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ABSTRACT. Sodium chlorate (NaClOs) crystals change from a cuboid to a tetrahedron of {111}
morphology when crystallized in the presence of sodium dithionate (Na2S20e) impurity.
Polarized Extended X-Ray Absorption Fine Structure at the S K-edge, used to probe the local
structure around this impurity with respect to its orientation within the bulk crystal lattice, reveals
that the S-S bond of the S2062 ions is closely aligned along the <111>/<111> lattice direction.
High resolution diffraction studies using X-ray Multiple Diffraction reveal growth-induced
anisotropy in the doped crystals associated with subtle lattice distortions in the symmetry-
independent {111} and {111} growth sectors. The data is consistent with a mechanistic model
involving creation of lattice vacancies and the substitution of one of the SO3 anionic groups of

the dopant ion for a host ClO3 ion when incorporated at the {111} growth interface with the other
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SOs group substituting for one or more anionic sites in the succeeding growth layer depending
on the degree of impurity concentration within the crystallization solution. This mechanism is
also fully consistent with the formation of twinning at higher impurity concentrations previously

reported by Lan et.al.’

1 Introduction
Research into the habit modification of crystals by the presence of impurity ions is not only of
practical importance for optimizing crystal morphology resulting from the crystallization process
but it also provides useful information regarding the fundamental aspects of the growth process
in terms of the inter-relationship between the surface chemistry and interfacial kinetic
mechanisms involved in the development of the growth interface. For inorganic systems such
heterogeneous additives are presumed to affect the growth rate of individual crystal faces, either
by blocking the movement of step/kink sites, or by incorporating into the solid surface and
disrupting the inter-ionic bonding networks.® 2 Through such processes the shape of a crystal
may be changed through the use of habit modifying additives which can only bind to specific
crystal faces. Surprisingly, not many habit modifying systems have been studied in any
significant detail and thus much knowledge concerning the physical processes associated with
the action of such agents still remains completely unknown at this time. Hence, the detailed
structural characterization of impurity doped crystals in comparison to this pure crystal reference
state can provide a critical assessment of the habit modification process and therefore
potentially revealing the mechanism of the impurity incorporation and potential for designing
such processes.

The sodium dithionate / sodium chlorate (Na2S2062 / NaClOs) impurity / host crystal is a
useful representative system for studying crystal habit modification. Sodium chlorate crystallizes

in a cubic but enantiomeric crystallographic structure with the space group P213, four molecules



in one unit cell and a lattice parameter a=6.576A.3 The crystal habit of pure sodium chlorate at
moderate to high supersaturation is cuboid with the {100} form dominating. However, smaller
{110} and the major tetrahedral {111} forms tend to appear at lower supersaturations.*® In this
structure the <111> is a polar direction and hence the two tetrahedral (polar) forms {111} and
{111} are not structurally equivalent in terms of their respective surface chemistry. The habit
modification of NaClOs in impurity doped growth solutions has been previously examined by
Buckley,* who explored a total of 36 tetrahedrally and trigonally coordinated anionic impurities.
In particular, he observed the dithionate S20¢? ion to be the most effective additive in terms of
modifying the habit of NaClOs in which the normally faster-growing minor tetrahedral {111} faces
are known to appear in the growth morphology and in doing so tend to eliminate the {100} faces.
Ristic et al. reported that the impurity-induced tetrahedral faces increased their relative surface
area with the S206" concentration in the solution, and when it exceeded 210ppm the crystal
habit was observed to convert into a pure tetrahedron characterized by the minor tetrahedral
{111} form.® Ristic et al also observed that twinning occurred when the dopant concentration
exceeded 600ppm.> ’

The previous research has predicted the polar morphology of NaClOs based on the
crystal structure.® Previously, the incorporation mechanism of S206 in NaClOs crystal was
presumed to involve one of the terminal SOz groups of the S2062" ion substituting for the exposed
chlorate ion (ClOs") on the {111} surfaces. This incorporation mechanism also involved the other
terminal SO3 group being located at an interstitial site with the impurity blocking surface step
motion and hence decreasing the velocity of the growing face.> ¢ However, so far no detailed
structural characterization of this habit modification process has been carried out. Recent
research, though, has characterized the twinning behavior in sodium chlorate’ revealing the
twin domains to be of the opposite chirality and to be characterized by a merohedral® °

heterochiral interface, i.e. with the lattice of the twin domains being in direct lattice coincidence.



In this study, both the orientation and site symmetry of the dithionate ions within the host
crystal lattice are analyzed in order to elucidate the structural mechanism for the impurity
incorporation process together with the understanding as to how it mediates the crystal growth.
In this, the local structure around the dithionate ion was investigated using polarized Extended
X-Ray Absorption Fine Structure (EXAFS)'! and the impact of its incorporation upon the bulk

crystal lattice being assessed with X-Ray Multiple Diffraction (XRMD).1?

2 Experimental section

2.1 Crystal growth and sample preparation

Sodium chlorate was of ReaventPlus grade (>99%) from Sigma-Aldrich, and the sodium
dithionate was in the purity grade >99% from Chemsworth. Both NaClOs single crystals without
and with S2062" dopant (3.5 x 3.5 x 3.5 cm?) were grown from the single crystal seeds in water
solutions. The solution temperature was decreased 0.5°C per 12 hours from 45.0C to 25.0 TC.
The soluble sodium salt Na2S206 was added into the growth solutions as a trace impurity at
concentrations of 70, 130, 160, 190 and 220ppm, respectively, in order to prepare a range of
doped crystals.

A tungsten wire solvent saw was used to cut the crystals into approximate 2 mm plates
The surfaces of the plates were polished on moist soft cloths, and then quickly rinsed and gently
dried using tissues to remove the residues of fine crystals for the subsequent EXAFS, X-Ray

Fluorescence (XRF) and XRMD measurements.

