquid state physics.
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At temperatures far above the hypothetical critical point, ambient water (like any material

above a critical region) would be expected to exhibit a single homogeneous phase. Since the

late  1970’s  it  has  been  accepted  that  the  structure  of  bulk  liquid  water  under  ambient

conditions  is,  on  average,  tetrahedral  (8-10). Although  thermal  fluctuations  give  rise  to

distortions from idealized hydrogen-bond geometries depending on the instantaneous local

environment,  integration  under  the  first  peak  of  the  oxygen-oxygen  radial  distribution

function, gOO(r), at room temperature gives an estimate of the nearest neighbor coordination

number somewhere between 4 and 5,  indicating that water preserves much of its ice-like

tetrahedral structure  (11-13). This general structural picture of water as a tetrahedral liquid

has helped contribute to our greater understanding of a broad range of experiments including

the dynamics and thermodynamics of the liquid state (8, 10, 14, 15). 

Recently, Huang et al.  (16) used small-angle X-ray scattering (SAXS) over the temperature

range 7-77C, to show the existence of a shallow minimum in the structure factor,  S(Q), at

finite  Q  which  then  rises  to  the  S(Q=0)  value  consistent  with  water’s isothermal

compressibility at a given temperature. They attribute the minimum in SAXS intensities as

being connected with a  difference in  density  between two structural  species,  which they

analyze  with a  Guinier treatment  usually  reserved for determining the  shape  and size  of

macromolecules in a multi-component solution. Furthermore, they use the SPC/E model(17)

to show that a tetrahedral model of water lacks such structural signatures in the same small-Q

region,  concluding  that  representation  of  water  as  a  (distorted)  tetrahedral  network  are

inconsistent with the new SAXS data. Instead, Huang et al. use previously reported X-ray

absorption, Raman and Emission spectroscopy (XAS, XRS and XES) data  (16, 18), which

are in themselves controversial (10),  to describe the two distinct water structural species as

the  hypothetical  low-density  liquid  (LDL)  and  high-density  liquid  (HDL)  polyamorphs
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postulated  to  be  present  in  the  supercooled  region,  which  they  argue  persist  and  are

observable at ambient temperatures. 

In this work we present both new SAXS data on liquid water taken at the Advanced Light

Source (ALS) as well as simulations of 32,000 water molecules using the TIP4P-Ew model of

water  (19), to access the correlation lengths of fluctuations present in  S(Q) down to  Q ~

0.03Å-1 and  Q ~  0.13Å-1,  respectively.  We show that  the  measurements  from any of  the

available  SAXS experiments conducted at ambient temperatures are simply interpreted as

number fluctuations that arise from stochastic processes for a single component fluid (20). In

particular, we show that Huang et al. have misrepresented standard density fluctuations as

“concentration fluctuations” to justify a shape and size of ~13-14Å for their iceberg-like LDL

polyamorphic  structure. Furthermore,  we show that  the  TIP4P-Ew model  reproduces  the

same  S(Q)  features as  the  SAXS experiments  at  ambient  conditions,  without  giving any

indication of structural heterogeneities. We conclude that modern simulation models of water

and SAXS experiments on liquid water cannot support the existence of polyamorphism at

room  temperature.  As  such,  the  conventional  picture  of  water,  that  of  a  homogeneous

tetrahedrally coordinated liquid, remains. 

RESULTS

Figure 1 compares the SAXS room temperature data from Bosio et al., 1981 (21), with Huang

et al.,  2009  (16), and our new ALS 2009 data,  in the range of momentum transfer,  Q, of

0.03Å-1 ≤ Q ≤ 0.3Å-1. Like Huang et al. (16) we place the ALS 2009 data on an absolute scale

by enforcing the 25C data to extrapolate to the isothermal compressibility limit as derived

from thermodynamic fluctuation and kinetic theory (22)
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S(0) = kBTρ N χT , (1)

where  kB is Boltzmann’s constant,  T is the temperature,  N is the molecule number density,

and  χT  is the isothermal  compressibility  reported in [(23)]. It  is apparent that  the various

SAXS  room  temperature  data  are  in  good  agreement  over  the  Q-ranges  that  they  are

characterized,  with the more recent SAXS experiments allowing  S(Q) to be characterized

down to 0.03 - 0.04Å-1. To complement our SAXS experimental study we present analysis of

the small-Q-region for the TIP4P-Ew model of water  (19), also shown in Figure 1, which

shows the calculated structure factor data in the range 0.13Å-1 ≤ Q ≤ 1.0Å-1 for -37.5C, 25C,

and 75C. Artificial oscillations in the simulation data are the result of Fourier truncation

errors, as is observed in other studies (16, 24). For all temperatures considered a minimum in

S(Q) is clearly visible,  in agreement with the experimental data of Bosio 1981 and Huang

2009 that go out to wider angle than the ALS 2009 study. 

