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S1. Full experimental details
X-ray Diffraction

Wiggler beamline BW5*° on the DORIS Ill synchrotron, HASYLAB at DESY, was used for an x-ray
diffraction measurement of the powdered tetralead silicate glass which was held inside a 1.5 mm
diameter silica glass capillary (20 um wall thickness). Measurements of an empty capillary and the
empty instrument were made to allow removal of background scattering. The white beam, which
has a polarisation factor of 0.92, was monochromated with a SiGe-gradient crystal to an energy of
84.768 keV (wavelength 0.14626 A), calibrated by measurement of a lanthanum hexaboride
standard. The beam profile was 2 x 2 mm, chosen to be larger than the sample diameter. The
choice of x-ray energy is optimised so as to minimise the photoelectric absorption cross-section
whilst avoiding fluorescence associated with the Pb K-edge at 88.0 keV. Use of such high energy x-
rays also makes accessible a large Quax = 23.62 A™ at the maximum scattering angle of the detector
arm which is 32.0°. The corresponding minimum scattering angle was 0.5° (Qmi, = 0.38 A™). The data
were collected in three angular ranges using different in-beam attenuators. These ranges were
0.5<20<8° 7<20<17°and 16 <26 <32° (no in-beam attenuation), with a step size of 0.05°. This
was to ensure that the count rate in the Ge detector did not greatly exceed 5 x 10* counts per
second. All sets of data were combined after omission of bad points, dead-time correction
(t=2.3 ps), normalisation to the incident beam monitor counts, correction for the geometrical
arrangement of the detector and sample and scaling as required for datasets for which different

69,70 was used to correct

levels of in-beam attenuation was used. At this point the program GudrunX
the data for the effects of polarisation, absorption and multiple scattering, removal of backgrounds,
normalisation using the Krogh-Moe and Norman method, and extraction of i*(Q) by removal of the
self-scattering (including the Compton fraction) and sharpening. A sample of commercial
amorphous silica was measured in an identical manner and the results are presented below (Figs. S1

and S2).
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Neutron Diffraction

A time-of flight neutron diffraction measurement was made using the GEM®! diffractometer at the
ISIS Facility, Rutherford Appleton Laboratory, UK. This instrument has a large number of detectors
which cover a large solid angle, and therefore offers high count rates over a large portion of
reciprocal space. The glass, in the form of small (few mm?) flakes, as obtained from the twin-roller-
guenching process, was loaded into a thin (25 um) walled vanadium can of internal diameter 8.3 mm
and this was held inside the evacuated sample tank through which the incident neutron beam
passed. The beam cross section was 40 x 40 mm, larger than the diameter, but shorter than the
60 mm height of the cylindrical sample. Data were acquired for 1000 pAhr of proton beam current,
corresponding to approximately 6 to 7 hours of counting time. This yielded sufficient statistics to
justify use of a maximum scattering vector of Qg =40.0 A for the Fourier transform.
Measurements were also performed on an empty vanadium can, the empty instrument, and an
8 mm vanadium rod for normalisation purposes and to allow for subtraction of background signals.
Corrections for absorption, multiple scattering, inelasticity effects, backgrounds, normalisation and
reduction of the measured data to obtain /*(Q) were performed using the GudrunN® software and
the Atlas’ suite of programs. A quadratic fit to the data below Q=0.7 A" was used to extrapolate
back to Q =0. An 8 mm diameter silica glass rod was measured in an identical manner (without the
need for a V can), and the results are presented below (Figs. S1 and S3).

EDX measurements

Glass composition was measured using energy dispersive x-ray spectroscopy (EDX) in a Zeiss SUPRA
55-VP field emission gun scanning electron microscope (FEGSEM) operating at an accelerating
voltage of 20 kV. Samples were mounted on aluminium stubs using an organic silver paste and
carbon coated using a vacuum evaporator to provide a conduction pathway and avoid surface
charging of the glass. EDX spectra were collected over 100 s exposure times at various points on the
surface of a number of different glass flakes. Quantification of the glass composition was based on
the integrated intensities of the Si K and Pb L lines of the spectra after background subtraction and
correction for Z dependent electron backscatter and stopping power, absorption and fluorescence,
collectively known as ZAF correction, using the EDAX Genesis software which employs internal
standards.