2.2 Experimental characterization
X-ray topographs were received from the diffraction in the transmission mode with a

molybdenum X-ray tube as radiation source.



The measurements of Extended X-Ray Absorption Fine Structure (EXAFS) (see S1 in
the supplementary material for information of this technique) were conducted at 118 of Diamond
Light Source equipped with a Vortex ME-4 fluorescent detector. The crystals were carefully
aligned against the beam polarization in order for the information of the impurity orientation
within the crystal. To minimize the x-ray absorption by the air, the sample and detectors were
all enclosed within a protective environment filled with helium gas. The EXAFS for sulphur K-
edge were scanned in the range from 2400 to 2815.85 eV with a step size of 0.25 eV. The
computed fitting for EXFAS was carried out by the Demeter system*2 using the crystal structures
of NaClOs and Na2S206 published in Acta Crystallographica Section B-Structural Science
(19773 and 1980'4) respectively. XRF mapping was carried out in an area of a (110) slice from
the 190 ppm doped crystal using a single beam energy of 2700 eV to excite the sulphur Ka
transition. The beam size of 0.1mm x 0.2mm (VxH) with the scan step of 0.5 mm per second.

The beamline software was used to reconstructed the XRF map, e.g. PyMCA package.®

X-ray multiple diffraction (XRMD) measurements (see S2 in the supplementary material
for information of this technique) were carried out in Renninger scan mode for the large single
crystals at XRD1 beamline of LNLS, Brazil.1® The wavelength was 1.5498(5) A with the beam
size of Imm x 1 mm. The diffraction peaks on XRMD patterns were indexed by the calculation
from the UMWEG program?’ based on the crystal structure of NaClOs as published by Abrahams
and Bernstein (1977).3

X-Ray powder diffraction (XRD) data of the impurity doped crystal samples were collected
as a reference comparing to the XRMD results. The X-ray diffractometer slit size was 0.5mm
and the 26 detector was scanned from 5° to 80° at a step size of 0.017°. Rietveld refinement

method was used to obtained the lattice parameters using HighScore Plus (PANalytical).



The segregation coefficients of the impurity were determined from a comparison between
the concentrations of sulphur in the solution and the NaClOs crystals. The latter was determined
through the elemental analysis of incorporated sulphur concentrations using ICP-OES technique
at the Butterworth Laboratory!8. The samples for this measurement were selected from the (111)
growth sectors where the impurity is incorporated during the crystal growth.

Microphotographs of the “as grown” crystal surfaces were taken using an Olympus

BX51M optical microscope, equipped with a Carl Zeiss AxioCam MRCS5 high-resolution camera.

2.3 Determination of the orientation of the dithionate ions by polarized EXAFS

The EXAFS signal is dependent on the angle between S-S bond and the beam polarization in

this case. The relationship is as:

AXpol = 30" Xiso- COSZIIJ (1)
and
_ Xpol _ 2
Neffective = TSO =3 -n-cos ¢1 (2)

where x,,; is the polarized EXAFS, s, is the isotropic EXAFS for the powder, ¥ provides the
angle between the absorber-scatterer vector and the beam polarization vector, and n is the
number of equivalent scatters in the distance to the absorber. In this case, both absorber and
scatterer are sulphur atom. Therefore the effective coordination number of scattering sulphur
(Nefrective) 1S Calculated as 3n - cos? . Using this relationship, the sample orientation and the

beam polarization, the impurity orientation within the crystal was determined.

2.4 Structure factor calculations

For the evaluation of the effect of the S206% incorporated in the NaClOs crystal lattice, notably

the disturbances caused to the crystal chemistry, the structure factors for the associated
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secondary XRMD reflections of interest were calculated. In this, the effect of the impurity on the
crystal lattice was simulated using a temperature factor in the calculation specifically for the sites

of the O atom in the NaClOs crystal (Equation 3).

4 4
— 2mi(hx,+kyn,+lz 2mi(hxy,+ky,+lz
F _fNa 2 e ( nTkYn n) + fCl Ze ( nTRYn n)

n=1 N n=1 '

4 ¢ , ¢ (3)
2wi(hxp+kyn+1lzy,) —87T2(u2)(sin%>
+ fO e n n n e

n=1 0

where fna, far and fo are the atomic scattering factors for Na, Cl and O atoms, i is the imaginary
number, (u?) is the mean-squared displacement of the O atoms owing to the presence of S20¢*

ions in the crystal lattice, © and A denote the Bragg angle and wavelength of the incident beam.?®

The rationale for this reflects the fact that these sites would be the most likely sites to be
disrupted by the effects of the impurity incorporation mindful of the larger size of the dithionate
ion with respect to the smaller host chlorate ion (see section 3.4). Modified structure factors
were normalized to those calculated without the temperature factor, i.e. for the case of pure

crystal.

2.5 Crystalline quality evaluation

To assess the crystal quality in the presence of the impurity, the mosaic spread both in-plane
(min-plane) and perpendicular (7perp) With respect to the diffraction planes, respectively, were

calculated using:



FWHM

_ perp
Teerp = 75 355 @
and
FWHM;y,_,;
Nin-plane = > 31;5p e ) (5)

where FWHMperp and FWHMin-piane Were received using Gaussian fit for o:¢ maps of BSD cases

along the » and ¢ directions, respectively.®

3 Results and discussion

The experimental data is presented in 3 sections in which distinct contributions from each
technique are discussed in detail, and leads to a final section with the proposed incorporation
model for sodium dithionate. Firstly, in 3.1, the habits from pure and doped samples are
discussed and then related to XRF mappings. Then, section 3.2 the EXAFS characterizations
of the dithionate ion orientation as incorporated into the NaClOs lattice. Then, section 3.3
presents the XRMD results and evaluates the impact of the S206% ion incorporation into the
NaClOs lattice in terms of the lattice strains crystalline quality and growth-induced anisotropy.
Finally, section 3.4, the structural similarities between ClO3z” and S206% ions are examined and
EXAFS, XRMD and surface morphology microscopy data is integrated through the development
of a self-consistent incorporation model.