For a homogeneous single component liquid far from any critical region, the small-Q region

of the scattering profile of a homogeneous fluid measures the length scale,  lN, over which

number fluctuations 



lim
Q→0

S(Q) =
N − N( )

2

N
(2)

are still observable in  Q-space  (20, 25).  To determine  evidence of enhanced or anomalous

density fluctuations, such as that found near a critical point, one can then separate the total

intensity or structure factor into normal SN(Q) and anomalous SA(Q) components (26)



S(Q) SN (Q)  SA (Q) (3) 

The  decomposition  of  a  property  into  normal  and  anomalous  components  is  justified

whenever “cooperative” behavior is observed and anomalous fluctuations are found to be

superimposed on the ‘normal’ fluctuations characteristic of the property in question (1). 

6



The normal component of scattering is either assumed to be Q-independent, i.e. SN(Q) = SN(0)

over the small-Q region (21, 27), where



SN 0( ) = kBTρ N χT
N (4)

and χT
N is the normal component of the isothermal compressibility, or is extrapolated with Q-

dependence from S(Q) at larger values of Q under the constraint of reaching the SN(0) limit as

was done in [(16)]. In the latter case it is assumed there is no anomalous SA(Q) contribution to

S(Q) at larger values of Q, although the Q range over which this assumption is made appears

to be arbitrary in practice  (16, 21, 28). The point is that there is no clearly defined way to

determine SN(Q).

Once an estimate of the normal component is subtracted from the total structure factor, the

anomalous component allows for the calculation of the Ornstein-Zernike (OZ) correlation

length ξ, by fitting it to the following Lorentzian functional form



SA (Q) =
A(T)

ξ −2 + Q2 (5)

where A(T) is a temperature specific constant (26). For a homogeneous liquid, the correlation

length derived from the OZ analysis of small-angle scattering data is interpreted to be the size

of an observation window in which density fluctuations are still observable in inverse space,

but is only valid when  Q  0 and  S(0) >> 1. It is important to emphasize that far from a

critical point, such as that near room temperature, the anomalous component will necessarily

be small relative to the normal component, and difficult to determine with any confidence.

Table 1 shows correlations lengths calculated under the assumptions (1) SN(Q) is extrapolated

with  Q-dependence from  S(Q)  at  larger  values of  Q or  (2),  SN(Q)= SN(0) (see Methods).

Under assumption (2),  the correlation lengths determined from the  Huang 2009 and ALS

2009 SAXS data are small and in close agreement, 1.25Å and 1.2Å, respectively; this serves
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to highlight that both of these independently obtained data sets are virtually identical over the

same Q-range and under this version of the  OZ analysis.  The calculation of  SA(Q) under

assumption (1) leads to a slightly larger value of the correlation length for the Huang 2009

data (3.1Å).  Using the same OZ analysis on the TIP4P-Ew model at room temperature we

determine correlation lengths of 2.8Å and 1.3Å under assumption (1) and (2) respectively

(Table 1), within the range of the experimental results. 

Figure 2 shows the corresponding Lorentzian fits to SA(Q) over the Q-range of 0.03-0.4Å-1 ≤

Q ≤ 0.2Å-1 using the two ways to estimate  SN(Q).  It is seen that the Lorentzian fits to the

anomalous component can not conform well to both the SA(Q) data and the SA(0) limit for any

of the experimental data sets. This combined with the fact that the correlation lengths are

small  emphasizes  the  point  that  the  anomalous  component  is  negligible  under  ambient

conditions, showing that the OZ analysis is invalid far away from a critical point and should

not be applied to SAXS water data at room temperature. We conclude that the ambient water

liquid  is  dominated  by  normal  fluctuations  and  that  the  correlation  lengths  are

indeterminately small.