There is a claim in the literature of a 96 mol% PbO lead silicate glass,® and we made a glass by
closely following the preparation method described in this report. However, EDX measurements
revealed a glass composition of (72.8 + 1.0)Pb0.(16.6 + 0.5)Si0,.(10.6 + 0.5)Al,03, indicating a large
contamination from the crucible, which had approximate composition 84Si0,.16Al,0; (but also
contained small amounts of Ca, Mg, Na, P and K).
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S2. Total Scattering Formalism
The quantity measured in a total scattering experiment is the differential scattering cross-section,

99 _15(0)+i(0)

dQ (S1)

of a given radiation type from a given target as a function of the scattering vector Q, where only its
magnitude, Q = (41/A)sinB, need be considered for an isotropic sample. The differential cross-
section, eqn (S1), can be split into a self-scattering term, /(Q), and a distinct scattering term, i(Q),
the latter of which contains the information pertaining to the atomic arrangement of the constituent
atoms of the sample. The self-scattering, I(Q), can be calculated given the composition of the
sample and the scattering lengths or form factors for the constituent atoms, and in general includes
an inelasticity correction term which can be calculated only approximately in the case of both
neutrons and x-rays. Hence the distinct scattering term can be obtained from the measured
differential scattering cross-section. i(Q) can be written as a weighted sum over the partial pair
structure factors S;(Q) relating to distinct scattering between specific atom pairs where i and j
denote elemental species:

i0) = e, £0)f;(0)(S; () -1)

ij=1 (S2)

In eqn (S2), n is the number of elements present in the sample, ¢; are the atomic fractions and f(Q)
denotes either x-ray form factor, or Q-independent bound coherent neutron scattering length, l;l

In the x-ray case a modified function

(Zillcifi(Q))z (S3)

is defined in which the denominator is used as an approximate means of dividing out, or
“sharpening”,’® the form factor dependence of i(Q). It is convenient to define neutron (N) and x-ray

(X) weighting factors as follows:

wijy (Q)=c¢c bb.

o (s4)
wl ()= SO
(zizlcifi(Q))z : 55)

The weighting factors appropriate to the glass composition used in the present study are shown in
Fig. 1, where the [;I are taken from Sears® and the free atom x-ray f(Q) from Waasmaier and
Kirfel.”® The factor (2 - &;), with &; the Kronecker delta, has been included in Fig. 1 such that the

values plotted are appropriate to the n(n+1)/2 = 6 unique partial structure factors, rather than the
total n> = 9 terms.

The real-space total correlation functions, which are functions of the interatomic distance, r, for the
two radiation types are defined as follows:
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TR() =T70() + 2 [ 0% ()M (Q)sin(0) d 0
o , (S6)

where R = N or X denotes the radiation type (and i"(Q) is obtained simply by subtraction of the self-
scattering from the total scattering, see eqn (S1), whilst *(Q) is defined according to eqn (S3) ), and
M(Q) is a modification function which can be chosen to reduce the effects of the finite limits
(0 < Q < Qe Of the integral which are used in practice. In this study the M(Q) due to Lorch” is
chosen. The T*(r) represent average scattering density terms and are given by:

N0 (»)= 47rpol”<2?:15’i5i)2 ' (57)

T50(0) = dzpor
) (S8)

with p, the atomic number density. In analogy to eqn (S2), the total correlation functions can be
written as sums of terms corresponding to individual atom pairs:

TR = 3 1,0 @ k()
i,j=1€; (S9)

where ® denotes the convolution operation and

K (r) =1°jow§ (0)cosOrdQ
o (S10)

are the Fourier transforms of the weighting functions in eqns (S4) and (S5). The partial pair
correlation functions t;(r) are related to the commonly used pair correlation functions gj(r) by

t.. =4 g
i(r) ﬂp,rg,(r)’ s11)

where p; = ¢jpo and the gj(r) are defined as

”U(”)

gy () =—2
/ 47tpjr2dr ] (512)

Finally the functions nj(r) are simply defined as the average number of atoms of element j inside a
distance interval (r,r + dr) from an atom of element i, see, for example, Keen®® for a disambiguation
of the various functions defined in the literature.

A single interatomic separation, r;, with root mean square (RMS) deviation <u;”>", gives rise to a
distinct scattering signal

sin(Qr;;) exp _<”§>Q2
¢0r; 2 ) (513)

if(0) = Nywi (0)
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and the area, A,-,-R, of the corresponding (symmetric) real-space peak, relates to the average
coordination number

R Qmﬂx
ridicily ™ dQ ¢

Ji

) (2-68;)[s™ wj (Q)dO a7 (514)

i

A general definition of the coordination number, which does not pertain to a symmetric real-space
peak, can be written as

r
C: '
N;j(rl,rz):jrt,.j(r)dr:c_fjvﬁ(rl,rz)
i .

n

(S15)

S-5



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2013

S3. Neutron and X-ray diffraction from a vitreous SiO, standard

The functions #(Q) and *(Q) measured for vitreous silica are shown in Fig. S1. Their Fourier
transforms, T¥(r) and T"(r), are shown in Figs. S2 and S3 respectively. The Si-O and 0-O peaks shown
in Figs. S2 and S3 were derived by fitting to the neutron T"(r), whilst the Si-Si peak was derived by
fitting to the x-ray T¥(r), holding the peak parameters for the Si-O and O-O peaks fixed. Peak
parameters are given in Table S1. It is clear from this analysis that both x-ray and neutron diffraction
yield quantitatively accurate coordination numbers. The Si-Si coordination is overestimated due to
overlap in this region with Si-2" O and 0-2" 0*° which was not accounted for in the fitting
procedure. The Si-O and O-O coordination numbers are damped below their expected values of 4
and 6 as a result of the Q-space resolution of the measurements. This was taken into account when
predicting the area of the O-O correlation for the 80Pb0.20SiO, glass.