Although the crystal samples for this study can have either the left handedness or the right
handedness, the dithionate ion substitution processes and the characterization techniques
applied are not sensitive to the chiral structure of sodium chlorate. Thus, this article keeps the
convention used in the previous publications’ that {1 1 1} is the direction pointed by the Chlorine
of a chlorate ion, in order to avoid the possible inconsistency for defining the impurity modified

face type.



3.1 Crystal growth, associated habits and growth sector selectivity incorporation
For the solution cooling rates used in this work, the pure as-grown crystals morphology

comprised the {100} and {110} forms. In the presence of S206% impurity in the growth solution,
the tetrahedral {11 1} form was found to develop and to dominate the morphology even at the
lowest 70 ppm impurity level (Figure 1) examined. Table 1 gives the main details related to the

two tetrahedral forms for NaClOs.

(b) 160 ppm

/

Figure 1. Shows the crystal morphologies of NaClOs as a function of solution concentration of
impurity. (a) Pure NaClOs crystal; (b) NaClOs crystal grown from 160 ppm S206%> solution
concentration; (c) Drawing of morphology of the pure crystal; (d) Drawing of the morphology of
the doped crystal from 160 ppm S206%" concentration solution.



Table 1. The two independent tetrahedral forms for NaClOs, which are inherent for this material
enantiomeric space group P213.

Form type Form Constituent Faces Crystal Morphology

Small faces in pure

tetrl\;sje(:jrral {111} (111), (111), (111), (111) | crystals only appearing
for the lower cooling rates
Form only appears upon
Minor e - - o - | the addition of habit
tetrahedral {111} (111), (111), (111), (111) modifying impurities such

as NaxS206

XRF-mapping using S Ka photons was performed to characterize the distribution of
S2062" ions as incorporated within the growth sectors of a doped crystal. Figure 2 (b) shows the
sulphur distribution in a selected area of a 190ppm impurity doped (110) crystal plate. The x-ray
topographic image in Figure 2 (a) clearly illustrated the growth sectors. It assists to identify the
sulphur distribution (Figure 2(b)) in the growth different sectors. The mean values of photon
counting of sulphur Ka fluorescence for {001} and {111} growth sector types were found to be

4981 and 10890 counts per second, respectively.
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Figure 2. (a) X-ray topograph of the (110) plate from 190 ppm crystal as characterized using
XRF-mapping. The growth sectors involved are indexed. (b) Sulphur Ka XRF-map of the
selected region highlighted in (a). Intensity count was carried out on the pixelated areas shown
and in two different growth sectors. A single spot of higher concentration of sulphur (seen as
bright yellow) in the {001} is inconsistent with the rest area of the sector. This might be due to
the beam scattering.

XRF mapping showed that the sulphur has a significantly higher concentration in the
{111} than that in the {001}. This indicates that S20s* was incorporated not only in the {111}

sector, but also, at lower concentrations, in the {001}.

3.2 Orientation of the incorporated dithionate ions

EXAFS measurements were made for the (110) plate cut from the crystal from the 190 ppm
impurity concentration solution. Data was collected with two crystal orientations where the
crystal [111] axis was either parallel (orientation 1) or perpendicular (orientation 1) beam
polarization direction. This approach was used to characterize the impurity orientation once
incorporated in the lattice reflecting upon the proposed S206% incorporation model by Ristic et
al®> 8. Figure 3 shows the fitted spectra of EXAFS for the orientations | and Il, while Table 2 and

3 provide the parameters received from the EXAFS fittings, in particular for the sulphur
11



coordination numbers (Neftective) in the 2" shell. Because of the low concentration of the impurity
in the crystal sample, the EXAFS signal was too noisy when the energy is 260 eV above the

sulphur K-edge, so that the data cannot reliably fitted for the oxygens in 3rd shell.

=== fit
- === fit
window’

a) 70
60

orientation |

K k) (A7)

~ orientation I1

L L L 1
5 6 7 8 9 10
Wavenumber k (.»‘\'] )

window

orientation I

FT Amplitude

2 3 4 5
Radial distance (A)

Figure 3. (a) The k3x curves of the 190ppm sample and the best-fits for beam polarization
parallel (orientation 1) or perpendicular (orientation 11) to the [1 1 1] axis. (b) The best-fits for the
Fourier transforms of the k3 for the limited radial distance range shown as the green. Because
the phase-shift correction process was carried out for Fourier transform, the appeared peak
positions in the plot are slightly shifted from the actual values of the bond lengths determined.
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Table 2. EXAFS fitting results for S20e? ion in crystal at the crystal orientation that beam
polarization vector is parallel to the [111] direction (i.e. orientation I). S1 indicates the absorbing
sulphur atom, whereas S2 indicates the scatterer atom of sulphur as in the 2" shell. The
effective coordination number Nefreciive IS the total number of the atoms in the shell. Rineo. and
Rexp. are the theoretical and the evaluated experimental radial distances, respectively, and for
the second shell this distance should be approximately equal to the bond length S-S in S206%
ion. AR is the difference between the theoretical and experimental values. o2 is the mean-square
disorder of neighbor distance due to thermal vibration.