DISCUSSION 

One  of  the  earliest  experimental  investigations  of  water  in  the  small-Q region  was  by

Hendricks et al. (1974) (29) who used X-ray scattering to estimate the structure factor S(0)

over the temperature range 6C <  T < 75C. Using experimental values of the isothermal

compressibility χT (23), Hendricks et al. found good agreement between their experimentally

estimated values of S(0) and those calculated using Eq. (1), with a minimum in S(0) at ~20C

that  corresponds to the minimum in the isothermal compressibility  at  ~46C. Subsequent

small-angle liquid scattering experiments SAXS(21, 27, 30, 31) and SANS(28, 32) on water
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have mainly been concerned with the existence of density fluctuations in the supercooled

state,  and  their  connection  to  the  possible  divergence  of  response  functions  such  as  the

isothermal compressibility with decreasing temperature (4). The first estimation of the length

scale of density fluctuations in liquid water was by Bosio et al. (21) (1981) who used X-ray

scattering to measure the structure factor S(Q) of water in the range 0.15Å-1 < Q < 1.0Å-1 and

-20C < T < 75C. Bosio et al. obtained a correlation length of ~8.0Å for supercooled water

at the lowest temperature considered,  which was revised down to ~6.0Å in a later SANS

study (28). A later SAXS experiment by Xie et al., 1993 (27) investigated density fluctuations

in the range 0.05Å-1 < Q < 0.30Å-1 and -34C < T < 25C, and determined correlation lengths

that remained constant with temperature, between ~2.0-3.8Å depending on how the normal

component  of  scattering  is  estimated,  consistent  with  values  reported  by  Dings  and  co-

workers  (31). Consistent with these data in the lightly supercooled regime, the TIP4P-Ew

model  at  -37.5C estimates  correlation  lengths  of  3.0Å and 2.1Å depending on how the

normal component is determined (Table 1). Based on Lorentzian fits to the very small SA(Q)

measured near ambient conditions, Huang et al.  calculate correlation lengths of the liquid to

be ~3.1Å, which remain flat with temperature, consistent with all previous  studies. 

Furthermore, it is clear that regardless of the assumption employed to calculate the normal

contribution to  S(Q) the correlation length remains small,  such that the choice of method

employed is qualitatively unimportant. It emphasizes that the use of the OZ relation in Eq.

(5), which is based on a Taylor expansion of S(Q) for small Q, is only valid when S(0) >>1,

i.e. that expected near a critical point. The correlation length  becomes equivalent to lN only

when fluctuations diverge near a critical point – and since room temperature water is in the

single phase region well above the supercooled region -  the small angle region should be

analyzed from the perspective of Eq. (2) even if that second critical point were to exist.
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Huang et al. also  make the unusual assumption that water is not a unimodal distribution in

densities but a bimodal distribution instead. This arises when they relate the OZ correlation

length  to  a  form factor  to  characterize  a  radius  of  gyration  Rg  = 31/2ξ or  diameter  Ds =

2(5/3)1/2Rg ~ 13-14Å, which they  associate with a LDL-like structural species of a bimodal

density  LDL-HDL mixture  (16).  This  implies  that  water  at  its compressibility  limit  is

composed of both number fluctuations and  concentration fluctuations.  However, the basic

premise of mixture models, namely that distinct thermodynamically stable molecular species

exist  in  the  ambient  liquid,  is  inconsistent  with  a  number  of  physical  concepts  and

expectations.  First,  there  is  absolutely  no  evidence  in  the  low angle  scattering  data  that

compels one to adopt the assumption of bimodality in the density.  Second, the percolation

model of Teixeira and Stanley(33, 34) show that, for a chemically reasonable definition of the

hydrogen bond, water must be well  above its percolation threshold,  the point at  which it

becomes an  infinite  spanning sea  of  associated  liquid.  Third,  mixture  models  are  not  in

agreement  with  past  or  recent  experiments  and  their  interpretations  on  ambient  liquid

water(35-43). Finally,  a  bimodal density distributions in water should only exist  in a two

phase coexistence region below a second critical point (if it were to exist), and it necessarily

becomes unimodal as soon as you enter the single phase region at higher temperatures.(44) 

