Condensed Matter Physics, 2012, Vol. 15, No 2, 23606: 1] CoNDENSED
DOL:[10.5488/CMP.15.23606 IVIANTRER
PRVSIES

http://www.icmp.lviv.ua/journal

An independent, general method for checking
consistency between diffraction data and partial
radial distribution functions derived from them:
the example of liquid water

Z. Steinczinger® L. Puszta?*

1 Budai Nagy Antal Secondary School, H-1121, Budapest, Anna utca 13-15., Hungary

2 Institute for Solid State Physics and Optics, Wigner Research Centre for Physics, Hungarian Academy of
Sciences, H-1525 Budapest, P.O. Box 49., Hungary

Received January 31, 2012, in final form May 7, 2012

There are various routes for deriving partial radial distribution functions of disordered systems from experi-
mental diffraction (and/or EXAFS) data. Due to limitations and errors of experimental data, as well as to imper-
fections of the evaluation procedures, it is of primary importance to confirm that the end result (partial radial
distribution functions) and the primary information (diffraction data) are consistent with each other. We intro-
duce a simple approach, based on Reverse Monte Carlo modelling, that is capable of assessing this dilemma. As
a demonstration, we use the most frequently cited set of “experimental” partial radial distribution functions on
liquid water and investigate whether the 3 partials (O-O, O-H and H-H) are consistent with the total structure
factor of pure liquid DoO from neutron diffraction and that of HoO from X-ray diffraction. We find that while
neutron diffraction on heavy water is in full agreement with all the 3 partials, the addition of X-ray diffraction
data clearly shows problems with the O-O partial radial distribution function. We suggest that the approach
introduced here may also be used to establish whether partial radial distribution functions obtained from sta-
tistical theories of the liquid state are consistent with the measured structure factors.
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1. Introduction

Experimentally determining the structure of multicomponent disordered materials, such as liquid
water, aqueous solutions, etc., poses nearly prohibitive difficulties already at the two-particle level, due
to the lack of measurable information. For instance, in two-component liquids, like water (composing
atoms: O and H) or carbon tetrachloride (composing atoms: C and Cl), there are 3 partial distribution
functions (PRDF), g;(r): goo(r), gou(r) and guu(r) for H>0 and gcc(r), gcci(r) and geyci(r) for CCly. PRDE-s
cannot be measured separately (one-by-one) in general; instead, composite functions, called total scatter-
ing structure factors [1] (TSSF), F(Q), may be determined in the reciprocal space. The real-space equiv-
alent of F(Q) is its Fourier-transform pair, called the total radial distribution function (TRDF), G(r). F(Q)
and G(r) contain contributions from PRDF-s which depend on the scattering power and concentration of
the components [2]:

n
G(r)= ) cicibibj[g:j(r)—1], (1.1)
ij=1
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SmQr)dr. (1.2)

F(Q) =pof47rr2G(r)(
0

In the above equations, ¢; and b; are the molar ratio and the neutron scattering length of species
i, G(r) is the total radial distribution function, py is the number density and Q is the scattering variable
(proportional to the scattering angle); indexes i and j run through nuclear species. We would like to stress
that PRDF-s cannot be considered as primary experimental information; it has been known for some
time that more than one set of PRDF-s may be equally consistent with a given set of measured structure
factors [3], containing different isotopic ratios of 'H and D (*H) in water. Therefore, any particular set of
the so-called “experimental” PRDF-s should be taken only as one possible interpretation of the measured
data. That is why the underlying problem of consistency between TSSF-s and PRDF-s deserves particular
attention.

Strictly speaking for an unequivocal determination of all the three PRDF-s of any two-component sys-
tem, three independent measurements would be necessary on the same (at least chemically, if not isotopi-
cally, identical) material. This requirement makes the task difficult and performable only for a relatively
small number of systems. For this reason, it is of utmost importance to be aware of the quality/reliability
of the PRDF-s derived.

Neutron diffraction with isotopic substitution [4, 5] (NDIS) and anomalous X-ray scattering [5] al-
low, in fortunate cases, to separate all the PRDF-s. These fortunate cases are all two-component systems.
Arguably the best known example of isotopic substitution is replacing 'H by ?H (deuterium). The trick
was tried first on water [6], which liquid has been since probed many times by NDIS (see, e.g., [7, 18]).
The fact that one single experiment has not been able to clarify water PRDF-s for once and forever in-
dicates that there must be some unresolved issues concerning the procedure. Indeed, a most (in)famous
property of 'H nuclei (protons) is their incredibly large incoherent inelastic scattering cross section for
neutrons [9]. This property renders more than 95% of the signal measured by neutron diffraction useless
(“background-to-be-subtracted”) from the structural point of view (for a more detailed exposition of the
problem, see [3]).