Shell Shell Scattering

no. atom path Neffective Riheo. AR (A) Rexp. (A) 0'2 (AZ)
1 Oxygen S1-0-S1 3.7 1.4512 -0.0209(+0.003) 1.4303 0.0003
2 S2 S1-82-S2 2.9 2.1399 0.0920(+0.005) 2.2296 0.0025

Table 3. EXAFS fitting results for S206 ion in crystal at the crystal orientation that the beam
polarization vector is perpendicular to the [111] direction (i.e. orientation 11). Atom nominations
and symbols are the same as in Table 2.

S:Oe” :thoenl.: Scapt;etﬂng Neffective Riheo. AR (A) Rexp. (A) 0'2 (AZ)
1 Oxygen  S1-01-81 6.7 1.4512  -0.0229(+0.003) 1.4283 0.004
2 S2 S1-82-51 0 N/A N/A N/A N/A

In Table 2 and 3, the two sample orientations provide very different coordination numbers
of Sulphur. When the beam polarization vector is parallel to the [111] direction, the sulphur
Netrective Of 2.9 indicates that the S-S bond has a portion of alignment along the [111] direction.
In contrast, when the beam polarization vector is perpendicular to the [111] direction, the sulphur
Neftective IS zero, which means S-S bond is perpendicular to the beam polarization vector or the
[111] direction. Relating Netective and equation 2 for orientation | gives a 1 of ~0°, i.e., the S-S
bond is aligned with the x-ray beam polarization (S-S//e). On the other hand, a y of ~90° for

orientation Il means that S-S has no projection on the polarization plane (S-S.le).

Consequently, this result reports that the S-S is dominantly aligned in the [111] direction (i.e.

perpendicular to the (111) surface).
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3.3 Impact of impurity incorporation on the bulk crystal lattice

3.3.1 Lattice disturbance after dithionate incorporation

In order to examine the lattice distortion caused by the incorporation of S206% ions in the NaClOs
crystal, Renninger Scans?® (RS) using the (004) as primary reflection were performed for all the
pure and doped crystals. Figure 4(a) shows the RSs of a pure crystal around ¢$=0° mirror.
Comparing the number and the positions of XRMD peaks of the pure and doped crystals, all the
RS profiles were found to be very similar which indicates no significant change in the overall
crystal symmetry through the incorporation of the dopant dithionate ions. Despite this, a closer
examination of the peak profiles revealed some subtle peak intensity changes for the crystals of
different impurity doping concentrations. Figure 4(b) shows details of the RS reflections in 1.4°
range at both sides of the symmetry mirror ¢ = 0°. For the pure crystal, the secondary peaks
(343)(341), (343)(341), (133)(131) and (133)(131) are of the four-beam case, which involves
the incident beam, the primary reflection beam together with two simultaneous secondary
diffracted beams. However, for the doped samples, two sets of secondary peaks, i.e. (343)(341)
and (343)(341), were found to have almost disappeared or, at most, their peak profiles became
asymmetric with significantly reduced intensity. In contrast, the (133)(131) and (133)(131)
peaks remained unchanged. This result clearly implies that the presence of the S206" impurity
has affected the crystallographic packing close to these atomic planes associated with the

iImpurity incorporation at the specific faces.
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Figure 4. (a) Broad view of (004) Renninger Scan around ¢=0°for pure samples. (b) Expanded
view of the RS around ¢=0°for all the examined samples. The four specific peaks related with
different four-beam cases are indexed in the figures, of which the intensities of (343)(341) and
(343)(341) were significantly reduced for the doped crystals.

The phenomenon of intensity reduction to the secondary peaks has often been observed
for impurity doped crystal systems, for example, Ni-doped L-histidine hydrochloride
monohydrate?® and Mn-doped potassium dihydrogen phosphate,?® where the impurity

incorporation slightly disturbs the nearby ion groups in the crystal lattice and hence sensitively

changes the structure factors associated with some secondary diffractions.
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For this, the structure factors of the diffraction from the (343)(341) and (343)(341) planes
were calculated by considering changes on the displacement of O atoms, which are most likely
disturbed upon the incorporation of S20e%. Figure 5 demonstrates the changes to the structure
factors of (343)(341) and (133)(131) planes when a small displacement (u) takes place to the O
atoms of the ClO3z%, as calculated in Equation 3. These calculations reveal that the structure
factor of the (343) plane has a much higher sensitivity to the oxygen atom displacement
comparing to the other three planes, as evidenced through the fact that its structure factor rapidly
decreases with the increase of the degree of the oxygen atom displacement. As a result, it can
be expected that the diffraction intensity of the (343)(341) four-beam case peak would decrease
significantly, whilst the effect for the (133)(131) would be expected to be much less. Thus, the
peak suppression for the (343)(341) and (343)(341) suggests a position displacement for the O
atoms or for the ClO3% ion when the S206% is incorporated at the {111} surfaces of the NaClO3

crystal.

Structure factor

(343)

0.6 " T y T - T - T y
0.0 0.1 0.2 0.3 0.4 0.5
Displacement factor "«" for the oxygen atoms (A)

Figure 5. The variation of normalized structure factors for different diffraction planes evaluated
when a small displacement takes place to the oxygen atom as a result of being disturbed by the
impurity incorporation. The structure factor of each plane was normalized against that calculated
for the pure crystal. The structure factor for the (343) plane can be seen to decrease as a
function of O atom displacement much more than for the cases of the other three planes.
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3.3.2 Distinct strains observed in {111} and {111} forms

The XRF data, discussed earlier in 3.1, reveals that the S206> impurity is preferentially
incorporated within the {111} growth sectors (Figure 6 (a) and (b)) over the {111} form (Figure 6
(c) and (d)). Using the (002) primary diffraction, the above two sets of secondary planes can be
measured as Bragg-Surface Diffraction?? (BSD) three-beam cases through RS made around
the ¢ = 45° mirror, (002)(111) and (002)(111), and the ¢ = 135° mirror, (002)(111) and
(002)(111). This information is summed in Table 4 and is shown in Figure 7 (a) and (b),

respectively.