Huang et al attribute the failure of the SPC/E model to exhibit these small-angle features over

the same range of temperatures to a simulation model of water that is “too tetrahedral” to

reproduce the  “concentration fluctuations”  observed in  the  SAXS experiment.   It  is  well

appreciated that a model such as ST2 (45) is too tetrahedral while models like SPC/E (17) are

under-structured.(46) In fact the minimum in isothermal compressibility and temperature of

maximum density  for SPC/E is  at  a  temperature  ~50C below that  of experiment.(47) It

would be logical to conclude that the SPC/E model is incapable of getting sensible values of
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S(0) and reproducing SAXS data at room temperature, and hence that failure would likely be

because it is not tetrahedral enough. Paschek and co-workers have recently characterized the

phase diagram of TIP4P-Ew, and found that the model “almost quantitatively matches the

(experimental)  compressibility  and  thermal  expansivity  of  water  up  to  pressures  in  the

gigapascal  range”.(48) The  TIP4P-Ew  model  also  reproduces  a  minimum  in  S(Q)  and

correlation lengths that are small which remain constant with temperature – consistent with

the published SAS experiments on water taken at third generation synchrotron sources.

CONCLUSIONS

All small-angle scattering experiments on the ambient water liquid to date yield trends in

S(Q)  that  conform to  the  compressibility  limit  expected  for  a  homogeneous  liquid.  The

increase in  S(Q) at small angle is due to the normal density fluctuations which arise from

stochastic processes in a single component fluid.(20, 25) The tetrahedral network forming

TIP4P-Ew model of water qualitatively reproduces the trend in  S(Q) at ambient conditions

and yields the same correlation lengths arrived at by experiment. Regardless of the method

employed to calculate  the normal contribution to  S(Q)  in an OZ analysis,  the correlation

length remains small, consistent with an expected negligible anomalous component far above

a hypothetical critical point. In summary, there is no evidence in these data or logical analysis

that supports the notion of structural polyamorphism in bulk water at ambient conditions,

especially since the ambient water liquid should be homogeneous far above a critical point

even if it existed in the supercooled region of real water.        

METHODS

SAXS experiments on water in the range 0.03Å-1 ≤ Q ≤ 0.3Å-1 at 25C were carried out at the

SIBYLS beam line (beam line 12.3.1)  (49) at the ALS at the Lawrence Berkeley National

Laboratory.  A beam  energy  of  12keV was  used  and  all  water  samples  were  deionized,
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degassed and allowed to equilibrate for two minutes before exposure. Measurements were

taken for both the water filled mica sample holder and the empty sample holder for short and

long exposure times to check for radiation damage. No radiation damage was observed, and

so the higher signal to noise measurement, with an exposure time of ~10.0s, was used. Data

collection and processing was conducted for 10 independent sets. All data sets were corrected

for absorbance and scattering from the empty sample holder was subtracted. While our  Q-

range is more limited than the Huang et al. experiments, we did so to avoid the problem of

having to match data over 3 different Q window experiments as was done in [(16)].

The  ALS intensity  data  at  room temperature  was  placed on an  absolute  scale  so  that  a

polynomial fit extrapolation to Q=0 over the region 0.05Å-1 ≤ Q ≤ 0.2Å-1 was consistent with

the limit in the isothermal compressibility. This was also done in [(16)]. We transformed the

experimental intensity, I(Q), to structure factor data using



S(Q) 
I(Q)

F(Q)2 , (7)

where the molecular form factor <F(Q)2> for water is that reported by Wang et al. (50). 

We use  the  TIP4P-Ew model  of  water  (19) to  simulate  the  oxygen-oxygen and oxygen-

hydrogen radial distribution functions, gOO(r) and gOH(r), of water in the temperature range of

-37.5C ≤ T ≤ 75C, and calculate the intensity spectra of water in the small-Q region, 0.13 <

Q  ≤ 1.0Å-1.  Initial  configurations  of  32,000  water  molecules  were  obtained  using  the

PACKMOL software package (51). All simulations are carried out in the NVT ensemble with

TIP4P-Ew densities reported by Horn et al.  (19) using an in-house parallelized molecular

dynamics code. The simulations were equilibrated for 0.3-1.3ns and statistics collected over a

further 0.5ns depending on temperature. The intensity spectra are calculated using 



I(Q) = F(Q)2 + 2 −δ ij( )x ix j
i≤ j

∑ f i
′(Q) f j

′(Q)Sij (Q) , (8)
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where <F(Q)2> is the molecular form factor reported by Wang et al. (50), x and f’(Q) are the

atomic fractions and modified atomic scattering factors (MAFF’s) (52) of atom types i and j,

respectively, and Sij(Q) is the partial structure factor between atom types i and j. 