One of the latest compilation or PRDF-s resulting from H/D NDIS experiments on water can be found
in [10]; it is rather helpful that numerical data for PRDF-s resulting from this work are posted also on the
Internet [11]. Due to difficulties mentioned above it would be rather comforting if an independent (and
preferably, a positive) assessment of these results could be provided.

In this work, we propose a possible approach. As primary data, recent neutron diffraction results
from the same author [8] on liquid heavy water, as well as the most recent published set of X-ray data of
Fu et al. [12] will be applied. The procedure uses the so-called Reverse Monte Carlo (RMC) algorithm [13],
based on which one of the present authors (LP) has published, together with Prof. Orest Pizio, a related
approach [14], that later could be applied for assessing the performance of interaction potentials of liquid
water [15].

2. Reverse Monte Carlo modelling

Reverse Monte Carlo [13,[16-18] is a simple tool for constructing large, three-dimensional structural
models that are consistent with total scattering structure factors (within the estimated level of their er-
rors) obtained from diffraction experiments. Via random movements of particles, the difference between
experimental and model total structure factors (calculated similarly to the y?-statistics) is minimized. As
a result, by the end of the calculation a particle configuration is available that is consistent with the ex-
perimental structure factor(s). If the structure is analyzed further, partial radial distribution functions,
as well as other structural characteristics (neighbour distributions, cosine distribution of bond angles)
can be calculated from the particle configurations.

A possible algorithm that can realize the above features may be outlined as follows [13]:

1. Start with an initial collection of particle coordinates in a cubic box; this may be a crystalline or a
random distribution of-at least a few thousands of—particles, or even the final particle distribution
from a previous simulation.
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2. Calculate the partial radial distribution functions for the configuration. Compose total radial distri-
bution functions, according to the experimental weighting factors. Use Fourier transformation for
calculating total scattering structure factors.

3. Calculate differences between model and experimental functions as follows (shown here for one
single TSSF):
FCQ) - F Q)
YIFQI=)Y (F@ p= D) @.1)

1

The “C” and “E” superscripts refer to “calculated” and “experimental” functions, respectively; o is
a control parameter that is related to the assumed level of experimental errors.

4. Move one particle at random.
5. Calculate PRDF-s, TRDF-s, TSSF-s and from them, also the )(2, for the new position.

6. If the ¥ for the new position is smaller than it was for the old position (i.e., the difference between
simulated and measured TSSF-s has become smaller) then accept the move immediately. Otherwise
accept the move only with a probability that is proportional to exp(—Ay?); accepting “bad” moves
with such small but finite probability will prevent calculations from sticking in local minima. If a
move is “accepted” then the “new” position becomes the “old” one for the next attempted move.

7. Continue from step 4.

The most valuable feature of the RMC method concerning the present purposes is that it can incor-
porate any piece of information that can be calculated directly from particle coordinates. Partial radial
distribution functions from traditional evaluation of diffraction data [4, |5] fall into this category. In this
case, if consistency with all input data is reached then it may be stated that these input data are mutually
consistent. If, however, some of the input data cannot be approached within their uncertainties then it
means that parts of the input data set are not consistent with other pieces of input information. In our
case this would mean that some of the input PRDF-s from the literature [10] would not be consistent with
the experimental input total scattering structure factor(s).

In the RMC calculations that are the basis of the present work, one total scattering structure factor
from neutron diffraction [7,[8], one TSSF from X-ray diffraction [12] and three partial radial distribution
functions from [10, [11] are applied as input data for each calculation. The PRDF-s appear for various
thermodynamic conditions in [10, [11]; here the ones denoted as set “(a)” are being used. Data for set
“(a)” were obtained at 298 K and 0.1 MPa (ambient conditions); the molecular number density was 0.0334
molecules A3,

We report two calculations: as real experimental results, the first one uses neutron diffraction data
only whereas in the other one, neutron and X-ray TSSF-s are both applied. Naturally, both calculations
involve the same set of PRDF-s. In both RMC computations, the simulation box contained 2000 water
molecules (6000 atoms). Goodness-of-fit values, Ry,-s (Which are basically sums of the squared differences,
see below), are reported in a normalized form, so that variations in terms of the number of r and Q
points considered would not affect the assessment; additionally, the applied r and Q ranges were kept as
uniform as possible.