Table 4. The two assessments of XRMD measurement for each of the tetrahedral forms.

Form type Form Constituent Faces XRMD Assessment
Major (111), (111) (002) RS ¢ = 45° mirror
tetrahedral {111} d17), (1T7) ]
Minor — (111), (111) (002) RS ¢ = 135° mirror
tetrahedral {111} (A1), (117) ]

Figures 6 (a) and (c) show the beam paths for the above diffraction cases. It illustrates
that the (111) and (111) secondary diffracted beams respectively travel in the directions of [110]
and [110] parallel to the primary diffraction planes, and that the (111) and (111) secondary
diffracted beams respectively travel in the direction of [110] and [110] parallel to the primary
diffraction planes. Thus, the beam paths associated with the two different pairs of diffraction
peaks 90° each other around the ¢-axis (perpendicular to the sample surface) and correspond
to the two growth fronts in the crystal. This diffraction geometry enables an easy selection
between which tetrahedral form planes diffract and hence this set-up can be used to select which

tetrahedral form is to be examined.
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Figure 6. Sketch of the selection of different BSD beam paths under (002) primary diffraction
for probing the crystal surfaces of impurity incorporation. (a) The beam path for BSD case: (111)
secondary and (111) coupling planes (minor tetrahedral). (b) The surface chemistry of the (111)
face, which facilitates the incorporation of the impurity. (¢) The beam path for the BSD case:
(111) secondary and (111) coupling planes (major tetrahedral). (d) The surface chemistry of the
(111) face, which results in the rejection to the impurity. Note: The two beam paths shown in (a)
and (c) are rotated by 90°around the ¢-axis.

Examination of the distance between the secondary peaks shown in Figure 7(a) reveals
that the peak separation is increased with the impurity concentration, whilst those in Figure 7(b)
show the opposite trend, i.e. contracting towards each other with increasing impurity
concentration. However, in the unstrained cubic lattice of an ideally perfect crystal, the trend of
this change should be identical, i.e. the peak separation between the (111) and (111) at both
sides of the ¢ = 45° symmetry mirror should be same as that between the (111) and (111)

around the ¢ = 135° symmetry mirror. Thus, the distinctive behavior of the peak separation with

18



increasing impurity shown in Figure 7(a) and (b) implies the presence of growth-induced
structural anisotropy consistent with a trigonal lattice distribution with opposite sense along the

two different directions of the <111> polar axis.

(a) {111} form (b) {111} form
—— Experimental

Calculated

Calculated —o— Experimental

Intensity (a. u.)

Intensity (a. u.)

' T Y IR B T ! T v T T T T — 7/ T T T T
40.00 40.05 4010 45 4990 4995 50.00 130.00 130.05 130.10 135 139.90 139.95 140.00
¢ (degree) ¢ (degree)

Figure 7. Effect of impurity in (002) RS by calculation fitting of the BSD cases. (a) Major
tetrahedral form involving (111), (111) planes showing that their diffracted peak separation
increases with the impurity concentration; (b) Minor tetrahedral form involving (111), (111)
planes showing that their diffracted peak separation has an opposite trend to the case of (a).
The lattice parameters for the single crystal samples as measured as a function of
impurity content are given in Figure 8(a). These are based on the results of XRMD for the (002)
RSs and XRD. The Rietveld analysis for the XRD data did not indicate any change of the lattice

parameters as a result of the impurity incorporation. However, the XRMD results, due to their

ability to assess differences between the non-equivalent [111] and [111] growth directions,
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revealed subtle but significant differences. Specifically, the analysis reveals different lattice
parameters when calculated from the positions of the (111) and (111) secondary XRMD peaks
which probe growth on the major tetrahedral {111} forms when compared to the same for the
(111) and (111) secondary XRMD peaks which probe growth on the minor tetrahedral form
{111}. Such an observation is consistent with growth rate anisotropy associated with a slight
trigonal distortion of Ad/d = 4.6 x 10 along the <111> direction with a dilation of the lattice for
the major tetrahedral form {111} coupled with a compression of the lattice for the minor form.

It is very interesting to observe that the lattice parameters in the {111} and {111} regions
display the opposite variations with respect to the increased impurity concentration, i.e. the
major tetrahedral {111} lattice parameter decreases with the increase of impurity concentration
whilst the minor tetrahedral form {111} lattice parameter increases over the same range. An
analogous behavior has been observed previously for NaClOz doped with c.a. 50ppm Na2S20s,°
where the optical interferogram for the growth observation showed that the {111} faces has a
curved morphology with the two unequal main radii along the a and b directions of the crystal.

Since the lattice parameter of the {1 1 1} form for the doped crystals was calculated from
the (111) and (111) secondary diffractions and was found to be increased comparing with that
of the pure crystals (e.g. in Figure 8(a)), it can be rationalized that a tensile strain induced by
the incorporated impurity at the (111) and (111) planes would dilate the crystal lattices and hence
increased the lattice parameter. It was found that the higher the impurity concentration, the
higher the tensile strain. At the same time, the (111) and (111) planes were found to be
compressed. This maintains the lattice volume unchanged. Therefore, the increase in
compressive lattice strain is responsible for the decrease in the lattice parameter (e.g. see
Figure 8(a)) received from (111) and (111) planes in RS.