:|..2'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'II

i*(Q) / per steradian per electron
o o
(@] o
1 1 I
L C
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Q/A*

Figure S1: The functions *(Q) and i"(Q) measured for pure vitreous SiO,.

iN(Q) / barns per atom per steradian
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Figure S2: TX(r) (thick black line), the Fourier transform of the function /*(Q) shown in Fig. S1. The
summed peak fits are overlaid (thin red line), and individual peaks vertically offset below. Si-O: blue
line, O-O: magenta line, Si-Si: green line. The residual is shown as a dashed black line, further offset

for clarity.
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Figure S3: T"(r) (thick black line), the Fourier transform of the function /*(Q) shown in Fig. S1. The
summed peak fits are overlaid (thin red line), and individual peaks vertically offset below. Si-O: blue

line, O-O: magenta line, Si-Si: green line. The residual is shown as a dashed black line, further offset
for clarity.
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Table S1: Parameters from peak fitting to 7"(r) and T¥(r) measured for silica glass. Statistical errors
from the fitting procedure are given in parentheses.

Atom pair i~j ry, A <u>", A N;
Si-O 1.6093(3) 0.0419(5) 3.96(2)
O-Si 1.98(1)

0-0 [Si0,] 2.6257(8) 0.0786(9) 5.79(4)
Si-Si* 3.085(2) 0.118(3) 4.80(9)

*Approximate due to overlap™ in this region with Si-2" 0 and 0-2" O which was not accounted for
in the fitting procedure.
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S4. Additional EPSR Modelling Results

Si-O

Pb-Pb

QAS(Q) -1 /A

Pb-Si

Si-Si

Figure S4: Partial pair interference functions extracted from the EPSR models of the 80Pb0.20Si0,
glass. lonic model: thick black lines, lone-pair model: thin red lines, Q° model: green dashed lines.
Vertically offset for clarity.
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Figure S5: Distinct x-ray scattering function measured (open grey circles) and extracted from the
EPSR models of the 80Pb0.20Si0, glass. lonic model: thick black line, lone-pair model: thin magenta
line, Q° model: green line with points.
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Figure S6: Distinct neutron scattering function measured (open grey circles) and extracted from the
EPSR models of the 80Pb0.20Si0, glass. lonic model: thick black line, lone-pair model: thin magenta
line, Q° model: green line with points.
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Figure S7: Coordination number distributions from the four EPSR models of the 80Pb0.20Si0, glass,

compared to those of Pby;Sis0,,%

and the Si-Si and O-Si CNDs calculated from the Q species

distribution measured by 2°Si MAS NMR.? Upper cut-off radii are given in parentheses. Numerical

values are tabulated in Table 5.
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Table S2: Analysis of the [OSi,Pb,] bonding configurations of oxygen within crystalline Pb115i30:7.%*
Results for two different radial cutoffs, r, (shown in parentheses), are given.

Coordination % % . % %
Number (270A) (3.27A) SPEAeS P A ho0h) (3.274A)
2 35.14  2.70  OSi, 2 0 8.11 2.70
OPbSi 1 1 27.03 0
OPb, 0o 2 0 0
3 3243  18.92 OSi; 3 0 0 0
OoPbSi, 2 1 0 5.41
OPb,Si 1 2 27.03  13.51
OPb; 0 3 5.41 0
4 3243 7297 OSi, 4 0 0 0
OPbSi; 3 1 0 0
OPb,Si, 2 2 0 0
OPbsSi 1 3 541  40.54
OPb, 0o 4 27.03  32.43
5 0 541 OPbsSi 1 4 0 5.41
Average Nox 2.97 3.81 2.97 3.81
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S5. Linking the silicate Q" speciation to the fraction of plumbite oxygen

Consider three types of oxygen: bridging (B), non-bridging (NB) and plumbite (P), all of which are
defined by their O-Si coordination numbers of 2, 1 and 0 respectively. The sum of their fractions is

S+ S+ /fp=1
(S16)

and the average O-Si coordination number is

(1-x)
(2-x) (S17)

Nosi=fng +2f5 =Ngio

where x is the mole fraction of MO in a composition of xMO.(1-x)SiO,. The Q" speciation, with n the
number of bridging oxygen about a four coordinated silicon, can be related directly to the ratio

S _ Zizoan
o+ v 5 0(4_nJQn (518)
=072

where the Q" represent fractions of Q" species. Now since Nsio =4 implicitly, the three unknown
quantities fz, fus and fr can all be calculated given the Q" speciation, which can be estimated from
the 2°Si MAS NMR spectrum.
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Figure S8: X-ray differential correlation function for 80Pb0.20Si0, glass shown out to 30 A in order

to show the extent of the real-space oscillations arising from the Pb-Pb term.
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