For making the definitions of the different Ry-s used throughout this study clearer, below we provide
the appropriate equations as to how to calculate these differences (for PRDF-s, only the example of the
0-0 g(r) is shown):

¥ (FC Q) - FE(Qp)°
¥ FE(Q))?

i (85 (/) — &5 (1))’
X ggo(rj)z

Ry*IF(Q)] 2.2)

2.3)

Ry* (800 (1]

In the above expressions, N; and N; are the number of Q and r points, respectively, for the experi-
mental TSSF and “experimental” g(r)-s, respectively. Indices “C” and “E” refer to “RMC calculated” and
“experimental” quantities.
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3. Results and discussion

Table [l summarizes goodness-of-fit values for each calculation reported here. Just by looking at the
numbers, it becomes evident that the scheme proposed here looks rather promising by being decisive in
a couple of important issues. It is clear that consistently, it is the O-H PRDF that is the least consistent
with primary experimental data (the TSSF-s); this is in line with previous findings [3,!15].

Table 1. Goodness-of-fit (Ry) values for individual data sets [FV(Q), FX(Q) and the three partial g(r)’sl.
“Rw sum” is simply the sum of individual Ry values. (ND: neutron diffraction; XRD: X-ray diffraction.)

| | ND only | ND+XRD |

Ry [ND F(Q)] 4.67% 4.67%

Ry [XRD F(Q)] - 4.27%

Ry [go0(1)] 4.03% 8.79%

Rw [gon(1)] 16.91% | 16.93%

Ry [guu ()] 3.87% 3.90%

Ry sum - 38.56%

Ry sum (without XRD) | 29.41% 34.29%

It is instructive to look at figures[Iland[2] so that the level of consistency between experimental TSSF-s
and PRDF-s may be visualized better. We note here that no separate figures are provided for calculations
where only neutron diffraction data were considered, since the tiny differences in terms of the goodness-
of-fits are not visible, apart from the O-O PRDF, which is discussed below more in detail.
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Figure 1. RMC modelling “experimental” partial Figure 2. RMC modelling “experimental” O-H (part
radial distribution functions of liquid water (set a) and H-H (part b) partial radial distribution func-
“(@)” in [10, [11]), together with neutron diffrac- tions of liquid water (set (a) in [10, [11]), together
tion TSSF of heavy water [7, (8] (part @) and X-ray with neutron diffraction TSSF of heavy water [7,18]
diffraction TSSF of light water [12] (part b). Solid and X-ray diffraction TSSF of light water [12]. Solid
line: experiment; dotted line: RMC. line: “experiment” ( [11]); dotted line: RMC.

Even though in each calculation the R, factor for the O-H PRDF is significantly higher than that for
the other two partials, agreement between RMC and “experiment”, and consequently, between primary
experimental information and PRDF-s derived from it in [10], is rather convincing.

It is obvious from both table[Iland figure [3]that the introduction of X-ray diffraction data influences
the O-O PRDF the most. Clearly, the quantitative consistency with the neutron data (i.e., where the calcu-
lation did NOT contain X-ray data), has worsened substantially. This finding indicates that PRDF-s derived
from neutron diffraction data with isotopic substitution are not entirely consistent with the latest (and
independent) set of X-ray TSSF. Note also that the X-ray data are dominated by the O-O PRDF (whereas to
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Figure 3. RMC modelling the “experimental” O-O partial radial distribution function of liquid water. Solid
line: goo(r) from set (a) in [10,/11]); dotted line: RMC model when applying neutron diffraction data on
heavy water [7, 18] ONLY; dashed line: RMC model when applying both neutron and X-ray diffraction
TSSE-s.

the neutron weighted TSSF of D,0, the contribution is less than 10 %, see [3,7, 8, 10]), so that-provided
that errors in the two TSSF-s are comparable-in terms of O-O correlations, the X-ray TSSF should be
considered as decisive. This is a straightforward indication that further improvements would be needed
to the procedures applied during data evaluation of neutron diffraction data sets that work with H/D
isotopic substitution.