There is an interesting anomaly in both lattice parameters (Figure 8(a)) and strain (Figure

8(b)) data for the 160ppm dopant level. The reason for this is not completely clear at this time
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but might reflect the formation of a highly defective surface layer at this dopant level. Clearly,
more measurements at more closely-spaced impurity intervals are needed to resolve whether
this feature is real or simply an artefact of this specific series of measurements. The observation
that the lattice parameter obtained from the powder diffraction data do not change as a function
of impurity is not unexpected, i.e. they simply reflect the average value based on reflection on
all the {111} planes further averaged over a number of microcrystals. Additionally, the grinding
of the crystals needed to make a powder is likely to relax any strain present within the powdered
crystal samples.

According to previous studies, the application of an externally-induced strain can
decrease the growth rate of a given crystal surface in two ways.?® 24 Such a strain can increase
the free energy of the surface, which in turn, results in the obstruction in the motion of growth
steps. On the other hand, the strain can raise the surface chemical potential, resulting in a
decrease of the driving force for crystal growth. Based on this rationale it can be concluded that
the strain induced by the incorporation of S2062 at the {111} surfaces has retarded the growth
rate of these faces. This has, in turn, effected the habit modification of the NaClOs crystals from

a cuboid morphology to a morphology dominated by the minor tetrahedra.
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Figure 8. (a) The effect of the impurity concentration on the lattice parameters characterized by
XRMD RS and XRD Rietveld analysis. The results obtained from the {111} and {111} forms
indicate opposite variation tendency lying on the high sensitivity of XRMD, while the Rietveld
analysis values did not significantly change; (b) Evaluated Mosaic spread values in the
perpendicular (7perp) and parallel (7in-pane) directions of to primary diffraction planes; (c)
Segregation coefficient as a function of the impurity concentrations in the crystal growing
solution. The dotted line only shows the trend of segregation coefficient variation.
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3.3.3 Cirystalline quality by w:¢ mappings

The o:¢ mappings around peaks were used to complement the BSD XRMD data in particular
to characterize the lattice strain and its spatial distribution within the sample surfaces. However,
directly mapping the reflection of {111} or {111} types was not feasible, reflecting the fact that
they are Aufhellung (negative) peaks of weak intensity. In other words, part of the strong primary
reflection is diffracted as the BSD secondary reflection which is then redirected by the reflection
of the coupling planes back into detected X-ray intensity. These BSD beams appear as the dips
in the (002) RS (as shown in Figure 7). Hence, in order to investigate the strain at the crystal
surface, the alternative, much stronger, (004) RS with (012) as the secondary and BSD reflection
was chosen for om:¢p mapping, due to the BSD condition (hkl)=(hk2).1? Figure 9 shows the (012)
w:¢p X-ray scattering maps for both pure and doped crystal diffraction peaks, the latter as a
function of impurity concentration (70, 130, 160, 190 and 220ppm). The peak widths along the
perpendicular (o) and in-plane (¢) lattice directions provide a strong indication as to the crystal
quality, i.e. the narrower the peak widths in both ¢ and o directions, the higher the crystal
perfection. As can be seen, the pure, the 70ppm and the 220ppm impurity doped crystals have
relatively small o and ¢ widths. These widths for 130 and 190 ppm doped crystals are
intermediate. However, it is noteworthy that the 160ppm doped crystal have a significantly wider

peak in the ¢ direction.
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Figure 9. Crystal perfection mapping using m:¢ scan around the BSD secondary diffraction of
(012) with the (004) as the primary reflection for the pure crystal and the crystals with different
impurity doping concentrations. The 160ppm doped crystal exhibits a higher strain along in-
plane directions, since its peak in ¢ is much wider in comparison to the other samples.

The calculated 7perp and 7in-plane Strain values obtained from the analysis of the (012) BSD
o:¢ mapping data in Figure 9 are shown in the Figure 8(b). By comparing the data for the pure
crystal, it was found that in some samples both the 7perp and 7in-plane are increasing or decreasing
together as a function of impurity doping concentration, e.g. the 70ppm and 160ppm doped
crystals have the case of increasing, whereas the two Mosaic spread values decreases with the
increased doping concentration for the 220ppm sample. In contrast, the 7perp increases while
the 7in-plane decreases in the 130ppm and 190ppm doped samples. It is interesting to see a large
increase of the 7in-piane iIN 160ppm doped sample, a fact that correlates with the anomalous lattice
parameter data shown in Figure 8(a). Overall, in general, the lattice perfection of all the crystals

was found to be at the same level and very high. An exception to this was found for the 160ppm
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doped crystal, which showed a broad width in ¢-direction (Figure 9(d)) that produced a large rise
in its 7min-plane. The exact origin of this is not clear but this might be related to impurity occupying
a disordered interstitial lattice site in a manner analogous to the previous studies in Mn3* doped
KDP crystals.?®

Such a model is supported by the measured segregation coefficient for S206?" presented
in Figure 8(c). It shows that at around 160ppm there is a peak value in the segregation coefficient
followed by a quick decrease as a function of increased doping concentration. The peak value
might be associated with an increase in the defect density increase for the crystal doped at

160ppm, hence lowering its lattice perfection.