Sij (Q) = 4πρ r2 gij (r) − 1( )
sinQr

Qr
dr

0

∞

∫ (9)

where   is  the  atomic  density,  and  gij(r) is  the  radial  distribution  function  describing

intermolecular correlations between atom types i and j. The MAFF parameters correspond to

a dipole moment of 2.8D in the liquid phase and a shift of 2/3 of the electron density on each

hydrogen atom to the oxygen atom (52). This is to be contrasted to the approach taken by

Huang et al on their SPC/E data that used a modified form of the structure factor equation:



S(Q) = 1+ 4πρ w r( ) g r( ) − 1[ ]
0

Rmax

∫ sin Qr
Qr

r2dr (10)

in  which  w(r) is  a  “modification  function  that  replaces  truncation  ripples  in  the  Fourier

Transform with  a  single  unphysical  bell-shaped  bump at  small  Q the  width  of  which is

inversely proportional to the maximum distance used in g(r)” (16). Although the remaining

oscillations in Figure 1b of reference [(16)] are attributed by Huang et al to “poor statistics”,

the curves are consistent with Fourier ripples and not random noise expected from lack of

convergence. 

In order to determine the anomalous component of scattering, we considered the following

two models to estimate the normal component: (1) SN(Q) defined as the extrapolation of S(Q)

over the range 0.74Å-1 ≤ Q ≤ 0.78Å-1  under the constraint of reaching the SN(0) limit as was

done in [(16)], or  (2)  SN(Q) = SN(0) over the entire small-Q region measured  (21, 27).  The

values  of  SN(0)  used  in  the  Lorentzian  function  fitting  procedure  for  experiment  were

calculated  using  Eq.  (3)  with  values  of  the  normal  component  of  the  isothermal

compressibility  χT
N reported by Conde et al.  (53). For simulation, we calculated  SN(0) from
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the  experimental  normal  component  of  the  adiabatic  compressibility  with  the  remaining

thermodynamic quantities taken from the TIP4P-Ew model based on the relation provided in

(53). 
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FIGURE LEGENDS

Figure 1: Small-angle X-ray scattering experiments and TIP4P-Ew simulation. Comparison

of the structure factor, S(Q), for the experimental ALS 2009 (black spheres), Huang 2009(16)

(orange spheres)  and  Bosio 1981(21) (magenta spheres)  data  at  25C, and the calculated

TIP4P-Ew data at 75C (blue line), 25C (green line) and -37.5C (red line). The triangles at

Q=0 are the result of calculation based on thermodynamic properties in Eq. (1) reported by

Horn et al.  with the black triangle corresponding to experiment at 25C. A polynomial fit

over  the  range  0.13Å-1 ≤  Q  ≤  1.0Å -1 constrained  to  S(0)  is  shown  for  each  simulated

temperature (). 

Figure  2: Ornstein-Zernike  analysis  of  experimental  SAXS  data. A comparison  of  the

Lorentzian fits calculated using SN(Q) dependent on Q (---) and SN constant over the Q-range

() to the experimental ALS 2009 (black) and Huang 2009(16) (orange and red) anomalous

structure  factor  component  SA(Q)  data  at  25C.  The  triangle  is  the  estimated  anomalous

scattering at SA(0). 

TABLE LEGENDS

Table 1.  The Ornstein-Zernike correlation lengths   of water as a function of temperature.

Derived from the SAXS experiments reported here (ALS 2009) and from Huang et al. 2009

(16),  and from simulated TIP4P-Ew data.  The correlation lengths are estimated from two

procedures for evaluating the normal component of scattering: (1) SN(Q) dependent on Q and

(2) SN(Q) = SN(0) (see Methods). The numbers in parentheses are values reported in [(16)].
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