Given the simplicity of the approach, its application might be fruitful in other areas, too. For example,
statistical theories have also been frequently used for producing PRDF-s of various liquids (see, e.g. [19,
20] and references therein). To assess the consistency level of these theories with experimental data, the
RMC-based calculations described above might be adequate.

4. Conclusions

A simple approach has been devised in order to establish the level of consistency between experimen-
tal diffraction data, that can be obtained in the reciprocal space in the form of composite total scattering
structure factors, and partial radial distribution functions that may be derived from them.

For the particular case of the most frequently cited liquid water PRDF-s [10] it has been established
that they are consistent with the most reliable neutron diffraction data set, taken on pure heavy water
[7,8]. On the other hand, the O-0O partial radial distribution function provided by [10] is not entirely in
agreement with the results of the latest X-ray diffraction measurements [12] on liquid water.
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HesanexxHuin, 3araibHU MeToA ANA NepeBipPKU Y3roA )KeHHS
AN pakLiiHUX AaHUX 3 NapuialbHUMWN pagiaibHUMU
PyHKUiAMU po3noainy, AKi OTpMMaHi 3 HUX: NpuKnaa pigkoi
BOAM

X. WraitHuinrep® . Nycrai?
LLikona apyroro ctyneHs byaai Hage AHtan, H-1121, byganewt, YropLumHa

N =

IHCTUTYT $i3nKuM | ONTUKN TBEPAOTO TiNa,BirHepiBCbKNA fOCNIAHMA LeHTP di3uku, Yropcbka AkageMis Hayk,
H-1525 byaanewT, YropLimHa

IcHye aekinbKa LWINAXiB OTPUMaHHA NapuianbHNX pagianbHuX GYHKLIA po3Mnoainy B HeBNOPSAKOBaHMX CUCTe-
Max i3 ekcrepyMeHTanbHUX AndpaKkLiiHmX (i/abo EXAFS) aaHux. Yepes o6MexeHicTb Ta MOXMOKM eKkcneprMeH-
TaNbHWUX AAHKX, K | HEA0CKOHaNICTb 06UMCNIOBaNbHIX NpOLeAyp, NepLIoYeproBoi BaXNMBOCTI HabyBae nij-
TBEPKEHHS TOro, L0 KiHLeBi pe3ynbTaTh (NapuianbHi pagianbHi GyHKUiT po3noginy) i nepBrHHa iHpopmaLis
(AMPpaKUiiHi AaHi) y3roaKyroTbCs MidX co60t0. [IPONOHYETLCA NPOCTWIA NiAXiA, SKUiA 6a3yeTbCs Ha 06epHeHOMY
MogentoBaHHi MoHTe Kapsio, iKuii CnpOMOXXHWIA pO3B'A3aTy L0 Annemy. B akocTi seMoHCTpaLii My BUKOpUCTO-
BYEMO HalLMTOBaHILLNIA Habip “ekcneprMeHTanbHNX" NapuianbHNX pagianbHUX GYHKUIA po3noginy Ans Boam
i gocnigkyemo, um yci Tpu napuianbHi posnoginm (0-0, O-H i H-H) y3rogyoTbcs 3 NOBHWUM CTPYKTYPHUM ¢a-
KTOpPOM umncToi Boagn Hp O, oTpuMaHum i3 agndpakLii X-npomeHis. Mu nokasyemo, L0 Xo4a AaHi HeiTPOHHOIo
poO3CitoBaHHS Ha BaxKiii BOAi LiJIKOM BiAMNOBIAalOTb YCiM MapLiafbHUM po3noginam, AoAaTkoBe BpaxyBaHHS
JaHVX PO3CiAHHA X-MPOMeHiB BMSABAAE NpobaeMun 3 napuianbHO ¢yHKuUieto posnoginy O-0. Mun nponoHye-
MO 3aCTOCOBYBaTW 3aNpPOMNOHOBaHWUA TYT NiAXij TaKOX AN BUACHEHHS TOro, Yn NapuianbHi pagianbHi GyHKLi
po3nogAiny, aki oTpMMaHi i3 CTaTUCTUYHWX TeOopilA PIAKOro CTaHy, Y3roAXytTbCs i3 BUMIPSHUMYK CTPYKTYPHUMMA
dakTopamm.

KntouoBi cnoBa: He/iTpOHHe pO3CisiHHSA, napuiaibHi pagiaibHi @yHKLIT po3moginy, obepHeHe MOAeN0BaHHS
MowHrte Kapso
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