3.4 Impurity incorporation model and the mechanism for crystal habit modification

According to the incorporation mechanism proposed by Ristic et al.> ¢ the S206% ions can be
incorporated on the {111} minor tetrahedral faces by the substitution of one of the host ClOsz"
groups of the dithionate ion with the other SOs group being expected to protrude out of the
crystal surface. In this model, the geometrical and charge similarities between ClOz” and S206*
are important factors to appreciate whilst considering the incorporation of the dithionate ion via
substitutional mechanism. Figure 10 shows the respective structures of the two ions after
Abrahams & Bernstein® (NaClOz3) and Kirfel et al.2* (Na2S20e). The trigonal pyramidal chlorate
ion exhibits the distance between the chlorine and oxygen atoms of 1.485 A with the angle
relative to its symmetry axis and the C-O bond being 111.9° (Figure 10(a) and (d)). The S206*
constitutes two identical trigonal pyramids in a staggered conformation, i.e. twisted by 60° along
its S-S bond axis. Each SOs group shows the distance as 1.451 A between S and O atoms,
with an angle of 105.8° relative to S-S and S-O bonds (Figures 10(b) and (e). Figures 10(c) and
(f) show a “ClOs shadow” that overlays the Cl and S atoms of the two ions revealing a strong

resemblance between the ClOs and SOz groups. Therefore, due to the similarity between the
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structural configurations of CIOz" and SOs", one of SOz group in the S206? can occupy a position

for ClOs™ in NaClOs crystal lattice at the growing surface without much obstruction.

(a)

(b) (c)
e50 50

,\A,;t\\ e @b ,1\058
Q=236 =2.06 l i l
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Figure 10. The structures geometry of (a) ClOs” and (b) S206* ions. The calculated atomic
charge for Cl, O and S atoms are also shown for each molecule. (c) A superposition of the S20e*
ion on top of a ClOs™ “shadow”, indicating the close similarity of pyramidal base of these two
ions. (d), (e) and (f) shows a top view of the same representation. Note that the S206> O atoms
are colored in distinct way to elucidate the opposite configuration of each pyramidal SOs group.

Figure 10(a) and (b) shows the results of theoretical calculations for the charges (Q) on
atoms of SO3™ and S206?" using the semi-empirical PM6 method in the MOPAC2009 code.?® The
Cl and O atoms of the CIOs" ion were found to have the elementary charges of 2.36 and -1.12
g, respectively, whilst the S and O atoms for each SO3s™ group from the dithionate ion were found
to have values of 2.06 and -1,02, respectively. With this result, it can be seen that the CIOs™ and
the SO3" groups at either end of S206" have a similar charge distribution. The similarity of charge
on the O atoms of ClO3™ and S206% is considered more important than that on the Cl and S
atoms because they are shielded by O in the substitution process. The charges on the O of the

ClOs" and the SOs™ have a small difference of approximate 10%, which would enable the S206*

to incorporate in NaClOs crystal.
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Based on the results of the EXAFS analysis (section 3.2), the structural model of the top
two growth layers of the NaClOs {111} face is shown in Figures 11(a) and (b) which show
projected views (top and side views) of the S206% incorporation via {111} surface. A detailed
examination into a dithionate incorporated in the crystal bulk reveals that the three O atoms of
the upper SOs™ group, which is not the one substituting a ClO3™ group, has a very short distance
(approximately 0.50A) to the atomic positions for the O atoms for the three symmetry-related
ClOs ions involved in the inter-ionic packing within the next depositing layer, see Figures 11(c)

and (d).

coo{{ L A~k

Na* Clo, S,04* former CIO, site

Figure 11. Molecular model of S2062 in the NaClOs crystal bulk through the faces of {111} type
based EXAFS results, with an additional depositing molecular layer of NaClOs on the top of the
incorporated S2062". (a) Projection along [110]. The location of the S2062" is highlighted by the
dotted rectangle, and the ClOs groups with four distinct orientations are indicated in four colors.
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(b) Projection along [111]. A closer look in (c) and (d) shows that upon one SOz of the S206%
has substituted a ClOs", the O atoms of the other SOs™ group are expected to displace the O
atoms of three different ClO3" ions of the next depositing layer due to the incorporation effecting
an inter-ionic distance (approximately 0.50A), highlighted in (d).

As a result, the next depositing ClOs™ ions would be likely to be repelled by the SOs™ due
to its negative charges of the O atoms, which would result in its expected position being
disrupted in terms of being vacated.

As the overall charge of the incorporated S206% ion is different from that for the
substituted ClOs7, to maintain charge balance of the whole crystal after the incorporation of

S206% at one ClOs site, there are three potential mechanisms structurally disrupting the ClOs

deposition in the next growth layer, as presented in Table 5.

Table 5. Potential incorporation mechanisms and the incorporation impact (via substitution
and/or vacancy) after S20s?" incorporation to provide a neutral net charge to the crystal.

Charge change Charge change gﬁ:;gg by Resulted Total net
by S,06* Process by removing removing lattice charge
incorporation ClO3 anions Na* cations charge
One of the three ClOog
Case 1 2 CIOs’_ is removed_ (substitution) i +2 0
creating an atomic +
vacancy. ClO3 (vacancy)
Two of the three ClOos
depositing ClOs (substitution) Na*
Case 2 -2 could be removed, + (vacancy) +2 0
together with one 2(ClO3) y
vicinal Na* ions. (vacancy)
All the three .
depositing ClOs" ClOs
Id b d (substitution) oNa*
Case 3 -2 cou'a be removed, + a +2 0
together with two . (vacancy)
. 3(ClO3)
associated Na*
. (vacancy)
ions.

The first (Case 1) of these potential mechanisms would represent the least lattice
disruption and hence being the most favorable, when the impurity concentration is low. When

one of the depositing ClOs ions is vacated, the SOs group would tilt to the vacated position and
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also slightly shift the remaining two ClOs ions away from their original positions due to the
repulsion between these negatively charged species. There are three potential directions of the
S-S bond tilt depending on which ClOs ion is removed. A comparison between the ion’s
dimensions would indicate that the upper SOs group is slightly below the vacated ClO3 position
in the {111} growth direction (e.g. see Figure 11(c)). This would provide some space for the
lattice of the incoming grown crystal layers to expand in {111} direction. The higher the impurity
concentration, the more the lattice would be expected to expand. On the other hand, the shift of
the two remaining ClOs ions approximately in the {111} plane by the repulsion would further
push the neighboring lattice to compress and, again, the higher the impurity concentration, the
more the lattice would be expected to compress. This analysis is consistent with the results of
XRMD (Section 3.3), i.e. the lattice parameter in {111} form increases with the impurity
concentration, while the lattice parameter in {111} form decreases with the impurity
concentration.

The disruption to the crystal lattice also increases with the impurity doping concentration
and then the second mechanism (Case 2) can become dominant, i.e. two of three depositing
ClOs ions are vacated. There are three potential directions of the S-S bond tilt depending on
which ClOsz ion remains. Similarly to the first mechanism, the lattice parameter in {111} form
increases with the impurity concentration, while the lattice parameter in {111} form decreases
with the impurity concentration.

The {111} surfaces of the all the doped crystals with different impurity concentrations
appear to be quite smooth, interestingly except for the 160 ppm doped crystal where a number
of convex islands across each {111} surfaces were observed (Figure 12). These islands are
consistent with the generation of lattice strain on different growth surface domains that grew with
different S20e impurity incorporation mechanisms, i.e. the first and the second mechanisms, and
each of these two mechanisms has three potential directions of tensile strain. When the impurity
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concentration is low, its incorporation replaces two CIOs ions from the crystal (one ClOs
substituted and one ClO3s vacated, i.e. the first mechanism). When the impurity concentration is
higher than 160ppm, the S20s incorporation replaces three ClOs ions (one ClOs inion substituted
and two CIOs inions with one Na cation vacated, i.e. the second mechanism). However, when
the impurity concentration is around 160ppm, S20s is incorporated with a mixed mechanism of
Case 1 and Case 2. The decrease of segregation coefficient when impurity concentration is
higher than 160ppm (Figure 8(C)) also indicates the 2" mechanism is less favorable at low

concentration.

Figure 12. Surface morphology image of the (111) faces of 160 ppm doped crystal.

If the impurity would be capable to remove two Na cations and three ClOs ions in addition
to the substituted ClOs, following the mechanism Case 3 in Table 5, the necessary concentration
of S206* to achieve such a disturbance to the growing layers would be at least an order of
magnitude higher than the ones presented in this work. However, this is a critical mechanism
that can completely change orientation of the ClOz upcoming growth layer to form the twined
crystals. Under such scenario, the upcoming CIlO3s ions have a higher probability to follow the
SOs3 orientation in the opposite direction and so disrupt the ClO3 sequence from this twin
originating point. This mechanism of vacating three ClOs ions is consistent with the structural

model reported in the previous work.’
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4 Conclusion

Pure sodium chlorate single crystals bounded by {100} and {110} forms were grown from
agueous solution, as well as the S206*-doped crystals bounded by minor tetrahedral {111}
forms. A potential mechanism of this S206% incorporation draws upon the results obtained from
several techniques. The XRF map revealed the non-equivalent S20e% concentration in the {001}
and {111} growth sector, with the latter being preferred over the former one. It clearly shows a
high selectivity by the dithionate ion regarding the attachment surface during the crystal growth.
Local structural probing made by polarized EXAFS at the S K-edge in two orthogonal directions
indicates that the S-S bond orientation is mainly aligned with the [111]. Calculation of the atomic
charge distributions between ClOs'" and S20¢% supports the substitution mechanism of CIOz%
by S206%. Incorporation modeling was made considering the S-S bond direction along the [111]
is consistent with one terminal SOs group on the dithionate ions substituting for chlorate ions in
the host crystal and the other SOs group in the ion disturbing the inter-ionic packing for the
succeeding growth layers. Examination of the incorporated site chemistry shows that the
protruding SOs3 group leaves no space for the O atoms for the adsorption of the further CIOs ions
in the subsequent growth layer which are, in turn, repulsed by the dithionate crystal surface and
leaves its site vacated. This is supported by the charge balance approach that represents the
least lattice disruption scenario for the impurity incorporation and so suggests a slightly 3-fold
symmetry tilt of the S-S bond towards the vacant CIOs ion sites in respect to the [111] direction.
High resolution X-ray diffraction studies using XRMD reveal suppression of (343)(341) and
(343)(341) four-beam (002) RS secondary peaks in crystals prepared in the presence of the
dithionate impurity. Structure factors calculations were found to be consistent with the
displacement of oxygen atoms. Analysis of the lattice parameters revealed a slight trigonal
distortion along the <111> (Ad/d ~ 4.6 x 104). The (002) RS detected a tensile strain and a

compressive strain in the impurity doped crystal sectors by applying the secondary reflections
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of (111)/(111) and (111)/(111) respectively. These strains caused the lattice parameter change
in the opposite variation trends in the two different regions of the crystal, which supports the
mechanisms of the impurity incorporation proposed in this work. The strain was concluded to
have contributed to the formation of {111} type faces in terms of reducing their growth rate. The
overall quality of most crystals was not found to change significantly, except that the 160 ppm
crystal, which was of much lower crystal perfection. This was attributed to the different lattice
parameters of the local crystal domains with the different growth mechanisms associated the
absence of one and two ClOs™ ions following the impurity incorporation.

Whilst the EXAFS investigation provided information about the impurity structure with
respect to the crystal and hence the mechanisms of the crystal habit modification, XRMD

provided the strong experimental evidence supporting the mechanism proposed in the study.
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Synopsis: NaClOs crystal morphology changes from a cuboid to a tetrahedron of {111} when
grown in presence of Na2SOs impurity. EXAFS and X-ray Multiple Diffraction reveal that one
SOs substitutes a host ClOs at the {111} growth interface and creates one or more lattice

vacancies of ClOs, of which the three vacancies is the case forming twinning crystals.
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